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Stable Li Metal Anode Enabled by Simultaneous Regulation
of Electrolyte Solvation Chemistry and The Solid Electrolyte

Interphase

Hongyu Zhang, Xiaowei Chen, Guanglin Xia,* and Xuebin Yu*

The application of Li metal batteries is hindered by the uncontrollable growth
of Li dendrites due to the lack of control over Li ion transfer and the formation
of solid electrolyte interphase (SEI). Herein, polypropylene (PP) separator
modified with acyclic polyaminoborane (PAB, (NH,-BH,),) and
polyiminoborane (PIB, (NH=BH),)) is developed to regulate electrolyte
solvation chemistry and simultaneously facilitate the construction of robust
SEIl. The mediating effect of PAB and PIB promotes favorable formation of
(O),-Li*—N to weaken the Li bonds between Li ion and solvent in the
electrolyte, which homogenizes Li ion diffusion and reduces the desolvation
barrier of Li ions. Additionally, the increase of anions content in the solvation
sheath and the reaction between Li metal and PAB and PIB can induce the
formation of [LINBH],,-enhanced SEI enriched with LiF and Li;N that have Li
ion conductivity and mechanical strength to tolerate the volume change of Li
metal anode. Therefore, the symmetric cell exhibits a cycling lifetime of over

and protrusions.?**] On the other hand, the
high chemical reactivity of Li metal leads
to the spontaneous formation of solid elec-
trolyte interphase (SEI) on the surface of Li
metal and the heterogenous nature of SEI
film results in the nonuniform Li ion flux
on Li metal, which will accelerate the un-
even deposition of Li and finally the forma-
tion of Li dendrites.I>) Moreover, due to the
infinite volume change of Li metal, this vul-
nerable SEI film is prone to fracture dur-
ing Li stripping/plating process, resulting
in the continuous exposure of fresh Li un-
derneath, which could further aggravate the
formation of Li dendrites at the exposed
site.’*¢] In addition, the continuous repair-
ing of SEI film would lead to low coulom-

4000 h.

1. Introduction

The development of Li-based secondary batteries with high en-
ergy density is a critical research focus due to the ever-growing
demand of electronic applications.l!l Li metal with high theo-
retical specific capacity (3860 mA h g=!) and low electrochemi-
cal potential (—3.04 V versus standard hydrogen electrode) has
been widely regarded as the “Holy Grail” anode of Li-based sec-
ondary batteries.[?) Nevertheless, the practical application of Li
metal anodes is considerably hindered by their short life and
safety risks due to the pierce of separator by thus-formed Li den-
drites upon cycling charge and discharge process.[*! The uncon-
trollable growth of Li dendrites could be triggered by the self-
enhanced preferential deposition of Li on naturally formed tips
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bic efficiency, depletion of electrolyte, and

hence rapid degradation of capacity.”!
Accordingly, considerable efforts have
been devoted to suppressing the uneven
growth of Li dendrites and improving the cycling stability of Li
metal anodes. Among them, optimizing the composition of elec-
trolyte with additives is able to stabilize Li metal anodes via the
formation of a stable passivation layer.®! In addition, the stabil-
ity of Li metal anodes could also be improved via direct modi-
fication of Li metal anode, such as building artificial protective
layer!®®! and designing conductive 3D frameworks.['%! Unfortu-
nately, the cycling stability of Li metal anode is still unsatisfac-
tory, since, in addition to Li metal anode, the separator, as an
important part of battery, also plays a critical role in determin-
ing the cell’s electrochemical performance. When Li ions in the
electrolyte pass through the separator, they are mostly trapped
in the pores of separators, which leads to the aggregation of Li*
near the surface of these separator pores and thereby the lack
of Li* on the other side facing the ionically insulated separator
skeleton.['!] The anisotropic distribution of Li* would inevitably
induce heterogeneous nucleation and plating of Li and eventu-
ally the uncontrollable growth of Li dendrites. Moreover, accord-
ing to “sand’s time” theory, the rapid consumption of Li* at the
vicinity of electrode creates a space-charge region, which could
result in the rapid growth of dendrites on the surface of Li metal
anode. Therefore, the modification of separators is believed to
be a prerequisite for the stabilization of Li metal anodes. It has
been experimentally demonstrated that the modification of sepa-
rator with lithiophilic sites and even Li ion conductor with polar
functional groups that could redistribute and homogenize the Li
ion flux effectively suppresses the growth of Li dendrites.l'"12]
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However, the introduction of these lithiophilic sites and Li ion
conductors with heavy weight not only tremendously reduces the
total energy density of the battery, but also could inevitably block
partial pores of separators and hence delay the Li ion diffusion
kinetics.['*! In addition, the intrinsic issues of the growth of Li
dendrites on the surface of Li metal anodes could not be effec-
tively solved by the mere modification of separators. Hence, the
development of a facile strategy to modify both the separator and
Li metal simultaneously is highly desirable and, indeed, impera-
tive for realizing long-term cycling stability of Li metal anodes.

Herein, we report the modification of commercial polypropy-
lene (PP) separator with BN-based chains induced by the de-
hydrogenation of ammonia borane (NH,;BH,, AB) that is uni-
formly infiltrated through a facile solution-immersion method.
The presence of BN-based layer effectively reduces the dissoci-
ation energy of Li ions from the electrolyte via the building of
(0),~Li*-N rather than stable O-Li*—0O, which effectively weak-
ens the Li bonds between Li ions and solvent, leading to the im-
proved diffusion kinetics of Li ions in the electrolyte and the pro-
moted desolvation process of Li ions toward homogeneous Li de-
position. Furthermore, the introduction of BN-based layer could
tune the solvation sheath with the formation anion-rich solvation
structure to induce the favorable formation of anion-derived SEI
enriched with LiF and Li; N, which leads to the enhanced Li ion
conductivity of thus-formed SEI layers. In addition, partial BN-
based layer could react with Li metal to form [LiNBH], polymer-
like chains inside of thus-formed SEI layers and hence facilitate
the formation of [LiNBH],-enhanced SEI, which could not only
increase the toughness of SEI to tolerate the volume variation
during Li stripping/plating, but also further facilitate the Li ion
transfer due to its high ionic conductivity. In addition, the polar
structure like Li-N and B-N bonds in [LiNBH], could again direct
a uniform Li ion flux at the interphase of Li metal and electrolyte,
leading to uniform deposition of Li. As a result, when using BN-
based layer modified separator, the symmetric cell exhibits a long
life of over 4000 h at 1 mA cm~2 and 1 mA h cm~2. More impres-
sively, Li//LiFePO, (LFP; 12 mg cm™2) full cell exhibits favorable
cycling stability of over 500 cycles at 1 C and a reversible capacity
of over 800 mA h g for Li-S full cell after 300 cycles at 1 C could
be achieved.

2. Results and discussion

As schematically illustrated in Figure 1a, the modification of PP
separator is facile realized by the infiltration of AB via a solution-
immersion method, followed by thermally driven hydrogen des-
orption process of AB. According to the density functional theory
(DFT) results (Figure S1, Supporting Information), the binding
energy between PP separator and AB is calculated to be —0.41 eV,
much lower than that between AB molecule (—0.28 eV). This
result indicates the favorable adsorption of AB on PP separa-
tor via van der Waals force, which would facilitate the uniform
distribution of AB on PP separator, rather than the formation of
AB clusters. The mass loading of the as-obtained BN-based layer
is only 0.08 mg cm~2 (Figure S2, Supporting Information) and
hence it has negligible effect on the energy density of the bat-
tery. After thermal treatment at 120 °C for hydrogen desorption
(Figure S3, Supporting Information), the characteristic peaks of
[N-BH;] of AB at —23.12 and —27.79 ppm in solid-state !B nu-
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clear magnetic resonance (NMR) spectra (Figure 1b) almost dis-
appear with the appearance of new peaks located at 5730 ppm
and —20~ -5 ppm. The peaks at —8.40, —15.88, and —24.78 ppm
could be indexed to tetrahedrally coordinated B species (BY)
(i-e., [N;BH],, [N,BH,],, and [NBH,],, respectively),'*] while the
peaks at 21.42 and 9.69 ppm could be attributed to trigonally
coordinated B species (BM) from the further dehydrogenation
of BV-based composite (i.e., [N,BH] and [BN,]).'*¥! In addi-
tion, fourier-transform infrared (FTIR) spectra of pure AB and
BN@PP at 120 °C (Figure 1c) illustrates the significant weak-
ening of B-H and N-H bonds after thermal treatment, accom-
panied with the increase intensity of B-N peaks, which demon-
strates the intramolecular combination of N-H and B-H via in
situ polymerization.'®] These results confirm the formation of
acyclic polyaminoborane (PAB, (NH,-BH,),) and polyiminobo-
rane (PIB, (NH=BH),).[1%] from the dehydrogenation of AB
according to equation (1) and (2):

rNH;BH,; — (NH, - BH,) + H, 1

(NH, - BH,), - (NH = BH), + H, 2)

X-ray photoelectron spectroscopy (XPS) results confirm the ex-
istence of N-B (399.0 eV) and N-H (401.1 eV) bonds in N 1s
XPS spectrum (Figure 1d) and the observation of B-H (190.7 eV)
and B-N (192.9 eV) bonds in B 1s XPS spectrum (Figure 1e),
which provides additional evidence to the successful loading of
BN-based layer on PP separator. Moreover, the depth profiles of
XPS via Ar ion etching demonstrate that the thickness of BN-
based layer coated on PP separator is less than 400 nm (Figure S4,
Supporting Information), which corresponds well with the ul-
tralow mass loading of BN-based layer on PP separator. After
the loading of BN-based layer on PP separator, the as-obtained
BN@PP also shows a comparable porous structure (Figure 1f)
with bare PP separator (Figure S5, Supporting Information) with-
out the observation of any particles that could block pores in
separator, indicating the homogeneous distribution of BN-based
layer on PP separator. The corresponding element mapping of
BN@PP illustrates that B and N are uniformly distributed on the
separator (Figure 1g), which further proves that BN containing
species (PAB and PIB) are homogeneously coated on PP separa-
tor owing to the favorable adsorption between PP separator and
AB. Owing to the rigid (NH=BH), species in BN-based layer on
PP separator, BN@PP separator exhibits a higher Young’s mod-
ulus (1408 MPa) than that of pristine PP separator (997 MPa)
(Figure S6, Supporting Information), which could reduce the risk
of the penetration of separator by Li dendrites.

To evaluate the effect of BN-based layers in tuning Li ion
transport behavior through the PP separator, the Li ion trans-
ference number and Li ion conductivity of BN@PP are first in-
vestigated based on the combination of chronoamperometry and
electrochemical impedance spectroscopy (EIS) results of sym-
metric cells. Since the skeleton of bare PP separator is not ion-
ically conductive and the ion conductivity of separator is mainly
contributed to the electrolyte transport through the pores of the
separator, the calculated Li ion transference number (Figure 2a,b)
of bare PP is only 0.31, while this value reaches 0.53 for BN@PP,
suggesting the suppressed anion migration and the promoted Li
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Figure 1. a) Schematic illustration of the fabrication of BN@PP separator. b) Solid state ''"B NMR spectra and c) FTIR spectra of pure AB and BN@PP
separator. High-resolution d) N 1s and e) B 1s XPS spectra, and f,g) SEM images and corresponding elemental mapping of BN@PP separator.

ion diffusion induced by the presence of BN-based layers with
high polarity. Moreover, the Li ion conductivity (Figure 2c) of
BN@PP is calculated to be 2.52 mS cm™!, which is also much
higher than that of bare PP (1.59 mS cm™!) according to the
Nyquist plots of stainless steel (SS) symmetric cell. These results
indicate that BN-based layer with large polarity uniformly coated
on separator could effectively regulate and facilitate the Li ion
transport in the electrolyte, which contributes to inhibiting the
growth of Li dendrites. To understand the mechanism behind
the improvement of the Li ion conduction of BN@PP, molecule
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dynamics simulations were performed. According to the results
of the snapshots of the electrolyte structure with PP modified
with (NH,-BH,), and (NH=BH), (Figure 2d), the radial distri-
bution functions and corresponding coordinated number (CN)
are further calculated. Although a slight increase of the CN of 1,3-
dioxolane (DOL) and bis(trifluoromethane)sulfonimide (TFSI™)
around Li* could be observed for PP modified with BN-based
layers (Figure 2e; Figure S7, Supporting Information), the CN
of dimethoxyethane (DME) that exhibits stronger Li bonds with
Li* than DOL decreases in the first solvation sheath (Figure 2f).
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Figure 2. Variation of current with time and EIS tests before and after the polarization of symmetric cells with a) bare PP and b) BN@PP separator. c)
Impedance plots of bare PP and BN@ PP separator with calculated Li conductivity. d) Snapshots of the simulation system for ether-based electrolyte
with bare PP and BN@PP separator. e,f) Radial distribution function g (r) and corresponding coordination number (CN) obtained from MD simulation
for Li-TFSI(F) and Li-DME(O), respectively, and g) Mean squared displacements (MSD) of Li* in ether-based electrolyte with bare PP and BN@PP
separator. h) Schematic illustration for the diffusion and solvation structure of Li ion and the SEI evolution on Li metal when using bare PP and BN@PP

separator.

This result demonstrates that the homogeneous decoration of
BN-based layers on the surface of PP separator could effectively
tune the solvation structure of Li* in the electrolyte. To gain more
insight into the decrease of DME in the solvation sheath, DFT
calculations are performed on a simple Li* solvation configura-
tion composed of one Li* coordinated with two DME molecu-
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lar (Figure S8, Supporting Information). Due to the high elec-
tronegativity of O atom in DME, Li* prefers to strongly coordi-
nate with O atom of DME to form stable Li bonds (O-Li*—0)./8
Hence, the dissociation energy for Lit (DME), to Li*(DME) and
one DME molecular which indicates the breaking of one of the
stable Li bonds (O-Li*—0) is calculated to be as high as 1.51 eV.
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In strong contrast, when (NH,-BH,), and (NH=BH), are intro-
duced into this Li* solvation configuration, the corresponding
dissociation energy is significantly reduced to 1.31 and 1.09 eV,
respectively. The reduced dissociation energy in BN@PP system
demonstrates that the strong Li bonds between Li* and O atom
in DME are significantly weakened due to the mediating effect
of N atom in BN-based layers, which promotes the formation
of (0),~Li*-N rather than stable O-Li*-O. The introduction of
newly-formed Li bonds between Li* and N atom in (NH,-BH,),
and (NH=BH), effectively weakens the Li bonds between Li* and
O atom of DME and hence is responsible for the decrease of DME
content in the solvation sheath, leading to the promoted desolva-
tion process of Li ions and homogeneous Li deposition.

More interestingly, the TFSI™ content in the first solvation
sheath of Li* increase due to the weakening of Li bonds between
Li* and DME and the strengthening of Li bonds between Li* and
TFSI~ by the presence of BN-based layers on PP. This could re-
duce the electron acquiring and decomposition of solvent while
promote the decomposition of TFSI™ upon cycling Li plating and
stripping process, resulting in the formation of anion-derived
SEIL. As a result, XPS results of cycled Li metal anode using
BN@PP as the separator reveal that the content of LiF, which is
mainly formed from the decomposition of TFSI~, reaches 21.7%,
much higher than that using bare PP as the separator (Figure S9,
Supporting Information). Furthermore, the content of Li;N on
cycled Li with BN@PP separator is also much higher than that
with bare PP, indicating that the decomposition of TFSI~ also
contributes to the formation of Li;N in SEI. These results di-
rectly demonstrate the promoted decomposition of TESI~ due to
its increased content in the first solvation sheath of Li induced by
the presence of BN-based layers on PP separator. Although bulk
LiF shows a poor Li ion conductivity of 107! S cm™?, nanocrys-
tal LiF and the possible formation of LiH F, , in SEI favor Li
ion transport, and LiF could provide a high ionic conductivity
when interfacing with other ingredients at nanoscale due to the
low surface diffusion barrier of Li ion.[*) Moreover, electrochem-
ically stable LiF is a good electronic insulator, which could ef-
fectively prevent the electron tunneling at the interface of elec-
trode/electrolyte, thus protecting Li metal anode from side reac-
tions with electrolyte. In addition, the low Li ion diffusion bar-
rier and the high surface energy of LiF could promote the uni-
form and lateral growth of Li under LiF-rich SEI, and improve
the cycling performance of Li metal anode.®#?’] On the other
hand, Li;N has a high Li ion conductivity of 1073~10~* S cm™
at room temperature and low electrical conductivity, which could
induce higher Li ion concentration beneath the SEI, thus reg-
ulating spherical Li deposition, and prevent the growth of den-
dritic Li.[?"] Besides, Li;N has unique thermodynamic stability
against Li metal and high Young’s modulus and hence, Li;N-rich
SEI could protect Li metal anode from parasitic reactions and en-
hance the reversible Li plating/stripping behavior.!??] Therefore,
the formation of LiF and Li;N is widely considered to passivate
Li metal surface to reduce side reaction with electrolyte, improve
Li* diffusion kinetics through SEI, and suppress the formation
of Li dendrites,?* which is capable of effectively improving the
cycling stability of Li metal anodes. In addition, according to cal-
culated Li* mean squared displacements (MSD) for these elec-
trolytes (Figure 2g), the slopes of BN@PP are steeper than that
with bare PP, which provides direct evidence to the faster dif-
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fusion of Li* through PP separator under the guidance of BN-
based layers. It could be attributed to the decrease of DME con-
tent in solvation sheath induced by the weakened Li bonds be-
tween DME and Li*, resulting from the introduction of Li bonds
between Li* and N atoms in BN-based layer in O-Li*—O to form
(0),~Li*-N, which effectively reduces the restriction of Li* by
DME and simultaneously boost Li* transfer kinetics in the elec-
trolyte. To verify the universal application of BN@PP, molecule
dynamics simulations were also conducted in the commercial
electrolyte with LiPF, solved in ethyl carbonate (EC)/diethyl car-
bonate (DEC) (Figure S10, Supporting Information). Similar to
the results in lithium bis(trifluoromethane)sulfonimide (LiTFSI)
in DOL/DME system, the CN of EC and PF,~ coordinated with
Li* shows a slight increase when using BN@PP as the separa-
tor, while the CN of DEC that exhibits stronger Li bonds with Li*
decreases in the first solvation sheath. Furthermore, the calcu-
lated D;; using BN@PP as the separator is also much higher than
that of bare PP (Figure S10g, Supporting Information). These
results demonstrate that the homogeneous modification of BN-
based layers on PP separator could efficiently tune the solvation
sheath of Li* by regulating the intensity of Li bonds between
Li* and solvent/anion, and thus induce fast Li* transfer in both
ether-based and carbonate electrolyte. It could be concluded that,
BN-based layer composed of (NH,-BH,), (PAB) and (NH=BH),
(PIB) species could weaken the Li bonds between Li* and sol-
vent to promote the uniform diffusion of Li ion in the electrolyte,
reduce the desolvation barrier of Li ion, and facilitate the forma-
tion of anion derived SEI enriched with LiF and Li;N, which ef-
fectively contributes to alleviating the formation of Li dendrites.
(Figure 2h)

To investigate the role of PP separator modified with BN-
based layers in stabilizing Li metal anodes, symmetric cells as-
sembled with BN@PP separator obtained at various temperature
with different loading condition are first fabricated and tested at
1 mA cm™ with an areal capacity of 1 mA h cm™ (Figure S11,
Supporting Information). In the terms of bare Li metal anode
using pure PP separator, the overpotential increases rapidly after
only 300 h, and it reaches near 100 mV after 870 h with large fluc-
tuation owing to the continuous accumulation of SEI and “dead
Li” and the depletion of electrolyte. In strong contrast, the cy-
cling stability of symmetric cells could be significantly improved
when using BN@PP as the separator, which directly confirms
the positive role of BN@PP in promoting the uniform deposi-
tion of Li. Among all the prepared samples, BN@PP obtained at
120 °C with solution immersion process for 2 times exhibits the
best cycling performance and a low overpotential of 13 mV could
be achieved after cycling for 4000 h (Figure 3a), which could be
attributed to the synergistic effect of favorable loading amount
and sufficient polymerization of BN species without blocking
or destroying the porous structure of PP separator (Figure S12,
Supporting Information). Hence, BN@PP prepared under this
condition is adopted for detailed investigation and characteriza-
tion. Upon increasing the current density to 3 mA cm™? with a
fixed areal capacity of 3 mA h cm™2, the cells using BN@PP as
the separator could still maintain stable voltage profile for over
1500 h with a low overpotential of 25 mV, while the overpoten-
tial of the cell using PP separator is increased to 100 mV af-
ter cycling for only 210 h (Figure 3b). Moreover, the Li//Cu half
cells with BN@PP separator exhibits a coulombic efficiency of
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Figure 3. Galvanostatic discharge/charge voltage profile of symmetric cells using bare PP and BN@PP as the separator at a) 1 mA cm™2 with a fixed
capacity of 1 mA h cm=2 and b) 3 mA cm™2 with a fixed capacity of 3 mA h cm=2. Top-view SEM images of Li metal after plating and stripping c,h) 0.5,
d,i) 2, and e,j) 5 mA h cm=2 of Li, respectively, and f,k) Li metal and g,l) separator after 100 cycles in symmetric cells using bare PP and BN@PP as the
separator, respectively. SEM images and the corresponding elemental mapping of m) Li metal and n) separator after 100 cycles in symmetric cells with
BN@PP separator.
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98.8% after 450 cycles at 0.5 mA cm~2 with a fixed capacity of
1 mA h cm™2, which is much higher than that with bare PP sepa-
rator (Figure S13, Supporting Information), indicating the stable
reversibility of Li stripping and plating process of Li metal anodes
resulting from the modification of PP separator with BN-based
layers. With the increase of current density and fixed capacity,
the advantage of Li//Cu cell with BN@PP separator is more ob-
vious. The superior cycling stability of both symmetric cells and
half cells using BN@PP as the separator than that of PP provides
direct evidence to the effective role of BN-based layers in improv-
ing the stability of Li metal anodes, which coincides well with the
theoretical calculation results.

To further elucidate the mechanism for the enhanced electro-
chemical performance, XPS is conducted to investigate the sur-
face environment of BN@PP and Li metal anodes after cycling.
The N-B peak at 399.2 eV in N 1s XPS spectrum and the B-H
and B-N peaks at 189.3 and 191.4 eV in B 1s XPS spectrum, re-
spectively, could be observed for BN@PP close to the surface of
Li metal anode after 40 cycles (Figure S14a, Supporting Informa-
tion), indicating the favorable adsorption of BN-based layer on
PP separator without peeling off during repeated Li stripping and
plating process, which also contributes to the prolonged lifespan
of assembled symmetric cells. On the side of Li metal, the peaks
at399.3 and 396.3 eVin N 1s XPS spectra could be indexed to B-N
and Li-NB bonds of [LiNBH],, (Figure S14b, Supporting Informa-
tion), which agrees well with B 1s XPS peak at 191.4 eV and Li 1s
XPS peak at 53.0 eV, respectively. This result confirms the forma-
tion of [LiINBH], in the as-formed SEI of Li metal, which could
be induced by the side reaction between Li and PAB/PIB in BN-
based layer during cycling. The formation of [LiNBH],, which is
uniformly constructed by Li-N and B-N bonds with large polarity
based on a molecular level and high Li ion conductivity,!®! could
not only increase the mechanical strength of SEI to promote the
stability of Li metal anode, but also facilitate the homogeneous
distribution of Li* at the interface of Li metal and electrolyte by
building Li bonds between Li* and N atoms in [LiNBH], toward
uniform Li stripping and plating of Li metal anodes (Figure 2h).
In addition, the characteristic peak of Li;N and LiF with high in-
tensity could also be clearly detected, which would effectively pro-
mote the Li ion conductivity of SEI and simultaneously protect Li
metal anode from parasitic reaction. Interestingly, although the
content of LiF and Li;N in the SEI of cycled Li using BN@PP sep-
arator is higher than that using pristine PP separator at various
cycles (Figure S9, S14, S15, and S16, Supporting Information)
due to the formation of anion-derived SEI under the guidance of
BN-based layer on PP separator, the content of [LINBH], in the
SEI of cycled Li using BN@PP separator increases from 6.6% to
12.7% while the content of LiF and Li;N decreases from 21.7%
and 50.5% to 19.2% and 34.8%, respectively, from 20 to 40 cy-
cles. This could be attributed to the stitching effect of PAB/PIB
in BN-based layer that could react with the exposed fresh Li at the
cracks toward the formation of [LiNBH], and hence repair and
strengthen SEI. It is worth noted that the content of LiF, Li;N,
and [LiNBH], in the SEI of cycled Li using BN@PP separator
shows negligible change from 40 to 100 cycles (Figure S17, Sup-
porting Information), which indicates that the decomposition of
electrolyte including LiTFSI and solvents and the formation of
[LiNBH], at cracks reach equilibrium after 40 cycles. Meanwhile,
this also demonstrates that the as-formed [LiNBH],-enhanced
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SEl is stable and flexible, which could tolerate the volume change
during cycling, and reduced the continuous cracking and repair-
ing of SEI to a large extent. Therefore, the [LiINBH],-enhanced
SEI could suppress the side reaction between Li and TFSI~ and
solvents, which avoids the continuous consumption and eventu-
ally the depletion of electrolyte, thus leading to improved cycling
lifespan. Considering that the content of LiF and Li;N in the SEI
of cycled Li using pristine PP separator from 40 to 100 cycles also
shows slight change, it could be concluded that when the compo-
nents of the SEI becomes stable, the content of LiF and Li;N in
the SEI of cycled Li using BN@PP separator could be promoted
from 11.3% and 13.8% to 19.0% and 34.0%, respectively, with the
formation of 12.6% of [LiNBH], under the guidance of BN-based
layer on PP separator.

EIS analysis is subsequently conducted to directly investigate
the interfacial charge transfer of the symmetric cells (Figure S18
and Table S1, Supporting Information). The SEI resistance (Rgp)
and interfacial charge transfer resistance (R_,) for symmetric cells
using BN@PP separator is much lower than that using pris-
tine PP separator before and after cycling. This indicates that
the [LINBH],-enhanced SEI with higher content of Li;N and LiF
could induce fast Li ion diffusion during Li stripping/deposition,
and the charge transfer at the interface between Li metal anode
and electrolyte is also improved when using BN@PP as the sep-
arator. Furthermore, it is noteworthy that the rapid increase of
Rgg; could be observed for symmetric cells when using pristine
PP separator after 20 cycles, due to the continuous thickening of
SEI after repeated cracking and repairing and the accumulation
of “dead Li”. In strong contrast, symmetric cells using BN@PP
separator exhibits a much lower Rgy; and no obvious increase
of Rgp, could be observed upon cycling. This demonstrates that
the as-formed SEI containing [LINBH)], could withstand struc-
tural fracture, which significantly avoids the thickening of SEI
and suppresses the formation of “dead Li”. More importantly, the
increased content of [LiNBH], upon cycling could still preserve
the excellent Li ion transport behavior in SEI due to the high Li
ion conductivity of [LiNBH],,,'®*! although the content of LiF and
Li;N in the as-formed SEI decreases to some degree. In addi-
tion, the exchange current density (I,) in symmetric cells using
BN@PP separator is also much higher than that in symmetric
cells using pristine PP separator after 20 (Figure S19, Support-
ing Information), 50 (Figure S20, Supporting Information), and
100 cycles (Figure S21, Supporting Information), which further
verifies the enhanced interfacial Li ion migration kinetics owing
to the formation of [LINBH], and higher content of Li;N and LiF
in SEI induced by BN@PP separator.

In addition, BN@PP separator is also applied and tested in
commercial carbonate-based electrolyte. Symmetric cells using
BN@PP separator exhibit stable cycling for 1500 h with low
overpotential of 54 mV at 1 mA cm™? with a fixed capacity of
1 mA h ecm~2 (Figure S22, Supporting Information), and a cy-
cling life of over 600 h could be obtained for symmetric cells
using BN@PP separator even at 3 mA cm™ with a fixed ca-
pacity of 3 mA h cm™? (Figure S23, Supporting Information),
which are much better than that using pristine PP separator. It
is worth noted that the electrochemical performance of symmet-
ric cells of Li metals with BN@PP separator is among the best
reported Li metal anodes using modified separators (Table S2,
Supporting Information). The improved cycling performance

© 2023 Wiley-VCH GmbH
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by using BN@PP separator could be attributed to the accel-
erated Li ion diffusion in the electrolyte and the as-formed
[LiNBH],-enhanced anion-derived SEI, corresponding well with
the molecule dynamics simulations results in carbonate elec-
trolyte. To test the availability of BN@PP in other alkali metal
batteries, BN@PP was also applied to Na and K metal batter-
ies using ether-based electrolyte. In the symmetric cells of Na
metals, a stable cycling life of 1200 and 700 h with low overpo-
tential of 13 and 16 mV could be obtained at 3 mA cm~2, with
fixed capacities of 1 mA h cm~? (Figure S24, Supporting Infor-
mation) and 3 mA h cm™ (Figure S25, Supporting Informa-
tion), respectively. More impressively, when using BN@PP as
the separator of symmetric cells of K metals, a long lifespan of
700 and 500 h at 1 (Figure S26, Supporting Information) and
2 mA cm~? (Figure S27, Supporting Information), respectively,
could be achieved with a fixed areal capacity of 1 mA h cm~2, al-
though K metal anode suffers from more serious challenges than
Li and Na metal anodes.[?*| These results directly demonstrate the
effective and universal role of BN@PP separator in regulating the
deposition of other alkali metals and promoting their cycling sta-
bility of alkali metal batteries.

The role of BN@PP separator in regulating Li plating and
stripping performance of Li metal was subsequently investi-
gated using scanning electronic microscopy (SEM). After plat-
ing 0.5 mA h cm™2 of Li (Figure 3c; Figure S28a, Supporting
Information) in a symmetric cell, mossy Li with uneven dis-
tribution could be clearly observed on the surface of Li when
using pristine PP separator. Upon increasing Li plating capac-
ity to 2 (Figure 3d; Figure S28b, Supporting Information) and
5 mA h cm~? (Figure 3e; Figure S28c, Supporting Information),
Li dendrites grow drastically on the surface of Li metal and the
surface of Li metal on the opposite side is full of big holes due
to the uneven Li stripping process. After 50 cycles (Figure S29,
Supporting Information), obvious formation of “dead Li” layer
could be observed on the surface of Li with partial “dead Li”
layer even peeling off from the electrode. These “dead Li” lay-
ers would become thicker and are prone to fall off after Li plat-
ing and stripping for 100 and 300 cycles (Figure 3f; Figure S30,
Supporting Information). It is worth noting that part of “dead
Li” and Li dendrites could also be found on the surface of the
PP separator (Figure 3g; Figure S30c, Supporting Information),
which increases the risk of the pierce of separator and short
circuit. In strong contrast, when using BN@PP as the separa-
tor, the plated Li exhibits a sheet-like structure, which gradually
grows uniformly and densely upon the proceeding of Li deposi-
tion (Figure 3h—j; Figure S31, Supporting Information). The even
deposition of Li could be attributed to fast and uniform Li ion
transport in electrolyte and SEI, and low desolvation barrier of Li
ions with the help of BN-based layer on PP separator. It is worth
mentioned that Li deposition with sheet-like structure indirectly
confirms the high Liion diffusion rate in the as-formed SEI layers
strengthened by [LiINBH],, (213 coinciding well with the molecule
dynamics simulations results and XPS results of cycled Li metal
using BN@PP separator. Besides, the Li stripping process when
using BN@PP separator becomes more moderate and uniform.
These findings further demonstrate that BN-based layer on sep-
arator could accelerate and homogenize Li ion diffusion in the
electrolyte to suppress the formation of Li dendrites, while the
as-formed [LiNBH],-enhanced SEI enriched with Li-N and B-N
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bonds with large polarity could further promote and guide the
uniform plating/stripping of Li. Moreover, after 50 (Figure S32,
Supporting Information), 100 cycles (Figure 3k,1), and 300 cy-
cles (Figure S33a—c, Supporting Information), owing to the uni-
form Li plating/stripping induced by BN-based layer and the as-
formed [LiNBH],-enhanced SEI, the surface of Li metal is rela-
tively smooth and dense, and no obvious “dead Li” or Li dendrites
could be observed on the BN@PP separator side. The character-
istic XPS peaks indexed to BN-based species and the uniform dis-
tribution of B and N element on Li metal (Figure 3m; Figure S9a,
S14b, S16, and S34, Supporting Information) and BN@PP sep-
arator (Figure 3n; Figure S14a, S35, S36, and S33d, Supporting
Information) after cycling, further demonstrates that the in situ
formed [LiNBH],-enhanced SEI on Li metal and BN-based layer
on the separator could be well preserved upon cycling, which
could consistently regulate and promote the diffusion of Liion in
both SEI and electrolyte, and guide the uniform plating/stripping
of Li.

To further evaluate the feasibility of BN@PP under practical
conditions, full cells coupled with commercial LFP with aloading
of 12 mg cm~2 are first assembled and investigated. Rate capabil-
ity demonstrates that the Li//LFP full cell with BN@PP separator
exhibits higher reversible specific capacity than that with bare PP
separator at various rates (Figure 4a). The improved capacity of
Li//LFP full cells with BN@PP separator could be attributed to
fast Li ion diffusion kinetics through PP separator and [LiNBH], -
enhanced SEI as verified by the lower polarization in the dis-
charge/charge profiles at various current densities (Figure S37,
Supporting Information). In long-term cycling at 1 C (Figure 4b),
the full cell assembled with bare PP separator shows a rapid ca-
pacity degradation after only 130 cycles and the capacity reten-
tion is only 65.7% after 160 cycles. This could be ascribed to the
increase of internal resistance and polarization (Figure S38, Sup-
porting Information) and the consumption of Li and electrolyte
due to the severe formation of thick SEI and the accumulation of
“dead Li” (Figure 4c,d; Figure S39, Supporting Information) on
the surface of Li metal anode during repeated Li plating/stripping
process. In contrast, Li//LFP full cell with BN@PP separator ex-
hibits a much higher specific capacity of 129 mA h g~! with a ca-
pacity retention of 86.7% after 500 cycles, owing to the uniform
deposition/stripping of Li and the suppressed formation of thick
SEI and “dead Li” under the guidance of BN-based layer on the
separator and [LiNBH],-enhanced SEI (Figure 4e.f; Figure S40,
Supporting Information). Moreover, BN@PP separator is also
employed in Li// LiNi,5Coy,Mn,;0, (NCM523; 10 mg cm2)
full cells. Li//NCM523 full cell coupled with BN@PP separa-
tor exhibits a specific capacity of 110 mA h g™ with a capacity
retention of 71.4% after 300 cycles, which is much better than
that of the full cell coupled with bare PP separator (Figure 4g).
The enhanced cycling performance by using BN@PP could be
also be explained by the lower polarization (Figure S41, Sup-
porting Information) and the more uniform and denser depo-
sition/dissolution of Li upon cycling (Figure S42 and S43, Sup-
porting Information), rather than the severe formation of “dead
Li” and thick SEI on cycled Li when using pristine PP as the sep-
arator (Figure S44 and S45, Supporting Information). To further
investigate the potential application of BN@PP under practical
conditions, the electrochemical performance of full cells with a
high areal capacity of LFP cathode (5.1 mA h cm™?) is further

© 2023 Wiley-VCH GmbH
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Figure 4. a) Cycling performance and b) the corresponding charge/discharge profiles of Li//LFP full cells with bare PP and BN@PP separator at 1 C
(1C =170 mA g~). Top-view and cross-sectional SEM images with the corresponding elemental mapping of Li metal after cycling in Li//LFP full cells
with c,d) bare PP and e,f) BN@PP for 40 cycles. g,h) Cycling performance of Li//NCM523 (1 C= 170 mA g~") and Li//S (1 C = 1650 mA g~ full cells

using bare PP and BN@PP as the separator at 1 C.

investigated. Upon cycling at 0.5 C (Figure S46, Supporting Infor-
mation), Li//LFP full cells using pristine PP separator show rapid
capacity decay after only 60 cycles. In strong contrast, Li//LFP
full cells using BN@PP separator exhibit a stable cycling perfor-
mance of over 170 cycles with a capacity retention of 87.8% and
stable voltage profiles. The improved cycling stability could be at-
tributed to BN-based layer on the separator and in situ formed
[LiNBH],-enhanced SEI on Li metal, which could regulate and

promote the diffusion of Li ion in both electrolyte and SEI, and
guide the uniform plating/stripping of Li.

Li//S cell is considered to be one of the most promising next-
generation rechargeable batteries due to the much higher energy
density of Li//S cell than Li//LFP and Li//NCM system.[?’] Unfor-
tunately, upon cycling at 1 C, Li//S full cell with pristine PP sep-
arator shows rapid capacity decay to 364 mA h g1, correspond-
ing to a capacity retention of merely 34.0% after 300 cycles. The
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rapid capacity decay could be attributed to the accumulation of
“dead Li” and the thickening of SEI on the surface upon cycling
(Figure S47 and S48, Supporting Information), which consumes
active Li and increases polarization (Figure S49, Supporting In-
formation). Besides, as evidenced by the higher coulombic effi-
ciency (over 100%) and the stronger signal of S species in element
mapping on the surface of cycled Li (Figure S50a and S51, Sup-
porting Information), the severe shuttle effect in Li//S full cell
and the serious parasitic reaction between Li and soluble poly-
sulfides in the electrolyte lead to the serious loss of active S and
the corrosion of active Li, which is also responsible for the fast
capacity degradation upon cycling. By comparison, Li//S full cell
using BN@PP separator exhibits a much higher specific capac-
ity of 833 mA h g7', delivering a capacity retention of 70.2% af-
ter 300 cycles with low polarization (Figure 4h; Figure S49, Sup-
porting Information), owing to the dense and uniform deposi-
tion/dissolution of Li induced by BN-based layer on the separator
and [LiNBH],-enhanced SEI (Figure S52 and S53, Supporting In-
formation). More importantly, [LiNBH],-enhanced SEI could also
suppress the reaction between polysulfides and Li, which effec-
tively improves the cycling stability of Li//S full cell (Figure S50b
and S51, Supporting Information).

3. Conclusion

In conclusion, this work provides a facile strategy to modify com-
mercial PP separator with BN-based layer toward stabilizing Li
metal anode. (NH,—BH,), and (NH=BH), species in BN-based
layer on PP separator regulate and promote the Li ion diffusion
in the electrolyte by weakening the Li bonds between Li ion and
solvent, which effectively suppresses the growth of Li dendrites.
More importantly, the increase of anion content in the solvation
sheath of Liion and the reaction between Li and (NH,-BH,), and
(NH=BH), species are capable of inducing [LiNBH],-enhanced
SEI with higher content of Li;N and LiF, which is able to pro-
mote Li ion diffusion kinetics inside of thus-formed SEI layers.
Moreover, the formation of [LINBH], could not only increase
the toughness of SEI to tolerate the volume variation during Li
stripping/plating, but also guide the uniform deposition of Li
due to the homogeneous presence of Li-N and B-N bonds with
high polarity. As a result, the cycle life of Li symmetric cells us-
ing BN@PP as the separator at 1 mA cm~? with a capacity of
1 mA h cm™2 could be extended to over 4000 h. When coupled
with commercial LFP (LiFePO,: 12 mg cm™2) as the cathode, the
assembled full cells achieve favorable cycling stability of over 500
cycles at 1 C. More interestingly, BN@PP separator could be uni-
versally applied in stabilizing Na and K metal anodes. This work
may give a spark of inspiration for the design and construction of
advanced separator, which could not only regulate ion diffusion
in the electrolyte but also promote the construction of stable SEI
toward stabilizing alkali metal anode.

4. Experimental Section

Fabrication of BN@PP: Commercial PP separator was first immersed
in 0.3 M AB/THF solution for 3 min, which was then dried and heated
at 100 °C for 10 min to remove residual THF and enable initial dehydro-
genation of AB on PP separator. After repeated immersion and heat treat-
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ment for several times, the modified PP separator was finally heated at
100, 120, 140, or 160 °C for 30 min to obtain BN@PP. The mass load-
ing of BN-based layer was calculated according to the following equation:
mass loading = (M, ger-Mpefore) /S, Where my g, and my.¢, .. were the total
weight of PP separator after and before BN-based layer loading, respec-
tively, and S was the surface area of PP separator (Figure S2, Supporting
Information).

Materials Characterization: The morphology detection of as-prepared
samples was obtained with a field emission scanning electron microscope
(FE-SEM; ZEISS Gemini 300). Fourier-transform infrared (FTIR) tests were
performed on Thermo Scientific Nicolet iS5. Solid-state nuclear magnetic
resonance (solid-state NMR; Bruker AVANCE Il 500 MHz) experiments
were measured with a solid-state magic angle spinning (MAS) probe.
X-ray photoelectron spectroscopy (XPS; Thermo Scientific K-Alpha™) ex-
periments were conducted with single X-ray source, using an Al Ka
(1486 eV) anode. All binding energies were calibrated by using the con-
taminant carbon (C Ts = 284.8 eV) as a reference. The Young's modu-
lus of samples was calculated based on the force curves acquired on an
atomic force microscope (AFM; Bruker Dimension Icon) with a contact
mode.

Electrochemical Measurement:  CR2032 type coin cells with Celgard PP
separator were used to assemble all the cells. 1 m LiTFSI in DOL and
DME (1:1 in volume) with 1 wt.% LiNO; was employed as electrolyte
of Li symmetric and Li//S cells. 1 M LiPFg in EC and DEC (1/1 in vol-
ume) with the addition of 10 wt.% fluoroethylene carbonate (FEC) and
1% vinylene carbonate (VC) was used as electrolyte of Li symmetric,
Li//LFP and Li//NCM523 cells. 1 M sodium hexafluorophosphate (NaPF)
in diglyme was used as electrolyte of Na symmetric cells. 1 m potassium
bis(fluorosulfonyl)amide (KFSI) in DME was used as electrolyte of K sym-
metric cells. The volume of electrolyte in each cell was controlled to be
~30 ul.

In symmetric cells, bare alkali metal (Li, Na, and K) was used as both
working and counter electrodes. LFP and NCM523 cathodes in Li//LFP
and Li//NCM523 full cells were purchased from Canrd (Guangdong Canrd
New Energy Technology Co., Ltd). The areal mass loading of LFP and
NCMS523 was ~12 and 10 mg cm™2, respectively. The mass loading of LFP
cathodes with high areal capacity was ~30 mg cm™2, equaling to an areal
capacity of 5.1 mA h cm=2. In Li//S full cells, the carbon-sulfur compos-
ite was first prepared by mixing and heating CMK-3 and sublimated sulfur
(4:6 in weight) at 155 °C for 12 h. Subsequently, sulfur cathodes were pre-
pared by casting the slurry containing as-prepared carbon-sulfur compos-
ite, carbon nanotubes (CNTs), and polyvinylidene fluoride (PVDF) with a
mass ratio of 8:1:1in N-methyl-2-pyrrolidinone (NMP) on Al foil, followed
by vacuum-drying at 55 °C for 12 h. The loading amount of S on sulfur
cathodes was ~1.7 mg cm~2. Before assembling cells, all electrodes (e.g.,
LFP, NCM523 and sulfur cathodes, and Li metal anode) were punched
into disks with a diameter of 12 mm. The thickness of Li metal anode in
full cell tests was controlled to be ~100 um.

The galvanostatic charge/discharge measurements of symmetric cells
and full cells were performed on a LAND battery testing system at room
temperature. The voltage window was 2.5-4 V, 3-4.3 V, and 1.7-2.8 V for
Li//LFP, Li//NCM523, and Li//S full cells, respectively. EIS measurements
were performed in the frequency range from 100 kHz to 0.1 kHz. Linear
sweep voltammetry (LSV) was conducted in a range between —200 and
200 mV with a sweep rate of 1 mV s~'. The corresponding exchange cur-
rent density was calculated by fitting Tafel plots from —150 to —100 mV.
The ionic conductivity of bare PP and BN@ PP was calculated according to
the following equation: ¢ = L/(S-R), where Li was the thickness of separa-
tor, S was the surface area of the electrolyte and stainless steel electrode,
R was obtained from the EIS plot of SS//SS cell. To evaluate the Li ion
transference number (t;;7) of bare PP and BN@PP, Li symmetric cells
were first assembled, and then a fixed voltage of 10 mV was applied to the
symmetric cells for 1500 s. The Li ion transference number was obtained
by t;* = I;-(AV-I;-R) /1;-(AV-I4-R;), where AV was the voltage bias, I; and
I, stand for initial and steady-state currents, R; and R, represent electro-
chemical resistances of symmetric cells before and after test. All these
measurements were performed on a VMP-3 electrochemical workstation
(Bio-Logic).

© 2023 Wiley-VCH GmbH
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Models and Computational Details:  In this work, a standard molecular
mechanics potential model was used with the following functional form:

u () = Zponas %(h —l0)" + Zangles %(9:' ~6,0)°

Vi
+ X torsions 2 (1+cos (nw — 7))

12 6
NN a) ()|
+Zﬂzﬁ”<“yK?> <w>]+W>

where the first three terms were the bonded interactions, including bond,
angle, and torsion interactions, and the second terms were nonbonded
interactions, including van der Waals (vdW) and Coulombic interactions.
For different kinds of atoms, the Lorentz-Berthelot mix rules were adopted
for vdW interactions, which was following the equation:

1
UU:E

(0 + op) €= (e * ) (4)

According to the experimental conditions, six systems were con-
structed. The initial configurations of the systems were constructed using
the Packmol software.[?®l The simulations were performed using GRO-
MACS package (version 2019.3)[27] with the all-atom OPLS (optimized
performance for liquid systems) force field..[?8] For each system, the steep
descent method was used to minimize the energy of the system. Then,
molecular dynamics simulations under NPT ensemble at 298 K and 1 atm
were performed for 10 ns for each system to collect trajectories for the
subsequent data analysis. LINCS algorithm!?°! was applied to constrain
the bond lengths of other components. Periodic boundary conditions
were applied in all three directions. The temperature was maintained us-
ing the V-rescale thermostat algorithm.[3%1 The cut-off distance for the
Lennard-Jones and electrostatic interactions was 1.2 nm. Particle mesh
Ewald method®'l was used to calculate the long-range electrostatic inter-
actions. Configurations were visualized using Visual Molecular Dynamics
software.[32]

DFT Calculations: The models in DFT calculation were selected ac-
cording to the structures of PP, DME, NH;BHj;, and the derivatives
of NH3BH; in previously reported works.33] The interaction between
NH;BH; and PP was calculated according to the configuration with
the lowest energy in NH3BH;-PP models, by changing the direction of
NH;BH; molecule and adjusting the distance between NH3;BH; and PP
with the optimization of structure.

The local orbital density functional method was used to study the in-
teraction between PP separator and AB molecules, and the dissociation
energy when Lit coordinates with two DME molecular without and with
the introduction of (NH,-BH,), and (NH = BH),,. The generalized gradi-
ent approximation (GGA) in Perdew-Burke-Ernzerhof (PBE) functionall34]
was used to describe the exchange-correlation potential. The valence or-
bitals of the atoms were described using the localized double-numerical
basis sets with polarization functions (DNP). The real-space cutoff was set
to be 4.5 A.
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