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ABSTRACT

The implementation of a robust artificial solid electrolyte interphase (ASEI) to replace the unstable natural SEI can regulate
lithium deposition behaviors and avoid the safety hazards caused by dendrites permeation in lithium metal batteries. Despite of
devoted efforts in tailoring components of ASEI, the intrinsic mechanism of interfacial synergy within the heterogeneous
interphases has not been well elucidated yet. Herein, we show that the lithium plating/striping behaviors can be substantially
enhanced (over 900 h with an overpotential of less than 20 mV at 1 mA-cm™ in Li|Li symmetric cells and 146 cycles in anode-free
cells) by regulating the heterogeneous interphases. This favorable ASEI composed of LiF and LisN components can be in-situ
generated during cycling by large-scale fabricated fluorinated boron nitride coatings. Further, the synergy of each heterogeneous
component within ASEI was explored theoretically and experimentally. Li;N has high adsorption energy and low ion diffusion
barrier, which facilitates the transport of lithium ions and avoids its local accumulation to evolve into dendrites. Both the substrate
and LiF are interfacially stable with high electron tunneling barriers, preventing the electrolyte decomposition and parasitic
reactions. Finally, the high stiffness of the boron nitride also ensures lithium dendrites are suppressed once they grow, providing

a stable environment for long-term cycling of lithium metal batteries.
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1 Introduction

The energy density limitation (~ 300 Whkg") of lithium-ion
batteries based on intercalation chemistry creates a bottleneck for
the energy storage devices [1,2]. Scientists have turned their
attention to lithium (Li) metal anodes due to its high theoretical
capacity (3,860 mAh-g') and the lowest reduction potential
(=3.04 V vs. standard hydrogen electrode) [2-5]. As a result of the
high reactivity of Li, a solid electrolyte interphase (SEI) is
spontaneously formed on Li metal anode when encountering with
the electrolyte. Unfortunately, the natural SEI is too fragile to
withstand the volume changes during Li plating and stripping.
During cycling, the natural SEI will suffer the repeated
fragmentation and reconstruction, exhibiting inhomogeneities in
morphology and ionic conductivity [6]. Induced by the tip effect,
the Li* flux reaches the electrode surface unevenly for deposition,
and dendrites gradually evolve where Li accumulates [7,8].
Eventually, the unrestrained dendrites will permeate the separator,
resulting in short-circuit risk. In addition, high electronic
conductivity of natural SEI usually triggers parasitic reactions at
the electrode-electrolyte interface and accelerates the electrolyte
consumption [9, 10], failing to provide a stable environment for Li

plating and stripping. Therefore, it is urgent to find a designable
and controllable SEI, which should satisfy the following
requirements: (i) homogeneous chemical components with ion
modulation capability, electrochemically avoiding Li dendrite
formation; (ii) low electron conductivity to prevent side reactions
and electrolyte depletion; and (iii) high mechanical strength to
accommodate the volume expansion caused by Li
plating/stripping, physically inhibiting dendrite growth.

These physical and chemical properties of the SEI are
predominantly governed by its components and structure
[11-13]. It has been confirmed that the SEI consists of outer
organic layers and inner inorganic layers (e.g., LiF, Li,CO;, Li,O,
and Li;N) [14]. Among these, LiF is favored due to its high
interfacial energy towards Li and low electronic conductivity, and
numerous efforts have been devoted to construct various LiF-rich
SEIs [15-18]. Although the increased proportion of LiF in SEI can
stabilize the electrode/electrolyte interface and inhibit the growth
of dendrites to a certain extent, the regulation effect is limited due
to inherently poor ionic conductivity of LiF. Among the typical
SEI compositions, Li;N has been reported to produce superior ion
conductivity (ionic conductivity: 10° to 10* S:cm”, room
temperature) and high stability toward Li metal [19-22].
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Therefore, Li;N is expected to provide a fast channel for Li*
transport, preventing Li accumulation to evolve into dendrites.
However, Li;N has the disadvantages of the low interfacial energy
against metallic Li and a narrow band gap [11, 23], resulting in a
poor inhibition ability of Li;N against dendritic growth. It is
foreseeable that the effect of applying single Li;N component as
the artificial SEI (ASEI) regulator will not be prominent. In order
to approach the optimal effect of SEI, the synergy of
heterogeneous components is required. Recent studies have
achieved favorable results by constructing hybrid ASEIs such as
Li,Sb/LiF [6] and Li;PO,/Li;N [24] at the anodic interface. In this
contribution, we combine the merits of the two typical
components of LiF and Li;N. It can be expected that these two
beneficial components could synergistically regulate Li deposition
behavior, which, however, has not been realized so far.

Herein, a favorable ASEI was constructed by incorporating
large-scale fluorinated boron nitride (F-BN), where heterogeneous
LiF and Li;N components were in-situ generated during cycling,
to elucidate the synergistic mechanism of the components on Li
deposition behaviors. Under the synergistic effects of the
components in heterogeneous interphases, the extended cycle life
in LilLi symmetric cells (900 h) and anode-free full cells (146
cycles) can be achieved. Furthermore, we explored the
contributions of each heterogeneous component in ASEI through
theoretical ~calculations and experimental evidences. The
fluorinated substrate can stabilize Li metal and form stable
chemical bonds with it to construct SEI layers containing Li;N and
LiF. Among them, Li;N with low ion diffusion barrier accelerates
Li* transport, giving rise to the uniform ion flux on electrode
surface and resultant dense Li deposition. The high interfacial
energy of LiF suppresses dendrite growth while the large electron
tunneling barrier stabilizes Li plating/stripping. This work
contributes to exploit the synergistic effects of the beneficial
components in the artificial interphases for constructing dendrite-
free Li metal batteries.

2 Experimental

2.1 Electrode preparation

To obtain F-BN, hexagonal boron nitride (h-BN, 99.9%, < 50 nm),
and fluoroboric acid (HBF,, AR, > 40.0%) were sufficiently reacted
at 50 °C for 12 h, followed by washing and drying process. F-BN/h-
BN and polyvinylidene fluoride (PVDF) binder were dispersed in
N-methyl pyrrolidone (NMP, AR, > 99.0%) solvent with a ratio of
9:1. The well-mixed slurry was uniformly spread on the Cu foil
with a blade. After blast drying for several hours, F-BN/h-BN
coated current collectors were prepared. The thickness of the
coating was controlled by the spacing of the blade. The Li foil
surface was cleaned by tetrahydrofuran (THF, > 99.5%) before
use. Cathodes in anode-free full cells were prepared by coating the
Li,S slurry on to the carbon-coated aluminum foil. The Li,S slurry
was uniformly mixed by Li,S, acetylene black, and PVDF in a ratio
of 7:3:1.

2.2 Characterization

X-ray diffraction (XRD) pattern was performed on Rigaku Ultima
IV, Cu Ko (A = 15406 A) radiation. Morphological
characterization and elemental distribution were carried out on a
scanning electron microscope (SEM, FEI NANOSEI 450),
transmission electron microscope (TEM) equipped with X-
ray energy dispersive spectrometer (EDS). In-situ light microscopy
was used to detect Li deposition behavior in real time. X-ray
photoelectron spectroscopy (XPS) was studied using Thermo
Scientific K-Alpha* with monochromatic Al Ka radiation
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(1,486.6 eV). Contact angles were observed by the OCA20 system.
Electronic conductivity was given by ST2722-SD with ST2643
high resistance equipment using four-terminal method.

2.3 Electrochemical measurements

All cells were assembled in the argon-filled glove box, with water
oxygen content below 0.1 ppm, of which Li|Li symmetric cells
used CR-2032 type coin, and Li||Cu half-cells and anode-free
anode full cells used CR-2025 type coin cells for testing. The
electrolyte consisted of 1 M lithium bis (trifluoromethane)
sulfonimide salt (LiTFSI) with 2% LiNO; dissolved in 1,3-
dioxolane (DOL) and 1,2-dimethoxyethan (DME) (1:1, v/v), 40 pL
per cell. Polypropylene (PP, Celgard 2400) was used as the
separator. The constant current cycling of the cell was carried out
on a LAND CT2001A at room temperature. The anode-free full
cells were operated between 1.7-2.7 V vs. Li/Li* after the first
charge to 3.7 V. The electrochemical impedance spectroscopy
(EIS) was studied using CHI 660E. The alternating current (AC)
signal amplitude was 5 mV and the frequency was between 0.1
and 100 kHZ when measured. The current-time curves used for
the measurement of ion transfer number were also completed on
CHI 660E.

24 Computation

All the first-principles computations based on generalized density
function theory (DFT) were performed by Vienna ab initio
simulation (VASP) software  package [25]. The
Perdew-Burke-Emzerh generalized gradient approximation
(GGA-PBE) [26] and the projector augmented wave (PAW) [27]
pseudopotentials were employed to describe the exchange-
correlation energy and the electron-ion interactions, respectively.
The cutoff energies were set to be 450 eV and the Brillouin zone
grid k-point spacing was 0.01 A", The atomic force configuration
optimization convergence criterion was 0.01 eV-A"'. Climbing-
image nudged elastic band (CI-NEB) method [28] in VASP was
used to determine the kinetic diffusion barrier of lithium atom.
More details information can be found in S1 in the electronic
supplementary material (ESM).

3 Results and discussion

3.1 Construction and characterization of the ASEI

h-BN was first fluorinated by HBF, through ionic bonding [29],
which was uniformly mixed with NMP solvent and PVDF binder
to prepare slurry. The homogeneous slurry was cast onto Cu foil
and uniformly spread with a blade, which can be large-scale
fabricated (Figs. 1(a) and 1(b)). The thickness of coating controlled
by blade’s parameter was measured on the cross-sectional SEM,
e.g., 50 um-spacing blade corresponds the coating with a thickness
of 79 um (Fig. 1(c)). The surface morphology and thickness of
other controllable coatings are presented in Fig. S1 in the ESM.
The XRD patterns (Fig.S2 in the ESM) indicate that the
fluorination process maintains the lattice structure of h-BN. TEM
images reveal more information about the F-BN (Fig. S3 in the
ESM). As presented in the high-resolution TEM (HRTEM) in Fig.
1(d), the distance between two adjacent fringes of the (110) and
(002) crystal planes are 0.217 and 0.333 nm, respectively, which is
consistent with the XRD results. As shown in Fig. S4 in the ESM,
the EDS mapping illustrates that the fluorine elemental is
uniformly distributed on the F-BN nanosheets. The chemical state
of each element in F-BN can be analyzed from the XPS in Figs.
1(e)-1(g) and Fig.S5 in the ESM. Two peaks at 190.2 and
191.3 eV were observed in the fine spectra of B 1s, which originate
from the B-N bond and B-F bond, respectively. The doped F
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Figure1 Construction and characterization of the interphase. (a) Schematic diagram and (b) digital photographs of large-scale coatings. (c) Thickness measurement
on the cross-section SEM image of F-BN coating. (d) HRTEM image of fluorinated boron nitride corresponding to the yellow circle in Fig. S3 in the ESM. (e) and (f)
XPS spectra of B 1s, N 1s, and F 1s of fluorinated boron nitride. (h) Ionic conductivity of PP separator, h-BN coating, and F-BN coating. (i) Current-time plots of the
Li|Li symmetrical cell with F-BN after application of a constant potential (10 mV) and EIS variation before and after polarization. (j) The contact angle measurement of

F-BN coating.

atoms also form bonds with N atoms, which can be verified in the
N 1s spectra. The peak at 398.7 eV is attributed to N-F bond, and
the other peak at 397.7 eV is assigned to the N-B bond, which is
consistent with the previous reports [30,31]. The peak of F 1s
located at 685.7 eV further confirms that F atoms are successfully
grafted onto h-BN via the formation of stable chemical bonding.

In addition to the above characterizations, we also discovered
some excellent physical properties of F-BN as ASEI to be applied
to lithium metal batteries. On one hand, high ionic conductivity
and ion transfer number can accelerate the Li* transport through
ASE]I, which is beneficial for uniform and dense Li plating [32, 33].
On the other hand, the superior electronic insulative properties
can block electrons from tunneling through ASEI and prevent
electrolyte decomposition [34,35]. After fluorination, the ionic
conductivity increases from 0.6 x 10~ for h-BN to 1.4 x 107 S-cm™
for F-BN (Fig. 1(h)), and the ion transfer number increases from
0.3 to 0.73 (Fig. 1(1) and Fig. S6 in the ESM). Meanwhile, the
electronic conductivity of F-BN ASEI was measured to be 2.3 x
107 S-cm, inheriting the features of h-BN as a typically highly
insulating material. Besides, the contact angle of the F-BN ASEI
was measured to be 3.9° (Fig. 1(j)) while h-BN ASEI and bare Cu
show larger contact angles of 4.2° and 23.1° (Fig. S7 in the ESM),
respectively. This high electrolyte wettability of F-BN ASEI is

favorable for the formation of a stable electrode/electrolyte
interphase and facilitates fast ion transport [36].

3.2 Evaluation of the Li plating/stripping stability

Li||Cu half cells, Li|Li symmetric cells, and anode-free full cells
were assembled to explore the stability of Li plating/stripping
regulated by F-BN ASEL First, the ASEI with different thickness
was investigated in Li||Cu cells at a current density of 1 mA-cm™
with a capacity of 1 mAh-cm™ and the corresponding Coulombic
efficiency (CE) is shown in Fig.2(a). The F-BN ASEI with
optimized thickness of 7.9 pm exhibits the superior cycle
performance for more than 150 cycles with a stable CE remains
above 97%. In contrast, the h-BN and bare Cu can only operate
for 70 and 120 cycles before the huge fluctuation of CE (Fig. 2(b)).
The corresponding galvanostatic voltage profiles are presented in
Fig. S8 in the ESM to further investigate the process of Li plating
and stripping. As shown in Fig. S8(a) in the EMS, compared with
the initial nucleation overpotential (y,,,.) of bare Cu (54 mV) and
h-BN (31 mV), the gy, of F-BN (19 mV) is notably reduced. This
result indicates that the nucleation barrier of F-BN ASEI is lower
during Li deposition. Voltage profiles of Li plating/striping at 10"
cycle are given in Fig. S8(b) in the ESM. The Li||F-BN@Cu half
cell shows the lowest voltage hysteresis between plating and
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Figure2 Electrochemical performance in Li||Cu cells and deposition morphology of Li. Long cycle stability of Li||Cu cells with different thickness F-BN ASEI (a) and
bare Cu, h-BN ASEI (b). (c) Rate performance of Li||Cu cells with bare Cu, h-BN ASEL and F-BN ASE]I, the Li plating/stripping capacity gradually increases from 0.5
to 5 mAh-cm with a current density of 1 mA-cm™ The top surface (d)—(f) and cross-section (g)-(i) SEM images after Li deposition with bare Cu, h-BN ASEI, and F-

BN ASEL

stripping. In addition, the Li||F-BN@Cu half cell achieves a higher
stripping capacity compared with controlled groups, which is
consistent with the high CE in Fig. 2(b). Moreover, the voltage
hysteresis and stripping voltage curve remain stable during
following cycling, as shown in Fig. S8(c) in the ESM. Therefore,
the electrode reversibility of Li plating/stripping can be significant
improved by the interfacial modulation of F-BN ASEL

In the subsequent investigation, the 7.9 pm-thickness F-BN
ASEI was used as the experimental group to provide comparison.
The rate performance of Li||Cu half-cells was carried out with a
fixed current density of 1 mA-cm™ to stepwise increase the Li
plating/stripping capacity from 0.5 to 5 mAh-cm™, and the results
are presented in Fig. 2(c). Even at high plating capacity up to
5 mAh-cm”, F-BN remains the excellent ability of completely
stripping while h-BN and bare Cu exposes instability of CE. The
results demonstrate the excellent rate behavior of F-BN ASEL

To investigate the role of F-BN ASEI during Li plating and
stripping, the electrodes at different states were taken out and
observed by SEM analysis (Figs. 2(d)-2(i)). After initial Li plating,
incompact-stack and randomly-oriented ~ whisker-like Li
deposition can be observed on the surface of bare Cu. Whereas the
surface of h-BN and F-BN is flat and dense, where close-aligned Li
is deposited underneath the coating (Fig. S9 in the ESM). For the
case of Li depositing directly on bare Cu, dead Li accumulates
after 10 cycles (Fig. S10 in the ESM), which cannot effectively
participate in subsequent cycles. In comparison, the h-BN and F-
BN coatings are still in close contact with the deposited Li layer.
The in-situ optical microscopy was further employed to visualize
the dynamic Li deposition process on bare Cu and F-BN ASEL As
shown in Fig. S11 in the ESM, the Li plated on bare Cu was as
fluffy as foam, there were obvious protrusions in a short time and
they evolve into dendrites almost instantly. Meanwhile, not only
the electrode surface under the F-BN ASEI was still smooth and
flat, but also the Li plating layer remained dense, which is
consistent with the stage detection by SEM result. These results
imply that the natural SEI on bare Cu is very fragile, dead Li and

dendrites tend to propagate on the electrode surface during
plating and stripping, while the ASEI produced by the highly
insulative and mechanically strong F-BN can hinder the electron
tunneling while physically flatten the protrusions to suppress
dendrite growth. Especially, F-BN ASEI has a more favorable
effect on regulating the Li deposition behaviors. Li|Li symmetric
cells were evaluated at a current density of 1 mA-cm™ with a
capacity of 1 mAh-cm™ (Fig. 3(a)). The Li|Li symmetric cell with
bare Cu suffers from a large polarization where the hysteresis
voltage increases rapidly from 50 mV to several hundred millivolts
after 700 h. As for that with h-BN ASEI, although the hysteresis
voltage is low at initial stage, a short circuit occurs after 200 h. In
contrast, the cell with F-BN ASEI can maintain a stable cycle of
900 h with a low overpotential of less than 20 mV. Moreover, the
performance comparison under variable current density (0.5 to 5
mA-cm™) is shown in Fig. 3(b). The overpotential of h-BN and F-
BN did not exceed 50 mV at maximum, the overpotential of F-BN
is slightly smaller and has almost no fluctuation. Whereas the
overpotential of bare Cu fluctuates significantly with increasing
current densities, and reaches to about 130 mV at 5 mA-cm?,
which exhibits instability at the same current density. The low
overpotential during the cycling and rate tests indicates the low
impedance of the F-BN ASEI which can be demonstrated by EIS
test at different stages (Fig. S12 in the ESM). The impedances of
artificial SEI are lower than those of natural SEI impedance of bare
Cu in different stages, reflecting the fast Li* transport properties at
the electrode/electrolyte interface and even distribution of Li* flux.
Minimizing the lithium dosage to zero excess to form the anode-
free configuration, the Li plating and stripping behaviors of the full
cell were further investigated under realistic condition [37-41]. In
general, the cathode is constructed from a Li-rich material, while
the anode is served by a lithium-free current collector. During the
first charging process of the battery, the Li* deintercalated or
disintegrated from the cathode are reduced to metallic Li on the
current collector. In the subsequent cycling, the anode-free cell
operates in the same manner as traditional lithium metal batteries.
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Figure 3 Electrochemical performance in Li|Li symmetric cells and anode-free full cells. (a) Voltage profiles of Li|Li symmetric cells with bare Cu, h-BN ASEI, and F-
BN ASEI at 1 mA-cm™ for 1 mAh-cm™ (b) Rate performance tests at various current densities from 0.5 to 5 mA-cm™ with a fixed capacity of 1 mAh-cm™ Long-term
cycling performance (c) and charge/discharge curves (d) of the F-BN@Cul||Li,S full cell at 0.1 C, the loading of the cathodes is 2 mg-cm™

In our work, Li,S with high theoretical capacity (1,166 mAh-g™)
[42, 43] was employed as the cathode and bare/coated Cu as the
current collectors. The XRD pattern (Fig. S13 in the ESM) as well
as the SEM images and the corresponding element distribution
mapping (Fig. S13 in the ESM) of the cathode imply that Li,S are
homogeneously mixed. The Li plating and stripping behaviors of
the anode-free full cells are investigated in Fig. 3(c). After Li,S
being successfully activated (Fig.3(d)), the F-BN@Cul|LL,S full
cells with Li,S loading of 2 mgcm™ provide a higher initial
discharge capacity of 691 mAh-g" at 0.1 C, and still maintain a
discharge capacity of 346 mAh-g (50% of capacity retention) after
146 cycles. However, the reversible capacity of Cul|Li,S dropped to
50% of the initial capacity after 99 cycles, and the capacity
retention was only 39% after 146 cycles. These results indicate that
the in-situ F-BN ASEI can effectively improve the stability of Li
plating/stripping.

3.3 Synergy mechanism of heterogeneous interphases

Encouraged by the superior Li plating/stripping stability and
excellent cycle performance of F-BN ASEI the underlying
mechanism was further explored. The surface composition of F-
BN ASEI (Figs. S15(a) and S15(b) in the ESM) and h-BN ASEI
(Figs. S15(c)-S15(e)) in the ESM) after 10 cycles was analyzed by
XPS spectra. In the B 1s spectra of F-BN ASEI after lithiation, only
B-N peak at 1909 eV can be observed. For the chemical
environment of N 1s, in addition to the peak at 397.9 eV
corresponding N-B, the Li;N peak at 398.5 eV was also found.
Compared with the N 1s spectra before cycling (Fig. 1(f)), the N-F
peak almost disappeared due to fact that the less electronegativity
Li requires lower energy when competing with N for F.
Considering the F 1s spectrum, LiF (685.1 eV) and —CF; (688 V)
can be detected during cycling. In h-BN SEI, Li;N was also
observed in N 1s spectra. After the XPS results being dissected, we
further systematically and deeply investigated the synergy
interactions of heterogeneous interphases by means of theoretical
calculations.

DFT calculations were carried out to elaborate the role of the F-
BN ASEI on Li deposition behaviors. A basic h-BN hexagonal
lattice was constructed with a B-N bond length of 1.45 A after
structural optimization, and four possible fluorine atomic
positions (B-top, N-top, bridge, and hollow) on the h-BN
monolayer were considered to construct the atomic model of F-
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BN (Fig. S16(a) in the ESM). As summarized in Fig. 4(a), the B-
top was identified as the stable adsorption site on the h-BN with
the maximum adsorption energy (1.60 eV) for the F atom. The
XPS spectra suggested that h-BN generated ASEI contains Li;N,
and F-BN generated ASEI contains both Li;N and LiF. SEM
images indicating the subsequent metallic Li will be continuously
deposited underneath these two ASEIs. Therefore, the interaction
between Li and these four substrates (h-BN, F-BN, Li;N, and LiF)
needs to be fully discussed. Firstly, the adsorption behaviors of Li
on these four substrates were investigated. Among the four
candidate sites of h-BN, the hollow site with an adsorption energy
of 0.096 eV was determined as the most stable site for Li. Six
possible adsorption sites on F-BN are given in Fig. 4(b). After
geometric optimization, Li moved to the pseudo-hollow (p-
hollow) position, which is deviated from the perfect center of the
six-atom B-N ring, yielding the maximum adsorption energy of
478 eV. The fluorination was demonstrated to significantly
enhance the lithophilicity of BN, resulting in the lower nucleation
barrier of Li and the weaker polarization [44]. For the Li;N and
LiF components in ASEI, three adsorption sites (Figs. S16(b) and
S16(c) in the ESM) were considered, respectively. On the Li;N
(001) surface, the hollow site generated the strongest adsorption
energy for Li, which was calculated to be 2.29 eV. The F-top site
on the LiF (001) surface has the largest Li adsorption energy
(0.67 eV). Therefore, Li;N component exhibits the stronger
lithiophilicity than that of LiF.

The Li-ion diffusion behavior was investigated between the
stable adsorption sites of the matrix and the results are presented
in Figs. 4(c)-4(f). Li-ion diffuses between the hollow sites on h-BN
with Li-ion on the B-N bridge as an intermediate state, and the
energy barrier to be overcome is 0.04 eV. On the F-BN surface,
there are two possible diffusion paths. Path-I means that Li-ion
diffuses between the p-hollow sites with the nearest hollow site of
the reference F atom as the transition state, overcoming the energy
barrier of 0.68 eV. In Path-II, Li-ion directly follows the curve
around the F atom to reach another stable adsorption site with a
diffusion energy barrier of 0.38 eV. The F-BN exhibits both larger
adsorption energy and diffusion barrier for lithium, that is, lithium
tends to be anchored on the surface of F-BN at initial stage of
deposition, which is beneficial for lithium to form chemical bonds
on the surface to build a strong ASEI instead of weaker van der
Waals forces. In the subsequent cycling, a lower diffusion energy
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barrier is required to uniformize the distribution of lithium and
avoid the accumulation of adsorbed lithium to evolve into
dendrites [45]. Li-ions diffuse through Li-N and Li-F bridge sites
on Li;N (001) and LiF (001) surfaces, respectively. Li;N (001)
exhibits a lower Li-ion diffusion barrier of 0.10 eV compared with
that of LiF (001) (0.26 V). These results demonstrate that Li;N as
a favorable component in ASEI exhibits better lithiophilicity and
lower ion diffusion barrier, which allow uniform Li deposition
with a reduced nucleation overpotential.

The electrostatic potential distribution at the interface and
supercell was investigated to analyze the electronic conductivity
(Figs. 4(g) and 4(h)). Each valley of the curve represents the
potential of the atomic layer at that location. The potential curve
of the Li metal part oscillates in the high-potential region, while
rapidly dropping to the low-potential region in the substrate or
ASEL Electrons tend to be transported from the Li side with
smaller work function to the other side of the interface with larger
work function. The internal electric field established by the
macroscopic average potential differences on both sides can
hinder electron tunneling. Both the interfaces of h-BN and F-BN
have a huge electron tunneling barrier, with values of 9.02 and
8.27 eV, respectively, indicating that fluorination process does not
have much effect on the insulating properties of BN. As a narrow

SR AR

) %)
Figure4 Mechanistic investigation into kinetics of Li plating. (a) Adsorption energies for F atom on h-BN when constructing F-BN model (green part) and for Li
atom on h-BN, F-BN, Li;N, and LiF (pink part). (b) The adsorption sites for Li atom on F-BN. (c)—(f) Migration paths and diffusion barriers of Li* on h-BN, F-BN,
Li;N, and LiF, respectively. (g) and (h) Electrostatic potential distribution at the interface of Li (001)/h-BN (001), Li (001)/F-BN (001), Li (110)/ Li;N (001), and Li
(001)/LiF (001), respectively. (i)-(k) Side-view of charge transfer of Li/F-BN, Li/Li;N, and Li/LiF, where the blue area means charge decrease and the yellow area means
charge increase.

bandgap semiconductor (0.96 eV, Fig. S17(a) in the ESM), Li;N
forming interface with Li (110) has a lower electron tunneling
barrier (3.01 eV). Whereas the bandgap of LiF is as high as
9.14 eV (Fig. S17(b) in the ESM), a higher barrier (10.4 eV) of LiF
(001)/Li (001) interface was required to tunnel through the SEL
Therefore, LiF can function as an electronic insulator between
electrode and electrolyte, reducing the possibility of dendrite
growth.

We further investigated the interface properties between
lithium and the four components. Considering the lattice
matching, we selected the Li (001) surface to form the interfaces
with h-BN, F-BN, and LiF, while the Li (110) surface to form the
interface with Li;N, which are the two low-index surfaces with the
largest lithium exposure area [46]. The lattice mismatch of all
constructed interfaces is less than 3%, the detailed supercell and
geometrically optimized parameters are given in Tables S1 and S2
in the ESM. It can be found that both h-BN and F-BN are in good
agreement with the lithium surface lattice (Figs. S18(a) and S18(b)
in the ESM) and almost no geometric deformation occurs when
the interface is formed, indicating that the fluorination process
retains the high mechanical strength of BN. In addition, the
interlayer spacing of F-BN/Li (001) is 2.29 A, which is significantly
lower than that of the h-BN/Li (001) interface (3.35 A). The
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corresponding interfaces of Li;N/Li (110) and LiF/Li (001) show a
significant distortion after geometric optimization (Fig. S19 in the
ESM). The binding interactions of the interface formed by the two
substrates were compared, F-BN/Li (001) produces the larger
adhesion energy and interfacial energy than h-BN/Li (001). The
adhesion energy of the interface formed by Li;N and lithium is
calculated to be 0.58 J-m?, which is higher than the minimum
adhesion energy (0.5 J-m™) required for smooth and flat lithium
deposition. The adhesion energy of the LiF/Li (001) interface is
slightly smaller (0.33 J-m™), but its interfacial energy is 0.77 J-m?,
which is higher than the interfacial energy of 0.43 J-m™ on the
Li;N/Li (110) interface. A high adhesion energy can promote the
uniform Li deposition by uniformizing the Li-ion concentration
distribution and current density at the electrode/electrolyte
interface, while a large interfacial energy represents the
thermodynamic stability of the interface, so that the interface
presents a low impedance [47, 48].

The charge density difference at the interface can reflect the
charge interaction of substrates and lithium. As shown in Fig. S20
in the ESM and Fig. 4(i), only van der Waals force exists in h-
BN/Li (001), thus the charge transfer is quite limited. However,
the electronic structure of h-BN has been changed by the

(a)
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introduction of fluorine atoms. The electronic interaction of F-
BN/Li(001) interface becomes stronger, which is consistent with
the increase in the adsorption energy of Li on the fluoridated
substrate. In comparison, the charge transfer at the Li;N/Li (110)
interface is dramatic, which is due to the half-filled N-2p orbital in
the LisN electronic structure can accept a large number of
electrons from the Li-bulk side (Fig.4(j)). Moreover, Li;N is
stacked as a layered structure of Li,N and Li* layers with weak
geometric stability [49], thus showing a wider charge transfer
region on the charge density difference map. In contrast, the
electron redistribution at LiF (001)/Li (001) interface (Fig. 4(k)) is
gentler, and the charge transfer only occurs near the interfacial
region, indicating the better stability of LiF.

Based on the above discussion, it can be established that the key
to determine Li deposition behavior is whether the substrate can
stabilize lithium at the initial stage of deposition and whether the
ASEI with effective regulation can be generated in subsequent
cycles. Figures 5(a)-5(c) give detailed illustrations of Li deposition
in three substrates. Due to the lithophobicity of Cu, lithium tends
to nucleate unevenly. The as-formed natural SEI lacks the
capability to regulate Li plating and its inhomogeneity continues
to exacerbate, triggering the dendrite growth. The uncontrolled
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Figure5 Schematic illustration of different Li plating process. (a) Unevenly Li nucleation develops into dendrites and destroys the fragile inherent SEIL The growing
dendrites pierce the separator causing short circuit in the cell. (b) Li;N in h-BN ASEI facilitates the fast Li* transport and has a certain regulating effect on the uniform
deposition of lithium, but it is limited. The high mechanical strength of h-BN inhibits the growth of dendrites, and the electronic insulation hinders the decomposition
of the electrolyte. (c) Under the synergistic effects of Li;N with fast Li* transport and LiF with high interfacial energy, Li is uniformly and densely plated underneath the
F-BN ASEI and the close contact with the F-BN substrate ensures dendrite-free. (d) Diagram of internal operation in anode-free full cells with bare Cuand ASEL
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dendrites will permeate the separator and eventually lead to a
short circuit. Although the Li;N-containing ASEI generated in h-
BN is indeed favorable for Li deposition, it cannot effectively
combine with Li at the early stage of deposition due to the weak
van der Waals force between h-BN and Li. Besides, the capability
of Li;N alone to adjust Li ions is limited, resulting in that the
deposited Li is still relatively fluffy. However, the boron nitride
becomes more lithiophilic after fluorination, which can anchor Li
and in-situ formation of ASEI containing both LiF and Li;N
during cycling. The heterogeneous synergy of the electronically
insulative LiF and the ion-conductive Li;N results in a fast Li*
transport through the ASEI layer, realizing dendrite-free Li
deposition underneath the coating. Finally, the high stiffness of
boron nitride also ensures that dendrite growth can be inhibited if
occurs, prolonging the cycle life and safety of batteries.

To sum up, the synergistic effects of in-situ heterogeneous LiF
and Li;N interphases realize a dendrite-free Li deposition
scenarios, resulting in a long-term cycling performance of anode-

free full cells (Fig. 5(d)).

4 Conclusions

In conclusion, the lithiophilic fluorinated boron nitride exhibits
the capability to improve the stability of Li plating and stripping
due to the in-situ heterogeneous LiF and Li;N interphases during
cycling. The internal mechanism of interfacial synergy within the
heterogeneous components has been well elucidated both
theoretically and experimentally. These two beneficial components
synergistically uniform Li distribution by modulating the
electronic structure and ionic conductivity of the ASEI, achieving
dense Li deposition. The electronically insulating LiF component
prevents electrolyte decomposition caused by electron tunneling.
Furthermore, the inherently high mechanical strength of boron
nitride becomes the last insurance for dendrite-free growth. On
the basis of such a feasible scheme of heterogeneous interphases,
we further propose the critical factors affecting Li deposition, that
is, whether the substrate can stabilize Li at the initial stage of
deposition and whether the interphases with effective regulation
capability can be generated in the subsequent cycles. The two
promising components (LiF and Li;N) also laid the foundation for
the rational design of artificial interphases in lithium metal
batteries.
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