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CHEMISTRY

Stitching h-BN by atomic layer deposition of LiF as a
stable interface for lithium metal anode

Jin Xie,'* Lei Liao,"* Yongji Gong," Yanbin Li," Feifei Shi," Allen Pei,’ Jie Sun,’ Rufan Zhang,’
Biao Kong," Ram Subbaraman,? Jake Christensen,” Yi Cui'3"

Defects are important features in two-dimensional (2D) materials that have a strong influence on their chemical
and physical properties. Through the enhanced chemical reactivity at defect sites (point defects, line defects,
etc.), one can selectively functionalize 2D materials via chemical reactions and thereby tune their physical prop-
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erties. We demonstrate the selective atomic layer deposition of LiF on defect sites of h-BN prepared by chemical
vapor deposition. The LiF deposits primarily on the line and point defects of h-BN, thereby creating seams that
hold the h-BN crystallites together. The chemically and mechanically stable hybrid LiF/h-BN film successfully
suppresses lithium dendrite formation during both the initial electrochemical deposition onto a copper foil
and the subsequent cycling. The protected lithium electrodes exhibit good cycling behavior with more than
300 cycles at relatively high coulombic efficiency (>95%) in an additive-free carbonate electrolyte.

INTRODUCTION
h-BN, a two-dimensional (2D) atomic crystal, has emerged as an at-
tractive material for various applications in electronics (1-3) and opto-
electronics (4, 5) due to its unique electrical and optical properties. In
addition, it has a superior chemical inertness, making it stable against
most chemicals such as oxygen (6) and Li metal (7). Perfect single
atomic layer of h-BN has very strong mechanical strength with a pre-
dicted in-plane Young’s modulus approaching 1.0 TPa (8). Because of
these advantages, h-BN has shown recent success as a stable coating that
prevents metal oxidation at high temperatures (6) and suppresses lith-
ium dendrite formation during electrochemical lithium metal plating
(7). Many of the abovementioned applications require large-area and
high-quality h-BN. Although chemical vapor deposition (CVD) has
emerged as one of the most powerful methods to prepare high-quality
h-BN (9-15), CVD h-BN still has numerous defects intrinsic to the syn-
thesis and transfer processes. h-BN prepared by CVD is typically poly-
crystalline and has a grain size on the order of a few hundred nanometers
to a few tens of micrometers with a high density of point defects (12-15).
Moreover, the transfer processes of 2D materials also introduce differ-
ent kinds of defects such as cracks (16-18) and wrinkles (19, 20). These
defects serve as a double-edged sword. On the one hand, their existence
may compromise the effectiveness of h-BN as a stable interfacial layer in
the abovementioned applications. On the other hand, the defects sur-
rounded by dangling bonds provide possible anchoring sites for selec-
tive chemical modification to an otherwise chemically inert (arising from
the strong B-N bonds) h-BN layer, however, to take place on h-BN.
They provide a rich chemistry for us to tune the properties of h-BN.
Previous experimental and theoretical studies have shown enhanced
chemical reactivity at the edge (21) and defect sites (22, 23) in graphene,
but such a case study of h-BN is still missing in the literature. The chem-
ical functionalization at defect sites may greatly improve the chemical
and mechanical stability of h-BN, which is especially important for
h-BN when applications such as surface protection are of interest.
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For instance, theoretical simulation has shown that grain boundaries
present mechanically weakened points, and therefore, single-layer h-BN
with small grain sizes has smaller elastic modulus and tensile strength
compared to defect-free single-crystalline single-layer h-BN (24). For
multilayer and bulk 2D materials, degradation through chemical (25)
and electrochemical (26-29) exfoliation has also been observed.

With the highest specific capacity of ~3860 mA-hour/g, Li metal
has long been considered to be the most promising candidate anode
material to enable the Li-S and Li-O, technology, which can in turn
offer 5 to 10 times increased overall energy density as compared to
Li-ion battery technology (30-34). However, the commercial application
of Li metal anodes has been limited by two fundamental challenges.
First, Li metal is strongly reducing and tends to react with battery elec-
trolytes to form a solid electrolyte interphase (SEI) (28, 35). The reaction
at the electrode/electrolyte interface consumes both active Li and an
electrolyte. Second, because of the virtually infinite relative volume
change in Li metal anodes, the naturally formed SEI layer is weak
against mechanical deformation, and it undergoes continuous forma-
tion and breakdown upon battery cycling (32, 34). Together, the chem-
ical and mechanical instability cause dendritic Li plating/stripping with
low coulombic efficiencies, which can limit the cycle life of batteries and
lead to shorting and potentially severe safety events. The high—surface
area Li also enhances the kinetics of thermal abuse reactions, effectively
lowering the temperature at which thermal runaway can occur. A few
interfacial materials [for example, 2D materials (7, 36, 37), carbon
spheres (38), ceramic solid electrolytes (39), fluorides (40, 41), oxides
(42), and phosphates (43)] have been investigated. Among them, 2D
materials are promising candidates, owing to their high mechanical
strength, chemical stability, and flexibility. Previous attempts at using
CVD h-BN as an interfacial layer have shown some promise, although
the weak bonding at the domain boundaries present issues for main-
taining the stable interface over long cycling (7). Here, we demonstrate
the selective atomic layer deposition (ALD) of LiF on CVD h-BN and
propose its application as a chemically and mechanically stable inter-
facial layer for stable Li metal cycling. The selective deposition, via
ALD, allows us to deposit LiF onto defect sites of CVD h-BN and void
space where there is no h-BN coverage. The selectivity was confirmed
by atomic force microscopy (AFM), Auger spectroscopy, scanning elec-
tron microscopy (SEM), and transmission electron microscopy (TEM).
LiF is a key component in an SEI in Li-ion batteries, and it has a wide
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electrochemical stability window, which makes it stable against Li metal
(44). Recently, Lu et al. (45) demonstrated that the addition of LiF could
improve the stability of Li metal anode during cycling. LiF could also
improve the surface diffusion of ions and therefore leads to smooth
Li plating (40, 41, 46). Therefore, LiF is an ideal candidate to serve as
molecular stitches that hold polycrystalline CVD h-BN domains strongly
together using selective ALD. The chemically and mechanically stable
hybrid LiF/h-BN film successfully suppressed lithium dendrite for-
mation during initial electrochemical deposition onto a copper foil and
during subsequent cycling. The protected lithium electrodes were cycled
more than 300 times with a high coulombic efficiency in an additive-
free carbonate electrolyte.

RESULTS

Synthesis of ALD LiF and CVD h-BN

Polycrystalline h-BN was prepared in a homebuilt CVD system using
heated ammonia borane as the precursor at a growth temperature of
1000°C on Cu foils (see Materials and Methods for more growth de-
tails). The morphology and coverage of CVD h-BN on Cu can be care-
fully controlled by adjusting precursor feeding rates and growth
durations. Single-layer h-BN exhibited the typical triangular shape with
short growth durations and h-BN triangle domains and then merged to
form continuous film with longer growth durations (see the Supple-
mentary Materials). As-grown CVD h-BN was then transferred onto
Si substrates with a poly(methyl methacrylate) (PMMA) support for
further characterization.

ALD of LiF in this study was carried out using lithium fert-butoxide
(LiOtBu) and titanium fluoride (TiF,) as precursors at a growth tem-
perature of 250°C [see Materials and Methods and x-ray photoelectron
spectroscopy (XPS) analysis in the Supplementary Materials for more
deposition details]. It was performed on various substrates including
pristine Si, Cu, and stainless steel (SS). ALD is typically known for its
ability to achieve a conformal coating. For instance, the ALD LiF film
developed in this study was highly uniform on pristine Si, Cu, and SS
substrates with only 50 ALD cycles (see the Supplementary Materials
for additional SEM characterization). Conversely, the ALD LiF deposi-
tion on h-BN is selective and does not cover the entire substrate. For
comparison, h-BN/Si before and after ALD LiF deposition was charac-
terized by SEM (Fig. 1). Although pristine h-BN appears to form
complete coverage on Si (Fig. 1B, left), point and line defects cannot
be revealed by SEM due to the limitation of resolution. After LiF dep-
osition, there were considerable numbers of nanowires and nanoparti-
cles deposited on the continuous h-BN layer (Fig. 1B, right), indicating
the nature of selective ALD LiF deposition on h-BN. The formation of
nanowires and nanoparticles might relate to the preferred nucleation of
LiF on the line and point defects of CVD h-BN. These phenomena were
more obvious at the edge of h-BN; here, LiF nanowires often originated
from where two h-BN domains meet. This selective deposition to form
LiF nanowires and nanoparticles on h-BN was universal for ALD LiF
deposition with different amounts of ALD cycles, from 25 to 150 cycles
(see the Supplementary Materials).

Characterization of selective LiF deposition on h-BN

To further analyze the LiF/h-BN hybrid film, we examined morpholo-
gies and height profiles of single-layer h-BN with and without ALD LiF
deposition by using AFM. To better reveal the selective deposition, we
transferred h-BN onto the Si substrate because of its flatness compared
to Cu for both SEM and AFM characterizations. The characterization of
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surface morphology of selective ALD LiF deposition on h-BN/Cu using
SEM was also included in the Supplementary Materials. Single-layer
h-BN film was about 1 nm higher than the Si substrate itself (Fig. 2, B
and C). After 50 cycles of ALD LiF deposition, the region covered by
the h-BN film became lower than the Si substrate without h-BN cover-
age (Fig. 2, D and F). This discrepancy in height increment observed on
Siand h-BN after ALD LiF deposition can be attributed to the different
chemical reactivities of Si and h-BN substrates. The native oxide on Si
substrate provides rich surface hydroxide functional groups, which can
readily react with ALD precursors to initiate the nucleation of LiF. On
the contrary, the pristine h-BN film with saturated B-N bonds lacks
surface dangling bonds to react with ALD precursors except at defect
sites. The nucleation of LiF on the h-BN surface is therefore prohibited,
and the average height gain on h-BN was much less than the height gain
on Si. In addition to AFM characterization, the uneven nucleation of LiF
on Si and h-BN was confirmed using Auger characterization (Fig. 2, G
and H). The elemental distribution of boron, nitrogen, and fluorine was
mapped. For pristine h-BN on Si, the distribution of boron and nitrogen
agreed well with the electron microscopy image. After ALD LiF depo-
sition, the fluorine signal intensified, especially on where there was no
initial h-BN coverage. Both AFM and Auger characterizations con-
firmed the suppressed LiF nucleation on h-BN compared to that on Si.

Nevertheless, we did observe normal height gain on defect sites
(highlighted by red arrows in Fig. 2F). CVD h-BN growth is known
to start with triangular shape single crystals; however, the formation of
grain boundaries with aligned dislocations is inevitable when crystal
domains meet with longer growth durations (see the Supplementary Ma-
terials). More specifically, two types of dislocations including pentagon-
heptagon (“5-7”) and square-octagon (“4-8”) pairs (47, 48) have been
theoretically predicted and experimentally observed. The 5-7 pair car-
ries a net positive charge at the B-rich side and negative charge at the
N-rich side. It also contains homoelemental bonding (either B-B or
N-N), which is less stable than heteroelemental bonding (B-N). Although
the 4-8 pair does not contain homoelemental bonding, it has a higher
strain energy caused by the distorted rings. The net charge and less stable
homoelemental bonding, along with high strain energy, altogether make
the h-BN prone to react chemically at the grain boundaries. In addition to
the enhanced chemical reactivity at the grain boundaries, point defects
such as vacancies in h-BN may serve as anchoring sites for incoming
ALD precursors due to the existence of dangling bonds (N-H or B-H)
at the edge. Therefore, both nanowires and nanoparticles of LiF were ob-
served in our SEM and AFM characterizations. This selective growth of
ALD LiF on h-BN is significant and could, in principle, (i) map out point
and line defects in h-BN, (ii) seal pinholes caused by CVD growth and
postgrowth transfer, and (iii) improve the overall mechanical properties of
the h-BN film.

To further verify the enhanced nucleation at the grain boundaries
of h-BN, we used TEM characterization to provide direct evidence. h-BN
was suspended on a Au TEM grid with 2-um openings using a PMMA-
assisted transfer method (see Materials and Methods). After annealing
in Ar/H, environment at 380°C, the TEM grid with suspended h-BN
was subjected to ALD LiF deposition directly. Consistent with SEM char-
acterization, TEM confirmed the scattered LiF nucleation and preferred
LiF nucleation along certain lines (highlighted by red arrows). Here,
we note that the nucleation density of LiF on suspended h-BN observed
in TEM was higher than the nucleation density of LiF on h-BN/Si ob-
served in SEM. This difference might be due to LiF that can nucleate on
both sides of suspended h-BN on the TEM grid compared to only one
side of h-BN on Si. The nucleation density of ALD LiF particles on
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Fig. 1. SEM characterization. (A) Schematics of selective ALD LiF deposition on
h-BN. (B) SEM characterization of 50 cycles of ALD LiF deposition on continuous h-BN.
(C) SEM characterization of 50 cycles of ALD LiF deposition on the edge of h-BN.

suspended h-BN was ~3500 per um?, indicating a high density of
point defects. The nucleation density of LiF particles along grain
boundaries was two times higher (Fig. 3C). A diffraction pattern
was acquired in the blue area where there is a LiF line crossing
(Fig. 3B). It showed two sets of h-BN diffraction patterns, which
confirms the existence of a grain boundary of CVD h-BN.

With a Gibbs formation energy of —587.7 kJ/mol (49), the thermo-
dynamically stable electrochemical window of LiF is as wide as 0 to
6.1 V versus Li"/Li. Being a key component in the SEI, LiF is also chem-
ically stable against various reactive species in the battery such as Li
metal and HF. Therefore, LiF is a potential candidate to function as a
stable interfacial layer. The concern of using LiF as the protection layer
lies mainly in its poor Li-ion conductivity. Nevertheless, these problems
can be alleviated if an ultrathin layer or a composite layer can be ob-
tained. For composite films containing LiF nanoparticles, enhanced
Li-ion conductivity at the interface has been observed (50). Here, ALD
provides a way to fine-tune the coating thickness of LiF thin films or the
size of LiF nanoparticles to battle the poor ionic conductivity of LiF.

Suppression of dendrite formation during Li plating

We then studied the morphology of Li plating in an additive-free car-
bonate electrolyte on various substrates using SEM. The Li plated on Cu
exhibited the typical dendritic growth (Fig. 4, A to C). The Li whiskers
have irregular shapes and a mean diameter in the range of several hun-
dred nanometers. However, we found that the electrochemical plating
of Li on ALD LiF/Cu (Fig. 4, G to I) was even less uniform than that on
pristine Cu. The plated Li on LiF/Cu did not cover the entire substrate,
and it was dendritic in nature. LiF deposited directly on the Cu current
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collector poses many challenges for the Li deposition/stripping reac-
tions. First, LiF has poor electrical conductivity, which leads to an
increased overpotential. Second, the LiF film deposited by ALD has
strong chemical bonding with the underlying Cu foil, which leads to
lack of obvious Li nucleation sites. For example, the initial nucleation
of Li plating prefers to take place between LiF particles rather than un-
derneath it. Even if some Li managed to deposit underneath the LiF
film, it will crack the LiF film because LiF is not mechanically flexible.
Once the nucleation occurs, further Li deposition is preferred on the
existing nucleation sites rather than forming additional Li nuclei on
top of the nonconductive LiF film or underneath the LiF film by
breaking the LiF shell. The low nucleation density leads to a high initial
plating overpotential and nonuniform plating.

Compared to the nature of strong chemical binding between LiF
and Cu, the physical interaction between h-BN and Cu is considerably
weaker. For instance, 2D materials such as graphene can be lifted from
the substrate via hydrogen generation (51). Our previous results have
also shown that h-BN can be lifted by the Li plated underneath (7).
However, in spite of a high theoretical in-plane Young’s modulus, the
grain boundaries are predicted to be the weak points of h-BN when
tensile stress is applied (24). Although we started with a continuous
CVD h-BN film, holes appeared after Li plating (Fig. 4, D to F). Upon
closer inspection, dendritic Li was found to be growing within. These
holes can be a result of (i) the broken film at the weak grain bound-
aries or point defects due to stress induced by Li plating, (ii) pinholes
remaining after the CVD growth, and (iii) cracks caused by the trans-
fer process.

Using the LiF/h-BN hybrid film as the interfacial layer combines the
advantages of both components. First, the weak physical interaction be-
tween h-BN and Cu allows Li to be plated in between h-BN and Cu.
Second, with the addition of chemically stable LiF linkers, the overall
mechanical strength of LiF/h-BN is improved. It also helps to seal
any pinholes or cracks induced in the CVD synthesis and transfer.
The superior chemical and mechanical stability of the LiF/h-BN com-
bination effectively suppressed the Li dendrite formation. The resulting
electrochemical plating of Li is smooth and uniform (Fig. 4, ] to L).

Electrochemical performance

Long-term Li plating/stripping experiments were also conducted on Cu,
h-BN/Cu, LiF/Cu, and LiF/h-BN/Cu substrates in EC/DEC electrolyte
with 1 M LiPFg containing no additives (Fig. 5). Li with a total capacity
of 1 mA-hour/cm” was plated on the corresponding working electrode
at a rate of 0.5 mA/cm?® The working electrode was then cycled to a
cutoff potential of 2.0 V versus Li*/Li at the same rate of 0.5 mA/cm’
to strip the deposited Li. The coulombic efficiency was defined as the Li
stripping capacity divided by the Li plating capacity for each cycle. The
coulombic efficiencies on the Cu substrate steadily decreased as cycling
progressed, dropping to ~70% in 90 cycles, indicating significant side
reactions between Li and the electrolyte. The consumption of Li and
the electrolyte through side reactions is undesirable for achieving a
long-term stable Li metal anode.

Among the three types of modified substrates, LiF/Cu had the
poorest cycling performance, which was even worse than pristine Cu.
As discussed above, the electrochemical Li plating on LiF/Cu was non-
uniform across the substrate. Because of the poor conductivity of LiF
and strong adhesion between LiF and Cu, the initial Li nucleation is
difficult, leading to a high overpotential although only a few nanometers
of LiF was deposited (Fig. 5 B). For comparison, the initial Li nucleation
overpotentials on LiF/Cu and Cu substrates in the beginning of the
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Selective deposition by ALD

Fig. 2. AFM and Auger characterization. (A) Top-view and side-view schematics of selective ALD LiF deposition on h-BN/Si. (B) AFM characterization of single-layer h-BN on a Si
substrate. (C) Height profile of single-layer h-BN on a Si substrate. (D and E) Height profiles of ALD LiF-coated single-layer h-BN on a Si substrate. (F) AFM characterization of ALD
LiF-coated single-layer h-BN on a Si substrate. (G) Elemental mapping of N, B, and F using Auger spectroscopy for h-BN/Si. (H) Elemental mapping of N, B, and F using Auger

spectroscopy for LiF/h-BN/Si.

second Li plating half-cycle were 164 and 64 mV, respectively. The av-
erage Li plating overpotentials on LiF/Cu and Cu substrates throughout
the second Li plating half-cycle were 80 and 60 mV, respectively. In ad-
dition, the fact that we see coulombic efficiency on the LiF/Cu substrate
fluctuating in its late cycles may suggest dead Li formation. Because of
the poor electrical conductivity of LiF on Cu, when Li dendrites lose the
physical connection to the underlying Li base, it is difficult to reestablish
their electrical connection to the substrate because a good portion of the
substrate was covered with poorly conductive LiF. This part of dis-
connected Li then becomes dead Li, and we observe a low coulombic
efficiency (cycle 46 in Fig. 5C). In the following cycles, if dead Li re-
establishes an electrical connection to the underlying Li by chance, then
we can observe a coulombic efficiency higher than 100% (cycle 54 in
Fig. 5D). Collectively, cells using LiF/Cu as the current collector suffered
from a low Li nucleation density, high overpotential, and poor plating
uniformity, all contributing to their poor cycle performance.
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In contrast, Li plating/stripping on h-BN/Cu was considerably more
stable than that on pristine Cu with both lower overpotentials and
higher coulombic efficiencies over long cycles. At the second cycle, the
initial nucleation barrier on h-BN/Cu was only 64 mV, and the average
Li plating overpotential was only 42 mV. The average coulombic effi-
ciency during the first 100 cycles was 92.2%, which then dropped to
~70% after ~150 total cycles. As plating/stripping cycles progressed,
the h-BN layer may have slowly broken apart starting from defective
sites and became exfoliated from the substrate, eventually losing its abil-
ity to minimize the side reactions between Li and the electrolyte.

Most excitingly, LiF/h-BN/Cu stood out among the three types of
modified substrates in the long-term cycle stability test. Benefiting from
the weak interaction between h-BN and Cu, the Li plating readily took
place underneath LiF/h-BN. At the second cycle, the initial nucleation
barrier on LiF/h-BN/Cu was only 60 mV, and the average Li plating
overpotential was only 47 mV (Fig. 5B). The overpotential for Li plating
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on LiF/h-BN/Cu was not significantly higher than that on pristine Cu.
This low overpotential was benefited from three aspects. First, LiF
prepared by ALD is ultrathin on h-BN, which could offset its low
Li-ion conductivity. In addition, LiF improves the surface diffusion
of ions, and simulations have shown reduced Li-ion diffusion energy
barrier for LiF-enriched SEI (40, 41). Second, the Li-ion diffusion energy
barriers are much lower at the defects of 2D materials (37). Although a
perfect defect-free h-BN would have high mechanical strength, it will be
difficult for Li ion to diffuse through. Here, by coating LiF on defect sites
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Fig. 3. TEM characterization. (A) TEM characterization of ALD LiF deposition on
suspended h-BN. (B) Diffraction pattern of the highlighted blue area. (C) Compar-
ison of particle densities of the highlighted green and red areas.

LiF/Cu

ﬁ‘g Y —A20um B3 -

<L

J
P e

of h-BN, we can improve the stability of h-BN while still allowing Li ion
to diffuse through. Third, LiF/h-BN interfacial layer minimizes the par-
asitic chemical reactions between the Li metal and the liquid electrolyte.
After 90 cycles, the average Li plating/stripping overpotential on LiF/
h-BN/Cu was lower than that on pristine Cu (Fig. 5E), indicating less
SEI buildup. The Li plating/stripping on the LiF/h-BN/Cu substrate
maintained a high average coulombic efficiency above 96% for over
300 cycles in the carbonate electrolyte without the aid of any electrolyte
additives. The significantly improved coulombic efficiency suggests that
the LiF/h-BN is effective in protecting Li from reacting with the electro-
lyte. The coulombic efficiency versus cycle number curve was also the
smoothest one among the four types of substrates, suggesting a low de-
gree of dead Li formation and detachment on LiF/h-BN/Cu. In addi-
tion, the cycle performance of electrodes with different protection
films was tested in EC/DEC electrolyte with 1% vinylene carbonate
and 10% fluoroethylene carbonate as additives (see the Supplementary
Materials). The coulombic efficiencies and cycle lives of different elec-
trodes can be further improved to different degrees by additives (see the
Supplementary Materials for a detailed discussion). A similar approach
of combining additives and 2D materials was also reported by Kim et al.
(36). To summarize, the good cycle stability on LiF/h-BN/Cu resulted
from (i) the low binding affinity between h-BN and Cu so that LiF/h-BN
can be lifted by Li plated underneath, (ii) strong mechanical and stable
chemical properties of the LiF/h-BN hybrid film, and (iii) reduced side
reactions between plated Li and the electrolyte.

Cross section of cycled electrodes
To further analyze the Li deposition morphology, we acquired cross-
section SEM images after repeated plating/stripping cycles. Focused

h-BN/Cu

LiF/h-BN/Cu

Fig. 4. SEM characterization of electrochemically plated Li. Schematics and SEM characterization of Li plating on Cu (A to C), h-BN/Cu (D to F), LiF/Cu (G tol), and LiF/h-BN/Cu
(J to L). Li plating was performed at a rate of 0.5 mA/cm? and a total capacity of 1 mAhour/cm? in ethylene carbonate (EC)/diethyl carbonate (DEC) electrolyte with 1 M LiPFs.
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Fig. 5. Cycling performance of repeated Li plating/stripping on Cu, h-BN/Cu, LiF/Cu, and LiF/h-BN/Cu substrates in EC/DEC electrolyte containing 1 M LiPFe.
(A) Coulombic efficiency (CE) versus cycle number plots. (B) Voltage versus capacity plot during second cycle. (C) Voltage versus capacity plot during the 46th cycle. (D) Voltage
versus capacity plot during the 54th cycle. (E) Voltage versus capacity plot during the 90th cycle.

Fig. 6. SEM characterization of cross-section morphologies of electrochemically plated Li. SEM characterization of cross-section morphologies of Li deposited on
LiF/h-BN/Cu (A) and pristine Cu (B) substrates after five cycles in EC/DEC electrolyte with 1 M LiPFs. SEM images were taken with a sample rotation angle of 52°.

ion beam (FIB) was applied to cut fresh plated Li to better reveal the Li
deposition morphology underneath the surface coating layer. Li plated
on the LiF/h-BN/Cu substrate was not only smoother on the surface but
also packed more densely underneath the surface compared to Li plated
on pristine Cu. Although there were still few void spaces at the interface
between Li and Cu on the LiF/h-BN/Cu substrate, they were possibly
caused by the nucleation of Li on Cu substrate. Individual Li grains then
grew in size and merged eventually. The average thickness of Li plated
on LiF/h-BN/Cu is 4.8 um (Fig. 6A), which is close to the theoretical
thickness (4.85 um) of dense Li (0.534 g/cm3) with a total capacity of
1 mA-hour/cm®. However, it was difficult to identify the exact position
of LiF/h-BN after Li plating. XPS analysis (see the Supplementary
Materials) shown an SEI formed by the electrochemical reduction of
electrolyte covered on the surface of LiF/h-BN. Nevertheless, the LiF/
h-BN film remained chemically and mechanically intact, which could

Xie et al., Sci. Adv. 2017;3:eaa03170 29 November 2017

prevent electrochemically plated Li from reacting with air in the am-
bient environment (see the Supplementary Materials). On the contrary,
the Li morphology remained dendritic on the surface of pristine Cu.
Underneath the surface, void spaces were visible everywhere across dif-
ferent depths of plated Li. This dendritic Li with a high surface area is
undesired for long-term cycling. The continuous formation and crack-
ing of ineffective SEI upon Li volume change during plating/stripping
would consume both active Li and the electrolyte. This also explains the
low coulombic efficiency we have observed on pristine Cu electrode.
Because Li is in excess in the counter electrode, the depletion of electro-
lyte was likely the cause for the battery failure (see the Supplementary
Materials). In comparison, with a stable LiF/h-BN hybrid film as an ar-
tificial SEI with strong mechanical property and stable chemical stabil-
ity, we expect that the side reactions between Li and the electrolyte were
minimized and that the battery cycle life can be greatly extended.
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DISCUSSION

To summarize, we demonstrated the selective ALD of LiF at defect sites
of h-BN with enhanced chemical reactivities. The selective deposition
allows us to visualize the location of defects in h-BN using SEM, AFM,
and TEM. The chemically and electrochemically stable LiF served as
ideal molecular stitches to seal the polycrystalline CVD h-BN. With
its superior chemical and mechanical properties, the LiF/h-BN hybrid
film effectively suppressed Li dendrite formation and improved the cou-
lombic efficiency of Li metal cycling during long cycles.

MATERIALS AND METHODS
Materials synthesis and preparation
ALD LiF deposition was performed on different types of substrates
including Si, SS, Cu, BN/Si, and BN/Cu using a Savannah S100 ALD
system (Cambridge NanoTech) (44). The deposition consists of al-
ternating pulse and purge of LiOtBu (97%, Sigma-Aldrich) and TiF,
(Sigma-Aldrich) as precursors. TiF, was gently grinded in an Ar glove
box before using. The typical pulse and purge durations for LiOfBu sub-
cycle are 1 and 25 s, respectively. The typical pulse and purge durations
for TiF, subcycle are 0.1 and 25 s, respectively. LiOfBu was heated to 160
to 170°C, and TiF, was kept at 115 to 125°C. High-purity Ar was used as
the carrier gas and purging gas. LiF thin films were obtained at a dep-
osition temperature of 250°C.

h-BN was synthesized in a homebuilt CVD system. Before the dep-
osition, the Cu foil (99.8%, Alfa Aesar) was electrochemically polished
by holding 1.5 V versus Cu counter electrode for 60 min in a mixture of
phosphoric acid [70 weight % (wt %)] and ethylene glycol (30 wt %)
electrolyte. After rinsing and blow-drying, the Cu foil was annealed un-
der 35-standard cubic centimeter per minute (SCCM) H, and 50-SCCM
Ar flow for 30 min at 1000°C. For the growth of h-BN, 50 mg of am-
monia borane (H;N-BH;; 97%, Sigma-Aldrich) precursor was loaded
into a glass tube attached to the deposition chamber. The precursor va-
por was delivered to the deposition chamber when heated by a heating
tape wrapped around the glass tube. The h-BN growth was carried out
at 1000°C under 35-SCCM H, and 50-SCCM Ar flow.

h-BN was transferred to various substrates including Si, SiO,-coated
Si, Cu, and the TEM grid (2-um hole size; Ted Pella) with PMMA
support. A PMMA solution was spin-coated on the surface of the as-
grown h-BN/Cu at speeds of 500 rpm for 60 s, and then 4000 rpm for
30 s. The backside of the Cu foil was cleaned using O, plasma and gently
wiped with an isopropyl alcohol (IPA)-soaked cotton stick. The sample
was then placed into a solution of iron chloride to etch the underlying
Cu foil. The PMMA/h-BN films were rinsed with a diluted hydrochloric
acid solution and deionized water for three times each. The PMMA/
h-BN films were picked up by desired substrates and dried at 60°C.
PMMA was removed by soaking in acetone and then in IPA. Finally,
samples were annealed in 10-SCCM H, and 40-SCCM Ar flow at 380°C
for 2 hours to remove residual PMMA to obtain a cleaner h-BN surface.

Material characterizations

AFM was performed using Park XE-70 system with ACTA tips. SEM
images of LiF, h-BN, and LiF/h-BN on various substrates were captured
in an FEI XL30 Sirion SEM. A Woollam M-2000 Spectroscopic Ellip-
someter was used for measuring and fitting optical properties and thick-
nesses of ALD LiF films on Si substrates. TEM characterization was
performed at 80 kV using an FEI Titan. After Li plating/stripping
cycling, samples were rinsed in 1,3-dioxolane to remove residual elec-
trolyte and salt for SEM imaging. The morphology of plated Li was ob-
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served with an FIB (Nova 600i Dual Beam, FEI). The cycled electrodes
were cross-sectioned with a Ga* ion beam and observed with the SEM
(JSM-6700F, JEOL). XPS was performed on PHI 5000 VersaProbe
using an Al Ko (A = 0.83 nm and hv = 1486.7 eV) x-ray source operated
at 2 kV and 20 mA.

Electrochemical measurements

Battery cycling performance was evaluated by the galvanostatic cycling
of coin cells (CR 2032) with Cu, LiF/Cu, h-BN/Cu, and Li/h-BN/Cu as
working electrodes and Li foils (Alfa Aesar) as counter electrodes. The
working and counter electrodes were cut into round disks with a diam-
eter of 1 cm and separated by two layers of Celgard separators. Thirty
microliters of 1 M LiPFg solution in 1:1 (v/v) EC and DEC (BASF) was
added as the electrolyte. No additional additive was added into the elec-
trolyte. Battery cycling data were collected using a LAND eight-channel
battery tester at room temperature. After assembly, coin cells were gal-
vanostatically cycled between 0 and 2 V at 50 pA/cm” for five cycles.
Battery cycling was then performed by controlling an areal capacity
of 1 mA-hour/cm” for Li plating and a cutoff potential of 2 V versus
Li*/Li for Li stripping during each cycle. The coulombic efficiency
was defined as the Li stripping capacity divided by the Li plating
capacity.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/11/eaa03170/DC1

fig. S1. SEM characterization of CVD h-BN.

fig. S2. SEM characterization of ALD LiF on Si.

fig. S3. SEM characterization of ALD LiF on h-BN/Si.

fig. S4. SEM characterization of ALD LiF on h-BN/Cu.

fig. S5. SEM characterization of ALD LiF on SS and Cu.

fig. S6. XPS analysis of ALD LiF on Si.

fig. S7. XPS analysis of ALD LiF on h-BN/Cu.

fig. S8. Cycling performance of Cu, h-BN/Cu, and LiF/h-BN/Cu electrodes in carbonate
electrolyte with additives.

fig. S9. Optical images of Li-plated Cu, LiF/Cu, h-BN/Cu, and LiF/h-BN/Cu electrodes with
different exposure times in the ambient environment.

fig. S10. XPS analysis of the LiF/h-BN/Cu electrode after Li plating.

fig. S11. Cycling performance of batteries with different amounts of electrolyte and failed
battery with refilled electrolyte.
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