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ABSTRACT: All-solid-state batteries using garnet-type solid-state electrolytes (SSEs)
are promising candidates for safe, high energy density batteries due to their wide
electrochemical stability window, high lithium-ion conductivity at room temperature, and
the use of a lithium metal anode. However, garnet-type SSEs exhibit formidable
challenges, including their instability in a moisture-containing atmosphere, high
interfacial resistance, and the formation of lithium dendrites. Though several strategies
have been deployed to alleviate the issues related to garnet-type SSEs against metallic
lithium, most of the approaches fail to solve all the challenges. Herein, we demonstrate a
surface modification strategy of the Li6.5La3Zr1.5Ta0.5O12 (LLZT) garnet electrolyte by
two-dimensional hexagonal boron nitride (h-BN) nanosheets to solve the interfacial
issues. Detailed spectroscopic evidence elucidates that the h-BN interlayer effectively
protects the LLZT from moisture-induced chemical degradation and suppresses the
formation of adverse carbonate species for over 120 h in an open atmosphere. The h-BN-
coated garnet SSE interface has shown a nearly 10-fold reduction in interfacial resistance value compared to the uncoated one and it
exhibits stable lithium plating/stripping behavior for over 1400 cycles at 0.2 mA cm−2. Advanced in situ Raman analysis reveals that
the h-BN interlayers remain stable during cycling and inhibit the structural transformation of LLZT at the interface.
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■ INTRODUCTION

Lithium-ion batteries (LIBs) are becoming increasingly
ubiquitous energy storage systems to power most portable
electronic devices due to their high energy densities and long
cycle life.1,2 However, with extending applications of LIBs into
electrifying transport and grid storage, an increase in their
performance is essential to meet today’s requirements.3

Besides, the safety of LIBs remains a major concern due to
the use of highly flammable organic liquid electrolytes, which
have a low flash point and carry the risk of leakage, fire, and
explosion.4 All-solid-state batteries (ASSBs) provide potential
solutions to the major drawbacks of LIBs.5,6 ASSBs with
suitable solid-state electrolytes (SSEs) enable the use of a
metallic lithium (Li) anode, which exhibits a highest specific
capacity of 3861 mAh g−1 and lowest reduction potential
(−3.05 V) to achieve high energy density and safer batteries
that meet the growing energy demands.7 The main SSEs
include LiSICON,8 garnet-type,9,10 sulfide-based glass/ce-
ramic,11 perovskite,12 antiperovskite,13 NASICON-type mate-
rials,14,15 etc. Among these, garnet-type SSEs exhibit excep-
tional properties, including high chemical stability against
metallic Li,16 high Li-ion conductivity (∼10−3 S cm−1),17,18

and wide electrochemical stability window (∼6 V vs Li/Li+)
that enables the use of high voltage cathodes.16,19

Despite the manifold advantages offered by garnet-type
SSEs, a few challenges, such as high interfacial resistance and

dendrite formation even at lower current densities hinder their
targeted applications.20,21 The high interfacial resistance
originates from the poor wettability of the garnet SSE with
metallic Li at the interface.19,22,23 This can be attributed to the
unstable nature of the garnet surface against a moisture-
containing environment where proton-lithium (H+/Li+)
exchange takes place. This interchange reaction leads to the
formation of insulating lithium carbonate (Li2CO3) through
intermediates (as shown in eqs 1 and 2), which blocks the Li-
ion transport across the interface.24−26 Although efforts were
made to remove the lithium carbonate layer from the garnet
surface,27,28 there are no studies that prevent the formation of
lithium carbonate on the surface of the solid electrolyte
altogether.
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The high electronic conductivity of the garnet-type SSE
(10−8−10−7 S cm−1) was found to be responsible for the easy
propagation of Li dendrites.29 The mechanism of such a
phenomenon was attributed to the leakage of a small amount
of electrons into the electrolyte that combines with the Li ions
to form metallic and dead Li inside the garnet-type SSE.29 The
formation of Li dendrites causes cell failure due to an internal
short circuit and also leads to the low utilization of the Li metal
anode, while the dead Li contributes to the Li anode loss as
well.30

To address the above-mentioned issues, various approaches
have been proposed, among which, introducing a transition
layer at the electrode−electrolyte interface is considered to be
an effective solution.31 Previously, various types of materials
like metals,32,33 semiconductors,7,34,35 insulators,19,36 poly-
mers,37,38 etc. were utilized as interlayers, which successfully
reduced the interfacial resistance and improved the wettability
of Li. However, while the use of various interlayer coatings
improves the performance, the fundamental working mecha-
nisms that mitigate the interfacial resistance have certain
pitfalls. For instance, metal interlayers are electronic
conductors that can boost the flow of electrons into the
garnet-type SSE, leading to the propagation of Li dendrites.
Recent explorations of semiconductor-based materials indicate
that alloy and conversion-based compounds contribute to Li
alloying and conversion reactions that could lead to
unfavorable passivation and volume changes that can induce
cracks at the SSE surface and reduce Li-ion conductivity.39

Hence, it is imperative to design an interlayer material that has
the following key properties: (i) be electronically insulating in
nature to prevent Li dendrite formation, (ii) should not hinder
the Li-ion movement, (iii) be hydrophobic in nature so that it
can enhance the resistance toward moisture, and (iv) should
be inert with Li metal anodes, in order to solve the garnet-type
SSE issues. Herein, we effectively address all the major
challenges of garnet-type SSEs by introducing an insulating,

hydrophobic boron nitride (h-BN) interlayer with high
Young’s modulus and dielectric constant to (i) protect the
garnet solid electrolytes against metallic Li, (ii) form a
chemically and mechanically stable interface, and (iii) provide
an electronically insulating but ionically conducting anode
interface, as depicted in Figure 1. For this purpose, we have
shown the interlayer functionality of h-BN and its interaction
with garnet electrolyte/metallic Li interface using in situ and ex
situ spectroscopic studies and detailed electrochemical analysis.
Detailed characterization elucidates that h-BN coatings on the
LLZT surface make it resistant to the moisture-containing
environment and provide a highly stable interface for Li
plating/stripping with minimal polarization resistance that
holds the key for developing efficient solid-state electrolytes for
ASSBs.

■ RESULTS AND DISCUSSION

A garnet-type electrolyte with nominal composition of
Li6.5La3Zr1.5Ta0.5O12 (LLZT) was synthesized using a conven-
tional solid-state synthesis method, followed by sintering at
1160 °C for 16 h (detailed synthesis procedure is provided in
SI). Herein, 0.5% Ta substitution in Li7La3Zr2O12 (LLZO) was
used to enhance its cubic phase stability.40 Figure S1(a)
represents the powder X-ray diffraction pattern (XRD) of the
sintered LLZT pellet that matches well with the cubic garnet-
type Li5La3Nb2O12 (PDF 80-0457). The relative density of the
sintered LLZT pellet was determined to be 91% of the
theoretical density. Further, as shown in Figure S1(b), the
Raman spectra of LLZT match the characteristic peaks of the
cubic garnet-type LLZT. The Raman band at 125 (Eg) cm

−1 is
attributed to the typical vibration of bulky La cations, and the
two Raman peaks at 243 (A1g) and 375 (T2g) cm

−1 correspond
to the Li−O bonding. Here, it is noteworthy to mention that
no apparent peak splitting was observed in the low-frequency
regions, i.e., at 125, between 361 (T2g) and 410 (Eg/T2g), and

Figure 1. Schematic of surface-engineered garnet-type SSEs for moisture stability, improved wettability, and a dendrite-free system for better
lithium ion transport across the interface.
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at 514 (T2g/Eg) cm−1, which indicates pure cubic garnet
structure.25,41 Figure S1(c) shows a cross-sectional morphol-
ogy view of the LLZT pellet by using field emission scanning
electron microscopy (FE-SEM), which shows a densely packed
structure with an average grain size of 12 μm. The inset of
Figure S1(c) shows the digital image of the polished,
translucent LLZT pellet with a thickness of about 200 μm.
The Li-ion conductivity of a cubic-faced LLZT was measured
using electrochemical impedance spectroscopy (EIS) by the
blocking-electrode method, as shown in Figure S1(d). The
measured room-temperature Li-ion conductivity was found to
be 4.13 × 10−4 S cm−1 at room temperature, which is in good
agreement with the previous reports.42 The capacitive behavior
seen in the EIS plot is due to the gold blocking electrodes that
behave like capacitors. The pellets were then stored in an
argon-filled glovebox (oxygen, moisture < 0.1 ppm) for the
subsequent experiments.
The h-BN, also known as “white graphene”, is an electrical

insulator with a very large bandgap >6 eV and high dielectric
constant. The structure of h-BN is similar to graphene with
alternate covalent sp2 double bonds between the boron and
nitrogen atoms, arranged like a honeycomb structure.43 These
planes are highly polarized due to the immense asymmetry of
sublattices, which leads to a very large band gap.44 This unique
bonding leads to excellent resistance to oxidation and
corrosion, and it exhibits excellent mechanical properties,
such as flexibility, chemical inertness, unique electrochemical
properties, etc.45−48 The h-BN coating on the LLZT was

achieved by a spray coating technique (Figure S2(c)) which is
commercially viable, and scalable compared to other expensive
and sophisticated methods like the atomic layer deposition,
chemical vapor deposition, molecular beam epitaxy, etc.49 For
coating purposes, we utilized exfoliated h-BN nanosheets,
which were prepared according to our previously reported
studies.50 Before the deposition of h-BN on LLZT, the samples
were subjected to standard characterization. As shown in
Figure S2(a), the translucent dispersion shows uniform
distribution of the exfoliated h-BN nanosheets in 2-propanol
solvent, which was then subjected to transmission electron
microscopy (TEM) studies. The high-resolution TEM image
in Figure S2(b) shows exfoliated nanosheets with wrinkled
edges that indicate successful exfoliation. This can be
attributed to weak van der Waals forces between the h-BN
planes, which enable easy exfoliation of bulk h-BN into two-
dimensional nanosheets. Later, to study the effect of coating
thickness on the plating/stripping behavior, conformal coating
of h-BN nanosheets was carried out on the garnet SSE surface
with different thicknesses by varying the spraying time. The
SSE pellets were labeled according to the thickness of the h-
BN layer as thin and thick h-BN LLZT. The cross-sectional
FE-SEM images (Figure 2(a,b)) depict uniform, conformal
coating of h-BN on the LLZT surface. The thickness of the h-
BN coatings on LLZT was found to be 100 and 330 nm for
one- and three-second spray-coated LLZT, respectively.
The thickness of the h-BN coating was further verified using

atomic force microscopy (AFM), as shown in Figures 2(c, d)

Figure 2. (a, b) FE-SEM cross-section images of a thin and thick coating of h-BN on LLZT. (c, d) AFM scan of the thin and thick h-BN coating on
LLZT. (e, f) Corresponding AFM height profiles.
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and S3. The line scanning was performed on uncoated LLZT,
which reveals an average height of 60 nm. The line-like
structures on the AFM scan are caused by the roughness of the
emery paper used for polishing. The line scan over the thin h-
BN coating reveals a height profile of 147 nm, while after
subtracting the height profile of bare LLZT, the thickness of
the coating was found to be approximately 87 nm, which is in
accordance with the coating thickness obtained through the
FE-SEM images. Similarly, the AFM image of the thick h-BN
coating reveals a height of 330 nm, which is also following the
FE-SEM image.
Further, the roughness analysis of the h-BN-coated and

uncoated LLZT revealed that the h-BN-coated LLZT had a
rougher surface with an average height of 85 and 218 nm for
the 90 and 330 nm thick coatings, respectively, as shown in
Figure S4. Whereas, the uncoated LLZT had a less rough
surface with an average height of 56 nm, which is also evident
with the height profile shown in Figure S3. Further, the size of
the valleys (in between two positive deviations) along the x-
axis is in the nanoscale (Figure S3(b)) for the uncoated LLZT,
resulting in very sharp spikes that increase interfacial resistance
owing to its poor wetting property, whereas the size of the
valley is drastically increased in several orders (micron scale) in
the case of h-BN-coated LLZT (Figure 2), which enhances its
wetting property. Hence, the higher roughness of the h-BN
coating in our case promotes better contact of the anode with
the electrolyte that, in turn, reduces the interfacial resistance
further; in contrast, the lower surface roughness in the
uncoated LLZT makes it difficult for the Li metal to contact
the LLZT pellet.32 The uniformity of the h-BN coating was
analyzed using FE-SEM by coating h-BN after masking half of
the LLZT pellet using Kapton tape. Both the thin and thick
coatings were found to be highly uniform, as shown in Figure
S5(a,b), where the top portion is coated, while the bottom is
uncoated LLZT. After the h-BN coating, the spray-coated

LLZT was analyzed using Raman spectroscopy (Figure S6) to
ensure that no structural changes occurred during the spray
coating process. The Raman intensity at 1360 cm−1

corresponds to the exfoliated h-BN, and the other peaks
correspond to that of LLZT.
In order to corroborate the moisture stability of the h-BN-

coated LLZT, we have performed X-ray photoelectron
spectroscopy (XPS) and thermal gravimetric analysis (TGA)
on samples in fresh and aged conditions (120 h exposed to
ambient atmospheric conditions), as shown in Figure 3. For a
better comparison, uncoated LLZT pellets were aged
simultaneously to ensure that identical environmental con-
ditions were maintained for the pellets and analyzed in the
same way. Figure 3(a) shows the deconvoluted XPS C 1s
spectrum of fresh LLZT, which consists of two dominant peaks
at 290 eV (blue) and 285.5 eV (red), corresponding to the
Li2CO3 and adventitious carbon, respectively. The other peaks
at 288.6 and 285.7 eV correspond to the carboxyl and hydroxyl
groups present on the surface, respectively. The presence of a
small amount of Li2CO3 on the fresh pellets can be attributed
to the atmospheric synthesis and polishing conditions. After
atmospheric exposure of uncoated LLZT pellets, the peak
intensity of Li2CO3 was found to be increased drastically
(Figure 3(b)), which indicates the growth of the carbonate
species on the solid electrolyte surface. In contrast,
insignificant changes were observed in the Li2CO3 peak
intensity of the aged h-BN-coated LLZT (Figure 3(c)). The
ratio of the carbonate to the adventitious carbon peak is
26.27% for the fresh LLZT and 28.94% for the aged thin h-BN-
coated LLZT pellet, whereas it is 121.86% for the uncoated
LLZT pellet. The observed XPS analysis corroborates the
effectiveness of h-BN coating in suppressing the Li2CO3
formation on the garnet surface. This can be attributed to
the inherent hydrophobic property of h-BN (contact angle of
125°) arising from its microroughness and surface en-

Figure 3. XPS C 1s analysis of the (a) as-prepared LLZT, (b) 120 h aged LLZT, and (c) aged h-BN-coated LLZT. (d) TGA analysis of aged LLZT
and aged h-BN-coated LLZT pellets, the inset shows the zoomed part of the weight loss occurence in aged h-BN coated LLZT sample.
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ergy.43,51,52 Thus, hydrophobic h-BN effectively resists the
interaction of moisture with the LLZT surface and hence
prevents the H+/Li+ interchange reactions and associated
degradation in moisture-containing environment. To further
validate, the interaction between a water droplet and the h-BN-
coated and uncoated LLZT pellet was performed, as shown in
Supporting Information videos 1 and 2. It is well evident that
the h-BN blocks the interaction between h-BN-coated LLZT
pellet and the water droplet, whereas the uncoated LLZT
pellet readily attracts it. To further analyze the long-term
moisture exposure, comparison of a powder XRD pattern of
the fresh and the 90-day-aged samples of bare LLZT and thin
h-BN-coated LLZT was carried out to demonstrate the
protective nature of the h-BN coating. As evident from Figure
S7, there is a significant increase in the peaks marked with “β”
in the aged samples of uncoated LLZT, which corresponds to
Li2CO3.

53 There is no appearance of such peaks in the aged
samples of thin h-BN-coated samples, indicating suppression of
Li2CO3 even after 90 days. To quantify the atmospheric effect
on LLZT, we have performed a thermogravimetric (TGA)
analysis of the aged uncoated and thin h-BN-coated LLZT, as
shown in Figure 3(d). The aged uncoated LLZT showed 0.6%
weight loss in two major regions. The weight loss at ∼450 °C
corresponds to the decomposition of LiOH formed due to the
hydration of LLZT (Li+/H+ exchange) (eq 1). The weight loss
at ∼700 °C corresponds to the loss of carbon dioxide (CO2)
through the decomposition of Li2CO3 that is formed by the
reaction of CO2 with lithium hydroxide (eq 2). However, there
is only an insignificant weight loss (0.01%, as shown in inset

Figure 3(d)) in the aged h-BN-coated LLZT samples, which
may be due to the pre-existing Li2CO3 in the fresh samples.
In order to gauge the effect of h-BN coating on the

interfacial resistance of LLZT, we have performed electro-
chemical impedance spectroscopy (EIS) studies on a
symmetric Li|garnet|Li cell at 22 °C, as shown in Figure
4(a). The inset shows the curve fitting of the EIS spectra
obtained from the h-BN-coated symmetrical cell, and the
corresponding equivalent circuit is shown in Figure S8.
Symmetric cells were assembled by attaching Li metal foil on
both sides of the uncoated and the h-BN-coated LLZT. These
symmetrical cells were heated at 185 °C on a hot plate for 2 h
in a stainless-steel (SS) crucible under a small load applied by
placing four SS discs (6 g) on the top to ensure adequate
adhesion between the electrodes. After heating, the cells were
transferred to a custom-made Swagelok-type cell that can apply
high pressure (126 kPa) on symmetrical cells, which ensures
better contact for electrochemical evaluation. The interfacial
impedances were calculated by subtracting the total cell
resistance of the symmetrical cell by the electrolyte resistance
obtained from the blocking electrode method (Au|LLZTaO|
Au) and dividing the value by two as there are two interfaces
involved in a symmetrical cell. The interfacial resistance was
calculated as 1660 Ω cm2 and 220 Ω cm2 at 22 °C for the
uncoated and thin h-BN-coated LLZT, respectively. The
reduction in the interfacial impedance evidenced that the h-BN
coating effectively mitigates the hindrance for the Li-ion
transport across the metallic Li/LLZT interface. The observed
interfacial effect can be due to the interaction of h-BN with

Figure 4. (a) Comparison of EIS profiles of the uncoated and thin-h-BN-coated LLZT symmetrical cells, measured at 22 °C, the zoomed EIS of
the thin-h-BN coated LLZT cell is shown in the inset along with its corresponding curve fitting. (b−d) Galvanostatic cycling comparison of (b)
thin and thick h-BN-coated LLZT symmetrical cells, (c) uncoated LLZT symmetrical cell, and (d) thin h-BN-coated LLZT at higher current
density. All galvonostatic cycling experiments were done at 60 °C. (e−h) Post mortem analysis of galvanostatically cycled cell with (e, f) uncoated
LLZT pellet, and (g, h) h-BN-coated LLZT pellet.
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metallic Li through weak van der Waals forces, as predicted by
first-principle methods.54 Further, the electron-deficient boron
atom in h-BN interacts with electron-rich Li via the Lewis
acid−base approach, which aids the hopping of Li ions across
the h-BN-coated interface. Also, the point defects present in
the h-BN lattice allow Li ions to pass through the solid
electrode/electrolyte interface.50,55,56 Previously reported work
on using h-BN−lithium composite anode explored the effect of
wettability of the anode with garnet-type SSE.57 However, this
method cannot incorporate moisture stability to the SSE and
also fail to prevent the leakage of electrons into the SSE.
The assembled symmetrical cell was subjected to typical

galvanostatic charge/discharge cycle testing to evaluate Li-ion
transport by applying 0.2 mA/cm2 current density with a
periodic 1 h charge/discharge cycle, as shown in Figure 4(b).
As expected, the thin h-BN-coated LLZT interface delivered a
stable Li-ion plating/stripping behavior for 1400 cycles (i.e.,
1400 h) at 60 °C with a minimal overpotential. The insets
demonstrate the stability of Li plating/stripping behavior
without any noise in the signal, despite a slight increment in
the voltage hysteresis. EIS measurements were performed on
this cell after 1000 cycles and the results were compared with
that of a fresh cell before subjecting it for further cycling, as
shown in Figure S9. As observed from the EIS plot, interfacial
impedance increased slightly after 1000 cycles; however, the
garnet electrolyte bulk resistance remains the same in the
tested cells. This result reveals that h-BN coating effectively
protects the garnet electrolyte from metallic Li-ion-induced
interfacial changes when they are in direct contact, as observed
in other cases.58 The obtained results indicate that the h-BN-
coated LLZT interface provides an excellent pathway for the

smooth transport of Li ions and, more importantly, effectively
preventsthe formation and propagation of Li dendrites.
In contrast, as shown in Figure 4(c), the uncoated garnet

(Li|LLZT|Li) cell showed a large overpotential of 0.2 V and
shorted in 6 h at a current density of 0.2 mA cm−2 because of
the Li dendrite propagation across the SSE interface at 60 °C.
This can be attributed to an uneven current distribution across
the surface, which is predominantly caused by the presence of
the Li-ion transport limiting Li2CO3 layer on the LLZT
surface.59 Figure 4(d) shows the cycling behavior of h-BN-
coated LLZT symmetrical cells at a higher current density of
0.45 mA cm−2, and reveals that the cell shows a small voltage
hysteresis window along with excellent stability even at higher
current density. Similarly, to verify the role of h-BN thickness
on the lithium plating/stripping behavior , we evaluated the
300 nm thick h-BN-coated LLZT symmetrical cell (shown in
Figure 4(b), blue curve). The cell showed a stable Li plating/
stripping tendency for 583 h at a current density of 0.2 mA
cm−2 with an overpotential of 0.090 V before it shorted, which
demontrates the capablity of thick coated h-BN in Li-ion
transport across the interface. The stable Li plating/stripping
behavior for more than 1400 h with h-BN coating can be
ascribed to its insulating nature (electronic conductivity in the
order of 10−15 S cm−1) that ideally blocks the electron leakage
across the interface and electronically isolates the LLZT, which
prevents the formation of Li dendrites.60 Further, the very high
Young’s modulus character of h-BN (1 TPa) aids in curbing
the propagation of Li dendrites.48 In addition, the critical
current density was found to be 0.25 and 0.65 mA cm−2 for the
uncoated and the h-BN-coated LLZT, respectively (Figure
S10). The improvement in the critical current density is

Figure 5. Electronic conductivity measurements of (a) h-BN-coated LLZT and (b) uncoated LLZT at different temperatures, inset shows the
variation of electronic conductivity with temperature. In situ Raman analysis during galvostatic plating/stripping of (c) h-BN-coated and (d)
uncoated LLZT.
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certainly attributed to the inhibition of Li dendrite formation
by the h-BN interlayer. It is widely accepted that
inhomogeneous contact between Li and garnet leads to
uneven Li-ion flux/transport during Li plating/stripping,
which are the predominant factors influencing the dendrite
formation and increase in interfacial resistance values. In our
case, the conformal coatings of h-BN on the LLZT
homogeneously provide uniform contact that results in
controlled Li-ion flux and even current distribution on
electrodes during operation.
The post-mortem analysis of the uncoated LLZT cell

revealed the propagation of Li dendrites through the uncoated
LLZT after six cycles (Figure 4(e, f)). The dark lines
(encircled) observed in Figure 4(e) show the trajectory of
the lithium spots, through which the Li dendrites propagated
and leads to the short-circuiting of the cell. The corresponding
cross-sectional FE-SEM image (Figure 4(f)) of the trajectory
revealed metallic deposits of lithium metal in the uncoated
LLZT pellet, encircled in black dashed curves. However, no
such formation was observed in the thin h-BN-coated LLZT
even after 1000 h of cycling (Figure 4(g, h)). The tiny black
spots, as seen in Figure 4(g), are due to the partial oxidation of
lithium metal fragments that stick to the LLZT surface after
scrapping the lithium metal out of the cycled symmetrical cells.
However, the cross-section of the FE-SEM image of the cycled
thin h-BN-LLZT does not show any such internal Li metal
deposits.
To understand the role of h-BN as an interlayer between

LLZT and metallic Li, we performed in situ Raman
spectroscopy and electronic conductivity experiments on the
uncoated and thin h-BN-coated LLZT. As an alloying reaction
governs the interfacial process, the volume expansion becomes
unavoidable in the case of metal/metallic oxide-based
interlayers, which paves a way for damaging the contact
between the metallic Li and garnet SSE. Figure 5(a) shows
chronoamperometry measurements to elucidate the effect of h-
BN coating on the electronic conductivity at the interface. The
conductivity measurement cells were made by sputtering gold
on either side of the uncoated and h-BN-coated LLZT pellets.
In this approach, a constant voltage is applied versus the open-
circuit potential (OCP), and a resultant steady-state current
(Is) is obtained. Then, the electronic conductivity is calculated
from chronoamperometry curve using eq 3, where σ is the
electronic conductivity of the pellet; l is the thickness of the
pellet in cm; A is the area of the pellet in cm2; I is the steady-
state current obtained; and E is the constant potential applied.

ldI
AdE

σ =
(3)

The thin BN coating on LLZT drastically lowered the
electronic conductivity of the pellet from 3.8 × 10−8 to 5.5 ×
10−12 S cm−1 at 22 °C. This drastic reduction in the value of
electronic conductivity of the SSE can be attributed to the
insulating nature and the very high bandgap of the h-BN
interlayer. By examining the electronic conductivity at various
temperatures, it was observed that the electronic conductivity
increases with temperature due to the increase in randomness
within the solid electrolyte. The higher electronic conductivity
of garnet-type SSEs permits relatively “free” electron transfer
across the interface, where the electrons can be trapped at the
pore/crack surfaces and grain boundaries, which leads to the
propagation of Li dendrites upon reduction of Li ions.61 In our
case, the h-BN-coated LLZT showed electronic conductivity

almost three orders less than the uncoated LLZT, which
implies that the h-BN coatings can effectively improve the
critical current density values of garnet SSE.
Though several surface coatings19,62−64 were implemented

to enhance the performance of the ASSBs, a fundamental
understanding of the degradation behavior of the interlayers
still remains unknown and poses serious concerns regarding
their practical applicability.65 Further, given the fact that the Li
metal anode is highly reductive in nature toward these
interlayers,66 it is particularly important to visualize their
stability, especially on the Li side. To demonstrate the stability
of the h-BN interlayer over several Li plating and stripping
cycles, we performed systematic in situ Raman spectroscopy
analysis at the Li|h-BN|LLZT interface. A homemade, 3D-
printed in situ symmetrical cell setup attached with a
microheater (Figure S11) was developed for this purpose,
and in situ Raman studies were conducted under an inert
atmosphere using a specially designed transfer chamber as
described in our previous report.67 Herein, the Raman laser
was focused on the interface along with the h-BN interlayer
that is present between the Li and the LLZT in the cross-
section of the symmetrical cell, as shown in Figure S11. Figure
5(c, d) shows the recorded in situ Raman spectrum of the h-
BN-coated and uncoated LLZT interfaces to monitor metallic
Li-induced chemical changes across the h-BN-coated interface.
The in situ Raman spectrum at the initiation of the experiment
displayed typical Raman bands of LLZT at 127 (Eg), 243, 410
(T2g), 642, and 744 cm−1 and h-BN at 1360 cm−1. The Li
plating and stripping process was carried out for 30 min each,
and Raman spectra were recorded every 10 min. During the
plating and stripping of Li over three subsequent cycles, the
Raman band of h-BN at 1360 cm−1 did not show any signs of
spectral changes, indicating the robustness of the h-BN
interlayer against metallic Li. Besides, no significant changes
were observed in the Raman bands of the cubic LLZT sample,
indicating that the material does not undergo any structural or
chemical transformation during the cycling. The high stability
of the h-BN layer at the anode interface can be attributed to
the property of nitrides, which are highly stable against
reductive decomposition and possess the largest cohesive
energy that makes them highly stable at the interface.68 On the
other hand, the Raman spectrum of the uncoated LLZT
(Figure 5(d)) displayed characteristic LLZT Raman bands at
the initiation of the cycling studies. However, as cycling
progressed, the emergence of a new peak was observed at
∼500 cm−1 (as indicated by a black arrow), and a peak
splitting was observed at the Li+ ion bonding sensitive region
between 361 and 410 cm−1. The emergence of a new peak and
peak splitting usually occurs during the structural phase
transformation from the pure cubic to the tetragonal phase of
LLZT. This may be due to the fact that the highly reductive Li
metal when in contact with LLZT spontaneously reduces the
LLZT, thus forming a tetragonal phase.66 Tetragonal LLZT
inherently possesses lower ionic conductivity, which may lead
to an increase in the interfacial resistance.69

■ CONCLUSION
In this study, we demonstrated a two-dimensional material-
based interlayer approach to mitigate various interfacial issues
of the garnet-type SSE. The conformal interlayer coatings of
two-dimensional h-BN nanosheets on garnet-type SSE were
achieved through a cost-effective spray coating method.
Detailed spectroscopic evidence revealed that h-BN nano-
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sheet-coated LLZT exhibited excellent stability in moisture
conditions for over 120 h and restricted the formation of
Li2CO3 layers. Further, h-BN coatings drastically reduced the
LLZT interfacial impedance as a consequence of Lewis acid−
base interaction between the h-BN and Li metal. The highly
insulating property of h-BN effectively blocked the passage of
the electrons from Li metal into the LLZT, which results in
mitigation of dendrites formation as evidenced from the stable
plating/stripping behavior over 1400 cycles at 60 °C, at a
current density of 0.2 mA cm−2. In situ Raman analysis
revealed a noninteracting, stable interlayer that prevented the
growth of the tetragonal phase of LLZT at the interphase of Li
and LLZT and demonstrates the robustness of h-BN interlayer
in protecting garnet surface against highly reductive metallic
lithium. It is anticipated that the proposed two-dimensional
nanosheets-based strategy opens a new avenue to resolve the
interfacial issues of garnet-type SSEs.
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