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ABSTRACT: Major challenges in the development of solid-state
batteries using garnet-type solid-state electrolytes (SSEs) include
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suppressing dendrite growth, improving moisture stability, and N ¢
reducing interfacial resistance. Prior attempts to remove surface \CSZ'L‘;” ¢
impurities of SSEs through dry polishing caused high interfacial A Lico

1200,

resistance that proves this method to be unviable. Further, several
efforts on depositing thin-film protective layers on SSEs without
understanding surface chemistry failed to demonstrate improved
electrochemical performance. Here, we report the simultaneous
removal of the surface impurities and protection of the SSE against
air and moisture by regulating its surface chemistry. In situ X-ray
photoelectron spectroscopy (XPS) studies revealed that primary
surface contaminants such as lithium carbonate (Li,CO;) and
lithium hydroxide on the SSE, Lig sLayZr; ;Tay 5O, (LLZT), could be removed by either argon-ion sputtering at 227 °C or annealing
at 777 °C in ultrahigh vacuum conditions. To protect the cleaned LLZT surface from further ambient contamination, in situ atomic
layer deposition was used to deposit ~3 nm-thick h-BN using tris(dimethylamino)borane and ammonia precursors at 450 °C.
Intermittent XPS analysis confirmed the absence of Li,CO; formation and the stability of h-BN-coated LLZT pellets for over 2
months of exposure to atmospheric air and moisture. Electrochemical impedance spectroscopy studies revealed that an ultrathin
layer of ~3 nm h-BN drastically reduced the interfacial resistance from 1145 to 18 © cm* (~65X reduction). Li plating/stripping
studies revealed a constant polarization of 27 mV at a 0.5 mA cm™? current density over prolonged cycling and a high critical current
density of 0.9 mA cm™>. An all-solid-state battery using a LiFePO, cathode exhibited a stable capacity of 130 mAh g™* for over 100
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cycles and a negligible capacity fade-off of 0.11 mAh g~' per cycle at an average Coulombic efficiency of 98.4%.

B INTRODUCTION

The ever-burgeoning demand for portable electronic devices
and electric vehicles has led to the need for high energy density
lithium batteries. Lithium metal batteries (LMBs) that use a Li
metal anode (the highest theoretical capacity of 3860 mAh g~'
and the lowest reduction potential of —3.04 V vs SHE) can
essentially meet the energy demand of the future.'™ The use
of metallic lithium in conventional LMBs, however, leads to
severe chemical and mechanical instability issues due to their
high reactivity with liquid organic electrolytes and propagation
of Li dendrites.” An alternative approach is the use of solid-
state electrolytes (SSEs) to replace organic liquid solvents that
cause most of the safety issues in LMBs.”® The all-solid-state
battery (ASSB) technology holds great promise in large-scale
energy storage devices. Among the different types of SSEs,
candidates such as NASICON, sulfide-based glass electrolytes,
and (Li, La)TiO; are not stable against metallic Li” In
contrast, a cubic garnet-type SSE has been found to possess
high lithium-ion conductivity (107 S cm™ at room tem]ger—
ature) and is macroscopically stable against metallic Li.” A
garnet-type SSE also exhibits a wide electrochemical stability
window (6 V vs Li/Li*).%® Although a garnet-type SSE has
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multiple advantages, a few grand challenges hinder its targeted
applications. At the anode-SSE interface, microscopic inves-
tigation of the interaction between a cubic garnet-type SSE and
metallic Li revealed transformation of several atomic layers of
the cubic phase to the tetragonal phase.”'® Although
mechanical stability at the cathode-SSE interface is an
issue,"! chemical interactions at the anode-SSE interface
present major problems for further development. The
lithium-rich SSE surface readily reacts with moisture and
carbon dioxide present in the atmosphere to form lithium
hydroxide (LiOH) and lithium carbonate (Li,CO;) on the
surface.'”"® In addition, the relatively high electronic

conductivity of the garnet-type SSE induces tunneling of
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electrons across the SSE, leading to lithium dendrite
propagation.14

Several approaches have been proposed to overcome these
challenges, including the use of (i) Li alloy anodes,"'° (ii)
hybrid electrolytes,’”'® (iii) 3-D structured anodes,'”*" (iv)
improved surface morphology,””' and (v) interface modifica-
tions.”>™** Among the various methods used, improving
surface morphology and interface modification were found to
be the most effective. For obtaining a high performing cell, the
surface of the garnet-type SSE should be free from any
impurities prior to the deposition of any buffer layer. Sharafi et
al. introduced wet and dry polishing methods to remove
Li,CO; and LiOH on the surface of the garnet-type SSE to
improve efficiency.”’ However, the critical current density was
low to achieve a stable full-cell performance due to possibility
of dendrite propagation across the interface, and such
techniques are applicable only in smaller size SSEs due to
the fact that thin SSEs are brittle. Thin-film barriers at the SSE
surface, including AL, O;, ZnO, Si, and graphitic carbon, have
been reported previously to modify the surface of the garnet-
type SSE*>~** but failed to focus on the surface chemistry of
LLZT that determines the presence of surface defects and
impurities, which subsequently induce dendrites limiting the
cycle life performance at the full-cell level.”' Hence, a
combination of LLZT surface cleaning and interlayer-based
modifications would benefit from the synergic effect of both
the processes to achieve improved ASSBs. Althouzgh there are
several reports on the interface improvement,”””*"*° an in-
depth understanding of the surface chemistry remains elusive.

Here, we demonstrate a surface chemistry-guided high-
precision solution for simultaneous removal of impurities on
the garnet-type SSE surface and protecting it against moisture,
using ALD of hexagonal boron nitride (h-BN). This process
involves first removal of Li,CO; contamination on the surface
of the SSE either by annealing of the garnet-type SSE at 777
°C in UHV or argon-ion sputtering at 227 °C followed by
deposition of ultrathin films (~3 nm) of h-BN by ALD. h-BN
deposition using tris(dimethylamino)borane (TDMAB) and
ammonia (NH;) precursors forms a graduated BN,O,/BN
capping barrier that protects the SSE surface against prolonged
exposure to ambient, and it significantly improves cell
performance. The noncorrosive TDMAB precursor was chosen
rather than the conventional BCl; precursor to reduce the
extent of corrosivity when combined with NH;, which would
in turn lower the oxidation of the LLZT surface. In this work,
extensive surface chemistry studies were performed using in
situ X-ray photoelectron spectroscopy (XPS), and the
electrochemical properties of the improved interface were
thoroughly investigated. Here, in situ XPS monitoring during
the removal of surface impurities is highly essential to confirm
their complete removal because transferring surface-cleaned
LLZT from the chamber to the XPS instrument via an open
atmosphere may result in the reformation of the surface
impurities.

ALD is an attractive film deposition method for practical
applications due to the fact that it is a self-limiting process that
produces tailored conformal coatings, with atomic-layer
control of film thickness.””*® Prior efforts utilizing ALD
coatings for SSEs focused on ALO;*****° and ZnO,”’ yielding
some improvements in the wettability of SSEs with molten
lithium. The cyclability of the full cell, however, remains a
significant challenge. Two-dimensional (2-D) h-BN possesses
unique electrical, optical, and mechanical properties."’l’32 The
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high chemical inertness of h-BN makes it stable against
metallic Li, which is known for its high chemical reactivity.”
Among the different methods of depositing h-BN, ALD has
been reported to yield conformal, uniform coatings with
superior mechanical properties.”**** As presented here, h-BN
coating protects garnet-type SSEs from moisture-induced
degradation. Galvanostatic cycling at 0.5 mA cm™> for over
200 h further revealed that the h-BN layer effectively
suppresses the propagation of lithium dendrites by preventing
the tunneling of electrons across the SSE and also by creating a
uniform lithium-ion flux that promotes homogeneous deposi-
tion of metallic Li. Further, fabrication of an all-solid-state
battery demonstrates long, stable cycling performance for over
100 cycles using a LiFePO, (LFP) cathode.

B EXPERIMENTAL SECTION

Synthesis of Solid-State Electrolytes. Garnet-type SSE with
nominal composition of LigsLa;Zr, sTay Oy, (LLZT) was synthesized
using conventional solid-state reaction.” Stoichiometric quantities of
Li,CO; (1S wt % excess), La,0s, ZrO,, and Ta,0s, all purchased
from Alfa Aesar with a purity of >99%, were taken as starting materials
in a Teflon container, along with a small quantity of 2-propanol
(Sigma-Aldrich, HPLC grade). This mixture was ball-milled for 8 h
before vacuum drying at 80 °C. The obtained dry powder was
calcined at 900 °C for 6 h at a heating rate of 2 °C min™' using a
muffle furnace (Thermolyne FB1315M). The resulting powder was
again ball-milled for 20 h along with 2-propanol and then dried to get
the LLZT powder. LLZT powder was then pressed into pellets using
a uniaxial press (YLJ-15L, MTI Corp.). The pellets were covered with
LLZT powder and sintered at 1160 °C for 16 h in air at a heating/
cooling rate of 2 °C min™". The obtained pellets were later polished to
a thickness of 250—300 gm in room atmosphere.

Surface Cleaning in an Ultrahigh Vacuum Chamber. The
LLZT pellets were introduced into a multichambered vacuum system
described elsewhere.*® Briefly, the system consists of an atomic layer
deposition (ALD) chamber and an ultrahigh vacaum (UHYV)
chamber at base pressures of 9 X 107° and 1 X 107'° Torr,
respectively. The UHV chamber was equipped with XPS and an ion
sputter gun for sample cleaning. The chambers were isolated by
manually operated gate valves, and sample transfer between chambers
was accomplished using a magnetically coupled feedthrough without
exposure to ambient. Resistive heaters in the UHV and ALD
chambers permitted sample heating up to 927 °C. Temperatures were
measured using a type K thermocouple mounted in proximity to the
pellet. Vacuum in the UHV chamber was monitored using a nude ion
gauge calibrated for N,. Gas pressure in the ALD chamber was
monitored using either a nude ion gauge or a Baratron capacitance
manometer.

The surface contamination due to the formation of Li,CO; on
LLZT was removed either by UHV annealing or sputtering in an Ar*
ion environment. The surface of LLZT pellets was cleaned by
annealing to 777 °C in UHV in a series of steps, at a ramp rate of 1
°C/min. Sputtering was achieved by back filling the UHV chamber
with § X 107 Torr of Ar gas at a beam voltage and emission current
of 3 kV and 25 mA, respectively. The sample was maintained at
moderate temperatures of 27—227 °C during the sputter process.

ALD of h-BN. The cleaned LLZT pellet was transferred from the
UHYV chamber to the ALD chamber, without exposing the sample to
ambient. In situ ALD of h-BN was achieved by alternating exposures
to TDMAB (Sigma-Aldrich, CAS# 4375-83-1, 99% purity) and
electronic grade NH; (Praxair, CAS# 7664-41-7, >99.999% purity) at
450 °C. Although NH; gas was used without further purification,
TDMAB was purified using a freeze—pump—thaw technique and
distilled under vacuum into the chamber at room temperature due to
its sufficiently high vapor pressure.”’

ALD exposures are recorded in Langmuir (L; 1L =10"° Torr s)
and have not been corrected for ion gauge sensitivity or flux to the
surface. The ALD process was optimized by monitoring the saturation
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Figure 1. Schematic representation of LLZT surface cleaning using (a) Ar* sputtering and (b) UHV annealing at 777 °C. XPS of (c) C 1s after
UHV annealing to 777 °C, (d) C 1s after sputter cleaning at 27—227 °C, (e) Li 1s after UHV annealing to 777 °C, and (f) Li 1s after sputter

cleaning at 27—-227 °C.

exposures of TDMAB and NH; on a clean LLZT pellet. The
saturation dose for TDMAB was ~20.5 X 107 L, and for NH;, it was
~90 X 107 L at 450 °C. The pellets were coated on both sides with h-
BN, and the chamber was allowed to pump down to a base pressure of
1 X 107 Torr between ALD cycles.

Ambient Stability Measurements. After ALD, the h-BN-
capped LLZT pellet (BN/LLZT) was exposed to air for 10 min, 30
min, 2 h, and 2 months at room atmosphere to examine its stability
toward atmospheric moisture and carbon dioxide. Prior to h-BN
deposition, the LLZT pellet was cleaned by annealing in UHV to 777
°C. LLZT annealed in UHV had significant elemental C and a
negligible amount of Li,CO; contamination prior to ambient
exposures. After each exposure, the sample was transferred into the
UHV chamber for XPS spectral acquisition.

Dendrites/Symmetrical Cells. LiiBN/LLZTILi symmetrical cells
were constructed by placing Li foil (approximately 15 mg cm™) on
both sides of the BN/LLZT pellet and heating at 220 °C for 1 h after
placing a load of 6 stainless spacers on the top side. Samples cleaned
by Ar-ion sputtering to remove carbonate and other forms of
contaminant surface C were then coated on both sides with h-BN by
ALD (~3 nm on each side) and were used for the fabrication of the
symmetrical cell. Custom-constructed Swagelok-type cells with a
spring on one end to apply pressure were used for assembling the cell.
The cells were double sealed with Teflon tape to prevent any leakage
of air when removed from the glovebox. Galvanostatic plating/
stripping of the lithium metal was done at constant current with time
limitation.

Fabrication of the Full Cell. An all-solid-state battery with
LiFePO,BN/LLZTILi was constructed for galvanostatic cycling
experiments. A lithium metal anode was attached to one side of the
BN/LLZT pellet in the same way as described in the symmetrical cell
assembly. The cathode composite consists of the active material,
LLZT powder, super-P carbon, and a polyvinylidene difluoride
(PVDF) binder in the ratio of 7:7:4:2. The active material ratio used
here is in accordance with the literature.*®** Cathode composite
components were converted to slurry in an N-methyl-2-pyrrolidone
(NMP) solvent. The cathode composite slurry was spread over the
solid electrolyte (attached with a Li anode) using an OHP sheet,
which was then further placed on a hot plate inside the glovebox at 70
°C (the anode side facing down toward the heater) until the slurry
was in a semidry state. Once the slurry is approximately 80% dry, the
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small amount of undried slurry on the top is scraped out using a clean
glass slide. This also aids in obtaining a flat surface suitable for placing
the stainless-steel current collector. Before placing the stainless-steel
disc, the longer edge of the glass slide is used to create an impression
on the semidry cathode such that the impression passes through the
center of the solid-state electrolyte to prevent the trapping of
evaporated NMP solvent in between the current collector and the
cathode. After placing the stainless-steel disc, the setup was further
dried in vacuum using the antechamber present in the glovebox at 90
°C for 12 h. The cathode composite loading was 8.8 mg cm™ for the
BN/LLZT long-cycling cell, 8.6 mg cm~? for the BN/LLZT rate
capability cell, and 8.1 mg cm™ for the LLZT cell. The full-cell setup
was transferred to a custom-made Swagelok cell that can apply a
pressure of 126 kPa. Galvanostatic cycling was carried out from 2.8 to
4V, while the cell was maintained at 60 °C in a hot air oven (MTI
Corp.).

Material Characterization and Electrochemical Measure-
ments. X-ray diffraction (XRD) analysis was performed using a D2
Phaser (Bruker), with a Cu Ka (1.5418 A) radiation source in the
range between 10 and 90° with a scan rate of 1° min~". Rietveld
refining was performed using GSAS-II to obtain the crystal
parameters. Field emission scanning electron microscopy (FE-SEM)
images were obtained from a JSM 7600 JEOL instrument. A Biologic
SP-150 potentiostat was used for the electrochemical impedance
spectroscopy analysis in the frequency range of 7 MHz—1 mHz. An
Arbin 36 channel cycler was used for the galvanostatic cycling
experiments. The electrochemical cell preparation was carried out in
an argon-filled glovebox (mbraun) that was maintained at O, < 0.5
ppm and H,0 < 0.1 ppm. XPS analysis was performed using a PHI
Physical Electronics dual anode nonmonochromatic X-ray source,
equipped with a hemispherical analyzer (VSW) with a mean radius of
100 mm and a multichanneltron detector (PSP Vacuum Technology).
The spectra were acquired using Al Ka (1486.6 eV) radiation,
operated at 300 W and 15 kV, and with the analyzer operating at a
constant pass energy of 50 eV. All photoemission binding energies
were calibrated to the La 3d;;, feature at ~834.7 eV, instead of
referencing to adventitious C."° The spectra were analyzed using
commercially available software with capabilities for Shirley back-
ground subtraction, and the peaks were fitted using Gaussian—
Lorentzian functions.”® Average film thicknesses were calculated using
inelastic mean free path (IMFP) lengths through the BN overlayer:
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Figure 2. (a) Schemes of BN ALD using TDMAB and NH; precursors. Evolution of (b) B 1s XPS during ALD cycling, (c) deconvoluted B 1s after
20 TDMAB/NH,; cycles on LLZT at 450 °C, (d) angle-resolved XPS of B 1s after 11 TDMAB/NH; cycles at 90° (purple trace) and 60° (red
trace) emission angles, (e) N 1s XPS during ALD cycling, and (f) XPS-derived thicknesses of BN (black squares) and BN,O, (red circles) as a

function of TDMAB/NH; cycles at 450 °C.

37.27, 30.05, and 34.42 A for Li 1s, N 1s, and B 1s photoelectrons,
respectively. The IMFP lengths were calculated using the TPP-2M
IMFP predictive equation.”" The relative atomic concentrations were
estimated from the ratios of core-level XPS intensities as modified by
atomic sensitivity factors but not corrected for IMFP. Most of the
XPS spectra were acquired with the analyzer aligned with the sample
normal (“normal emission”). Some spectra, however, were acquired at
a shallow take-off angle with the analyzer aligned at 60° with respect
to the sample normal (“shallow emission”), which decreases the
effective IMFP and therefore the sampling depth, by ~50%,%° thus
increasing surface sensitivity.

B RESULTS AND DISCUSSION

LLZT Synthesis and Characterization. The garnet-type
SSE with nominal composition, LigLa;Zr; sTaqsO;, (LLZT),
was synthesized by conventional solid-state synthesis, as
described in our previous reports.”** Ta-doped LLZT was
selected because of its better cubic phase stability at room
temperature and the higher lithium-ion conductivity compared
to the undoped system. Rietveld refinement of XRD data of
the synthesized LLZT powder was conducted, as shown in
Figure Sla (Supporting Information). The profile fitting (R,,
of 7.92%) confirms the formation of a cubic phase with the
space group Ia-3d, and the lattice parameter “a” was found to
be 12.9107 A, which is in alignment with the literature values,
12.9455* and 12.9101 A.** The unit cell volume is calculated
to be 2152.0556 A’. A cross-sectional FE-SEM (Supporting
Information, Figure S1b) image shows dense morphology with
very minimal voids and an average grain size of 13 pm. The
relative density of the LLZT pellet was calculated to be 93% by
taking the theoretical density of LLZT to be 5.4 g cm™.** Li-
ion conductivity of synthesized LLZT was calculated through
EIS measurements of LLZT attached with blocking electrodes
on both sides of the pellet (Supporting Information, Figure
S2). The conductivity values of 0.13 and 1.1 mS cm™" were
obtained at 22 and 60 °C, respectively, which match with the
reported values.*
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Surface Cleaning Process of LLZT. As-synthesized LLZT
pellets displayed significant carbonate, adventitious carbon,
and hydroxide contamination. This contamination not only
shifted the XPS binding energies of core levels such as Li 1s,
Ta 4f, O 1s, and C 1s regions but also masked the visibility of
La and Zr precursors used in LLZT preparation (not shown).
The pellets were either annealed in UHV to 777 °C or
sputtered in an Ar' environment at 27—227 °C to remove
contamination primarily in the form of Li,CO;. A schematic of
the Ar® ion sputtering and UHV annealing is depicted in
Figure la and Figure 1b, respectively, and the detailed analysis
of garnet cleaning has been described elsewhere.® Figure 1c—f
displays the evolution of C 1s and Li 1s XPS spectra after UHV
annealing and sputter cleaning processes. UHV annealing to
777 °C (Figure 1c) shows a decrease in the C 1s intensity at
290.2 + 0.4 €V corresponding to carbonate species* and a
subsequent increase in intensity at ~285 eV. This broad,
asymmetric carbon feature at lower binding energies can be
resolved into two components corresponding to adventitious C
at ~284.8 eV and alkoxide (CH,0,) contamination at
~287.4 ¢V."® This decrease in C Ls intensity at higher binding
energies and a subsequent increase at lower binding energies
demonstrate that carbonate is being reduced to lower C
oxidation states such as alkoxides (CxHyOZ) and hydrocarbons
(CxHy) or adventitious C after the UHV annealing. Indeed, the
melting point of Li,COj; is ~727 °C, consistent with some
decomposition of Li,CO; after annealing to 777 °C.*’ The
XPS-derived atomic concentrations of carbonate, adventitious
C, and alkoxides were approximately 4.4, 13.5, and 2.4 at. %,
respectively, after the final 777 °C annealing. In contrast, the C
1s XPS spectra obtained after 17 h of Ar" sputtering at 27—227
°C (Figure 1d) indicate complete removal of lower binding
energy C, with a negligible amount of Li,COj; species left on
the surface at ~290.7 eV. These data demonstrate that pristine
LLZT without significant surface C can be achieved by
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Figure 3. (a) HAADF-STEM imaging of as-synthesized LLZT. (b, c) Corresponding EDX elemental maps of C, and La. (d) EDX line map of the
main elements along the line shown in (a). (e) Evolution of C 1s during ambient exposures of Ar* sputter-cleaned LLZT. (f) Evolution of C 1s
during ambient exposures of h-BN-coated LLZT cleaned by UHV annealing for short exposure times. (g) XPS of C 1s after 2 months of ambient

exposure of h-BN-coated LLZT cleaned by UHV annealing.

sputtering at mild temperatures, and the amount of Li,COj; left
on the surface was ~1 + 1 at. %.

The mechanism for Li,CO; removal by Ar" ion sputtering is
clearly different from that of the UHV annealing method.
Here, Li,CO; does not convert into lower C oxidation states.
Instead, the Li,COj layer is being etched off during sequential
sputtering steps. The etching process starts with a complete
removal of top surface contaminants like adventitious C and
hydrocarbons at lower binding energies, within the first 2 h of
sputtering. This is followed by almost complete removal of
Li,CO; even at low temperatures. The Li 1s spectrum in
Figure le indicates a reduction in the Li Is intensity and
broadening toward lower binding energies after the UHV
annealing. This reduction in intensity corresponds to some
melting and decomposition of Li,CO;. The appearance of a
new shoulder at lower binding energies of ~53.6 eV
corresponds to a metallic Li (Li’) feature.”® The well-resolved
Li 1s feature after the annealing can be decomposed into
spectral components including residual Li,CO;, Li,O, and Li°
at 56.8, 55.8, and 53.6 eV, respectively.so'51 However, the
presence of some LiOH within the broad Li,O peak at ~55.8
eV cannot be ruled out. The appearance of Li oxide and
metallic Li denotes the reduction of Li,CO; into lower Li
oxidation states during the annealing process. The Li 1s
spectrum after sputtering in Figure 1f also shows a decrease in
intensity, similar to Figure le. Etching removed the Li,CO,
top layer revealing the underlying Li,O and metallic Li
features. Both sputtering and annealing techniques also
revealed the XPS spectra of O 1s, Zr 3d, La 3d, and Ta 4f
which were initially obscured by a thick Li,CO; top layer (not
shown).

ALD of h-BN on LLZT. h-BN was deposited in situ on both
sides of the LLZT pellets cleaned by either sputtering or
annealing. Very similar results were achieved on both surfaces.
Data are shown below (Figure 2) for deposition on a sputter-
cleaned surface. ALD of h-BN was performed by alternating
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TDMAB and NH; exposures at 450 °C schematically shown in
Figure 2a. Figure 2b—e displays the evolution of B 1s and N 1s
XPS spectra during the ALD of BN. Figure 2b shows an
increase in the B 1s intensity with an increasing number of
TDMAB/NH,; cycles, up to 20 cycles. The XPS spectra show a
broad B 1s boron feature with an FWHM of ~2.5 + 0.1 eV,
suggesting the decomposition or reaction of some TDMAB
precursor under the conditions employed, resulting in multiple
B bonding environments. The B 1s feature in Figure 2b also
shows a shift in the binding energy from 192 to 191.7 eV upon
increasing the number of cycles between 3 and 20 cycles,
respectively.

To better understand the various bonding environments of
boron species, the B 1s acquired after 20 ALD cycles (Figure
2c) was decomposed into three components by constraining
the full width at half maximum (FWHM) of all three
components to be equal and <2 eV. The components at
192.7, 191.6, and 190.1 eV correspond to boron oxynitrides
(BNxOy), boron nitride (By), and dangling boron bonds (—B),
respectively.””>* The presence of boron oxynitride at a higher
binding energy indicates the reaction of the TDMAB precursor
with an oxygen-rich LLZT surface. A similar observation of the
formation of boron oxide (B,O;) was reported during the
deposition of BN on Li-Al-Ti-phosphate (LATP), using a
chemical vapor deposition approach.’® The data in Figure 2b,c
suggest that boron oxide may have been converted into boron
oxynitride due to oxygen—nitrogen exchange reactions, in the
presence of excess NH; exposures. The presence of dangling
boron bonds at ~190.1-189.5 eV also indicates the
decomposition of TDMAB at elevated substrate temperatures.
It should be noted that the intensity of the component at 191.6
eV is much greater than the combined intensities of BN,O,
and dangling B components, demonstrating that most of the
film growth is in the form of BN due to significant nitridation
using the NH; precursor.
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B,0; and BN, O, are unstable in air. Exposure of such films
to ambient results in volatile boric acid formation.>® Therefore,
it is essential that the BN film is on top of the BN,O, layer,
passivating both the oxynitride and the LLZT pellet. In order
to determine the layer distribution, the take-off angle-resolved
XPS spectrum was acquired after 11 TDMAB/NHj cycles at a
shallow emission geometry, with the analyzer aligned at 60°
from the surface normal. Figure 2d compares B 1s XPS
acquired at normal and shallow emission geometries. At 60°
emission, the B 1s spectrum consists of an intense BN peak at
~191.6 eV and a small shoulder at ~193.3 eV corresponding
to BO, bonds.*® Since 60° emission is more surface-sensitive
than normal emission, the data in Figure 2d confirms that BN
forms the top layer with a BN,O, interface. The presence of
such an interfacial layer along with dangling B atoms is indeed
beneficial for Li-ion conductivity since the presence of such
vacancies and defect sites aids in Li transport and improves the
overall performance of the battery.”* The corresponding N s
XPS spectra in Figure 2e show an increase in intensity and a
shift in binding energy from 398.8 to 398.4 eV after 20
TDMAB/NH; cycles at 450 °C. This slight shift in binding
energy is consistent with initial BN,O, deposition and
increasing BN formation with increasing ALD cycles. The N
1s peak can also be decomposed into two components at ~398
and ~399 eV, corresponding to BN and BN,O,, respec-
tively.> >’

The evolution of XPS-derived average BN and BN,O, film
thicknesses as a function of the number of TDMAB and NH;
cycles is shown in Figure 2f. The corresponding By to N
atomic ratios are displayed in Figure S3. Figure 2f shows a
linear, ALD-type growth of BN and BN, O, layers with growth
rates of ~1 and ~0.6 A/cycle, respectively. These data
demonstrate that thicker BN layers of ~23.5 A were deposited
after 20 TDMAB/NH; cycles with a thin BN,O, interfacial
layer of ~12.8 A thickness. The ratio of atomic concentrations
of By to N, corrected by atomic sensitivity factors, is displayed
in Figure S3 (Supporting Information). These data demon-
strate the formation of stoichiometric h-BN films with a By to
N ratio of 1.14 after 20 TDMAB/NHj; cycles, on top of the
BN, O, interfacial layer.

Surface Impurities around As-Synthesized LLZT. The
as-synthesized LLZT powder was analyzed through high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM). The powder sample was stored in an argon-
filled glovebox with O, < 1.2 ppm and H,0 < 0.1 ppm for 10
days prior to the HAADF-STEM characterization. As seen in
Figure 3a, a thick amorphous layer of 2 to 10 nm could be
observed surrounding the LLZT particle. This was further
analyzed through energy-dispersive X-ray (EDX) analysis
(Figure 3b,c and Supporting Information Figure S4), where
the amorphous layer was found to be composed of carbon in
most of the regions and some regions also showed the
presence of oxygen atoms. Further, the EDX line profile was
obtained over the line marked in Figure 3a and is shown in
Figure 3d. The existence of La, Ta, and Zr along with carbon
and oxygen can be attributed to the LLZT particle, and the
immediate environment surrounding the particle consists of
both C and O signals that correspond to the Li,CO; and LiOH
layer. Beyond this layer, there is only the C signal that
corresponds to the adventitious carbon layer accumulated after
the LLZT formation at 900 °C. These results prove the
degradation of LLZT during synthesis and handling in ambient
and the extent of reactivity of the garnet samples. Although
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these impurities surrounding the particle would be eliminated
during sintering, this effect would be the same on the surface of
the sintered pellet as the sintering is performed at ambient
conditions. Hence, it is imperative to remove any such
impurity layers formed on the LLZT pellet surface using
methods as mentioned above, and the defect-free surface needs
to be protected from further degradation when exposed to a
moisture-containing atmosphere. Formation of impurities like
Li,CO; and LiOH around LLZT will have a detrimental effect
during lithium-ion propagation, promoting the formation of
lithium dendrites.”®

Atmospheric Exposures of Pristine LLZT. The pristine
garnet pellet was exposed to air for 10 min, 30 min, 2 h, and 24
h, after it was sputter-cleaned to remove all forms of surface C.
Figure 3e and Figure S5a,b display the XPS of C 1s, Li 1s, and
decomposed Li 1s spectra during sequential air exposures at
room temperature. The C 1s XPS spectra in Figure 3e show a
significant increase in intensity at ~290.1 eV after 10 min of air
exposure, and a smaller amount of reduced C buildup was
observed at lower binding ener§ies. The C 1s feature at ~290.1
eV corresponds to Li,CO;>**” and the feature at lower
binding energies can be assigned to adventitious C at ~285.5
eV and alkoxide (CH,0,) at ~287.3 eV.*® Subsequent
exposures to ambient resulted in a slight attenuation followed
by a small increase in the Li,COj; intensity at ~290.1 eV after
30 min and 2 h in air, respectively. The Li,COj; intensity
attenuated further during 24 h of exposure. However,
adventitious C and alkoxide features in Figure 3e and the O
1Is XPS (not shown) indicated a gradual increase in intensity
throughout air exposures. The total atomic percentage of
Li,CO; and lower binding energy C (adventitious C + CH,O,)
was plotted as a function of air exposure times in Figure S6
(Supporting Information). Figure S6 demonstrates that ~10.8
at. % Li,CO; and ~5.1 at. % lower binding energy C were
formed within the first 10 min of LLZT exposure to air, and no
significant change during subsequent air exposures was
observed. The data demonstrate that Li,CO; formation
saturated in the first 2 h of LLZT exposure to ambient. Figure
SS5a (Supporting Information) displays the overlaid Li 1s
spectra after 0 min (pristine LLZT), 10 min, 30 min, 2 h, and
24 h of air exposure. Li 1s shows an increase in intensity and a
shift to higher binding energy after 10 min in ambient. There
was a negligible change in Li between 10 and 30 min exposure
times. Increasing exposure time to 2 h resulted in the
appearance of a shoulder at a much higher binding energy
(Figure SSa). However, Li 1s remains unchanged during the 24
h mark. To better understand the binding energy shifts in Li,
the spectra were decomposed after 30 min and 2 h exposures
in Figure SSb (Supporting Information). The deconvolution
was performed by constraining the FWHM of all components
to be equal to 1.5 eV. Figure SSb shows the presence of three
components corresponding to Li,O, LiOH, and Li,CO; at
~54.6, ~55.8, and ~57.2 eV, respectively.59 However, after 2
h, the Li,CO; shoulder at ~57.2 eV increased significantly
(Figure SSb, Supporting Information). The data in Figure
S5a,b further demonstrate that all Li,CO; were formed within
the first 2 h of exposure, with no further increase in the
shoulder feature at ~57.2 eV during subsequent exposures to
air. Since no significant change in the C 1s and Li s spectra
was observed during the 24 h mark, it is safe to conclude that
all Li,CO; were formed within the first 2 h of LLZT exposure
to air. These results also agree well with the proposed
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Figure 4. (a) Surface wetting property of metallic Li with as-synthesized LLZT and h-BN-coated surface-cleaned LLZT, (b) critical current density
measurement using the BN/LLZT electrolyte, (c) EIS measurements of symmetrical cells, and (d) galvanostatic cycling of the symmetrical cell at a

current density of 0.5 mA cm™ and at 60 °C.

mechanism for Li,CO; formation by Zhang et al,, Cheng et al,,
and Truong and Thangadurai.*”*"*>

Atmospheric Stability of h-BN-Coated LLZT. The
chemical stability and structural integrity of h-BN-capped
garnets (BN/LLZT) were examined by exposing the BN/
LLZT pellet for 10 min, 30 min, 2 h, and 2 months to ambient.
LLZT used for this experiment was initially annealed in UHV
to 777 °C to remove Li,CO; contamination. As ALD of h-BN
on both annealed and sputter-cleaned Li garnet surfaces
yielded similar results, the annealed sample was used for
atmospheric stability measurements in order to determine if
the reduced C layer present after annealing could affect in
some way (e.g, pinholes) the passivating quality of BN.
Annealing was followed by h-BN deposition along with a thin
BN, O, interface formation after ALD cycles at 450 °C, similar
to that observed for ALD on a sputter-cleaned surface. A
combined film thickness of ~3.1 nm was obtained after 11
TDMAB/NH; cycles with ~24.2 and ~7.1 A of h-BN and
BN,O, thicknesses, respectively. After the initial annealing
treatment, the sample had some adventitious C contamination
at ~284.5 eV and a small amount of residual carbonate at
~288.6 eV. The XPS spectra of C 1s, Li 1s, B 1s, and N 1s
regions acquired during air exposures are displayed in Figure
3f,g and Figure S7 (Supporting Information). The C 1s spectra
in Figure 3f show a gradual attenuation in the adventitious C
feature at 284.5 eV after 10 min, 30 min, and 2 h of air
exposure at room temperature. A small shoulder at ~288.7 eV
begins to appear after 10 and 30 min of air exposure, which
further attenuates during the subsequent 2 h of exposure. This
shoulder corresponds to carboxylate species (COO™), which
binds at a slightly lower binding energy than lithium carbonate
(~290.8 eV)."" Such carboxylate contamination was also
observed after ambient exposure of Al,O;-capped LLCZN."
Figure 3g displays the C 1s XPS spectrum after 2 months of air
exposure. A significant amount of C buildup was observed at
lower binding energies of ~284.5 eV corresponding to
adventitious C and hydrocarbon contamination with a small
shoulder at ~288.7 eV corresponding to the carboxylate
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functionality (Figure 3g). This data therefore demonstrates
that Li,CO; does not form on BN/LLZT even after 2 months
of ambient exposure.

The XPS of the B 1s feature in Figure S7a (Supporting
Information) shows a small increase in intensity with
increasing exposure times. This suggests some oxidation or
hydroxylation of boron in BN or BN, O, layers. However, the B
Is spectrum in the inset shows the presence of boron even
after 2 months of air exposure, indicating that boron remains
intact on the surface and is not lost in the form of volatile boric
acid. Figure S7b (Supporting Information) shows a significant
decrease in the N 1s intensity and a slight shift in binding
energy from 398.7 to 398.4 eV, with increasing exposure times.
The loss in N 1s intensity at higher binding energies may
indicate some desorption of N in the form of volatile NH,, or
NO, species.”’ Similar nitrogen loss is observed upon the
exposure of BN/B,0,/Si to air”> and h-BN/Ir films to atomic
oxygen at room temperature.”® N—H bonds arise from
unreacted NH; and are necessary for the edge termination of
BN.%® Another study showed that BN films deposited using the
NH; precursor result in some H incorporation into the
growing BN film.°® The Li s spectrum in Figure S7c
(Supporting Information) demonstrates only a slight attenu-
ation after 2 h in air and a subsequent increase in intensity
during 2 months of storage. Figures S7c and S8 (Supporting
Information) also show no shift in the binding energy of Li 1s
that would suggest lithium hydroxide or lithium carbonate
formation.

The results shown in Figure 3g,f and Figures S7a—c and S8
(Supporting Information) demonstrate that although the N
sites in the h-BN/BN,O, cap are affected during ambient
exposures, no lithium carbonate is formed even after 2 months
of storage in air. These results demonstrate that ~3 nm of h-
BN/BN,O, coating efficiently protected the LLZT surface
from atmospheric moisture and prevented Li,CO; and LiOH
formation. In addition, such N vacancies could be beneficial to
Li-ion transport since (electrochemical) conduction in SSEs
occurs through vacancies and defect sites. Recent studies also
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Figure 5. (a,c) Optical microscopy images obtained using a 30X lens and (b,d) FE-SEM images of (a,b) as-synthesized LLZT and (c,d) h-BN-

coated LLZT.

show that nitrogen in BN can be restored by heating in a N,
atmosphere at >427 °C.”” The effective passivation of the
LLZT electrolyte from moisture-induced degradation can be
attributed to the superior chemical inertness and hydrophobic
property of h-BN as demonstrated in our previous study using
exfoliated h-BN nanosheets.” In the case of the h-BN
nanosheets, moisture could penetrate through the grain
boundaries to reach the LLZT surface, resulting in a slight
increase in the carbonate level. However, as in our case, h-BN
deposited through growth techniques directly on LLZT
presents no such grain boundaries and effectively passivates
the surface from further degradation.

Surface Wetting Properties and Li Plating/Stripping
Studies Using Symmetrical Cells. Thin Li foil was placed
on the pellet above where 6 stainless steel spacers were placed
and heated at 220 °C for 1 h to study the wettability of pellets
with metallic lithium. For as-synthesized LLZT, as shown in
Figure 4a, only a small area of Li is in contact with the LLZT
pellet, demonstrating poor wetting characteristics with Li. A
large gap of about 1—3 um separates Li and LLZT that may
lead to very high polarization and interfacial resistance. In
contrast, BN/LLZT demonstrated very high adhesion to
metallic Li. No presence of voids and gaps could be observed
in the FE-SEM image, proving the high wettability of such
surfaces with Li. This high adhesion is due to the synergistic
effect of the sputtering process, which produces ultraclean
LLZT surfaces, free of Li,CO; and LiOH that are lithophobic
in nature. Ultrathin (~3 nm) BN also improves the wettability
of Li through weak Lewis acid—base interactions.*®

LilLLZTILi symmetrical cells were made and transferred to a
custom-made Swagelok cell that can apply a pressure of 126
kPa. The critical current density (CCD) is the lowest current
density at which the shortening of the symmetrical cell occurs
due to the propagation of the Li metal across the SSE. CCD
for dendrite propagation through the BN/LLZT cell was found
to be 0.9 mA cm™* (Figure 4b). In contrast, the CCD for as-
synthesized LLZT is 0.25 mA cm™2 at 60 °C, as reported in
our previous study.”> The value of the CCD obtained for the
BN/LLZT cell is higher than what is reported previously by
using surface chemistry or interlayer-based approaches.”"”>*
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Interfacial resistance was evaluated using electrochemical
impedance spectroscopy (EIS) measurements of the sym-
metrical cell at 60 °C, as shown in Figure 4c. The obtained EIS
plot was curve-fitted using the equivalent circuit, “R; + R,/Q, +
R;/Q; + R,/Q,”, as shown in Figure S9 (Supporting
Information), where R;, R,, R;, and R, are the solution
resistance, bulk resistance, grain boundary resistance, and
interfacial resistance, respectively. As two identical interfaces
are involved, R, was divided by two to get the actual interfacial
resistance. An ultralow interfacial resistance of 18 Q cm?® was
achieved at 60 °C for the BN/LLZT cell, owing to the highly
uniform contact of metallic Li with LLZT. On the other hand,
the EIS of the as-synthesized LLZT cell cannot be
distinguished into individual components, and the values of
bulk and grain boundary resistances were obtained from the
EIS of BN/LLZT cell. The simulation results showed a very
large interfacial resistance of 1145 € cm? resulting from poor
interfacial contact between Li and LLZT. Interfacial resistance
obtained from BN/LLZT is indeed one of the lowest values
achieved to date. Although Han et al. reported an interfacial
resistance of 1 Q cm? for Al,O;-coated
Li;La, 75Cag,5Zr; 75Nbg 5015, the measurement was made by
extrapolating d.c. cycling results and not measured directly
using EIS.”* Further, Al,O; forms a Li—Al alloy that may not
prevent the electron tunneling across the interface, which has
been proven to be the reason for the propagation of Li
dendrites.'

Direct current (d.c.) Li plating/stripping experiments (30
min plating/stripping) were carried out at different current
densities at 60 °C to characterize Li-ion transport across the
interface. At a 0.2 mA cm™ current density, the BN/LLZT
symmetrical cell initially exhibited very low overpotentials of
10 to 12 mV after 400 h of operation (Figure S10, Supporting
Information). At a higher current density of 0.5 mA cm™?, the
symmetrical cell exhibited stable cycling for over 200 h with a
constant polarization of 27 mV, as seen in Figure 4d. Such low
polarization is only possible with well-adhered interfaces that
offer negligible interfacial resistance. Further, the possible
mechanism of Li-ion conduction is through the defect sites of
the deposited layer, such as dangling bonds of boron and
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Figure 6. (2) Galvanostatic charge/discharge of all-solid-state batteries. Charge—discharge voltage profile of the ASSB made using (b) BN/LLZT
and (c) as-synthesized LLZT. XPS of (d) B 1s and (e) Zr 3d performed on the surface of the BN/LLZT pellet after 103 charge/discharge cycles.

vacancy sites of nitrogen present in the h-BN layer as
characterized and discussed earlier. As-synthesized LLZT
exhibited a noisy signal with large polarization at a lower
current density of 0.2 mA cm™> (Figure S11, Supporting
Information), which is due to the nonuniform interfacial
contact between LLZT and Li.

Postmortem analysis after Li plating/stripping was carried
out on both as-synthesized and h-BN-coated surface-cleaned
LLZT pellets using optical microscopy and FE-SEM. As seen
on Figure 5a, the penetration of the Li metal is evident through
spots marked in the figure even at a lower current density of
0.2 mA cm 2. Further, the propagation of the Li metal induced
cracks on the surface. The Li metal was also observed to
propagate through these cracks, as seen in the FE-SEM image
(Figure Sb). The nonuniform contact between LLZT and Li
results in increased Li-ion flux in the regions that are in contact
with the Li metal, which further creates high stress resulting in
the formation of cracks. In contrast, BN/LLZT did not show
any such deposits of metallic Li or crack formation even after
cycling for 200 h at 0.5 mA cm™* (Figure Sc,d), which also
proves the existence of a homogeneous Li-ion flux. The data
from stable Li plating/stripping demonstrates the inhibition of
Li dendrite propagation across the interface in BN/LLZT
pellets. These observations are consistent with (i) good
adherence at the interface, (ii) the absence of surface
impurities that induce Li dendrite propagation, (iii) ultrathin
h-BN coating that prevents electron tunneling across the
interface, (iv) creation of a uniform Li-ion flux across the
interface, and (v) excellent mechanical and chemical properties
of h-BN.

Full-Cell Performance. All-solid-state batteries (ASSBs)
were assembled using LiFePO, (LFP), LLZT, and Li as the
cathode, the electrolyte, and the anode, respectively. The
ASSBs were cycled at a C/5 rate at 60 °C, as shown in Figure
6, to evaluate the electrochemical and mechanical stability of
the interface with cycling. The LFP cathode was preferred due
to its more stable chemistry than other conventional cathodes
at elevated temperatures. The ASSB was fabricated using as-
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synthesized LLZT, which showed drastic capacity loss right
after a few cycles, which can be attributed to the loss in contact
due to the volume expansion and contraction during the
charge/discharge process (Figure 6a). The ASSB made using
BN/LLZT exhibited a stable capacity of 130 mAh g~ for over
100 cycles after a few initial cycles of activation. The ASSB
delivered a capacity of 119 mAh g™' on the 100th cycle, i.e., a
negligible capacity fade of 0.11 mAh g™' per cycle, and the
average Coulombic efficiency was calculated to be 98.4%. The
voltage profile was found to be long and flat, indicating the fast
Li-ion transport across the solid—solid interface. Also, the BN/
LLZT cell exhibited a very small increase in polarization with
cycling, 57 and 82 mV at the 2nd and S0th cycles, respectively,
at a charge/discharge rate of C/5. Small spikes observed in the
first cycle are due to temperature fluctuations of the oven while
opening and closing. On the other hand, the voltage profile of
the as-synthesized LLZT cell showed a very large polarization
of 310 mV in the first cycle due to the nonadherent interface
formed, and this further increased to S50 mV at the fifth cycle.
The voltage plateau was also not flat indicating the increasing
impedance to the flow of Li ions across the interface during
cycling. Further, the Coulombic efficiency dropped below 50%
within the first few cycles (Supporting Information, Figure
S12). Figure S13 (Supporting Information) shows the rate
capability performance of the ASSB with BN/LLZT at
different current densities, from 50 to 500 yA cm™2 The
ASSB exhibited a discharge capacity of 146 mAh g™ at S0 uA
cm™, 138 mAh g~ at 100 yA cm™? 124 mAh g~' at 300 yA
cm 2, and 99 mAh ¢! at S00 yA cm™* (~1 C rate approx.).
The capacity changed back to 138 mAh g~ when the current
was changed to SO uA cm™ revealing the excellent rate
performance of the BN/LLZT cell. After cycling, the Li metal
anode was scraped out of the ASSB inside a glovebox, and the
LLZT pellet was analyzed using XPS. The B 1s spectrum in
Figure 6d indicates the presence of By, BN,O,, and dangling B
bonds, similar to the as-deposited h-BN XPS shown in Figure
2d, without any significant peak shifts. This demonstrates that
conformal h-BN coating is chemically stable and that the
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presence of the defect sites (dangling B bonds) after cycling
proves the extent of chemical inertness of h-BN during battery
cycling measurements. An increase in the BN,O, peak is
observed as few layers of h-BN capping the BN, O, layer might
have been removed while scraping out the lithium metal
anode. The well-resolved Zr 3d spectrum in Figure 6b
indicates the absence of surface contamination after cycling,
which would not have been visible if surface impurities were
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present.

B CONCLUSIONS

Here, we report an effective strategy of combining surface
chemistry and interlayer-based mechanisms to tailor the
interface between Li and garnet-type SSEs. Pristine LLZT
pellets without Li,CO; contamination were obtained by either
argon-ion sputtering at 27—227 °C or UHV annealing at 777
°C. Air exposures of pristine LLZT revealed spontaneous
Li,CO; formation in less than 10 min. Approximately 3.6 nm
of combined h-BN and BN,O, film was deposited on both
sides using ALD, immediately after surface cleaning using
either cleaning approaches, which passivated and protected the
LLZT pellets for over 2 months of air exposure. h-BN/BN,O,-
coated LLZT (BN/LLZT) also demonstrated an ultralow
interfacial resistance of 18 Q cm? at 60 °C and yielded a high
critical current density of 0.9 mA cm™ Stable, dendrite-free Li
plating/stripping has also been recorded for LilBN/LLZTILi
symmetrical cells for over 200 cycles at 0.5 mA cm™2
Furthermore, a stable full-cell capacity of 130 mAh g~' was
observed for LiFePO,IBN/LLZTILi cell configuration for over
100 cycles with an average Coulombic efficiency of 98.4%. This
study therefore clarifies that inclusion of an interlayer is always
required to prevent degradation of garnet-type SSEs in ambient
storage and transfers, and the interlayer must be modified to
prevent electron tunneling across the electrolyte that induces
lithium dendrites.
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