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ABSTRACT

Solid-state electrolytes (SSEs) are expected to improve not only the safety but also the energy
density of lithium-ion batteries, especially refer to the application of most promising Li metal anode
which encounters the deleterious dendritic growth. The key challenge for the SSEs is the pursuit of
higher ionic conductivity, higher mechanical strength, better chemical and electrochemical stability.
Herein, for the first time, hexagonal boron nitride (BN) is employed as the effective additive for garnet-
type Lig2sAloaslasZr,O1; (LALZO) SSE during the sintering, which induces comprehensively
improved properties. Comparing with the LALZO electrolyte without BN, a small percentage of 1 wt%
BN added LALZO electrolyte exhibits 30 times higher ionic conductivity (6.21x10° S cm™), 6.6 times
higher surface hardness (~0.5 GPa) and 6.3 times higher reduced modulus (5.6 GPa), much improved
chemical stability against air (anti-Li.COz3) and electrochemical stability during lithium striping/plating
at different current densities. As a result, the all-solid-state lithium-ion battery composed of lithium
metal anode and LiCoO; cathode with the 1 wt% BN enhanced LALZO electrolyte delivers a discharge
capacity of 120 mA h g, and a much higher capacity retention (67% vs. 33%) after 50 cycles at a rate
of 0.1C than that of without BN addition. This BN enhanced garnet-type ceramic electrolyte may
provide a facile and efficient approach to further promote the solid-state electrolyte for next-generation

high performance energy storage devices.

KEYWORDS: Solid-state electrolyte, garnet, boron nitride, ionic conductivity, mechanical property,

lithium-ion battery


mailto:k.choy@ucl.ac.uk

1. INTRODUCTION

Lithium metal is considered as an excellent anode of lithium-ion batteries (LIBs) because of its
capability to significantly boost the energy density of LIBs with high theoretical specific capacity (3860
mA h g1), low mass and the lowest negative electrochemical potential (-3.01 V vs. standard hydrogen
electrode). However, the practical application of lithium anode in LIBs with liquid electrolyte is
hindered by severe safety issues due to the Li dendrite growth during electrochemical cycling, especially
at high current densities.® To tackle this challenge, solid-state electrolytes (SSEs) instead of liquid
electrolytes are proposed to physically supress the Li dendrite growth. Successful synthesis of inorganic
SSEs with high ionic conductivities comparable to liquid electrolytes (~10 S cm™ at room temperature)
have been achieved, such as perovskite-type, NASICON-type, garnet-type and sulphide type materials,

etc.%®

Ceramic SSEs such as garnet-type (LizLasZr.012 (LLZO)) exhibit an ionic conductivity range of 10°
3 to 10* S cm™ at room temperature, depending on their chemical composition and microstructure
formed during the fabrication process.® Heteroatoms-doped garnet-type SSE have been demonstrated
to possess enhanced ionic conductivity and stabilized crystal phase.”® For instance, the substituent of
A", Ga**, Ta®, Nb*, etc., effectively enhance the ionic conductivity due to the introduction of
vacancies in the framework of the garnet crystals as well as stabilization of the high-conductive cubic
phase of LLZO.® AI**is the most commonly used dopants, which stabilizes the cubic phase of LLZO

by substituting three Li* (stoichiometry of LizaxAlxLasZr.012), rather than the lower conductive



tetragonal phase.'®*? In addition, the grain boundary of the ceramic SSE significantly hampers the ionic
migration, leading to lowered ionic conductivity. Thus, reducing the number of interfacial contact
between garnet particles inside the SSE by enlarging the grain size or lessening the porosity is
reasonable for improving the ionic conductivity.'® Besides the comparable ionic conductivity to the
present liquid electrolytes, garnet type SSEs also have the advantages of satisfied chemical stability
against electrodes as well as ambient environment, high mechanical strength, environmentally benign
and low cost.* Especially, due to the robust mechanical strength, garnet type SSEs are proposed to be
capable of physically suppressing the growth of Li dendrites and eliminating the irreversible liquid
electrolyte decomposition, which are favourable for application of the promising Li metal anodes.®®
However, it has been reported that the “short circuit” phenomenon still occurs in the garnet-type SSE
at high current densities due to the fact that Li metal could propagate through relatively hard ceramic
SSE.*1° Therefore, controlling the microstructure and reducing the grain boundary of garnet type SSE
are not only favoured for improving the ionic conductivity and mechanical strength, but also leading to

enhanced cyclic stability.

For the specific chemical composition of garnet-type SSE, the ionic conductivity and mechanical
properties are determined by the microstructure of the ceramic electrolytes, including crystal phase,
grain size, porosity, material density, etc.?>?! It has been demonstrated that for the LLZO electrolytes,
the cubic phase exhibits two orders of magnitude higher conductivity than that of the tetragonal phase.??
Sintering temperature and pressure are two crucial factors influencing the crystal phase and the
microstructure, and consequently the ionic conductivity.?*% Besides the sintering of garnet electrolyte
pellets, LLZO films were also prepared by relatively lower temperature techniques like atomic layer
deposition (ALD),? aerosol deposition,?” spark plasma sintering (SPS),?® sol-gel chemistry,?® flame
spray pyrolysis,® 3D-printing and sintering,® electrospinning,® etc, but all of which result in inferior
ionic conductivity than that obtained by high temperature (above 1000 °C) sintering. The control of the
microstructure during the synthesis in pursuit of the desired cubic phase, large crystals, low porosity
and high density still needs to be optimised, which is required by the application of ceramic electrolytes

in solid-state LIBs.



Two dimensional (2D) hexagonal boron nitride (h-BN, denoted by BN below) has excellent
mechanical strength, thermal conductivity, chemical stability and electrically insulating properties. BN
has been demonstrated to be a positive additive in organic ionic liquid electrolytes®® and a protective
coating on Li metal anodes,* which remarkably suppressed the Li dendritic growth. Additionally, BN
has been applied as an excellent additive in the polymer-based electrolytes, due to the fact that BN
improves the Li-ion transference by attracting the anions in polymer electrolyte.®% As for ceramic
sintering, little amount (0.1 wt%) of BN addition is adopted for higher density of ceramic thus better
mechanical properties.®” With low dielectric constant (4.2 (perpendicular) and 4.6 (parallel) measured
at 8.8 GHz) and low thermal expansion coefficient (3.1x10° (perpendicular) and 11.9x10® (parallel)
per °C), BN is generally added in nitride, oxide ceramic materials for improving their thermal,
mechanical and dielectric properties.®“°Recently, it is found that relatively high electronic conductivity
of LLZO is mostly responsible for the Li dendrite formation both along the grain boundaries and inside
the SSE crystals above an critical current density (0.9 mA cm? for LLZO).** Thus, lowering the
electronic conductivity of SSEs is necessary for suppressing the deleterious dendritic formation. For
this purpose, adding a small percentage of insulating BN during the sintering of LLZO is expected to
produce LLZO solid electrolyte with improved electrical and mechanical properties, which has yet to

be reported.

In this work, for the first time, we demonstrate that little amount of BN additive (1 wt%) in the
sintering of Al-doped LLZO (LALZO, with a stoichiometry of Lis2sAlo2sLasZr,012) is remarkably
helpful for obtaining garnet-type solid electrolyte with enhanced electrical, mechanical, chemical
properties. A 30 times higher ionic conductivity is achieved by the 1 wt% BN addition into the LALZO,
due to the stabilized cubic phase garnet crystals and lower proportion of grain boundaries. In addition,
a 6.6 times higher surface hardness and 6.3 times higher reduced modulus are endowed to the 1 wt%
BN modified LALZO, attributing to the boosted grain coarsening during sintering and induced a higher
density of the electrolyte pellet. Moreover, the LALZO electrolyte with 1 wt% BN exhibits improved
chemical stability in air, and better electrochemical stability than its counterpart during lithium

striping/plating cycling. As a result, the LIB composed of lithium metal anode, 1 wt% BN modified



LALZO SSE, and LiCoO; cathode delivers improved overall electrochemical performance than the LIB

with pure LALZO SSE.
2. EXPERIMENTAL SECTION

2.1 Materials and preparation. Stoichiometric amounts of LiNOs, La(NOs)s, ZrO(NO3)2, AI(NO3)3
were dissolved in a water/ethanol mixture at 80 °C. LiNOs was 10 wt% excess relative to other
precursors for compensating the Li-loss during calcination and sintering. The solution was evaporated
and dried to form a dry xerogel, then calcined at 650 °C for 12 h in an alumina crucible in air. The
obtained white powder was ball milled to fine powder in a ZrO, milling bowl with ZrO, milling balls
of a planetary micro mill (FRITSCH Pulverisette 7) for 8 h with a rotational speed of 600 rpm. The ball
milled powder was pressed into pellets with a diameter of 13 mm, thickness of 1-2 mm, weight of 0.5
g, and at the pressure of 10 tons for 2 mins (Specac Atlas Hydraulic press). The pellets were covered
with the milled powder in an alumina crucible and sintered in air at 1000, 1070, 1100, 1150 °C for 12
h, with a heating/cooling rate of 4 °C min. For the BN added LALZO electrolytes, different percentage
(0.1 wt%, 0.5 wt%, 1 wt% and 2 wt%) of BN powder (with an average particle size of ~1 um) was
mixed with the ball-milled LALZO precursor powder in an agate mortar and pressed into pellets for
sintering at 1100 °C. The pellets were polished (using P1200 sand paper) and thinned to ~ 500 um thick.
For the electrochemical measurements of the electrolytes, the pellets were surface coated with a 50 nm
Au layer on both sides using Q150R rotary-pumped sputter coater. All the electrolytes were stored in a

dry box with a relative humidity of 21%.

2.2 Material characterization. X-ray diffraction (XRD) (Philips/PANalytical X’Pert PRO) was
carried out with a Cu K, radiation source operated at 40 kV and 40 mA, at a scan rate of 0.05° s* and
2 theta from 10° to 70°. Raman spectra were obtained on Renishaw Raman Microscope with a 514 nm
laser, a resolution of 1 cm™ and a wavelength range of 100-2000 cm™. The Raman test of the LALZO
pellets was conducted after being stored in dry air for over 1 month. The X-ray photoelectron
spectroscopy (XPS) spectra of the electrolyte pellets were carried out to characterize composition of

Li,COs surface contaminant. The data were collected by using a Thermo Scientific K-alpha



spectrometer with monochromated Al Ka radiation, a dual beam charge compensation system and at a
constant pass energy of 50 eV (spot size 400 um). Spectra were analysed using Casa XPS software. The
flat surface and cross-section morphology of the electrolytes were characterized by scanning electron
microscope (SEM) (ZEISS EVO® LS15). The mechanical properties were tested with a depth vs. load
experiment on NanoTest Vantage (using a diamond Berkovich tip). The loading force was 500 mN.
Hysteresis curves were obtained based on 10x10 points within an area of 300x300 pm?, which gave the
average hardness and reduced modulus results of the 100 points by the NanoTest Vantage software.
Transmission electron microscope (TEM) (JEOL 2100 200 kV) images were taken on LALZO particles,

which was prepared from grounded LALZO-1% BN powder.

2.3 Electrochemical performance test. The ionic conductivity of the as-prepared electrolyte pellets
with Au coating was obtained by testing the electrochemical impedance spectrum (EIS) between two
stainless steel plates as electrodes, which were conducted and analysed by Gamry Interface 1010E. The
EIS spectra were obtained with an oscillation amplitude of 10 mV over a frequency range from 1 MHz
to 0.1 Hz at room temperature (~21.0 °C) or controlled from 20 to 120 °C inside an oven. Some of the
Nyquist plots exhibit two medium frequency semicircles and a low frequency tail, which could be fitted
to the bulk, grain boundary, inter layer contributions. Each of the bulk, grain boundary and surface layer
contribution contains a resistance unit (Rp, Rgb, and R;) and a constant phase element (CPE,, CPEy, and
CPE;). Some of the plots have only one semicircle at lower frequency, for which the bulk resistance is
approximately the X-intercept, and the semicircle is fitted as Rqy. The ionic conductivity (o) was

calculated based on the total resistance (R) of bulk resistance and grain boundary resistance, the
thickness (I) and contact area (A) of the electrolyte pellets, i.e., o= R%. Symmetric and asymmetric

batteries were assembled in the Argon filled glove box (LABmaster pro SP, Mbraun) by using a split
test cell (EQ-HSTC, PI-KEM Limited). Symmetric cell was composed of two lithium metal pellets with
a diameter of 11 mm, and the as-prepared electrolytes (11-13 mm in diameter and ~500 um in thickness).
The asymmetric cells were assembled by using lithium metal anode, LiCoO; cathode materials coated
on Al foil (50 wt% LiCo0O;, 30 wt% LALZO sintered powder, 10 wt% carbon black and 10 wt% PVDF,

in which the active material of LiCoO, was ~1.5 mg cm2) and the as-prepared electrolyte pellets. For a



better contact between the electrolyte and cathode, a drop (~5 pL) of liquid electrolyte containing 1.0
M LiPFg in EC/DMC=50/50 (v/v) was applied. The cycling performance of the batteries were measured
by Maccor Model 4300M at ambient temperature. The galvanostatic cycling of the symmetric batteries
was tested at a current density of 0.1 and 1.0 mA cm?, to a capacity of 0.1 mA h cm™ for each charge
or discharge section. The cycling performance of asymmetric cells was measured between 3 and 4.2 V

at 0.1C rate (1C=272 mA g).
3. RUSULTS AND DISCUSSION

3.1 Characterization of LALZO and BN modified LALZO. As reported, for garnet type LALZO
electrolyte, sintering temperature is an important factor that affects the crystal phase, microstructure,
and consequently, the ionic conductivity. For instance, a lower sintering temperature (850 °C) leads to
the mixture of tetragonal and cubic phases, while at a higher temperature of above 1150 °C, the low
conductive tetragonal phase transforms to the high conductive cubic phase.“>*® To confirm the influence
of temperature to the ionic conductivity, LALZO pellets were prepared by sintering at different
temperatures of 1000, 1070, 1100, 1150 °C, respectively. Figure. S1 presents the SEM images of four
electrolyte pellets in cross section and flat surface view. It is suggested from the cross section view that
as temperature increases, the particle size of LALZO crystals increases distinctly, and higher
temperature also leads to dense and compact crystals. The higher temperature sintered pellets have
smooth and non-scratched surfaces after polishing process, indicating a higher hardness of the flat
surface. Figure. S2a shows the corresponding XRD patterns. The results coincide well with previously
report works, that tetragonal phase (peaks at ~28.0° and 31.7°) and cubic phase (most of the intense
peaks) are both detected at lower temperatures.'® As the sintering temperature increases, the peaks of
tetragonal phase weakens, and no obvious peaks from tetragonal phase are observed beyond 1150 °C.
As a result, cubic phase dominates in the electrolyte pellet sintered at a higher temperature, which leads
to superior ionic conductivity. The EIS spectra of three electrolytes at 1070, 1100, and 1150 °C were
fitted by the equal circuit inserted in Figure. S2 and Table S1, giving the data of bulk resistance, grain
boundary resistance, and interface layer resistance between electrode and electrolyte, respectively. The

ionic conductivities of the three electrolytes were calculated to be 1.39x10, 1.96x10° and 7.03x10° S



cm?, respectively, based on the thickness, contact area and the intrinsic resistance including bulk and
grain boundary parts. As a summary, the ionic conductivity was enhanced with the increase of the
sintering temperature due to the presence of stabilized cubic phase and a larger crystal size at a higher
temperature. In the following text, we adopt a sintering temperature of 1100 °C for the fabrication of
BN added LALZO electrolytes, because this is the ideal temperature for making the advantages of BN

addition to be prominent.

The BN added LALZO electrolytes were prepared by adding different amounts of BN (0 wt%, 0.1
wit%, 0.5 wt%, 1 wt%, and 2 wt%, denoted to LALZO-0% BN, -0.1% BN, -0.5% BN, -1% BN, -2%
BN, respectively, in the following text) into the ceramic precursor powders, which were subsequently
pressed into pellets with a diameter of 13 mm. Figure. S3 gives the SEM images of the as purchased
BN nanosheet powder. Figure. S4 shows the photograph of the as synthesized five electrolyte pellets
after sintered at 1100 °C and polished to ~500 pum in thickness. Apparently, the electrolyte pellets with
BN addition have smaller diameters, which decreases from ~12.3 mm to ~11.5 mm, and the colour
changes from white to light yellow. After polishing, excess BN addition (LALZO-2% BN) would
induce the collapse of the structure of the round disk at the centre of pellet, indicating its lower density

and less compact structure.

Figure. 1a presents the XRD pattern of the five LALZO electrolyte pellets with different BN
additions sintered at 1100 °C. As compared with the LALZO-0% BN that exhibits a minor peak at
~31.7° due to the tetragonal phase (denoted as t-LALZO), the pellets LALZO-0.1% BN, -0.5% BN, -
1% BN consists of a pure cubic phase (denoted as c-LALZO) without any peaks related to tetragonal
phase. However, the minor peak of tetragonal phase emerges again in LALZO-2% BN. Therefore, it is
suggested that moderate amount of BN addition is favourable for the formation of cubic phase garnet
crystal at a lower temperature of 1100 °C. Figure. 1b shows the Raman spectra of the five pellets, where
the peaks at 123, 255, 364, 510, 641 cm™ are indexed to the cubic phase of LALZO, agreeing well with
previous reports.*+4S For the pellets without BN, besides the cubic phase LALZO, the peaks at 156, 192,
1100 cm* which belong to Li,CO; distinctly emerges. The intensity of these peaks decreases in the

spectra of LALZO-0.1% BN and -0.5% BN, which is not detected in the spectrum of LALZO-1% BN.



Since it is reported that the formation of Li»COs; and LiOH on the surface of LLZO pellets are
thermodynamically favourable when they are exposed in air,*547 it implies that the sintering of LALZO
with BN is helpful for the stable preservation of pellets in air. However, too much BN addition (2%)
leads to the obvious emerging of tetragonal phase (the peak at 300 cm™ in Raman),*® which is also

confirmed in the XRD results.

In order to further confirm the existence of Li,COj3 on the surface of the pellets, XPS was conducted
on the 5 electrolyte pellets after the samples were exposed to dry air over 6 months. The results are
presented in Figure. 1c and d, Figure. S5 and Table S2. Due to the too long time exposure to dry air
of the samples, Li-COs are detected in all the pellet surfaces. As shown in Figure. 1c and 1d, two peaks
at the positions of 284.4 and 289.3 eV are detected in the C 1s spectra, which can be assigned to
adventitious carbon and lithium carbonate, respectively; and Li 1s XPS spectra can be split to a lower
binding energy of 54.3 eV and a higher binding energy of 55.1 eV, which are corresponding to the Li-
O bond in LALZO and Li,CO; contamination.*** It is apparently observed that in both figures, the
fitted areas of Li»COj3 signal of LALZO-1% BN have smaller proportions than that of LALZO-0% BN,
as the intensities of other peaks being kept same. By calculating the integrated area ratio of the (a)
carbonate carbon/adventitious carbon, (b) carbonate carbon/total Li, and (c) Li-O of Li,COs/Li-O of
LALZO from the spectra of the five electrolyte pellets (Figure. S5 and Table S2), it is found that as
BN content increases, the LiCO3 content decreases due to all these ratios drop. Therefore, BN addition
in the LALZO pellet during sintering at 1100 °C induces the more stable electrolyte surface with

alleviated formation of Li,COs3 after exposed in air.
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Figure. 1. (a) XRD patterns and (b) Raman spectra of the five electrolyte pellets LALZO-0%, -0.1%, -
0.5%, -1% and -2% BN sintered at 1100 °C. High resolution XPS spectra of (¢) C 1s and (d) Li 1s of

the LALZO-0% and -1% BN.

The surface morphology and cross-section structure of the five LALZO electrolyte pellets were
characterized by SEM, as shown in Figure. 2. The SEM images (Figure. 2a,c,e,g,i) of the surface
morphology of the pellets show shallow pits spreading on the smooth area, which are corresponding to
the inter-grain clearance among the garnet crystals, respectively. Such pits were formed during the
polishing process. It is noted that LALZO-1% BN and -2% BN pellets exhibited fewer shallow pits
with larger size on the flat surface than others, which is due to the fact that higher BN addition leads to
larger crystal size (thus larger inter-grain clearance) as well as a lower density of grain boundaries. As
confirmed by the cross-section images (Figure. 2b,d,f,h,j and inset) and compared with the LALZ0O-0%
BN, the crystal size of the LALZ0-0.1%, -0.5%, -1% BN pellets distinctly increases as the increase of
BN content. As a result, the LALZO-1% BN pellet has a larger grain boundary and higher density than

its counterparts with lower BN contents, which is further confirmed by calculating the density of the



pellets (Table S3). For the LALZO-0%, -0.1%, -0.5% and -1% BN samples, their diameter decreases,
density increases as the increase of BN addition. The relative density of LALZO-0% BN and -1% BN
were 77.13% and 83.8%, respectively. Exceptionally, further increase of BN to 2% induces the decline
of the density and non-uniform sintered pellet structure. As shown in Figure. 2j and the inset of 2i, the
garnet crystals have non-uniform size, and the inner part has a lower density than the outer part, which

accounts for the structural damage during polishing process.

Sintering aids with low melting temperature are commonly used as an effective approach to decrease
the sintering temperature. For example, CuO is used for preparation of LLZO.? Differently, little
amount of BN (0.1 wt%, with high melting temperature of 2700 °C) addition is also demonstrated to
efficiently increase the mean grain diameters and densities of pyroelectric ceramic composite.*” Similar
to the latter example, moderate amount of BN is considered to promote the sintering of LALZO due to
its high thermal conductivity, which tend to accelerate the thermal energy transfer and partial melting
of the grain surface. This condition helps the coarsening of LALZO grains, thus increases the crystal
size and density. In the same time, the improved thermal transfer also stimulates the stabilization of
cubic phase LALZO rather than tetragonal phase. However, with a further increase of BN addition, the
grain boundaries are less defined with appearance of micropores and cracks, leading to non-uniform
material distribution and lower density. Therefore, 1% is considered as the best content for BN addition

as suggested by the above results.



Figure. 2. SEM images of the five electrolyte pellets with different percentages of BN addition sintered
at 1100 °C: LALZO (a,b) -0%, (c,d) -0.1%, (e,f) -0.5%, (g,h) -1% and (i,j) -2% BN, in top surface views
(a,c,e,0,i) and cross-sections (b,d,f,h,j). Inserted images are the lower magnification images of the

corresponding cross-section views. Inset scale bars are 100 pm.

3.2 Mechanical properties of the solid electrolytes. SSEs are expected to have a high shear

modulus (at least twice that of Li metal) which could suppress the lithium dendrite growth during the



repeated lithium metal striping/plating on the surface of electrodes. Young’s modulus would impact the
fracture strength of SSEs, which is also an important factor for their practical usage. To date, only a few
works have been focused on the mechanical properties.’>?*%* Here the mechanical properties of the
LALZO electrolyte pellets were tested by indentation experiment with a diamond Berkovich tip,
producing a depth vs. load hysteresis and the calculated hardness and reduced modulus, which are
further calculated to obtain their Young’s modulus and shear modulus. The hysteresis curves gained on
five electrolyte pellets are shown in Figure. 3a, which illustrate the depth of the indentation tip goes
into the samples under the same loading force of 500 mN. The depth range reduces from 17,000-23,000
nm for the LALZO-0% BN to 7,000-14,000 nm for the LALZO-1% BN. The average depth decreases
as the increase of BN content, indicating that BN addition is favourable for achieving a harder surface
of the electrolyte pellets. However, too much BN addition (2 %) induces a larger depth and dispersive
depth-force profiles, confirming the lower surface hardness and non-uniform distribution of LALZO-
2% BN. As shown in Figure. 3b, the hardness of LALZO-1% BN is ~0.5 GPa, which is 6.6 times of
LALZO-0% BN. The calculated reduced modulus values of the electrolyte pellets are presented in
Figure. 3b, which suggests that LALZO-1% BN has the highest value of 5.6 GPa, which is 6.3 times

of LALZO-0% BN.

Based on the reduced modulus, the Young’s modulus values were calculated by taking the effect of

indenter compliance into account:

1 1—-vi? 1-—vs?
— +
Er Ei Es

where E; is the reduced modulus, Ejis Yong’s modulus of the indenter (1220 GPa for diamond), Es is
the Young’s modulus of the sample, viis the Poisson’s ratio of the indenter (0.2 for diamond), and vs is
the Poisson’s ratio of the sample (theoretical value is 0.257).1>°2 Therefore, the Young’s modulus of the
LALZO-0% BN and -1% BN are 0.84 and 5.46 GPa, respectively (Table S4). The shear modulus values

were also calculated by the equation:

Er

G=rr——
2(1 +vs)



Where v is the Poisson’s ration of the sample.'® The calculated shear modulus of the LALZO-0% BN
and -1% BN are 0.33 and 2.17 GPa, respectively. It is noted that modulus values are smaller than the
reported theoretical value of LLZO (e.g., Young’s modulus is 147 GPa),™ which might be ascribed to
the lower relative density of LALZO material (less than 85%), which has inner pores and non-flat
surface (refer to SEM images) of the electrolyte pellets. For LLZO, the most accurate estimate of
Young’s modulus is ideally obtained from an indentation depth range of approximately 140-230 nm.*°
However, due to the uneven surface of the indentation experiment in this work, most of the force-depth
hysteresis curves need a much larger depth (over 7000 nm) to reach the loading force of 500 mN, which
causes the inaccurate calculation of reduced modulus. If the surfaces of the electrolyte pellets are more
flat and compact, the results should be more close to the theoretical values. Despite this, there is a very
clear coincidence between the mechanical properties and BN content. Therefore, we consider that BN
addition could effectively improve the mechanical properties of LALZO electrolyte pellets because the

results are average of 100 testing points.
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Figure. 3. (a) The hysteresis curves of the five electrolyte pellets LALZO-0%, -0.1%, -0.5%, -1% and
-2% BN with a loading force of 500 mN at 100 testing points for each sample. (b) The calculated

hardness and reduced modulus.

3.3 lonic conductivities of the solid electrolytes. Electrochemical impedance spectroscopy (EIS)
was used to measure the ionic conductivity of the as-prepared SSEs pellets. Figure. 4a illustrates the

measurement geometry and the equal circuit which is used for fitting the as-obtained Nyquist plots of



the SSEs pellets with different percentages of BN addition. Most of the Nyquist plots obtained at room
temperature ~21 °C exhibit two medium frequency semicircles and a low frequency tail, which are
fitted to the intrinsic resistance (Rc), bulk, grain boundary, surface layer contributions and diffusion
process (CPEir).2 As shown in Figure. 4b and the magnified high frequency part in Figure. 4c, the
LALZO-0% BN and -1% BN present the lowest and highest overall resistances, corresponding to the
ionic conductivities of 1.96x10° and 6.21x10° S cm, respectively, implying that the 1% BN addition
contributes to over 30 times higher ionic conductivity for the LALZO electrolyte. The ionic
conductivity of the five electrolytes show close correlation to their particle size, density, and mechanical
strength, indicating the mutual effect between the structures and properties. The EIS results obtained at
different temperatures of 21 °C, 40 °C, 60 °C, 80 °C, 100 °C and 120 °C are shown in Figure. S6. For
all the electrolytes, the total resistance decreases prominently as temperature increases, resulting in
rising ionic conductivity. The LALZO-1% BN exhibited the highest ionic conductivity of 5.07x10* S
cm at 120 °C.

The Ry, Rgb, and Riare determined by the intrinsic characterizations of the electrolyte material, their
microstructure (like grain size, porosity, density, etc.) and the contact with electrodes (like roughness
and hardness of both electrolyte and electrode, thickness of the coated metal layer, as well as the press
force between the two metal electrodes), respectively.>54 As the fitted resistance values (Table S5)
suggested, the resistivity contribution from the grain boundary decreases faster than that of the grain
interior when the temperature increases, complying with the result of another report.® In addition,
according to literature, the grain boundary contribution to the total resistance is 0.41-0.49 at different
temperatures, which agrees well with the values measured here (0.45-0.5).%° Based on the calculated
ionic conductivity values at different temperatures, the logarithmic conductivity was plotted against the

inverse of temperature (Figure. 4d), and the activation energy of Li-ion conductivity was obtained using
the Arrhenius equation: o = Ae _ITETa' where o is ionic conductivity, E, is activation energy, R is the

ideal gas constant, T is absolute temperature, and A is Arrhenius constant. The E, of the five electrolytes
LALZO-0% BN, -0.1% BN, -0.5% BN, -1% BN, and -2% BN are 0.27, 0.25, 0.23, 0.22, 0.24 eV,

respectively, which are highly related to their ionic conductivity, microstructural and mechanical



properties. A lower activation energy means the movement of ions in the electrolyte needs a smaller
energy, indicating BN added LALZO electrolyte might exhibit improved performance than pure
LALZO at the same temperature.®” The pellet thickness and diameter, fitted resistance values, calculated
ionic conductivity and activation energy of the five LALZO electrolytes at different temperatures are
listed in Table S5. For a better comparison with other reports, Table S6 compares the room temperature
ionic conductivity values of this work with other reported works. The lower conductivity of the LALZO
electrolytes might be due to the lower pressure of the pellet preparation and resulted higher porosity
and lower density (77%-83%, while most other papers are above 85%, Table S6). The pores inside the
pellets bring a high grain boundary resistance, which is the major part that limits the ionic conductivity.
To increase the density and thus the ionic conductivity, higher pressure for the pellet formation and

higher sintering temperature are necessary. 3%
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Figure. 4. (a) Measurement geometry and the equal circuit for fitting the Nyquist plots of LALZO

electrolyte pellets. (b) Nyquist plots of the five electrolyte pellets of LALZO-0% BN, -0.1% BN, -0.5%



BN, -1% BN, and -2% BN obtained at room temperature, and (c) the magnified section. (d) Arrhenius

plot of the five electrolytes.

3.4 Electrochemical performance of the solid electrolytes. Since the LALZO-1% BN presents a
much improved chemical stability, mechanical strength and ionic conductivity, the electrochemical
performance tests of the symmetric cells were compared between the two SSEs of LALZ0-0% BN and
-1% BN in the following text. The symmetric cells were assembled using a splitting cell which
composed of the Au-coated (double sides) LALZO pellets and two lithium electrodes. Figure. 5a
displays the symmetric cell structure and the EIS measured with an oscillation amplitude of 10 mV over
a frequency range from 1 MHz to 0.1 Hz at room temperature. Apparently, the symmetric cell of
LALZO-1% BN exhibits a much decreased arc impedance than that of LALZO-0% BN, indicating an
improved interfacial contact between electrolyte and electrodes by adding BN into LALZO pellet.*
The interfacial resistance of the two symmetric cells of LALZO-0% BN and -1% BN are calculated to
be 435 and 226 Q cm, respectively. Consider that LALZO-1% BN pellet has higher density and
hardness, the surface of the pellet becomes more flat than that of LALZO-0%BN pellet after the
polishing and coating processes. When they contact with the flat surface of lithium electrodes,
Li/LALZO-1%BNY/Li is supposed to provide more intimate contact with lower interfacial resistance

than Li/LALZO-0%BN/Li.

Galvanostatic cycling was performed on the two symmetric cells at two constant current densities
of 0.1 and 1 mA cm, which gives the stripping-plating voltage profile (1 h for each segment) in the
first 50 hours. As shown in Figure. 5b, the voltage hysteresis of the symmetric cell with LALZO-0%
BN increases rapidly from ~ 0.1 V to ~ 0.7 V, indicating an unstable interface where the interfacial
resistance increases as cycling.%° In comparison, the symmetric cell of LALZO-1% BN shows a long-
term stability with a small voltage (~ 0.01 V) hysteresis over 50 hours. At a higher current density of 1
mA cm (Figure. 5¢), the symmetric cell of LALZO-1% BN exhibits an approximately constant voltage
below +0.1 V, while the cell with LALZO-0% BN electrolyte displays a noisy potential with large
voltage polarization, indicating an uneven ion transport through the electrolyte. The excellent cycling

performance and small polarization of the symmetric cell with LALZO-1% BN electrolyte confirms



that adding BN into the LALZO induces a low interfacial impedance and a stable interface during Li

striping-plating.®

Figure. 5d-g present the SEM images of the Li electrode surfaces and the cross-sections of
electrolyte pellets after 50 hours galvanostatic cycling at 1 mA cm. After cycling, the surface of lithium
electrode paired with LALZO-0% BN electrolyte (Figure. 5d) shows a higher roughness than that of
paired with LALZO-1% BN (Figure. 5¢), implying the uneven plating of lithium on the electrodes of
the former cell, which agrees well with the electrochemical results. From the SEM images of the
electrolyte pellets after cycling (Figure. 5f and S7 a-d), almost all the pores of LALZ0O-0% BN have
been filled up after the 50 h of galvanostatic cycling at 1 mA cm2, while apparently the LALZO-1%
BN with larger grains and higher density maintains its structure better (Figure. 5g and S7 e-h). The
grain boundary could be still distinctly observed for the LALZO-1% BN, indicating that the BN addition
in LALZO helps to mitigate the lithium dendrite along the grain boundaries. It is reported that due to
higher electronic conductivity of the defects in LLZO (including impurities, dopants, grain boundaries,
or electrochemical reductions), the lithium dendrites are more likely to nucleate and grow at these sites,
especially at a high current density.64162 Ascribed to the lower density and more porous structure, the
LALZO-0% BN encounters more serious lithium dendrite growth inside the electrolyte and larger
voltage variation even short-circuiting, as observed by the cycling of symmetric cells (Figure. 5¢). By
contrast, inside the LALZO-1% BN electrolyte with larger grains, higher density and smaller pore
volume, the dendrite growth is suppressed, thus the voltage range is more stable. In addition, as shown
in the TEM image of LALZO-1% BN in Figure. S8, the BN nanosheets are observed attaching on the
surface of a LALZO particle, which suggests BN is located between the LALZO grains inside the pellet.
Therefore, besides the structural factor, BN also contributes to the dendrite-suppressing effect because
it is chemically and mechanically stable with lithium metal, providing a high degree of electronic
insulation at the grain boundaries.®® Therefore, the LALZO-1% BN shows better cycling stability due to the
dendrite-suppressing effect. As a summary, comparing with the LALZO-0% BN, LALZO-1% BN
electrolyte shows a lower contact resistance with lithium electrodes, a more stable electrode/electrolyte

interface, and a stronger capability of suppressing dendritic growth during cycling.
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Figure. 5. (a) Nyquist plots and a schematic illustration of the symmetric cell with the electrolytes of
LALZO-0% BN and -1% BN. Galvanostatic cycling of the two symmetric cells at the current densities
of (b) 0.1 and (c) 1 mA cm. SEM images of the lithium electrode surfaces after cycling at 1 mA cm
for 50 h, paired with (d) LALZO-0% BN and (e) LALZO-1% BN. Cross-section SEM images of the (f)

LALZO-0% BN and (g) LALZO-1% BN after cycling at 1 mA cm for 50 h. Scale bars: 100 (d,e) and

20 um (f,9).

To further demonstrate the advantages of LALZO-1% BN SSE, a proof-of-concept study of a full
cell was carried out using lithium metal anode and LiCoO, cathode. As shown in Figure. 6a, at a rate
of 0.1C (current density 27.2 mA g?), the two batteries deliver similar initial charge and discharge
capacity of ~120 and ~110 mA h g, with a similar Coulombic efficiency of ~90%. However, after 50
cycles, the battery with LALZO-1% BN maintains a twice capacitance of that with LALZO-0% BN,
indicating a better stability of LALZO-1% BN during charge-discharge cycling. The charge capacity of
the two batteries with LALZO-0% BN and LALZO-1% BN are ~40 and ~80 mA h g, with capacity
retention of ~33% and ~67%, respectively. The charge and discharge profiles of the batteries are
presented in Figure. 6b and c, which confirms that the battery with LALZO-0% BN showed faster
capacity diminish than that of LALZO-1% BN during cycling. The well-defined discharge plateau is

observed below 4.0V, showing similar profiles for the two batteries in the initial cycles. However, at



the 10" and 50" cycles, the battery with LALZO-1% BN shows a smaller voltage gap between charge

and discharge curves than that of LALZO-0% BN, indicating a smaller internal resistance in the

battery.%*
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Figure. 6. (a) Galvanostatic charge-discharge cycling of batteries with LALZO-0% BN and -1% BN

SSEs, lithium metal anodes and LiCoO; cathodes at 0.1C rate and voltage range of 3.0-4.2 V. Charge-

discharge profiles of the batteries with (b) LALZO-0% BN and (c) -1% BN SSEs.

4. CONCLUSIO

NS

In conclusion, BN (1 wt%) is demonstrated to be an efficient additive for garnet-type LALZO SSE

sintering, which leads to a comprehensive enhancement of the properties, including 30 times higher

ionic conductivity (6.21x10° S cm™?), 6.6 times higher surface hardness (~0.5 GPa) and 6.3 times higher

reduced modulus (5.6 GPa), much

improved chemical stability in air (anti-Li.COs3) and



electrochemically stability during lithium striping/plating at different current densities. Consequently,
the all-solid-state LIB composed of lithium metal anode and LiCoO; cathode with the LALZO-1% BN
electrolyte delivered an initial discharge capacity of 120 mA h g*, and much higher capacity retention
(67% vs. 33%) after 50 cycles at a rate of 0.1C than that of without BN addition. This BN enhanced
garnet-type ceramic electrolyte may provide a facile and efficient approach to further promoting the

solid-state electrolyte for next-generation high performance energy storage devices.
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