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How can computation help?

Characterize
Understand

Discover
Predict
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Computational Methods: QM
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• Atomistic computer simulations based on quantum mechanics (Density 
Functional Theory)

• First-principles approach:
– Only empirical input are crystal structure and fundamental physical constants 
– Expensive: requires parallel computation; system sizes generally less than 1,000 atoms
– Temperature-dependent thermodynamic contributions evaluated within harmonic 

approximation
• “Direct method” for construction of dynamical matrix
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Computational Methods: Classical
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MECHENG 499/599-007 
HW #1 

Due 5PM Friday, February 3 2012 
 
 
 

Using the expression for the Lennard-Jones potential that was given in class: 
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1. [5 pts] Derive an expression for the force. 
 

2. [5 pts] Derive an expression for the minimum energy bond length in a Lennard-Jonesian 
dimer. 

 
3. [5 pts] Show that the bond energy at the minimum energy bond length is equal to !. 
 
4. [5 pts] Graph the functional form of the potential and the force on the same plot. Set ! = " =1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. [5 pts] Create another graph of the potential that zooms in on the potential well region. (I 

suggest setting the X range to [0.9 – 2.0] and the Y range to [-1.2 – 0.8].)  On this graph 
roughly sketch (by hand) the position of the average bond length as a function of increasing 
temperature starting at T = 0. As T increases, does the bond length change? In a sentence or 
two, explain how the shape of the potential well results in the phenomenon of thermal 
expansion. 
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Molecular dynamics allows us to simulate the time-evolution of an atomic system

Interactions 
between atoms 
are prescribed by 
an interatomic 
potential

Time evolution of 
the system:

x(t +Δt) = x(t)+ vx (t)Δt +
1
2
ax (t)Δt

2

vx (t +Δt) = vx (t)+
1
2
ax (t +Δt)+ ax (t)[ ]Δt
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Example Calculations
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Partial charge density of the VBM and CBM of a
Li3OCl solid electrolyte when in contact with a Li
negative electrode

Electrolyte decomposition on Li-air battery cathode
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High-Throughput Screening
~100,000 MOFs computationally evaluated for their hydrogen storage capacity

(a) PCN-610/NU-100 (b) SNU-70 (d) UMCM-9(c) ZELROZ

(a) PCN-610/NU-100 (b) SNU-70 (d) UMCM-9(c) ZELROZPCN-610/NU-100 SNU-70

ZELROZ UMCM-9

BLUE = Temperature + pressure swing operation
BLACK = Pressure swing operation

MOF-5 (7.8 wt.% & 51.9 g/L)

MOF-5 (4.5 wt.% & 31.1 g/L)

IRMOF-20 (5.7 wt.% & 33.4 g/L)

SNU-70 (7.3 wt.% & 34.3 g/L)

PCN-610/NU-100
(10.1 wt.% & 35.5 g/L)

UMCM-9 (7.8 wt.% & 34.1 g/L)

Ahmed et al., Balancing Gravimetric and Volumetric Hydrogen Density in M OFs,  Energy & Environmental Science, 10, 2459 (2017) DOI: 10.1039/C7EE02477K

Ahmed et al., Exceptional Hydrogen Storage Achieved by Screening Nearly Half a M illion M etal-Organic Frameworks,  Nature Communications, (2019) DOI: 10.1038/s41467-019-09365-w

High-throughput Grand 
Canonical Monte Carlo 
calculations
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Introduction: Li-ion Batteries
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The Good: High capacity, voltage, specific energy1

The Bad: Safety issues resulting from use of liquid electrolytes
• Liquid electrolytes are volatile, flammable, and prone to dendrite formation2,3

[1] M. Dimitrijevic, Lithium Ion Battery Assembly Challenges. ECN (2011). (http://www.ecnmag.com/articles/2011/01/lithium-ion-battery-assembly-challenges)
[2] Roth, E. P.; Orendorff, C. J. How Electrolytes Influence Battery Safety. Electrochem. Soc. Interface 2012, 21 (2), 45–49.
[3] Goodenough, J. B.; Singh, P. Review—Solid Electrolytes in Rechargeable Electrochemical Cells. J. Electrochem. Soc. 2015, 162 (14), A2387–A2392.
[4] P. Lee, Dealing with swollen batteries (2016). (http://www.computerhowtoguide.com/2016/05/dealing-swollen-batteries.html)
[5] B. Petrovan, Galaxy Note 7 recall, Android Authority (2016). (http://www.androidauthority.com/samsung-galaxy-note-7-recall-714419/)
[6] W. Oremus, Tesla Catches Fire, Feds Can’t Investigate Due to Shutdown (2013). (http://www.slate.com/blogs/future_tense/2013/10/03/tesla_fire_video_nhtsa_can_t_investigate_model_s_battery_fire_due_to_shutdown.html)
[7] D. Shepardson, U.S. opens prove into fatal Tesla crash, fire in California (2018). (https://www.reuters.com/article/us-tesla-crash-ntsb/u-s-opens-probe-into-fatal-tesla-crash-fire-in-california-idUSKBN1H32OT)
[8] Wood, K. N.; Kazyak, E.; Chadwick, A. F.; Chen, K-H.; Zhang, J-G.; Thornton, K.; Dasgupta, N. P. Dendrites and Pits: Untangling the Complex Behavior of Lithium Metal Anodes through Operando Video Microscopy. ACS Cent. Sci. 2016, 2 (11), 790–801.

Samsung galaxy note 7 
recall (2016)5

Swollen battery4

Tesla model S fire (2013)6

Tesla model X fire (2018)7

Dendrite observation8

9

Why Li-metal Anodes Aren’t Used Today

10

for a longer duration. In other words, the unshaded regions of
Figure 6 (which for LiPF6 are well-defined and relatively
narrow) become wider.
4.3.2. Comparing Voltage Traces with Performance in

Coin Cells Using Different Electrolyte Compositions. To show
how the understanding of section 4.3.1 can be observed in coin
cells, Li−Li symmetric cells were fabricated using each
electrolyte system and Li−Cu laminate electrodes (Rockwood
Li, 50 μm of Li on 10 μm of Cu). The cells were cycled 20
times at 1 mA cm−2, such that a planar equivalent of 4.8 μm of
Li was transferred during each half-cycle (1C rate). After
cycling, Li on one electrode was completely dissolved from the
Cu to determine the amount of Li lost during cycling. By
calculating the average amount of Li lost during each cycle, an
average Coulombic efficiency (aCE) for the Li electrode can be
obtained (further details in Figure S15). This is a modified
version of a method developed by Aurbach et al.38

In Figure 7b,c aCE is compared to the position of the voltage
maximum associated with transitioning between reaction
pathways on the anode surface. Figure 7b shows significantly
less capacity loss for the ether-based electrolytes compared to
the carbonate based LiPF6. This corresponds to aCE values of
82% (LiPF6), 93% (LiFSI), and 98% (LiTFSI). A detailed view
of the voltage profile for an extended half-cycle is shown for
each system in Figure 7c. Consistent with section 4.2, the LiPF6
cell exhibited distinct transitions between reaction pathways. By
comparison, the LiFSI coin cell exhibited a more blunted cell
polarization maximum that occurs at a later time than the peak
in LiPF6, indicating less distinct transitions between reaction
pathways and a lower voltage hysteresis. Finally, the LiTFSI cell
displayed the lowest overpotential, the latest, most blunted cell
polarization maximum, and the lowest voltage hysteresis. The
shifting of these cell polarization maximums is directly
correlated with an increase in the aCE value. Comparing
Figures 7a and 7c also shows that a smaller magnitude and

delayed cell polarization maximum is directly related to denser/
smaller dendrites that completely cover the surface. Since this
voltage behavior is observed in a wide range of battery
architectures, this interpretation allows for a cycle-by-cycle
comparison of Li metal electrode performance. Understanding
the dominant reaction pathways at specific points in time
provides a “window” into the time-dependent morphological
and electrochemical changes occurring within coin cells, where
we are typically “blind” to morphology.

5. EXPERIMENTAL DETAILS
All air sensitive materials were handled in an argon filled
glovebox (MBraun), with water and moisture levels below 1
ppm. The LiPF6 electrolyte (Soulbrain) contained <7 ppm
water, while the battery-grade solvents used in the sulfur-based
electrolytes were purchased from BASF Inc. and contained <20
ppm water.

5.1. Visualization Cell Tests. Operando tests were
conducted in a custom-built visualization cell (Figure S1),
allowing simultaneous collection of electrochemical and
morphological information. The entire assembly is air-tight
with a quartz viewing window and O-ring seal so that it can be
removed from the glovebox after assembly and placed under an
optical microscope for viewing. Air-tight electrical feedthroughs
connect the electrodes with the potentiostat. All visualization
cell experiments were carried out using a Gamry 1000 or
Biologic VSP potentiostat using 1 M LiPF6 in 1:1 ethylene
carbonate/dimethylcarbonate (EC/DMC), 1 M LiTFSI in 1,3-
dioxolane/1,2-dimethoxyethane (DOL:DME) with 0.18 M
Li2S8 and 2 wt % LiNO3, and 4 M LiFSI in DME. The LiFSI
and LiTFSI electrolytes were synthesized following a
formulation similar to those described previously.11,22 For
each half-cycle, 4.5 C cm−2 of charge was passed for 10
complete charge and discharge cycles. After each half-cycle, the
system was allowed to relax for 30 s. The optical microscopy

Figure 7. Comparison of three very different electrolyte systems (LiPF6, LiFSI, and LiTFSI). (a) Visualization cell images after 900 s of deposition at
5 mA cm−2. A clear difference in dendrite size, nucleation density, and surface coverage is observed. (b) Cell discharge curves at 1 mA cm−2 showing
remaining capacity after 20 cycles (theoretical capacity 3860 mAh g−1). This performance can be linked to peak position in panel c, where voltage
traces for each electrolyte system are shown.

ACS Central Science Research Article

DOI: 10.1021/acscentsci.6b00260
ACS Cent. Sci. 2016, 2, 790−801

798

Comparison of three very different electrolyte systems (LiPF6, LiFSI, and LiTFSI). (a) Visualization cell 
images after 900 s of deposition at 5 mA cm−2. A clear difference in dendrite size, nucleation density, and 
surface coverage is observed. 

Wood et al., ACS Cent. Sci., 2016, 2, 790–801

10

http://www.ecnmag.com/articles/2011/01/lithium-ion-battery-assembly-challenges
http://www.computerhowtoguide.com/2016/05/dealing-swollen-batteries.html
http://www.androidauthority.com/samsung-galaxy-note-7-recall-714419/
http://www.slate.com/blogs/future_tense/2013/10/03/tesla_fire_video_nhtsa_can_t_investigate_model_s_battery_fire_due_to_shutdown.html
https://www.reuters.com/article/us-tesla-crash-ntsb/u-s-opens-probe-into-fatal-tesla-crash-fire-in-california-idUSKBN1H32OT
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Solid electrolytes
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• Advantages of solid 
electrolytes:

- Less flammable and non-volatile1

- High stiffness: Suppression of dendrites2

è Metallic Li anode (high capacity)

- Resistance to changes in temperature

• Requirements:
- 𝜎Li > 10-4 S/cm 4

: Li7La3Zr2O12,5 Li10GeP2S12,6 etc.
- Interfacial stability

- Resistance to dendrite penetration

Comparison of Li-ion and lithium metal cells3

[1] Hu, Y.-S., Nat. Energy 2016, 1 (4), 16042. [5] Murugan, R. et al., Angew. Chemie - Int. Ed. 2007, 46 (41), 7778–7781.
[2] Monroe C.; Newman, J. J., Electrochem. Soc. 2005, 152 (2), A396–A404. [6] Kamaya, N. et al., Nat. Mater. 2011, 10 (9), 682–686.
[3] Albertus, P.; Babinec, S.; Litzelman, S.; Newman, A., Nat. Energy 2018, 3 (1), 16–21.
[4] Goodenough, J. B.; Kim, Y., Chem. Mater. 2010, 22 (3), 587–603. 

Although a growing number of ionically-conducting solids are known, 
essentially all exhibit shortcomings such as limited interfacial 

stability and susceptibility to dendrite penetration.

11

Useful for Many Types of Batteries

12

Solid-state Li-LiMO2

LiM'Ox LLZO LiMO2

e-

Li+

Solid-state Li-LLZO-Sulfur

Solid-state Li-ion battery

Hybrid Li-LLZO-Liquid-Sulfur

LLZO LiMO2

e-

Li+

Li metal

Li metal LLZO

Li+

S + C

e-

LLZO 
membrane

Li metal LLZO S + Carbon

e-

Li+

Liquid

Prevent 
sulfur 
dissolution 

Block 
polysulfide 

migration to 
anode

Eliminate 
liquid 

electrolytes; 
Safety++ 

Solid electrolytes: a unifying technology for Beyond Li-ion Batteries

Suppress 
dendrites; 
increase 
anode 

capacity 
~10x 

theoretically

12
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LLZO: A Promising Solid Electrolyte

13

Cubic unit cell
192 atoms ☹

Partially-occupied lithium sub-lattice
3D, percolating

Nominal composition: Li7La3Zr2O12

Li-ion conductivity: ~5×10-4 S/cm

13

14

HOMO = Highest Occupied Molecular Orbital 
LUMO = Lowest Unoccupied Molecular Orbital
CBM = Conduction Band Minimum
VBM = Valence Band Maximum

For stability, we desire:
μA < CBM
μC > VBM

Electrolyte stability is determined by the position of the electrolyte’s energy 
levels with respect to the redox levels of the electrodes (μA & μC)

Electrochemical Window

LUMO

HOMO

LUMO	or	CBM

HOMO	or	VBM

Electrolyte
(Oxidant)(Reductant)

En
er
gy

Electrolyte’s	HOMO/LUMO	level	shifts	on	interaction	with	the	electrodes:

Vacuum	level

Anode

N(E)

μA

N(E)

Cathode

μC

VOC

St
ab
le

Un
st
ab
le

EgEg

14
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LLZO: Stable Against Li Metal

15

LLZO has a large band gap, 6.4 eV, (GW method) but its effective electrochemical 
window is approximately 4 V
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5 V 
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(e
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Equilibrium with Anode Equilibrium with Cathode

4 V

3 V

-8
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-2
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Li/Li+

5 V 
Cathode

4 V
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6.4 V
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LLZO (100) LLZO (110)

Li LCOLLZOT. Thompson et al., Electrochemical Window of the 
Li-Ion Solid Electrolyte Li7La3Zr2O12

ACS Energy Leq. 2017, 2, 462−468 
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Goal: Understand phenomena that limit the performance of LLZO-based batteries. 

This knowledge can be used to design viable solid electrolytes.

Elastic Properties Grain Boundary Transport Low-Resistance Interfaces

Topics

Solid State Li-Battery
LLZO CathodeLi anode

e-

Stiff solid
electrolyte

limits
dendrite
initiation

COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

Fig. 3 shows the atomic structure of the low-energy 
interfaces for Li-LLZO and Li-Li2CO3 (Data for Li-LiOH are shown 
in Table. S2). The contact angle, 𝜃, for these interfaces was 
calculated by combining the Young-Dupré equation, 𝑊ad =
 𝜎Li(1 + cos𝜃), with DFT calculations of the interfacial work of 
adhesion, 𝑊ad, and the surface energy of Li, 𝜎Li = 0.45 J.m-2. 
Using the Li-LLZO interface as an example, 𝑊ad was evaluated 
as: 𝑊ad = 𝐸int − 𝐸Li-slab − 𝐸LLZO-slab. Here 𝐸int is the energy of 
the interface cell and 𝐸X-slab refers to the energy of an isolated 

Li (X = Li) or LLZO slab (X = LLZO). The calculated values for 𝑊ad 
and 𝜃 are shown in Fig. 3 below their respective interfaces. The 
trend predicted by our calculations – that Li strongly wets LLZO, 
but not Li2CO3 – is consistent with the measurements shown in 
Fig. 2. More specifically, the wetting angle predicted for the Li-
Li2CO3 interface, 𝜃 = 142°, is in excellent agreement with the 
measured value (142°, Fig. 2a) indicating a weak interfacial 
interaction between Li and Li2CO3 (Wad = 0.10 J.m-2). In contrast, 
the calculated Wad for the Li-LLZO interface is nearly seven times 
larger, Wad = 0.67 J.m-2, resulting in a relatively small wetting 
angle, 𝜃 = 62°. This value is qualitatively consistent with the 
measured value of 95° reported in Fig. 2d. The smaller value 
predicted by our calculations is expected, given that 
approximately 15% of carbonate and/or hydroxide remains on 
the LLZO surface after heating to 500°C (Fig. 2d). Calculations on 
the Li-LiOH interface predict a relatively large contact angle of 
125°, similar to the non-wetting behavior observed for the Li-
Li2CO3 system (see Table S2). 

Electrochemical characterization 

Electrochemical impedance spectroscopy (EIS) was performed 
on Li-LLZO-Li symmetric cells (Fig 4a) to measure the LLZO bulk 
(Rbulk), grain boundary (Rgb), and Li-LLZO interfacial (RLi-LLZO) 
resistances for WP and HT samples between 200 and 500°C. In 
this study, EIS data were modeled using an equivalent circuit 
shown in Fig. 4b. This approach allows for the direct 
measurement of the individual contributions to cell resistance 
and involves the correlation between characteristic frequencies 
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Elastic Properties of LLZO
• Monroe and Newman[1] proposed a finite element model for dendrite initiation at 

the interface between a negative electrode and a solid electrolyte (SE)
– Dendrite suppression depends on the elastic properties of the SE
– SE having a shear modulus (G) twice that of Li should suppress dendrites 

17

• Few studies of the mechanical properties of LLZO have been reported
– We determine the elastic constants and moduli (Young’s modulus, shear modulus, and

bulk modulus) for Al- and Ta-doped LLZO

[1] C. Monroe & J. Newman. The Impact of Elasvc Deformavon on Deposivon Kinevcs at Lithium/Polymer Interfaces. J. Electrochem. Soc. 2005, 152, 
A396-A404.

The Impact of Elastic Deformation on Deposition Kinetics
at LithiumÕPolymer Interfaces
Charles Monroe*,z and John Newman**
Department of Chemical Engineering, University of California, Berkeley, California 94720-1462, USA

Past theories of electrode stability assume that the surface tension resists the amplification of surface roughness at cathodes and
show that instability at lithium/liquid interfaces cannot be prevented by surface forces alone !Electrochim. Acta, 40, 599 "1995#$.
This work treats interfacial stability in lithium/polymer systems where the electrolyte is solid. Linear elasticity theory is employed
to compute the additional effect of bulk mechanical forces on electrode stability. The lithium and polymer are treated as Hookean
elastic materials, characterized by their shear moduli and Poisson’s ratios. Two-dimensional displacement distributions that satisfy
force balances across a periodically deforming interface are derived; these allow computation of the stress and surface-tension
forces. The incorporation of elastic effects into a kinetic model demonstrates regimes of electrolyte mechanical properties where
amplification of surface roughness can be inhibited. For a polymer material with Poisson’s ratio similar to poly"ethylene oxide#,
interfacial roughening is mechanically suppressed when the separator shear modulus is about twice that of lithium.
© 2005 The Electrochemical Society. !DOI: 10.1149/1.1850854$ All rights reserved.

Manuscript submitted January 16, 2004; revised manuscript received July 29, 2004. Available electronically January 11, 2005.

Dendrite formation presents a major obstacle to the development
of practical lithium-electrode batteries. Active research into polymer
electrolytes has persisted for nearly 30 years on the basis that these
materials are found to strengthen cells mechanically and improve
the cyclability of lithium electrodes.1-4 Typical continuum-scale
models of dendrite growth assume that surface tension resists the
natural tendency of electrodes to roughen during deposition and do
not incorporate other mechanical effects.5,6
Recently a kinetic model that includes the effects of general

stresses on current density distributions at roughening interfaces was
proposed.1 The model requires that stress distributions be obtained
by solution of the steady-state equation of motion. Stress distribu-
tions are computed here by treating the electrode and separator as
isotropic linear-elastic "Hookean solid# materials. Such materials are
characterized by the Poisson’s ratio and shear modulus, which are
properties that result from straightforward rheometric experiments.
In this paper, the interface between the electrode and electrolyte

is subjected to an idealized two-dimensional displacement of arbi-
trary amplitude and frequency. A unique solution to the equation of
motion is specified with additional boundary conditions required by
the proposed kinetic model. In the regime of small-amplitude two-
dimensional perturbations to the interface, analytical solutions are
obtained for displacement distributions; these results are used to
compute deformation profiles on either side of the interface.
Known deformation profiles allow computation of the compres-

sive stress, deformation stress, and surface tension forces that de-
velop at an elastic interface in response to a small-amplitude peri-
odic disturbance. Incorporation of these forces into the kinetic
model demonstrates that they contribute to changes in exchange
current densities along the roughening surface. Variation of the sepa-
rator mechanical properties allows prediction of conditions under
which the instability of the lithium/polymer interface is eliminated,
i.e., circumstances where surface roughening does not amplify and
dendrites may be prevented. This regime of stability is shown to
occur at shear moduli three or more orders of magnitude higher than
those obtained thus far in even the sturdiest polymer electrolytes,
which have moduli in the megapascal range.7-9 Some qualitative
justification for the improved resistance to dendrites exhibited by
current lithium/polymer systems is also provided by the present the-
oretical approach.

Theoretical
In a previous communication,1 the slightly differing kinetic rela-

tionships employed by Barton and Bockris,6 Diggle et al.,10 Oren

and Landau,11 and Sundström and Bark5 were reconciled and gen-
eralized to include mechanical forces due to viscous and deforma-
tional stresses and local concentration variation at the electrode. For
the sake of simplicity in our exploration of mechanical effects, we
neglect local concentration variation and assume the electrolyte is
1:1 "LiX#, with an elementary electrode reaction

Li ↔ Li! ! e" !1$

With these simplifications incorporated into the general mechanism,
the reaction kinetics are found to be described by a modified Butler-
Volmer equation of the form1

in # i0,ref exp ! "1 " %a#&'e"

RT " !exp# %aF(s
RT $ " exp# "

%cF(s
RT $ "

!2$

where R is the gas constant, F is Faraday’s constant, T is the tem-
perature, (s is the surface overpotential, in is current density normal
to the deformed interface, i0,ref is the exchange current density at an
undeformed interface, %a and %c are anodic and cathodic transfer
coefficients, respectively, and &'e" is the electrochemical potential
change in the electrons within the electrode induced by local strain
or interfacial shape change. In proposing Eq. 2, we have followed
Barton and Bockris in the assumption that the resistance to charge
transfer is on the solution side of the interface.
The deformation parameter &'e" can be expressed in terms of

the thermodynamic properties of the electrode and solution and the
forces acting on the interface as1

&'e" # "
1
2 " V̄Li ! t"

0 V̄LiX#

$ )"*+̄s • en ! en • !en • ",= delectrode " ,= dseparator#$-
!
1
2 " V̄Li " t"

0 V̄LiX#"&pelectrode ! &pseparator# !3$

where V̄Li is the molar volume of the electrode, V̄LiX is the partial
molar volume of the electrolyte salt, t"

0 is the anion transference
number, * is the surface energy, ,= di and &p i are the deformation
stress tensor and the gage pressure in phase i, respectively, en is the
unit surface normal vector pointing into the electrolytic solution, and
+̄s is the surface gradient. The partial molar volumes, transference
number, and surface energy are material properties; the deformation
stresses and pressures in Eq. 3 can be obtained by solution of the
steady-state equation of motion

"+̄ • .= # 0 !4$

* Electrochemical Society Active Member.
** Electrochemical Society Fellow.
z E-mail: cwmonroe@newman.cchem.berkeley.edu

Journal of The Electrochemical Society, 152 "2# A396-A404 "2005#
0013-4651/2005/152"2#/A396/9/$7.00 © The Electrochemical Society, Inc.

A396

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 141.211.4.224Downloaded on 2016-07-26 to IP 

listed in Table I. Horizontal gridlines in Fig. 1 correspond to the
displaced position along lines of constant undeformed material po-
sition z; vertical gridlines give the displaced position along lines of
constant undeformed material position x. Figure 1a shows the case
where A ! 0, the undeformed reference state. Figures 1b and c
show the final locations of the material in Fig. 1a when the interface
is periodically deformed with A ! 0.4/! . This condition is close to
the upper limit of validity of Eq. 21 but is chosen to make displace-
ments visible in Fig. 1 and 2. From Fig. 1b to 1c, the polymer shear
modulus is increased from 10"9 GLi, a polymer phase with minimal
elastic stiffness, to a shear modulus ten times that of lithium. The
shear modulus affects the slope of the vertical contour lines as they

hit the interface; the polymer elasticity in "b#leads to a narrower
indentation of lithium for a given displacement amplitude and fre-
quency than the higher shear modulus in "c#.
Figure 2 demonstrates the effect of polymer Poisson’s ratio on

the periodic deformation profile at A ! 0.4/! . Figure 2b shows the
case of a fully compressible separator, $s ! 0, and Fig. 2c shows an
incompressible separator, $s ! 0.5. The effect of compressibility
can be seen most clearly by comparison of these figures to Fig. 2a.
In the undeformed reference state, the horizontal and vertical grid
lines mark out squares on the material. In Fig. 2b, the area between
these gridlines is allowed to change in the separator material when
the material deforms, because it is compressible. In Fig. 2c the area
between gridlines in the deformed state remains identical to the area
between gridlines in the undeformed state.
Although changes in the mechanical properties of the polymer

material lead to small differences in the displacement distributions
around the interface, they have a significant effect on the forces that
act across it, as demonstrated by Fig. 3 and 4. Figure 3 shows the
compressive forces acting across the periodically deforming inter-
face, which are given as a function of x by Eq. 22. The displacement
amplitude and frequency used to generate this figure are the same as
those employed in Fig. 1 and 2. Both elastic properties of the sepa-
rator can have a significant effect on compressive forces. In particu-
lar, it is significant that the sign of the compressive force amplitude
can be reversed by changing either the separator Poisson’s ratio "as
in the $s ! 0.5 case#, or the separator shear modulus "as when Gs

! 2Ge). The deformation stresses acting across the interface, given
by Eq. 23, are shown for the same property combinations in Fig. 4.
In the deformation term, the amplitude has the same sign for all
property combinations. Deformation stresses across the interface
have a much larger amplitude when the separator material is fully
compressible than when it is incompressible. When the separator

Figure 1. Displacement distributions yielded by Eq. 16 and 21 at different
polymer shear moduli. One period of displacement in x and 1.5 displacement
periods above and below the z axis are shown in each figure. The upper
region has the material properties of lithium ($e ! 0.42, Ge ! 3.4 GPa#,
and the lower has properties characteristic of a separator ($s ! 0.33, Gs

differs#. "a#The reference "undeformed#position A ! 0, which is the same
for all material properties in either region. "b#The displacement distribution
for A ! 0.4/! , Gs ! 10"9 Ge. "c#A ! 0.4/! , G s ! 10 Ge.

Figure 2. Displacement distributions yielded by Eq. 16 and 21 at differing
Poisson’s ratio. In each figure, A ! 0.4/! with G ! GLi on both sides of the
interface. "a#The undeformed material position; "b# a separator with $s

! 0, corresponding to a compressible material; and "c#a separator with $ s

! 0.5, corresponding to an incompressible material.

Figure 3. Gage pressure term from Eq. 22 with A ! 0.4/! for separators
with various elastic properties. The black G s ! Ge, $s ! 0.33 curve is the
case around which the others are varied.
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• Goal: Determine if LLZO has sufficient stiffness to suppress 
dendrite initiation

• Approach: Evaluate elastic properties and compare with 
Monroe/Newman model predictions

• Methods: Elastic constants and moduli of LLZO were 
evaluated using 3 techniques:
- First-principles calculations
- Acoustic impulse excitation measurements
- Nanoindentation experiments 

Approach & Goals

18
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Calculation Method
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Understanding the stability of this interface is a prerequisite for the 
development of long-lived, all solid-state batteries. 

 

II. METHODS 

A. Computational 

All calculations were performed using density functional theory 
(DFT) with a plane wave basis set and the projector augmented 
wave (PAW)26, 27 method, as implemented in the Vienna Ab initio 
Simulation Package (VASP).28 The Perdew-Burke-Ernzerhof 
(PBE)29 generalized gradient approximation (GGA) was used for 
the exchange-correlation energy. An energy cutoff of 600 eV was 
used for the plane wave basis, and the Brillouin zone was sampled 
using the Monkhorst-Pack scheme.30 Extensive K-point conver-
gence testing was performed so as to obtain accurate elastic proper-
ties. Calculations employing up to a 46×46×46 k-point mesh (2300 
irreducible k-points) were used for metallic Li, and a 4×4×4 mesh 
(32 irreducible k-points) was used for LLZO. The convergence 
criterion for the electronic self-consistency loop was set to 10-5 eV 
(5.32×10-5 meV/atom for LLZO) and atomic positions were re-
laxed (for a specified cell shape and volume) until the forces were 
less than 0.01 eV/Å. 

Simulation cells were based on the experimental Al-doped31 and 
Ta-doped LLZO17 cubic crystal structures, as shown in Figure 1. 
These cells contained a total of 188 atoms, corresponding to 8-
formula units. Li was distributed on the partially-occupied 24d and 
96h sites using a procedure that excluded occupation of electrostat-
ically-unfavorable first nearest-neighbor sites.11 Before calculating 
the properties of doped LLZO, we compared the total energies of 
several pristine LLZO cells containing different distributions of Li 
ions across the available Li sites. The calculated energy differences 
amongst these candidate structures were small (<1.5 meV/atom). 
The structure having the lowest total energy from this set of candi-
dates was adopted for subsequent calculations. This structure had 
partial occupancies of 0.542 and 0.448 (equivalent to 13 and 43 
atoms in unit cell) for the 24d and 96h sites, respectively. These 
occupancies are similar to the experimental values of 0.564 and 
0.442 for these sites, respectively.11 

In the Al-doped structure (Li6.25 Al0.25La3Zr2O12), two randomly-
selected 24d Li sites were replaced by Al. (Li 24d sites have been 
previously identified as the most energetically favorable sites for Al 
doping.32) To maintain charge neutrality, a total of four Li atoms 
located near the Al-sites were also removed from the cell. Likewise, 
for the Ta-doped structure (Li6.5La3Zr1.5Ta0.5O12), four Zr atoms 
were replaced by an equivalent number of Ta dopants,17 and a total 
of four Li vacancies were created to maintain charge neutrality. The 
resulting occupancies of the 24d sites are 0.458 (equivalent to 11 
Li+ ions in unit cell) for both the Al and Ta-doped cells, and 0.406 
and 0.427 (equivalent to 39 and 41 Li+ ions in unit cell) for the 96h 
sites, respectively. To facilitate comparisons with the mechanical 
properties of a Li anode, the elastic properties of metallic BCC 
lithium were also investigated. 

The elastic properties of a solid phase having a cubic crystal 
structure can be described using three elastic constants: !!!, !!", 
and !!!.33 The elastic constants were evaluated using Hook’s law by 
calculating the total energy as a function of strain. In addition to 
being ingredients in the calculation of the elastic and shear moduli 
(described below), the elastic constants constitute fundamental 

mechanical properties of a crystalline phase. For example, these 
data may be useful in follow-on studies involving mesoscale model-
ing of LLZO-based separators. Three methods were explored for 
determining the !!! and !!" elastic constants for LLZO: 

Method A: Direct calculation of !!! and the bulk modulus, B. In 
this case the uniaxial strain, !!!, was determined by incrementally 
expanding or contracting the crystal along a [100] direction (up to 
±3% of the minimum-energy lattice constant), and fitting the re-
sulting energy-strain data to a quadratic polynomial. Next, the bulk 
modulus, B, was obtained by fitting total energy vs. volume data to 
the Murnaghan equation of state.34 !!" was then derived using B 
and !!!, using the relation (1):33 

! = !
! !!! + 2!!" .     (1) 

Method B: Direct calculation of !!! and the difference !!!! − !!".! 
The difference!!!! − !!",!defined as !!!!!", can be independently 
derived by shearing the crystal with an orthorhombic strain,33 

! =
! 0 0
0 −! 0
0 0 !!/(1 − !!)

.    (2) 

Here, (!!!!!")/2 represents the resistance to a shear stress applied 
across the (110) plane in the [110] direction.35 ! refers to a small 
strain, which in our calculations is on the order of 0.02. !!" can 
then be obtained using a combination of !!! and !!!!!".  

Method C: Direct calculation of B and !!!!!". In this case !!! and 
!!" are evaluated using Eq. 1 and the definition of !!!!!". 

For all methods !!! was obtained by incrementally shearing the 
crystal with a monoclinic strain,33 

! =
0 !/2 0
!/2 0 0
0 0 !!/(4 − !!)

,       (3) 

and fitting to a quadratic polynomial. In this case ! was varied be-
tween -0.03 and +0.03. 

Subsequently, the directional properties of the Young’s modulus, 
![!""],![!!"], and!![!!!] , and the shear modulus, 
![!""],![!!"], and!![!!!], were derived from the elastic constants 
!!!, !!", and !!! according to:36 

![!""] = (!!!!!!")(!!!!!!!")
(!!!!!!")

,  

![!!"] = !(!!!!!!")(!!!!!!!")!!!
!!!!!!!!(!!!!!!")(!!!!!!!")!

,    (4) 

![!!!] = ! !!!!!!!" !!!
!!!!!!!"!!!!

             

 
![!""] = !!!, 
![!!"] = ! !!!!!!" !!!

!!!!!!"!!!!!
,     (5) 

![!!!] = ! !!!!!!" !!!
!!!!!!"!!!!!

    
These values allow for estimating the anisotropy of the elastic 
moduli. The polycrystalline isotropic shear modulus, !, was ob-
tained using the calculated elastic constants in combination with 
the Voigt–Reuss–Hill averaging scheme:36  

! = !
!

!!!!!!"!!!!!
! + !!!! !!!!!!"

!!!!!!(!!!!!!")
.  (6) 

Finally, Young’s modulus, !, and Poisson’s ratio, !, assuming an 
isotropic polycrystalline material, were evaluated using:37 
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• Calculavons were performed using Density Funcvonal Theory with a plane 
wave basis and the projector augmented wave method (VASP code)

• The PBE generalized gradient approximavon was used for the exchange 
correlavon energy

Polycrystalline, isotropic moduli 
(Voigt–Reuss–Hill averaging scheme):1,2

Strain tensor

Distorted supercell

24d and 96h sites, respectively. These occupancies are similar to the
experimental values of 0.564 and 0.442 for these sites, respectively.12

In the Al-doped structure (Li6.25 Al0.25La3Zr2O12), two randomly
selected 24d Li sites were replaced by Al. (Li 24d sites have been
previously identified as the most energetically favorable sites for Al
doping.33) To maintain charge neutrality, a total of four Li atoms
located near the Al-sites were also removed from the cell. Likewise, for
the Ta-doped structure (Li6.5La3Zr1.5Ta0.5O12), four Zr atoms were
replaced by an equivalent number of Ta dopants,18 and a total of four
Li vacancies were created to maintain charge neutrality. The resulting
occupancies of the 24d sites are 0.458 (equivalent to 11 Li+ ions in
unit cell) for both the Al- and Ta-doped cells and 0.406 and 0.427
(equivalent to 39 and 41 Li+ ions in unit cell) for the 96h sites,
respectively. To facilitate comparisons with the mechanical properties
of a Li anode, the elastic properties of metallic BCC lithium were also
investigated.
The elastic properties of a solid phase having a cubic crystal

structure can be described using three elastic constants: C11, C12, and
C44.

34 The elastic constants were evaluated using Hook’s law by
calculating the total energy as a function of strain. In addition to being
ingredients in the calculation of the elastic and shear moduli
(described below), the elastic constants constitute fundamental
mechanical properties of a crystalline phase. For example, these data
may be useful in follow-on studies involving mesoscale modeling of
LLZO-based separators. Three methods were explored for determin-
ing the C11 and C12 elastic constants for LLZO:
Method A: Direct Calculation of C11 and the Bulk Modulus, B. In

this case, the uniaxial strain, C11, was determined by incrementally
expanding or contracting the crystal along a [100] direction (up to
±3% of the minimum-energy lattice constant) and fitting the resulting
energy−strain data to a quadratic polynomial. Next, the bulk modulus,
B, was obtained by fitting total energy vs volume data to the
Murnaghan equation of state.35 C12 was then derived using B and C11,
using the relation (1)34

= +B C C1
3

( 2 )11 12 (1)

Method B: Direct Calculation of C11 and the Difference C11 − C12.
The difference C11 − C12, defined as Δ11−12, can be independently
derived by shearing the crystal with an orthorhombic strain34
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Here, (Δ11−12)/2 represents the resistance to a shear stress applied
across the (110) plane in the [110̅] direction.36 δ refers to a small
strain, which in our calculations is on the order of 0.02. C12 can then be
obtained using a combination of C11 and Δ11−12.
Method C: Direct Calculation of B and Δ11−12. In this case, C11

and C12 are evaluated using eq 1 and the definition of Δ11−12.
For all methods, C44 was obtained by incrementally shearing the

crystal with a monoclinic strain34
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and fitting to a quadratic polynomial. In this case, δ was varied
between −0.03 and +0.03.
Subsequently, the directional properties of the Young’s modulus,

E[100], E[110], and E[111], and the shear modulus, G[100], G[110], and
G[111], were derived from the elastic constants C11, C12, and C44
according to37
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These values allow for estimating the anisotropy of the elastic moduli.
The polycrystalline isotropic shear modulus, G, was obtained using the
calculated elastic constants in combination with the Voigt−Reuss−Hill
averaging scheme37
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Finally, Young’s modulus, E, and Poisson’s ratio, ν, assuming an
isotropic polycrystalline material, were evaluated using38

ν= + = −
+E GB

B G
B G

B G
9

3
, 3 2

2(3 ) (7)

II.B. Experimental. LLZO samples were synthesized from starting
powders of Li2CO3 (99.0%+, JS-L5940-125, Jade Scientific, Westland,
MI), La(OH)3 (99.95%, 43123, Alfa Aesar, Ward Hill, MA), and ZrO2
nanopowder (99.9%, 40N-0801, Inframet Advanced Materials, Man-
chester, CT), with doping of either Al2O3 (99.9%, AP-212, Mager
Scientific, Dexter, MI) or TaCl5 (99.999%, 510688, Aldrich).

Al-doped LLZO with composition Li6.17Al0.28La3Zr2O3 was prepared
with 7 wt % excess lithium precursor to account for Li loss during
calcination. The precursors were mixed in an agate-lined ball mill with
100 g of 10 mm agate media at 350 rpm for 8 h in a planetary ball mill
(PM100, Retsch GmbH, Haan, Germany), with 5 min intervals of
milling followed by 5 min rest intervals. The mixed powder was cold
pressed into 9.40 g pellets of 25.4 mm diameter at 400 kN for 2 min
and then calcined on a MgO boat at 1000 °C for 4 h in 0.7 L/min
flowing dry air. After calcination, the pellet was manually ground in an
agate mortar and pestle and passed through a 75 μm sieve; finally,
planetary ball milling was performed for 30 min at 350 rpm.

Ta-doped LLZO of composition Li6.5La3Zr1.5Ta0.5O12 was prepared
by adding TaCl5 (previously dissolved in anhydrous ethanol) to the
precursors in an agate-milling vial. A 10 wt % excess of lithium
precursor was used to compensate for Li loss during synthesis. A
planetary ball mill with agate milling media was used to mix the
precursors at 350 rpm for 8 h. After milling, the ethanol in the solution
was evaporated under an infrared light; the sample was then placed on
a MgO boat and heated in air at 150 °C for 2 h. After drying, the
powders were collected and cold pressed into a pellet. The pellet was
placed in a MgO combustion boat and heated in air at 1000 °C for 4 h.
Single phase cubic LLZO was obtained by grinding the pellet into
powder and adding 15 wt % of lithium precursor followed by cold
pressing and heating a second time at 1000 °C in air for 4 h.

The Al- and Ta-doped bulk specimens of LLZO were hot pressed
from 3.5 and 5 g of powder, respectively, in a 12.7 mm diameter
graphite die with alumina plungers. Two layers of 0.5 mm graphite foil
(99.8%, 42953, Alfa Aesar) were placed between the powder and the
plungers to prevent direct contact between the plungers and the
powder. The powder was cold pressed at 8 kN for 30 min and then
sintered at 1100 °C and 8 kN for 1 h by rapid induction hot pressing
(IH15A, Across International, Livingston, NJ). The sintered specimens
were each sanded to remove the graphite foil from the surface.
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stiffness, S, in LLZO at depths beyond 230 nm requires extrapola-
tion of Klf.  The extrapolation is potentially problematic because S 
≥ Klf and under these conditions the calculated E is very sensitive 
to any potential error in Klf.  

 

III. RESULTS AND DISCUSSION 

Calculated Al-Doped LLZO Elastic Properties. Figure 2(a) 
shows the total energy of Al-doped LLZO as a function of cell vol-
ume, and the associated fit of this data to the Murnaghan equation 
of state. Similarly, Figure 2(b), (c), and (d) show the total energy 
as a function of uniaxial, monoclinic, and orthorhombic strain, 
respectively; solid lines represent fits to a quadratic polynomial. A 
2×2×2 k-point mesh (4 irreducible k-points) was determined to be 
sufficient to achieve converged values for the bulk modulus and 
elastic constants; this k-point mesh was also adopted for calcula-
tions of the elastic constants, !!!, !!", and !!!.  

As mentioned earlier, three methods were explored for deter-
mining the elastic constants. All three approaches employ a direct 
calculation for !!!, but then use two different independent quanti-
ties to derive the remaining elastic properties (see discussion in Sec. 
II). The elastic constants for LLZO derived from these three meth-

ods have very similar values, as shown in Table S1. The elastic 
moduli and Poisson’s ratio were derived using Eq. (1), (4)-(7). 

The elastic constants and moduli of Al-doped LLZO are summa-
rized in Table 1. The calculated values were determined using 
method A (via independent calculations of B, !!!, and !!!). The 
calculated B, E, and G at zero Kelvin are 112.4 GPa, 162.6 GPa and 
64.6 GPa, respectively. The elastic moduli of oxides typically de-
crease with increasing temperature. Representative decreases for 
common oxides between 0 and 298 K are: ~4 % for MgO41, ~1 % 
for Al2O3

42, and ~9 % for Li2O.43 We therefore assume that the cal-
culated moduli of LLZO at 0 K should be reduced by ~5% to esti-
mate behavior at room temperature. Adopting this scaling factor, 
we arrive at room temperature values of 154.5 GPa and 61.4 GPa 
for E and G, respectively.  

Calculated Ta-Doped LLZO Elastic Properties. Methods A-C 
were also used to calculate the elastic constants of Ta-doped 
LLZO. The elastic constants derived from the three methods have 
very similar values, as shown in Table S2. In Table 1, the calculated 
B, E, and G evaluated using method A are 99.2, 154.9 and 62.5 GPa, 
respectively. Assuming a 5% softening of moduli between 0 and 
298 K, the predicted values of ! and ! at room temperature are 
147.2 and 59.4 GPa, respectively.  

 

Figure 2. Calculated total energy (or energy density) of Al-doped LLZO as a function of the (a) cell volume, (b) uniaxial strain, (c) monoclinic 
strain, and (d) orthorhombic strain.  
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Measured Elastic Properties of LLZO. Measuring the elastic 
properties required phase pure, high relative density samples.  Hot 
pressing was used to achieve > 98 % relative density, and X-Ray 
diffraction was used to characterize the crystal structure. Geometric 
measurements were used to measure density, while SEM fractog-
raphy was used to evaluate the magnitude and distribution of po-
rosity.  Confirming the phase purity and high relative density ena-
bled the elastic property measurement using nanoindentation and 
impulse excitation to obtain quasi-single crystal and polycrystalline 
elastic properties, respectively.  

Figure 3 shows X-ray diffraction patterns for the polycrystalline 
hot pressed samples of Al-doped and Ta-doped LLZO. The pat-
terns are consistent with a pure cubic structure with no second 
phases, as compared to cubic LLZO reported in the literature, Li7-

xLa3TaxZr2-xO12 (ISCD 183686).44 Lattice constants of 12.957 ± 
0.002 Å and 12.945 ± 0.001 Å, for Al-doped and Ta-doped LLZO 

respectively, were determined by Rietveld refinement. (The Bragg-
R value obtained from the Reitveld refinement was 29% and 14% 
for the Al-doped and Ta-doped LLZO, respectively.) These lattice 
constant values are in good agreement with the present DFT calcu-
lations, which predict lattice constants of 13.023 Å and 13.013 Å 
for Al and Ta-doped LLZO, respectively. Both theory and experi-
ment predict that the Al-doped variant has a slightly larger lattice 
constant. 

Table 1. Elastic properties of Al-doped and Ta-doped LLZO. The elastic constants and moduli are expressed in GPa.  

 C11 C12 C44 B E G ! 

Al-doped LLZO 

DFT  (0 K) 187.0 75.1 71.0 112.4 162.6 64.6 0.26 

DFT extrapolated (298 K)     154.5 61.4  

Impulse excitation (298 K)    100.2 ± 0.6 146.1 ± 0.8 58.1 ± 0.3  

Dynamic nanoindentation (298 K)     150.3 ± 2.2 59.8 ± 0.9  

RUS (298 K) Ref. 21     102.8 ± 0.3 149.8 ± 0.4 59.6 ± 0.1 0.257±0.002 

Ta-doped LLZO 

DFT  (0 K) 169.8 63.9 69.8 99.2 154.9 62.5 0.24 

DFT extrapolated (298 K)     147.2 59.4  

Impulse excitation (298 K)    96.0 ± 1.4 139.9 ± 2.1 55.7 ± 0.8  

Dynamic nanoindentation (298 K)     153.8 ± 2.7 61.2 ± 1.1  

 
 

 

Figure 3. X-ray diffraction patterns of Al-doped and Ta-doped 
LLZO. 

 

 
Figure 4.  Fracture surfaces of: (a) Al-doped and (b) Ta-doped 

LLZO. 
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The mass density, ρ, of Al-doped and Ta-doped LLZO hot-
pressed samples was 5.08 ± 0.09 g/cm3 and 5.34 ± 0.05 g/cm3, as 
determined from their mass and physical dimensions. The calculat-
ed bulk densities were divided by the theoretical densities (5.139 
g/cm3 and 5.396 g/cm3, respectively), which were determined from 
the measured lattice parameter.  Based on these values, the relative 
density for both compositions is 98.9%. Thus, both materials have 
near theoretical density. It is well-known that the elastic modulus of 
a single phase material decreases with increasing porosity.45 How-
ever, given that the density of the LLZO specimens prepared here 
are near their theoretical densities, the measured E and G of the 
bulk polycrystalline specimens can be compared directly to the 
predicted values.  

Micrographs of the fractured surfaces of the Al-doped LLZO are 
shown in Figure 4(a). These images further confirm the presence of 
a dense specimen with nearly zero porosity. Similarly, only limited 
and isolated porosity was observed in the fractured surfaces of the 
Ta-doped LLZO specimen, Figure 4(b), consistent again with 
specimens having near theoretical density.  

The grain size of the Al-doped LLZO specimen was 5 – 50 µm, 
and 1 – 10 µm for the Ta-doped specimen (Figure 4). For each 
specimen, the grain size is significantly smaller than the specimen 
length of 2.552 ± 0.007 mm and 4.135 ± 0.031 mm.  Thus, the elas-
tic moduli of the bulk polycrystalline specimens may be assumed to 
be isotropic. 

From nanoindentation, the Young’s modulus (E) of the Al-
doped LLZO is 150.3 ± 2.2 GPa; for Ta-doped LLZO a value of 
153.8 ± 2.7 GPa was measured (Figure 5, Table 1).   Because the 
size of each nanoindentation is approximately 500 nm – which is 2 
to 100 times smaller than the diameter of each grain – the elastic 
moduli values are approximately equivalent to an average over sev-
eral single grain/quasi-single crystal measurements performed on 
random orientations.  Thus, when comparing the calculated (154.5 

and 147.2 GPa, respectively) and measured average quasi-single 
crystal values, excellent agreement is achieved (Table 1).  At 298 K 
the Al-doped and Ta-doped calculated and measured quasi-single 
crystal elastic moduli are within 3 and 5 %, respectively.  Indeed, 
theory predicts the Ta-doped LLZO should have a lower elastic 
modulus compared to the Al-doped LLZO.  However, the relative-
ly small difference in values could be due to experimental error.  

By impulse-excitation, the E of the Al-doped LLZO is 146.1 ± 
0.8 GPa and Ta-doped LLZO is 139.9 ± 2.7 GPa (Table 1). Be-
cause the impulse excitation technique interrogates the specimen 
volume beneath the transducer (8 mm diameter) and the grains are 
< 50 µm, the elastic moduli represent isotropic bulk polycrystalline 
values that include < 2% porosity.  The error in the elastic moduli is 
primarily a function of the variation in the specimen thickness.  

Experimentally, G measured by nanoindentation is 59.8 ± 0.9 
GPa for Al doped LLZO and 61.2 ± 1.1 GPa for the Ta- doped 
sample (Table 1).  By impulse excitation G is 58.1 ± 0.3 GPa for Al 
doped LLZO and 55.7 ± 0.8 GPa for Ta-doped LLZO (Table 1). 

Importantly, from Table 1 it can be observed that the calculated 
and measured (by both impulse excitation and nanoindentation) E 
and G moduli are within 5%. In addition, from Table 1 it can be 
observed that experimental and calculated E and G values for Al-
doped LLZO are consistent with literature values reported from 
RUS measurements of similar Al-doped LLZO.21  

The average of the calculated, nanoindentation, and impulse ex-
citation measurements for E (Table 1 at 298 K) for Al and Ta-
doped LLZO is 150 GPa and 147 GPa, respectively.  Using ν = 0.26 
(Table 1) and equation 10, these elastic moduli averages give aver-
age shear moduli of 60 GPa and 58 GPa for the Al and Ta-doped 
LLZO, respectively.  The significance of these values will be dis-
cussed below after we revisit the shear moduli data for Li. 

Ductility. In addition to being stiff to prevent dendrite penetra-
tion, some degree of ductility would also be desirable in a SE so as 
to maintain good interfacial contact with an electrode during cy-
cling. As a rough estimate of the ductility of LLZO we have calcu-
lated the ratio of the bulk modulus to the shear modulus, !/!, 
which indicates the ductility/brittleness nature of a solid.22 Accord-
ing to Pugh’s criterion,46 the critical !/! value for a transition from 
brittle to ductile behavior is 1.75. The calculated !/! values for Al 
and Ta-doped LLZO are 1.74 and 1.59, respectively. A strict inter-
pretation of Pugh’s criterion indicates that both compounds should 
therefore be considered brittle materials. The brittle behavior of 
both compounds is consistent with the general properties of oxides 
such as �-SiO2, for which !/! = 1.4.47

 

The predicted brittle nature of the two LLZO compositions is in 
agreement with fracture toughness results of Wolfenstine et al.48 on 
Al doped LLZO (Li6.24Al0.24La3Zr2O11.98) where a fracture toughness 
of ∼1.25 MPa-m1/2 was measured.  This value can be compared to 
fracture toughness values of ∼1 MPa-m1/2 for an ideal brittle mate-
rial, such as silicate glass, and 25-35 MPa-m1/2 for ductile metals like 
aluminum.49

 

 
Figure 5. Young’s modulus, E, of Al-doped and Ta-doped LLZO 

specimens as a function of nanoindentation displacement. 

Young’s modulus, measured by nano-indentation, is insensitive to dopant composition

Erik Herbert, Michigan Tech.

22



10/8/19

12

23

 6 

Measured Elastic Properties of LLZO. Measuring the elastic 
properties required phase pure, high relative density samples.  Hot 
pressing was used to achieve > 98 % relative density, and X-Ray 
diffraction was used to characterize the crystal structure. Geometric 
measurements were used to measure density, while SEM fractog-
raphy was used to evaluate the magnitude and distribution of po-
rosity.  Confirming the phase purity and high relative density ena-
bled the elastic property measurement using nanoindentation and 
impulse excitation to obtain quasi-single crystal and polycrystalline 
elastic properties, respectively.  

Figure 3 shows X-ray diffraction patterns for the polycrystalline 
hot pressed samples of Al-doped and Ta-doped LLZO. The pat-
terns are consistent with a pure cubic structure with no second 
phases, as compared to cubic LLZO reported in the literature, Li7-

xLa3TaxZr2-xO12 (ISCD 183686).44 Lattice constants of 12.957 ± 
0.002 Å and 12.945 ± 0.001 Å, for Al-doped and Ta-doped LLZO 

respectively, were determined by Rietveld refinement. (The Bragg-
R value obtained from the Reitveld refinement was 29% and 14% 
for the Al-doped and Ta-doped LLZO, respectively.) These lattice 
constant values are in good agreement with the present DFT calcu-
lations, which predict lattice constants of 13.023 Å and 13.013 Å 
for Al and Ta-doped LLZO, respectively. Both theory and experi-
ment predict that the Al-doped variant has a slightly larger lattice 
constant. 

Table 1. Elastic properties of Al-doped and Ta-doped LLZO. The elastic constants and moduli are expressed in GPa.  

 C11 C12 C44 B E G ! 

Al-doped LLZO 

DFT  (0 K) 187.0 75.1 71.0 112.4 162.6 64.6 0.26 

DFT extrapolated (298 K)     154.5 61.4  

Impulse excitation (298 K)    100.2 ± 0.6 146.1 ± 0.8 58.1 ± 0.3  

Dynamic nanoindentation (298 K)     150.3 ± 2.2 59.8 ± 0.9  

RUS (298 K) Ref. 21     102.8 ± 0.3 149.8 ± 0.4 59.6 ± 0.1 0.257±0.002 

Ta-doped LLZO 

DFT  (0 K) 169.8 63.9 69.8 99.2 154.9 62.5 0.24 

DFT extrapolated (298 K)     147.2 59.4  

Impulse excitation (298 K)    96.0 ± 1.4 139.9 ± 2.1 55.7 ± 0.8  

Dynamic nanoindentation (298 K)     153.8 ± 2.7 61.2 ± 1.1  

 
 

 

Figure 3. X-ray diffraction patterns of Al-doped and Ta-doped 
LLZO. 

 

 
Figure 4.  Fracture surfaces of: (a) Al-doped and (b) Ta-doped 

LLZO. 

The calculated and measured isotropic shear modulus are in good agreement, 
and fall within the range of 56 to 61 GPa. 

LLZO Elastic Properties

23

24

 8 

BCC Lithium. The calculated elastic constants and moduli for 
BCC Li are summarized in Tables 2 and S3. Values reported there 
are for Method A. The values for B, !!!, and !!! at zero Kelvin 
were obtained using direct DFT calculations, while the other elastic 
properties were derived from those values using Eq. (4)-(7). In 
Table 2, the calculated values for B, !!!, and !!! are 13.7 GPa, 15.3 
GPa and 11.3 GPa, respectively. These values are in very good 
agreement (differing by only 3%) with the experimental data, 
which fall within the ranges 13.1 - 13.8 GPa (B), 14.6 - 15.4 GPa 
(!!!) and 11.3 - 11.4 GPa (!!!) GPa at 0 K.50-52 At room tempera-
ture the experimental values are approximately 15% lower.51-53 
Thus, the predicted E and G values are approximately 11.1 and 4.25 
GPa, respectively, when extrapolated to room temperature using a 
similar scaling factor (reduction of 15%).   

The predicted value for E of 11.1 GPa at room temperature can 
be compared to room temperature experimental values for Li of 8 
GPa54 and 4.9 GPa55, as determined by resonance spectroscopy and 
from static bending tests under oil, respectively. The predicted 
value is reasonable agreement with the resonance value and about 
twice higher than the static value. It is known that dynamic values 
are in general more accurate than static values as a result of experi-
mental difficulties (e.g. friction at the load points).56 

Discussion and Implications.  Microstructural features such as 
(i) porosity, (ii) second phases, (iii) texture, and (iv) grain size can 
influence the experimental modulus. Although our measured and 
calculated moduli are in very good agreement, these four features 
could in principle account for differences between theory and ex-
periment. As described above, the LLZO samples examined here 
are close to theoretical density, contain no second phases (based on 
x-ray diffraction, Fig. 3), and have no texture (based on previous 
studies of Ni et al.21 for hot-pressed LLZO). This rules out contri-
butions from factors (i) – (iii). Furthermore, it has been previously 
established that the modulus is independent of grain size and grain 
boundary characteristics when the grain size is in the micron 
range.57-60 Since the grain size of both LLZO samples is within this 
range, 5 – 50 µm for the Al-doped specimen, and 1 – 10 µm for the 
Ta-doped specimen, Fig. 4, this rules out factor (iv). We therefore 

conclude that the experimental modulus is not strongly influenced 
by microstructural features and can be directly compared to the 
DFT values.  

According to the model of Monroe et al., a solid electrolyte hav-
ing a shear modulus that is a factor of 2 times greater than the shear 
modulus of metallic Li should suppress dendrite initiation.23 Given 
the calculated shear modulus for Li determined in this work (4.25 
GPa), a solid electrolyte having a room temperature shear modulus 
greater than approximately 8.5 GPa is required to suppress dendrite 
formation.  The averaged shear moduli of Al and Ta-doped LLZO, 
58-60 GPa, are more than ten times greater than the shear modulus 
of Li and, therefore, could suppress Li dendrite formation. Never-
theless, it is important to recognize that scenarios exist in which 
dendrites could still form even in the presence of a solid electrolyte 
that satisfies Monroe’s criterion. This could occur, for example, in 
cases where significant porosity exists at the electrolyte/anode 
interface. In other words, satisfying Monroe’s criterion should be 
viewed as a necessary, but not sufficient condition for a viable solid 
electrolyte. As the integrity of the electrode/electrolyte interface is 
critical, the elastic properties of the electrode materials are also an 
important factor in the performance of solid-state batteries. 

It is instructive to compare the elastic properties of LLZO to 
those for other solid oxide Li-ion conductors.  The Young’s modu-
lus for LATP (Li1+xAlxTi2-x(PO4)3 with x≈0.3) determined from 
stress-strain curves at low strains is approximately 115 GPa.61 For 
Li3xLa0.67-xTiO3 with x≈0.11 (LLTO) E ∼193 GPa was determined 
from nanoindentation and resonant ultrasound spectroscopy.62 
Finally, LiPON thin films have E = 77 GPa as determined using 
nanoindentation.63 Thus, the LLZO E value of ~150 GPa reported 
here is higher than that for LATP and LiPON, but smaller than that 
for LLTO.  

LATP and LLTO have both been shown to be unstable in con-
tact with metallic Li because they contain Ti+4, which can be re-
duced to Ti+3, leading to mixed (both electronic and ionic) conduc-
tivity. Unlike LATP and LLTO, LLZO and LiPON are both stable 
with respect to Li.  Moreover, the shear moduli of LLZO (60 GPa) 
and LiPON (31 GPa) both exceed the critical shear modulus crite-

Table 2. Elastic properties of BCC Li. The elastic constants and moduli are expressed in GPa. Values marked with an asterisk are 
derived using Eq. (6) and (7). DFT values were extrapolated to 298 K by reducing the zero Kelvin values by 15%. 
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• Monroe/Newman: SE with shear modulus (G) twice that of Li 
should suppress dendrites 
– G for Li: 4.25 GPa
– SE having G of ~8.5 GPa is required to suppress dendrites
– G for LLZO: 58-60 GPa (10x the shear modulus of Li)

• LLZO is expected to suppress dendrite formation

• Nevertheless, dendrites could still form even with an SE that 
satisfies Monroe’s criterion 
– Monroe/Newman neglects microstructural effects: Eg., porosity at the 

electrolyte/anode interface could be problematic
– High stiffness should be viewed as a necessary, but not sufficient 

condition for a viable solid electrolyte

Summary: Elastic Properties
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Dendrites?!

• Short circuiting observed in Li-
LLZO-Li symmetric cells at 
room temperature for current 
densities > 0.05 mA/cm2

• LLZO membranes develop 
black, linear features that 
propagate across entire 
membrane 

• These features are metallic Li, 
and coincide with the location 
of grain boundaries

Microstructural features, and not elastic properties alone, are important in the 
design of solid electrolytes 

3.6. Direct observation of metallic Li (AES analysis)

AES is an analytical technique used to characterize the
elemental make up of the first few atomic layers (0.5–5nm) of a
surface using high spatial resolution (!50nm point-to-point), and
precise chemical sensitivity [19]. We investigated the surface
chemical composition of the web structure by AES. An AES-SEM
micrograph of the web structure is presented in Fig. 6(a), where
Auger elementmapping of Li was carried out, as shown in Fig. 6(b).
The Li concentration in the web structure was much higher (bright
contrast) than that in the LLZO matrix (dark contrast). In addition,
an AES line scan for Li was performed in a different area, along line
ABCD in the SEM micrograph shown in Fig. 6(c). Well-defined Li
peaks were observed along line segment BC, where the line scan
path from point B to C was located on the web structure. In
contrast, almost no Li peaks were observed along line segments AB
and CD, which was primarily believed to be LLZO. On the other
hand, the Au line-scan spectrum along the line ABCD was nearly
invariant. In general, the elemental distribution results (e.g., the
distribution of Li and Zr) fromAESwere consistentwith those from
EDS. Therefore, based on the EDS and AES analysis, the grain
consisted of LLZO garnet and the grain boundaries were saturated
with Li metal. We believe this is the first report to directly measure
the formation of metallic Li in LLZO.

3.7. Li plating through grain boundaries

The web structure closely resembled the LLZO microstructure
in that the hexagonal shapes defined by the metallic Li mimicked
grains in hot-pressed LLZO. In addition, the hexagonal feature
diameters were close to the diameter of LLZO grains. Based on
these observations, we believed the Li web structurewas generally
observed along the LLZO grain boundaries. Thus, Li plated
intergranularly through the LLZO electrolyte grain boundaries
causing the grains to fracture transgranularly. Sudo et al.
speculated that the black spots on the short-circuited LLZO surface
was Li, growing through the grain boundaries or voids in LLZO [20].
Ren et al., using backscattered electron SEM and EDS, indicated
that Li grew through grain boundaries and interconnected pores in
short-circuited LLZO [11]. Though previous work certainly points
to the formation Li metal propagation through LLZO, we believe
that through the combination of precise microstructural control,
striking SEM imagery, and the spatial resolution offered using
Auger spectroscopy, this article is the first to confirm that Li
propagates along grain boundaries in short-circuited LLZO. We
believe this information will play a key role in elucidating Li metal
propagation in polycrystalline solid electrolytes and can be used to

establish strategies to stabilize the Li–solid electrolyte interface
upon charging. However, regarding the effect of grain size on total
conductivity, it has been shown that nanostructured materials can
exhibit an order of magnitude higher ionic conductivity than the
conventional microcrystalline materials [21].

4. Conclusions

In summary, we showed direct evidence for the first time that Li
preferentially propagated intergranularly through LLZO grain
boundaries and resulted in metallic short-circuiting of the Li/
LLZO/Li symmetric cells during cycling. The results of this study are
essential in understanding Li metal propagation in polycrystalline
solid electrolytes and leading to potential strategies for stabilizing
Li–solid electrolyte interface during charging. To improve the
stability of the Li–solid electrolyte interface, future efforts should
focus on engineering grain boundary structures to suppress Li
filament propagation in polycrystalline solid electrolytes. We
believe these data can be used to enable metallic Li electrodes to
allow for unprecedented improvements in battery technology
performance, safety, and durability.
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formation of Li filaments in solid-state Li-LLZO-Li cells [10].
Macroscopically, dark features formed on the LLZO surface when
the current density exceeded 0.1mA/cm2 at room temperature and
20mA/cm2 at 160 !C. Inductive behavior in the electrochemical
impedance spectroscopy (EIS) spectra after cycling indicated
metallic short-circuiting occurred. Similarly, Ren and Imanishi
et al. confirmed the formation of dark features above comparable
current densities at room temperature [11,12]. Thus, the question
arises: despite meeting and exceeding the shear modulus criterion
proposed by the Monroe model, how are Li filaments propagating
through LLZO?

In this study, we hypothesize that theMonroemodelmay not be
applicable to polycrystalline solid electrolytes. Polycrystalline
materials consist of grains and grain boundaries. Yet, the role that
grain boundaries may play in governing Li filament initiation and
propagationisnotknownatthistime.Toelucidatethisphenomenon,
the purpose of this study was to determine if Li filaments
preferentially propagate inter or transgranularly (Fig. 1). Under-
standing themode of Li propagationwill help future efforts to better
engineerthemicrostructureand/or interfaces to increasethecurrent
density at which Li is plated during charging solid-state batteries
employingmetallic Li electrodes.However, characterizingLimetal is
challenging due to its reactivitywith air and lowelectron density. In
this study, a novel approach to confirm the presence of Li and how it
propagates in polycrystalline LLZO was demonstrated.

LLZO was synthesized using a conventional solid-state tech-
nique and hot pressed to provide precise control of the
microstructure, e.g. limit porosity to<3% and result in consistent
grain and grain boundary characteristics. The hot pressed LLZOwas
cycled using previously reported protocol to cause Li short-
circuiting at room temperature. Scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDS) and Auger
electron spectroscopy (AES)were used to confirm the presence and
spatial distribution of Li to determine which propagation mode
(Fig. 1) occurs. We believe the analysis in this study presents key
evidence to demonstrate how Li propagates in solids, particularly
polycrystalline ceramics. Because the polycrystalline form is more
practical compared to single crystals, understanding the role that
grain boundaries play is critical. In addition, because the formation
of Li metal in the microstructure involves mechanical failure
through fracture, we believe the results of this study will help
elucidate the electrochemical-mechanical phenomena that govern
the stability of the Li–solid electrolyte interface. Overall, these data
may help improve the charge rate of solid-state batteries
employing metallic Li negative electrodes.

2. Experimental

2.1. LLZO specimen preparation

Cubic LLZO was prepared by a solid-state synthetic technique.
Starting materials, Li2CO3 (99.0%, Alfa Aesar, Ward Hill, MA), La

(OH)3 (99.95%, Alfa Aesar, Ward Hill, MA), ZrO2 (99.9%, Inframat
Advanced Materials, Manchester, CT) and Al2O3 (99.9%, Mager
Scientific, Dexter, MI), were weighted in desired stoichiometry and
dry-milled for 4h in a planetary mill (Retsch GmbH, Haan,
Germany) at 350 rpm. Excess Li2CO3 was used to compensate for Li
volatilization during calcination. The mixed powder was cold-
pressed into to pellets with a diameter of 2.54 cm and calcined at
1000 !C for 4h in air. The calcined pellets were then ground into
powders and hot-pressed using a rapid induction hot-pressing
technique at 1100 !C and 62MPa for 1h under Ar to achieve 97"1%
relative densities. The pellet was cut into 1.0" 0.2mmdiscs using a
diamond saw. The discs were transferred to an Ar-filled glove box
to avoid reaction with air and moisture.

2.2. Electrochemical measurements

The cells used in this experiments were symmetric Li-LLZO-Li
cells assembled inside an Ar-filled glove box. Before cell assembly,
the LLZO was polished inside the glove box to remove surface
contamination. The metallic Li was scrapped to expose a clean
surface. The Li-LLZO-Li cell was compressed using a 316kPa
uniaxial pressure and heated to 175 !C to reduce interfacial
impedance. The cell was cycled at room temperature using a
potentiostat/galvanostat (Bio-logic SP300). The symmetric cells
were cycled at various current densities (1 hour per cycle) with a
rest period of 2min between each current step until the cell
showed an evidence of short circuit. Electrochemical impedance
spectroscopy (EIS) was conducted in a frequency range between
1Hz to 7MHz before and after cycling to characterize the cell
impedance upon cycling. After cycling, the cells were disassembled
and the short-circuited LLZO was removed for analysis.

2.3. Materials characterization

SEM/FIB/EDS were performed on a FEI Nova 200 Nano lab
Dualbeam SEM/FIB microscope (accelerating voltage: 0.2–30kV
(electrons), up to 30kV (ions)) and on a FEI Helios Nanolab 650
Dualbeam SEM/FIB microscope (accelerating voltage: 50V–30kV
(electrons), 0.5 kV–30 kV (ions) beam current: 0.8 pA–26nA
(electrons), 0.1 pA–65nA (ions) at the Michigan Center for
Materials Characterization. LLZO specimens for SEM/FIB/EDS
analysis were wet polished with a series of sand paper grits, with
a final polishing using a 1mm diamond paste. A JEOL 2010F
analytical TEM (100 and 200kV) was used for the HRTEM analysis.
Specimens for TEM observation were prepared by diamond-saw
cutting, SiC-paper grinding, dimpling and Ar ion beam milling. A
physical electronics Auger Nanoprobe 680 microscope (spatial
resolution #50nm; energy resolution #0.3% of the electron
energy) was used to probe elements in LLZO. The cycled LLZO
specimenwas coatedwith a thin Au layer before SEM/XPS/EDS/AES
analysis to increase electron conductivity. Based on high-resolu-
tion SEM micrographs, the average diameter of the web structure
was estimated from 75 webs using ImageJ software [13].

3. Results and discussion

3.1. Electron micrographs of as-prepared LLZO

To characterize the LLZO electrolyte before cycling, electron
microscopy was conducted (Fig. 2). An SEM micrograph of a
polished surface is shown in Fig. 2(a), where no cracks, except a
few pores, were observed and was consistent with the expected
high relative density of 97"1% [10]. Fig. 2(b) presents a freshly
cleaved surface, from which the average grain size is estimated to
be #2.8"0.8mm, consistent with that reported by previous
investigations [14,15]. The fracture mode was predominantly

Fig. 1. Illustration of Li metal plating through polycrystalline LLZO solid electrolyte
(a) transgranular, (b) intergranular.
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transgranular, indicating relatively high grain boundary strength. A
high-resolution transmission electron microscopy (HR-TEM)
image of the LLZO (011) plane along the [100] direction is depicted
in Fig. 2(c) (the inset is the corresponding selected area electron
diffraction pattern). The TEM analysis indicates that the Al-doped
LLZO has a cubic crystal structure with a lattice parameter of
approximately 1.3 nm,which is in agreementwith X-ray diffraction
(XRD) [10,16].

3.2. Electrochemical studies of a Li/LLZO/Li cell

The direct current (DC) cycling behavior of LLZO was
characterized using Li-LLZO-Li symmetric cells. Fig. 3. (a) shows

the DC cycling of the symmetric cell at room temperature. The cell
followed Ohmic behavior (V = IR) at the lower current densities of
less than 0.015mA.cm!2 and deviated from Ohmic behavior at
current densities greater than 0.015mA.cm!2. At 0.10mA.cm!2, an
abrupt drop in polarization voltage to approximately 0V occurred,
indicating the cell had short-circuited. In addition, EIS was
performed before and after completing the DC polarization at
room temperature. Prior to initiating the cycling test, the
electrochemical impedance behavior of the cell was measured
as illustrated in Fig. 3. (b). The Nyquist plot consists of two
semicircular features that are consistentwith the Ohmic resistance
of LLZO at the higher frequencies (7 MHz–100kHz) and charge
transfer resistance at the lower frequencies (100 kHz–1Hz). The

Fig. 2. Electron micrographs of uncycled LLZO (a) SEM image of a polished surface (arrow heads indicate micron-sized pores), (b) SEM image of a fracture surface, (c) high-
resolution TEM image of (011) plane along the [100] direction. The inset shows the corresponding selected area diffraction pattern.

Fig. 3. Electrochemical studies of a Li/LLZO/Li symmetric cell at room temperature and SEM analysis of LLZO after DC polarization (a) Galvanostatic cycling (the inset shows
the last two cycles), (b) Nyquist plots before and after cycling, and (c) optical image of a cycled LLZO pellet showing the appearance of black linear features, believed to be
caused by the propagation of metallic Li, (d) SEM image of a polished surface exhibiting fissures on the surface once in contact with a Li electrode, (e) SEM image of a
subsurface fissure excavated by FIB.
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subsurface fissure excavated by FIB.

E.J. Cheng et al. / Electrochimica Acta 223 (2017) 85–91 87

calculated values of capacitance were about 10!12 F.cm!2 for bulk
LLZO,10!8 F.cm!2 for grain boundaries and 10!6 F.cm!2 for Li-LLZO
charge transfer resistance. These capacitance values are in good
agreement with the ascribed phenomena as described previously
[17]. The Nyquist plot after DC cycling is consistent with an
electronic short-circuit exhibiting inductance. After cycling and
upon cell disassembly, clear evidence of darkmacroscopic features
were evident, as shown in the optical image Fig. 3. (c). It was
believed, that the dark features were Li metal filaments that
propagated between pellet faces to cause short-circuiting.

3.3. SEM and FIB analysis of a short-circuited LLZO

After short-circuiting, fissures were observed on the surface of
the cycled LLZO electrolyte, as shown in the SEM micrograph of
Fig. 3(d). In geometry and scale, these fissures closely resembled
the black lines observed in Fig. 3(c). To determine if the features

extended below the pellet face, focused ion beam (FIB) milling was
used to observe the sub-surface microstructure. As shown in
Fig. 3(e), the surface features propagate well below the LLZO pellet
surface taking on the appearance of fissures. Because no such
features were observed on the surface of the pre-cycled polished
pellet surface (Fig. 2(a)), it was believed the features were caused
by Li metal propagation.

3.4. Web structure in the fracture surface

Assuming the features were metallic Li, attempts were made to
determine if they propagated inter or transgranularly. To do so, a
bendingmomentwas applied to the pellet to cause fracture near or
along the feature. Immediately after fracture, one half of the
specimen was transferred into an SEM (Fig. 4(a)). An SEM
micrograph of the fractured surface is presented in Fig. 4(b),
where a designated area B is enlarged and shown in Fig. 4(c). A

Fig. 4. SEM micrographs of the web structure in cycled LLZO (a) illustration of a fractured surface through a black linear feature, (b) SEM image of a fracture surface, (c)
enlarged SEMmicrograph of the boxed area B in (a), (d) highermagnification SEM image of theweb structure in (c), and (e) statistical distribution of the average hexagon-like
diameters defined by the web structure. (f), (g) and (h) are successively amplified SEM images of the web structure after exposure to air.
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After short-circuiting, fissures were observed on the surface of
the cycled LLZO electrolyte, as shown in the SEM micrograph of
Fig. 3(d). In geometry and scale, these fissures closely resembled
the black lines observed in Fig. 3(c). To determine if the features

extended below the pellet face, focused ion beam (FIB) milling was
used to observe the sub-surface microstructure. As shown in
Fig. 3(e), the surface features propagate well below the LLZO pellet
surface taking on the appearance of fissures. Because no such
features were observed on the surface of the pre-cycled polished
pellet surface (Fig. 2(a)), it was believed the features were caused
by Li metal propagation.

3.4. Web structure in the fracture surface

Assuming the features were metallic Li, attempts were made to
determine if they propagated inter or transgranularly. To do so, a
bendingmomentwas applied to the pellet to cause fracture near or
along the feature. Immediately after fracture, one half of the
specimen was transferred into an SEM (Fig. 4(a)). An SEM
micrograph of the fractured surface is presented in Fig. 4(b),
where a designated area B is enlarged and shown in Fig. 4(c). A

Fig. 4. SEM micrographs of the web structure in cycled LLZO (a) illustration of a fractured surface through a black linear feature, (b) SEM image of a fracture surface, (c)
enlarged SEMmicrograph of the boxed area B in (a), (d) highermagnification SEM image of theweb structure in (c), and (e) statistical distribution of the average hexagon-like
diameters defined by the web structure. (f), (g) and (h) are successively amplified SEM images of the web structure after exposure to air.
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calculated values of capacitance were about 10!12 F.cm!2 for bulk
LLZO,10!8 F.cm!2 for grain boundaries and 10!6 F.cm!2 for Li-LLZO
charge transfer resistance. These capacitance values are in good
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transgranular, indicating relatively high grain boundary strength. A
high-resolution transmission electron microscopy (HR-TEM)
image of the LLZO (011) plane along the [100] direction is depicted
in Fig. 2(c) (the inset is the corresponding selected area electron
diffraction pattern). The TEM analysis indicates that the Al-doped
LLZO has a cubic crystal structure with a lattice parameter of
approximately 1.3 nm,which is in agreementwith X-ray diffraction
(XRD) [10,16].

3.2. Electrochemical studies of a Li/LLZO/Li cell

The direct current (DC) cycling behavior of LLZO was
characterized using Li-LLZO-Li symmetric cells. Fig. 3. (a) shows

the DC cycling of the symmetric cell at room temperature. The cell
followed Ohmic behavior (V = IR) at the lower current densities of
less than 0.015mA.cm!2 and deviated from Ohmic behavior at
current densities greater than 0.015mA.cm!2. At 0.10mA.cm!2, an
abrupt drop in polarization voltage to approximately 0V occurred,
indicating the cell had short-circuited. In addition, EIS was
performed before and after completing the DC polarization at
room temperature. Prior to initiating the cycling test, the
electrochemical impedance behavior of the cell was measured
as illustrated in Fig. 3. (b). The Nyquist plot consists of two
semicircular features that are consistentwith the Ohmic resistance
of LLZO at the higher frequencies (7 MHz–100kHz) and charge
transfer resistance at the lower frequencies (100 kHz–1Hz). The

Fig. 2. Electron micrographs of uncycled LLZO (a) SEM image of a polished surface (arrow heads indicate micron-sized pores), (b) SEM image of a fracture surface, (c) high-
resolution TEM image of (011) plane along the [100] direction. The inset shows the corresponding selected area diffraction pattern.

Fig. 3. Electrochemical studies of a Li/LLZO/Li symmetric cell at room temperature and SEM analysis of LLZO after DC polarization (a) Galvanostatic cycling (the inset shows
the last two cycles), (b) Nyquist plots before and after cycling, and (c) optical image of a cycled LLZO pellet showing the appearance of black linear features, believed to be
caused by the propagation of metallic Li, (d) SEM image of a polished surface exhibiting fissures on the surface once in contact with a Li electrode, (e) SEM image of a
subsurface fissure excavated by FIB.
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features were observed on the surface of the pre-cycled polished
pellet surface (Fig. 2(a)), it was believed the features were caused
by Li metal propagation.

3.4. Web structure in the fracture surface

Assuming the features were metallic Li, attempts were made to
determine if they propagated inter or transgranularly. To do so, a
bendingmomentwas applied to the pellet to cause fracture near or
along the feature. Immediately after fracture, one half of the
specimen was transferred into an SEM (Fig. 4(a)). An SEM
micrograph of the fractured surface is presented in Fig. 4(b),
where a designated area B is enlarged and shown in Fig. 4(c). A

Fig. 4. SEM micrographs of the web structure in cycled LLZO (a) illustration of a fractured surface through a black linear feature, (b) SEM image of a fracture surface, (c)
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3.6. Direct observation of metallic Li (AES analysis)

AES is an analytical technique used to characterize the
elemental make up of the first few atomic layers (0.5–5nm) of a
surface using high spatial resolution (!50nm point-to-point), and
precise chemical sensitivity [19]. We investigated the surface
chemical composition of the web structure by AES. An AES-SEM
micrograph of the web structure is presented in Fig. 6(a), where
Auger elementmapping of Li was carried out, as shown in Fig. 6(b).
The Li concentration in the web structure was much higher (bright
contrast) than that in the LLZO matrix (dark contrast). In addition,
an AES line scan for Li was performed in a different area, along line
ABCD in the SEM micrograph shown in Fig. 6(c). Well-defined Li
peaks were observed along line segment BC, where the line scan
path from point B to C was located on the web structure. In
contrast, almost no Li peaks were observed along line segments AB
and CD, which was primarily believed to be LLZO. On the other
hand, the Au line-scan spectrum along the line ABCD was nearly
invariant. In general, the elemental distribution results (e.g., the
distribution of Li and Zr) fromAESwere consistentwith those from
EDS. Therefore, based on the EDS and AES analysis, the grain
consisted of LLZO garnet and the grain boundaries were saturated
with Li metal. We believe this is the first report to directly measure
the formation of metallic Li in LLZO.

3.7. Li plating through grain boundaries

The web structure closely resembled the LLZO microstructure
in that the hexagonal shapes defined by the metallic Li mimicked
grains in hot-pressed LLZO. In addition, the hexagonal feature
diameters were close to the diameter of LLZO grains. Based on
these observations, we believed the Li web structurewas generally
observed along the LLZO grain boundaries. Thus, Li plated
intergranularly through the LLZO electrolyte grain boundaries
causing the grains to fracture transgranularly. Sudo et al.
speculated that the black spots on the short-circuited LLZO surface
was Li, growing through the grain boundaries or voids in LLZO [20].
Ren et al., using backscattered electron SEM and EDS, indicated
that Li grew through grain boundaries and interconnected pores in
short-circuited LLZO [11]. Though previous work certainly points
to the formation Li metal propagation through LLZO, we believe
that through the combination of precise microstructural control,
striking SEM imagery, and the spatial resolution offered using
Auger spectroscopy, this article is the first to confirm that Li
propagates along grain boundaries in short-circuited LLZO. We
believe this information will play a key role in elucidating Li metal
propagation in polycrystalline solid electrolytes and can be used to

establish strategies to stabilize the Li–solid electrolyte interface
upon charging. However, regarding the effect of grain size on total
conductivity, it has been shown that nanostructured materials can
exhibit an order of magnitude higher ionic conductivity than the
conventional microcrystalline materials [21].

4. Conclusions

In summary, we showed direct evidence for the first time that Li
preferentially propagated intergranularly through LLZO grain
boundaries and resulted in metallic short-circuiting of the Li/
LLZO/Li symmetric cells during cycling. The results of this study are
essential in understanding Li metal propagation in polycrystalline
solid electrolytes and leading to potential strategies for stabilizing
Li–solid electrolyte interface during charging. To improve the
stability of the Li–solid electrolyte interface, future efforts should
focus on engineering grain boundary structures to suppress Li
filament propagation in polycrystalline solid electrolytes. We
believe these data can be used to enable metallic Li electrodes to
allow for unprecedented improvements in battery technology
performance, safety, and durability.
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formation of Li filaments in solid-state Li-LLZO-Li cells [10].
Macroscopically, dark features formed on the LLZO surface when
the current density exceeded 0.1mA/cm2 at room temperature and
20mA/cm2 at 160 !C. Inductive behavior in the electrochemical
impedance spectroscopy (EIS) spectra after cycling indicated
metallic short-circuiting occurred. Similarly, Ren and Imanishi
et al. confirmed the formation of dark features above comparable
current densities at room temperature [11,12]. Thus, the question
arises: despite meeting and exceeding the shear modulus criterion
proposed by the Monroe model, how are Li filaments propagating
through LLZO?

In this study, we hypothesize that theMonroemodelmay not be
applicable to polycrystalline solid electrolytes. Polycrystalline
materials consist of grains and grain boundaries. Yet, the role that
grain boundaries may play in governing Li filament initiation and
propagationisnotknownatthistime.Toelucidatethisphenomenon,
the purpose of this study was to determine if Li filaments
preferentially propagate inter or transgranularly (Fig. 1). Under-
standing themode of Li propagationwill help future efforts to better
engineerthemicrostructureand/or interfaces to increasethecurrent
density at which Li is plated during charging solid-state batteries
employingmetallic Li electrodes.However, characterizingLimetal is
challenging due to its reactivitywith air and lowelectron density. In
this study, a novel approach to confirm the presence of Li and how it
propagates in polycrystalline LLZO was demonstrated.

LLZO was synthesized using a conventional solid-state tech-
nique and hot pressed to provide precise control of the
microstructure, e.g. limit porosity to<3% and result in consistent
grain and grain boundary characteristics. The hot pressed LLZOwas
cycled using previously reported protocol to cause Li short-
circuiting at room temperature. Scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDS) and Auger
electron spectroscopy (AES)were used to confirm the presence and
spatial distribution of Li to determine which propagation mode
(Fig. 1) occurs. We believe the analysis in this study presents key
evidence to demonstrate how Li propagates in solids, particularly
polycrystalline ceramics. Because the polycrystalline form is more
practical compared to single crystals, understanding the role that
grain boundaries play is critical. In addition, because the formation
of Li metal in the microstructure involves mechanical failure
through fracture, we believe the results of this study will help
elucidate the electrochemical-mechanical phenomena that govern
the stability of the Li–solid electrolyte interface. Overall, these data
may help improve the charge rate of solid-state batteries
employing metallic Li negative electrodes.

2. Experimental

2.1. LLZO specimen preparation

Cubic LLZO was prepared by a solid-state synthetic technique.
Starting materials, Li2CO3 (99.0%, Alfa Aesar, Ward Hill, MA), La

(OH)3 (99.95%, Alfa Aesar, Ward Hill, MA), ZrO2 (99.9%, Inframat
Advanced Materials, Manchester, CT) and Al2O3 (99.9%, Mager
Scientific, Dexter, MI), were weighted in desired stoichiometry and
dry-milled for 4h in a planetary mill (Retsch GmbH, Haan,
Germany) at 350 rpm. Excess Li2CO3 was used to compensate for Li
volatilization during calcination. The mixed powder was cold-
pressed into to pellets with a diameter of 2.54 cm and calcined at
1000 !C for 4h in air. The calcined pellets were then ground into
powders and hot-pressed using a rapid induction hot-pressing
technique at 1100 !C and 62MPa for 1h under Ar to achieve 97"1%
relative densities. The pellet was cut into 1.0" 0.2mmdiscs using a
diamond saw. The discs were transferred to an Ar-filled glove box
to avoid reaction with air and moisture.

2.2. Electrochemical measurements

The cells used in this experiments were symmetric Li-LLZO-Li
cells assembled inside an Ar-filled glove box. Before cell assembly,
the LLZO was polished inside the glove box to remove surface
contamination. The metallic Li was scrapped to expose a clean
surface. The Li-LLZO-Li cell was compressed using a 316kPa
uniaxial pressure and heated to 175 !C to reduce interfacial
impedance. The cell was cycled at room temperature using a
potentiostat/galvanostat (Bio-logic SP300). The symmetric cells
were cycled at various current densities (1 hour per cycle) with a
rest period of 2min between each current step until the cell
showed an evidence of short circuit. Electrochemical impedance
spectroscopy (EIS) was conducted in a frequency range between
1Hz to 7MHz before and after cycling to characterize the cell
impedance upon cycling. After cycling, the cells were disassembled
and the short-circuited LLZO was removed for analysis.

2.3. Materials characterization

SEM/FIB/EDS were performed on a FEI Nova 200 Nano lab
Dualbeam SEM/FIB microscope (accelerating voltage: 0.2–30kV
(electrons), up to 30kV (ions)) and on a FEI Helios Nanolab 650
Dualbeam SEM/FIB microscope (accelerating voltage: 50V–30kV
(electrons), 0.5 kV–30 kV (ions) beam current: 0.8 pA–26nA
(electrons), 0.1 pA–65nA (ions) at the Michigan Center for
Materials Characterization. LLZO specimens for SEM/FIB/EDS
analysis were wet polished with a series of sand paper grits, with
a final polishing using a 1mm diamond paste. A JEOL 2010F
analytical TEM (100 and 200kV) was used for the HRTEM analysis.
Specimens for TEM observation were prepared by diamond-saw
cutting, SiC-paper grinding, dimpling and Ar ion beam milling. A
physical electronics Auger Nanoprobe 680 microscope (spatial
resolution #50nm; energy resolution #0.3% of the electron
energy) was used to probe elements in LLZO. The cycled LLZO
specimenwas coatedwith a thin Au layer before SEM/XPS/EDS/AES
analysis to increase electron conductivity. Based on high-resolu-
tion SEM micrographs, the average diameter of the web structure
was estimated from 75 webs using ImageJ software [13].

3. Results and discussion

3.1. Electron micrographs of as-prepared LLZO

To characterize the LLZO electrolyte before cycling, electron
microscopy was conducted (Fig. 2). An SEM micrograph of a
polished surface is shown in Fig. 2(a), where no cracks, except a
few pores, were observed and was consistent with the expected
high relative density of 97"1% [10]. Fig. 2(b) presents a freshly
cleaved surface, from which the average grain size is estimated to
be #2.8"0.8mm, consistent with that reported by previous
investigations [14,15]. The fracture mode was predominantly

Fig. 1. Illustration of Li metal plating through polycrystalline LLZO solid electrolyte
(a) transgranular, (b) intergranular.
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transgranular, indicating relatively high grain boundary strength. A
high-resolution transmission electron microscopy (HR-TEM)
image of the LLZO (011) plane along the [100] direction is depicted
in Fig. 2(c) (the inset is the corresponding selected area electron
diffraction pattern). The TEM analysis indicates that the Al-doped
LLZO has a cubic crystal structure with a lattice parameter of
approximately 1.3 nm,which is in agreementwith X-ray diffraction
(XRD) [10,16].

3.2. Electrochemical studies of a Li/LLZO/Li cell

The direct current (DC) cycling behavior of LLZO was
characterized using Li-LLZO-Li symmetric cells. Fig. 3. (a) shows

the DC cycling of the symmetric cell at room temperature. The cell
followed Ohmic behavior (V = IR) at the lower current densities of
less than 0.015mA.cm!2 and deviated from Ohmic behavior at
current densities greater than 0.015mA.cm!2. At 0.10mA.cm!2, an
abrupt drop in polarization voltage to approximately 0V occurred,
indicating the cell had short-circuited. In addition, EIS was
performed before and after completing the DC polarization at
room temperature. Prior to initiating the cycling test, the
electrochemical impedance behavior of the cell was measured
as illustrated in Fig. 3. (b). The Nyquist plot consists of two
semicircular features that are consistentwith the Ohmic resistance
of LLZO at the higher frequencies (7 MHz–100kHz) and charge
transfer resistance at the lower frequencies (100 kHz–1Hz). The

Fig. 2. Electron micrographs of uncycled LLZO (a) SEM image of a polished surface (arrow heads indicate micron-sized pores), (b) SEM image of a fracture surface, (c) high-
resolution TEM image of (011) plane along the [100] direction. The inset shows the corresponding selected area diffraction pattern.

Fig. 3. Electrochemical studies of a Li/LLZO/Li symmetric cell at room temperature and SEM analysis of LLZO after DC polarization (a) Galvanostatic cycling (the inset shows
the last two cycles), (b) Nyquist plots before and after cycling, and (c) optical image of a cycled LLZO pellet showing the appearance of black linear features, believed to be
caused by the propagation of metallic Li, (d) SEM image of a polished surface exhibiting fissures on the surface once in contact with a Li electrode, (e) SEM image of a
subsurface fissure excavated by FIB.
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transgranular, indicating relatively high grain boundary strength. A
high-resolution transmission electron microscopy (HR-TEM)
image of the LLZO (011) plane along the [100] direction is depicted
in Fig. 2(c) (the inset is the corresponding selected area electron
diffraction pattern). The TEM analysis indicates that the Al-doped
LLZO has a cubic crystal structure with a lattice parameter of
approximately 1.3 nm,which is in agreementwith X-ray diffraction
(XRD) [10,16].

3.2. Electrochemical studies of a Li/LLZO/Li cell

The direct current (DC) cycling behavior of LLZO was
characterized using Li-LLZO-Li symmetric cells. Fig. 3. (a) shows

the DC cycling of the symmetric cell at room temperature. The cell
followed Ohmic behavior (V = IR) at the lower current densities of
less than 0.015mA.cm!2 and deviated from Ohmic behavior at
current densities greater than 0.015mA.cm!2. At 0.10mA.cm!2, an
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indicating the cell had short-circuited. In addition, EIS was
performed before and after completing the DC polarization at
room temperature. Prior to initiating the cycling test, the
electrochemical impedance behavior of the cell was measured
as illustrated in Fig. 3. (b). The Nyquist plot consists of two
semicircular features that are consistentwith the Ohmic resistance
of LLZO at the higher frequencies (7 MHz–100kHz) and charge
transfer resistance at the lower frequencies (100 kHz–1Hz). The

Fig. 2. Electron micrographs of uncycled LLZO (a) SEM image of a polished surface (arrow heads indicate micron-sized pores), (b) SEM image of a fracture surface, (c) high-
resolution TEM image of (011) plane along the [100] direction. The inset shows the corresponding selected area diffraction pattern.

Fig. 3. Electrochemical studies of a Li/LLZO/Li symmetric cell at room temperature and SEM analysis of LLZO after DC polarization (a) Galvanostatic cycling (the inset shows
the last two cycles), (b) Nyquist plots before and after cycling, and (c) optical image of a cycled LLZO pellet showing the appearance of black linear features, believed to be
caused by the propagation of metallic Li, (d) SEM image of a polished surface exhibiting fissures on the surface once in contact with a Li electrode, (e) SEM image of a
subsurface fissure excavated by FIB.

E.J. Cheng et al. / Electrochimica Acta 223 (2017) 85–91 87

calculated values of capacitance were about 10!12 F.cm!2 for bulk
LLZO,10!8 F.cm!2 for grain boundaries and 10!6 F.cm!2 for Li-LLZO
charge transfer resistance. These capacitance values are in good
agreement with the ascribed phenomena as described previously
[17]. The Nyquist plot after DC cycling is consistent with an
electronic short-circuit exhibiting inductance. After cycling and
upon cell disassembly, clear evidence of darkmacroscopic features
were evident, as shown in the optical image Fig. 3. (c). It was
believed, that the dark features were Li metal filaments that
propagated between pellet faces to cause short-circuiting.

3.3. SEM and FIB analysis of a short-circuited LLZO

After short-circuiting, fissures were observed on the surface of
the cycled LLZO electrolyte, as shown in the SEM micrograph of
Fig. 3(d). In geometry and scale, these fissures closely resembled
the black lines observed in Fig. 3(c). To determine if the features

extended below the pellet face, focused ion beam (FIB) milling was
used to observe the sub-surface microstructure. As shown in
Fig. 3(e), the surface features propagate well below the LLZO pellet
surface taking on the appearance of fissures. Because no such
features were observed on the surface of the pre-cycled polished
pellet surface (Fig. 2(a)), it was believed the features were caused
by Li metal propagation.

3.4. Web structure in the fracture surface

Assuming the features were metallic Li, attempts were made to
determine if they propagated inter or transgranularly. To do so, a
bendingmomentwas applied to the pellet to cause fracture near or
along the feature. Immediately after fracture, one half of the
specimen was transferred into an SEM (Fig. 4(a)). An SEM
micrograph of the fractured surface is presented in Fig. 4(b),
where a designated area B is enlarged and shown in Fig. 4(c). A

Fig. 4. SEM micrographs of the web structure in cycled LLZO (a) illustration of a fractured surface through a black linear feature, (b) SEM image of a fracture surface, (c)
enlarged SEMmicrograph of the boxed area B in (a), (d) highermagnification SEM image of theweb structure in (c), and (e) statistical distribution of the average hexagon-like
diameters defined by the web structure. (f), (g) and (h) are successively amplified SEM images of the web structure after exposure to air.
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diameters defined by the web structure. (f), (g) and (h) are successively amplified SEM images of the web structure after exposure to air.
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were evident, as shown in the optical image Fig. 3. (c). It was
believed, that the dark features were Li metal filaments that
propagated between pellet faces to cause short-circuiting.

3.3. SEM and FIB analysis of a short-circuited LLZO

After short-circuiting, fissures were observed on the surface of
the cycled LLZO electrolyte, as shown in the SEM micrograph of
Fig. 3(d). In geometry and scale, these fissures closely resembled
the black lines observed in Fig. 3(c). To determine if the features

extended below the pellet face, focused ion beam (FIB) milling was
used to observe the sub-surface microstructure. As shown in
Fig. 3(e), the surface features propagate well below the LLZO pellet
surface taking on the appearance of fissures. Because no such
features were observed on the surface of the pre-cycled polished
pellet surface (Fig. 2(a)), it was believed the features were caused
by Li metal propagation.

3.4. Web structure in the fracture surface

Assuming the features were metallic Li, attempts were made to
determine if they propagated inter or transgranularly. To do so, a
bendingmomentwas applied to the pellet to cause fracture near or
along the feature. Immediately after fracture, one half of the
specimen was transferred into an SEM (Fig. 4(a)). An SEM
micrograph of the fractured surface is presented in Fig. 4(b),
where a designated area B is enlarged and shown in Fig. 4(c). A

Fig. 4. SEM micrographs of the web structure in cycled LLZO (a) illustration of a fractured surface through a black linear feature, (b) SEM image of a fracture surface, (c)
enlarged SEMmicrograph of the boxed area B in (a), (d) highermagnification SEM image of theweb structure in (c), and (e) statistical distribution of the average hexagon-like
diameters defined by the web structure. (f), (g) and (h) are successively amplified SEM images of the web structure after exposure to air.
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transgranular, indicating relatively high grain boundary strength. A
high-resolution transmission electron microscopy (HR-TEM)
image of the LLZO (011) plane along the [100] direction is depicted
in Fig. 2(c) (the inset is the corresponding selected area electron
diffraction pattern). The TEM analysis indicates that the Al-doped
LLZO has a cubic crystal structure with a lattice parameter of
approximately 1.3 nm,which is in agreementwith X-ray diffraction
(XRD) [10,16].

3.2. Electrochemical studies of a Li/LLZO/Li cell

The direct current (DC) cycling behavior of LLZO was
characterized using Li-LLZO-Li symmetric cells. Fig. 3. (a) shows

the DC cycling of the symmetric cell at room temperature. The cell
followed Ohmic behavior (V = IR) at the lower current densities of
less than 0.015mA.cm!2 and deviated from Ohmic behavior at
current densities greater than 0.015mA.cm!2. At 0.10mA.cm!2, an
abrupt drop in polarization voltage to approximately 0V occurred,
indicating the cell had short-circuited. In addition, EIS was
performed before and after completing the DC polarization at
room temperature. Prior to initiating the cycling test, the
electrochemical impedance behavior of the cell was measured
as illustrated in Fig. 3. (b). The Nyquist plot consists of two
semicircular features that are consistentwith the Ohmic resistance
of LLZO at the higher frequencies (7 MHz–100kHz) and charge
transfer resistance at the lower frequencies (100 kHz–1Hz). The

Fig. 2. Electron micrographs of uncycled LLZO (a) SEM image of a polished surface (arrow heads indicate micron-sized pores), (b) SEM image of a fracture surface, (c) high-
resolution TEM image of (011) plane along the [100] direction. The inset shows the corresponding selected area diffraction pattern.

Fig. 3. Electrochemical studies of a Li/LLZO/Li symmetric cell at room temperature and SEM analysis of LLZO after DC polarization (a) Galvanostatic cycling (the inset shows
the last two cycles), (b) Nyquist plots before and after cycling, and (c) optical image of a cycled LLZO pellet showing the appearance of black linear features, believed to be
caused by the propagation of metallic Li, (d) SEM image of a polished surface exhibiting fissures on the surface once in contact with a Li electrode, (e) SEM image of a
subsurface fissure excavated by FIB.
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ecb da

da b c

Figure. SEM and Auger analysis of the Li “web structure” within a cycled, short-circuited
LLZO pellet. (a) Cartoon of a fracture surface that intersects one of the black linear
features; (b) SEM image of the fracture surface; (c) magnification of the boxed area “B” in
(b), with the right portion of the image intersecting the black linear feature; (c-d) higher
magnification of the black feature, showing its web-like structure; (e) Auger line scan for Li
across the web-like structure, revealing it to be metallic lithium.

Sakamoto group:
10.1016/j.electacta.2016.12.018 
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Inhomogeneities

While the model of Monroe and Newman is a helpful 
starting point, it assumes that the solid electrolyte (SE) is 
homogeneous.

→ However, a practical SE will not be homogeneous: 
inhomogeneities are introduced by microstructural 
features such as grain boundaries, surface phases, 
pores, cracks, etc.

How can inhomogeneities in a SE impact
dendrite formation?
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Mechanisms of Inhomogeneous Plating
Fast Li+ migration

along GB
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Li penetrates SE
along GB
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Overview: Grain Boundaries

• GB transport in polycrystalline oxides can be fast or slow:
- In Al2O3

1, HfO2,
2 and UO2

3 ionic diffusion is enhanced at GBs 
- In SrTiO3

4, YSZ,5 and doped CeO2
6 GBs hinder ion transport

• In LLZO, GB resistance can decrease Li+ conductivity.7-12

- GB contribution comprises 26% of the total resistance for LLZO samples hot 
pressed at 1000°C.11

- GB impact can be minimized by altering synthesis conditions: increasing 
density, increasing grain size, and/or improving contact at GBs.11-12

• Despite the importance of GBs, the atomic-scale processes occurring at GB 
in LLZO remain poorly understood

• We combine Monte Carlo (MC) and molecular dynamics (MD) simulations 
to predict the energetics, composition, and transport properties in three 
model, low-energy symmetric tilt GBs in LLZO 

(7) Ohta et al, J. Power Sources 2014, 265, 40-44.
(8) Li et al., J. Power Sources 2014, 248, 642-646.
(9) El Shinawi et al., J. Power Sources 2013, 225, 13-19.
(10) Tenhaeff et al., ChemElectroChem 2014, 1, 375-378.
(11) David et al., J. Am. Ceram. Soc. 2015, 98, 1209-1214.
(12) Thompson et al., Adv. Energy M ater. 2015, 5, 1500096.

(1) T. Nakagawa et al.,  J. Ceram. Soc. Jpn.; 2006.
(2) M cKenna et al., Appl. Phys. Lett. 2009, 95, 222111.
(3) Williams et al., J. Nucl. M ater. 2015, 458, 45-55.
(4) M etlenko et al., Nanoscale 2014, 6, 12864-12876.
(5) De Souza et al., Phys. Chem. Chem. Phys. 2008, 10, 2067-2072.
(6) Sun et al.,  Nat. Commun. 2015, 6, 6294. 

Can fast GB transport create ‘hot spots’ (i.e., nucleate dendrites) during plating? 
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Grain Boundary Models

(a) Σ5(310), Zr atoms (b) Σ5(210), Zr atoms (c) Σ3(112), Zr atoms

(d) Σ5(310), All atoms (e) Σ5(210), All atoms (f) Σ3(112), All atoms

Li La Zr O

We examined Li+ transport along three low-energy GBs

Phys. Rev. B 85, 
064108 (2012)
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Methodology

Geometry optimization 

MD heating to target 
temperature (800 to1100 K)

MD equilibration at target 
temperature 

Monte Carlo equilibration at 
target temperature

Calculate mean squared 
displacement (MSD) with 
MD at target temperature

• Molecular dynamics and Monte Carlo 
simulations were conducted using 
LAMMPS1

- Simulation cells: ~2000 to ~15,000 
atoms

• All calculations performed using a 
Morse-type force-field derived from 
softBV bond valence parameters2-3

- Prior calculations with this force field 
yielded good agreement with 
measured static and dynamic 
properties of LLZO3-4

𝐷 =
1
2𝑑𝑡 𝒓 𝑡 + 𝑡* − 𝒓 𝑡* ,

Diffusion coefficient:

1. Plimpton, S. J. Comput. Phys 1995, 117, 1-19
2. Adams, S.; Rao, R. P. Phys. Status Solidi A 2011, 208, 1746-1753.
3. Adams, S.; Rao, R. P. J. Mater. Chem. 2012, 22, 1426-1434.
4. Yow, Z. et al., Solid State Ionics 2016, 292, 122-129. 
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GB Composition
GBs are predicted to be enriched with lithium, and to a smaller extent with oxygen

Figure. Calculated average composition of Li (black), O (red), La (blue), and Zr (green) as a function of
position normal to the GB plane (x axis) at 1000 K for supercells containing (a) Σ5(310), (b) Σ5(210),
and (c) Σ3(112) GBs. Vertical dashed lines indicate the positions of the GB planes (at x = 0 or 1 and
0.5).
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Li-ion Trajectories
Li-ion diffusion is slowed near GBs 

Figure. Li-ion trajectories for the GB simulation cells plotted over a 5 ns MD window at 700 K: (a-c) view along the GB tilt axis (z
direction); (d-f) view normal to the GB plane (x direction) for a region centered on the GB (0.45<x<0.55) corresponding to the red
dashed boxes in (a-c); (g-i) view normal to GB plane for a bulk region (0.7<x<0.8) corresponding to the black dashed boxes in (a-c).

Full cell
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Bulk region

Fragmented

Continuous
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Diffusivity
Diffusion at GBs is generally slower than in bulk LLZO

Calculated diffusivities and activation energies

Li ion diffusivity as a function of position: 
(a) total diffusivity (b) diffusivity projected 
along x, y, z

Total diffusivity

System
1000 K

(10-7 cm2/s) 
300 K (extrapolated)

(10-13 cm2/s) 
D Ea (eV) D Dx Dy Dz

Bulk 13.5 0.52 9.16
Σ5(310) 4.30 0.64 0.15 0.11 0.10 0.28
Σ5(210) 5.50 0.71 0.03 0.05 0.02 0.02
Σ3(112) 5.10 0.52 4.71 0.04 40.0 8.12

Little GB 
diffusion 
anisotropy at 
1000 K
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Summary: GB Transport

• MC and MD simulations were used to predict the energetics, 
composition, mobility, and transport properties of three 
model, low-energy GBs in LLZO

• Calculations predict:
- GB plane is enriched with Li and O
- GB diffusion depends on GB structure (excess volume)

- Open GB’s are slower than bulk
- Compact boundaries have similar diffusivity to bulk

- Evidence for anisotropic diffusion at RT in compact boundaries

Current-focusing at GB/electrode junctions (hot spots) is not 
responsible for Li dendrite initiation

Yu and Siegel, Grain Boundary Contributions to Li-ion Transport in the Solid Electrolyte Li7La3Zr2O12 (LLZO) 
Chemistry of Materials, 29, 9636-9647 (2017). DOI: 10.1021/acs.chemmater.7b02805

No evidence for fast transport in LLZO GBs
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Mechanisms of Inhomogeneous Li Deposition
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Surface Contamination & Interfacial Resistance

37

• Significant increase in RLi-LLZO after air exposure 
(Rbulk & RGB unchanged) 

• Surface contaminants form: Li2CO3 and LiOH
• Reversible Li+/H+ exchange in humid 

environments[1]
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[1] Ma, C., et al. Angew. Chem. (2015) 127, 1, 131-135.

-33
kJ/mol

-34
kJ/mol

Sharafi et al., Impact of Air Exposure and Surface 
Chemistry on Li-Li7La3Zr2O12 Interfacial Resistance,  
J. Mater. Chem. A, 5, 13475 (2017).
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including LLZO with various surface chemistry. Trends in the 
measured contact angles are consistent with those calculated 
with density functional theory (DFT), and demonstrate the 
intimate connection between surface chemistry and Li 
wettability.  

Our study quantitatively demonstrates the unified 
relationship between interfacial chemistry, lithium wettability, 
and facile charge transport. More importantly, exerting control 
over interfacial chemistry enables a straightforward pathway 
towards commercially viable SSBs.  

Results and Discussion 
Surface chemical analysis 

As has previously been shown, the surface chemistry of LLZO is 
sensitive to air exposure.7, 12 A contamination layer readily 
forms and is predominantly composed of lithium carbonate 
(Li2CO3), lithium hydroxide (LiOH), and other adventitious 
carbon species;7, 12, 13 which collectively result in high interfacial 
resistance between LLZO and metallic Li.7, 13 It has been 
reported that dry polishing in an inert atmosphere can lower 
the interfacial resistance by partially cleaning the surface; 
however, the efficacy of this approach is limited to reducing the 
interface resistance from ~1000 Ω.cm2 to ~100 Ω.cm2.7, 13 Here, 
several surface conditioning protocols, including dry polishing 
(DP), wet polishing (WP), and heat treatments (HT) were 

employed in an attempt to reduce the interfacial resistance, and 
their impact on LLZO surface chemistry was evaluated (Details 
regarding the dry and wet polishing conditions are explained in 
the Experimental Methods section in Supplementary 
Information). Heat treatment between 200 and 500°C in an 
inert atmosphere was conducted after dry and wet polishing.  

The surface chemistry of LLZO was analyzed using X-ray 
photoelectron spectroscopy (XPS) after each conditioning 
protocol (Fig. 1). Measurements were performed on samples 
transferred without air exposure between an argon-filled 
glovebox and the ultra-high vacuum XPS chamber. Fig. 1a shows 
that in samples conditioned with DP or WP (no HT) a surface 
layer blocks nearly all the signal attributed to La and Zr. Thus, in 
these cases the surface layer is composed almost entirely of H, 
Li, C, and O (H content cannot be directly detected by XPS, but 
can be observed as hydroxyl bonds). The nature of the bonds in 
which these species participate can be examined through high-
resolution core-scans. The O 1s peak reveals a significant 
difference between the surface layer after wet vs. dry polishing 
(Fig. 1b). The WP surface consists of predominantly hydroxide 
species, while a greater concentration of carbonate species 
exists on the DP sample. This suggests that the use of polishing 
fluid protects the LLZO surface from reformation of carbonate 
species.  
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 Samples that underwent HT were first polished (DP or WP in 
ambient air) and then immediately transferred into an argon-
filled glovebox where the samples were heated to different 
temperatures. Subsequent XPS analysis demonstrated 
significant variations in the surface chemistry of these samples. 
In Fig. 1a the plot of the ratio of the C content to the summed 
La and Zr contents is used as a metric to quantify the amount of 
surface contamination. The lower the ratio, the more closely 
the surface resembles bulk LLZO. Some adventitious carbon is 
always observed on the LLZO surface, even for samples kept 
continuously in an argon atmosphere after HT, Fig. 1c. The 
amount of contamination is observed to dramatically decrease 
after heating to 400 and 500°C. This is consistent with the O 1s 
core scans shown for these samples, which demonstrate that 
the predominantly hydroxide and carbonate surfaces before 
heating are converted to primarily oxide species (as expected in 
bulk LLZO) after heating (Fig. 1b). In contrast, heating a DP 
sample to 400°C did not change the surface as dramatically, 
with carbonate species still dominating (Fig. S4). A plot of the 
fractional surface composition of the oxygen-containing species 
is shown in Fig. 1d for WP samples heated to different 
temperatures. As the HT temperature increases to 500°C, the 
oxide fraction steadily increases, the hydroxide fraction 
decreases, and the amount of carbonate remains roughly 
constant. In total, these observations suggest that: (1) 
compared to dry polishing, wet polishing is more effective at 
achieving a surface with low carbonate content, (2) heat 
treatment up to 500oC can remove LiOH, but is less effective at 
removing Li2CO3, and (3) of the strategies examined, the 
successive combination of WP and HT is the most effective at 
removing both carbonate and hydroxide surface contamination 
layers.  
 The removal of LiOH species at temperatures between 400 
and 500°C is consistent with prior thermogravimetric analysis, 
mass spectroscopy, and first-principles calculations.13, 14 This 
suggests that the surface layer that reforms as a result of wet 
polishing is more easily removed by HT, thereby making the 
combination of wet polishing and HT in an inert atmosphere an 
attractive option to achieve a well-controlled LLZO surface prior 
to forming the Li-LLZO interface. 

Contact Angle Measurements and Calculations 

The wettability of a SSE by Li metal has been proposed to 
influence interfacial resistance in SSBs.8, 9, 11, 15, 16 However, 
quantitative analysis of the Li contact angle and direct 
correlation with surface chemistry has not been reported. To 
characterize wettability, sessile drop tests were performed to 
measure the contact angle of molten Li on Li2CO3 and on LLZO 
samples after various surface conditioning processes (Fig. 2). 
Molten Li was deposited onto heated Li2CO3 or LLZO from a 
heated stainless steel syringe. Both the surfaces and the syringe 
were kept above the Li melting temperature. Importantly, the 
native layers (composed of oxide, nitride, and carbonate 
species)17 present on the surface of the Li foil did not melt, and 
thus were easily removed from the molten Li source. This 
allowed for deposition of purified molten Li onto the LLZO 
surface. The present approach differs from a scenario involving 

the melting of solid Li foil directly on LLZO, as wettability in the 
latter approach will be influenced by the presence of native 
layers on the Li surface and at the Li-LLZO interface. All 
experiments were performed inside an argon-filled glovebox, 
and high-resolution cross-sectional images were captured and 
digitally analyzed to determine contact angles.  

As shown in Fig. 2, the DP-LLZO sample exhibited the highest 
contact angle amongst all LLZO samples, 𝜃 =146°, which was 
nearly identical to the value measured for a pure Li2CO3 surface 
(𝜃 = 142°).  Such a large contact angle is consistent with a non-
wetting interaction typical of an interface exhibiting weak 
adhesion. The similar wetting behavior between the DP-LLZO 
sample and Li2CO3 is expected, given that the DP-LLZO surface 
is composed predominantly of Li2CO3. Similarly, the WP-LLZO 
contact angle was 141°, which is consistent with the presence 
of the hydroxide and carbonate contamination layer which was 
observed with XPS. Supplementary videos 1 and 2 demonstrate 
the similarly lithiophobic nature of Li2CO3 and DP-LLZO as 
molten Li easily rolls off these surfaces. In contrast, the WP-
LLZO heat treated at 500°C, exhibited a significantly lower 
contact angle (𝜃 = 95°). We hypothesize that this reduction in 
contact angle is caused by the removal of hydroxide and 
carbonate species, resulting in a surface more closely 
resembling bulk LLZO, which interacts more strongly with Li 
metal. Supplementary video 3 demonstrates the more 
lithiophilic nature of this interface, as molten Li maintains 
adherence to the LLZO surface even when fully inverted 
vertically.  

To validate the correlation between surface chemistry and 
wettability, the wetting angle of Li on LLZO, Li2CO3, and LiOH 
was evaluated using DFT calculations.18 Li-LLZO, Li-Li2CO3 and Li-
LiOH interfaces were constructed from the low-energy surfaces 
of each respective material , as reported previously.16, 19, 20 Large 
simulation cells were used, to accommodate geometries that 
minimize interfacial strain. The interfacial distance and 
translation state within the interfacial plane were optimized to 
identify the most energetically-favorable interface structures.  
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Removal of surface Li2CO3 (and LiOH) greatly increases the wetting of LLZO by Li

Li/Li2CO3 Li on DP LLZO

Li on WP LLZO Li on WP + HT LLZO

Fig. 1. Percentage of total composition of
oxygen-containing species (from XPS)
on the LLZO surface vs heat treatment
temperature after wet polishing (WP) with a 
glycol-based diamond paste

T>180∘C

Figure 3. Calculated work of adhesion (Wad), contact
angle (θ), and atomic structure for the a) Li-Li2CO3 and
b) Li-LLZO interfaces.

Wad = sLi (1 + cos 𝜃)
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and transport phenomena.21 Representative EIS spectra for a 
cell consisting of a WP and HT at 500°C LLZO sample before and 
after preconditioning at 175oC are shown in Fig. 4c 
(Preconditioning was used to ensure good contact between 
metallic Li and LLZO by heating the  Li-LLZO-Li cell to 175°C for 
12 h).6 From Fig. 4c, it is apparent the LLZO total resistance (Rbulk 
+ Rgb) has remained constant (500 Ω.cm2) while RLi-LLZO 

dramatically decreased upon preconditioning at 175°C and 
cooling. Initially, RLi-LLZO was approximately 400 Ω.cm2 which is 
significantly lower than previous values reported for LLZO after 
dry polishing in literature.6 After preconditioning at 175oC, a 
further dramatic reduction in RLi-LLZO was observed. The 
combination of wet polishing, HT, and preconditioning results in 
an extremely small interfacial resistance of 2 Ω.cm2.  

Fig. 4d shows RLi-LLZO after preconditioning for WP LLZO 
samples with no HT and HT at several temperatures between 
200 and 500oC. With increasing HT temperature, RLi-LLZO 

decreases from 400 to 2 Ω.cm2. Importantly, the low interfacial 
resistance coincides with the removal of the surface 
contamination layer. Furthermore, the decrease in interfacial 
resistance closely follows the trend in surface chemistry with HT 
temperature observed in XPS measurements, and with the 
improved wettability of the LLZO surface after HT. Taken 
together, these observations provide quantitative evidence of 
the strong coupling between surface chemistry, wettability, and 
interfacial resistance.   

The cycling behavior and critical current density (CCD) of a 
WP LLZO sample HT to 500°C (WP+HT) were characterized using 
a combination of DC cycling and EIS analysis (Fig. 5). The CCD is 
defined as the lowest current density at which cell shorting 
occurs due to Li metal penetration.6, 22 After removal of the 

surface contamination, the CCD was determined to be 0.3 
mA.cm-2 (Fig. 5a). The CCD from the WP+HT sample prepared 
here is compared in Fig. 5b to other Li-LLZO-Li symmetric cells 
reported in the literature.6, 7, 23 The CCD measured in this study 
is one the highest values reported in literature for an LLZO SSE.  
Our data indicates that the CCD and RLi-LLZO are inversely 
correlated, suggesting that higher power density can be 
achieved by controlling interfacial chemistry, and thus RLi-LLZO. 

To evaluate the stability of the interface after WP+HT upon 
cycling, a Li-LLZO-Li cell was cycled for one hundred cycles at ± 
0.2 mA.cm-2 at room temperature (Fig. 5d). After every 20 
cycles, EIS analysis was conducted to assess changes in Rbulk, Rgb, 
and RLi-LLZO. Fig. 5c shows that negligible changes in the EIS 
spectra were observed, implying excellent stability of the 
interface and the absence of short-circuiting. Furthermore, the 
total cell resistance (Rbulk + Rgb+ RLi-LLZO) estimated using the DC 
cell polarization voltage (230 Ω.cm2) (Fig. 5a) agrees well with 
the total cell resistance measured using EIS (240 Ω.cm2). This 
confirms that the DC and EIS analyses are in good agreement, 
and further validates the interpretation of the EIS data to 
quantitatively decouple resistance values and correlate them to 
their respective transport phenomena.  

 The DC and EIS characterization illustrate the importance of 
achieving low and stable interfacial resistance.  First, a low RLi-

LLZO enables a path toward low resistance solid-state cell designs 
employing metallic Li anodes. Second, reducing RLi-LLZO increases 
the CCD.  Although 0.3 mA.cm-2 is one of the highest reported 
CCD values, it must be further increased to demonstrate 
relevance to vehicle electrification; the data in Fig 5b, suggest 
further tuning surface chemistry and reducing RLi-LLZO may be an 
approach to achieve higher CCD. Lastly, a clean and discrete Li-
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and transport phenomena.21 Representative EIS spectra for a 
cell consisting of a WP and HT at 500°C LLZO sample before and 
after preconditioning at 175oC are shown in Fig. 4c 
(Preconditioning was used to ensure good contact between 
metallic Li and LLZO by heating the  Li-LLZO-Li cell to 175°C for 
12 h).6 From Fig. 4c, it is apparent the LLZO total resistance (Rbulk 
+ Rgb) has remained constant (500 Ω.cm2) while RLi-LLZO 

dramatically decreased upon preconditioning at 175°C and 
cooling. Initially, RLi-LLZO was approximately 400 Ω.cm2 which is 
significantly lower than previous values reported for LLZO after 
dry polishing in literature.6 After preconditioning at 175oC, a 
further dramatic reduction in RLi-LLZO was observed. The 
combination of wet polishing, HT, and preconditioning results in 
an extremely small interfacial resistance of 2 Ω.cm2.  

Fig. 4d shows RLi-LLZO after preconditioning for WP LLZO 
samples with no HT and HT at several temperatures between 
200 and 500oC. With increasing HT temperature, RLi-LLZO 

decreases from 400 to 2 Ω.cm2. Importantly, the low interfacial 
resistance coincides with the removal of the surface 
contamination layer. Furthermore, the decrease in interfacial 
resistance closely follows the trend in surface chemistry with HT 
temperature observed in XPS measurements, and with the 
improved wettability of the LLZO surface after HT. Taken 
together, these observations provide quantitative evidence of 
the strong coupling between surface chemistry, wettability, and 
interfacial resistance.   

The cycling behavior and critical current density (CCD) of a 
WP LLZO sample HT to 500°C (WP+HT) were characterized using 
a combination of DC cycling and EIS analysis (Fig. 5). The CCD is 
defined as the lowest current density at which cell shorting 
occurs due to Li metal penetration.6, 22 After removal of the 

surface contamination, the CCD was determined to be 0.3 
mA.cm-2 (Fig. 5a). The CCD from the WP+HT sample prepared 
here is compared in Fig. 5b to other Li-LLZO-Li symmetric cells 
reported in the literature.6, 7, 23 The CCD measured in this study 
is one the highest values reported in literature for an LLZO SSE.  
Our data indicates that the CCD and RLi-LLZO are inversely 
correlated, suggesting that higher power density can be 
achieved by controlling interfacial chemistry, and thus RLi-LLZO. 

To evaluate the stability of the interface after WP+HT upon 
cycling, a Li-LLZO-Li cell was cycled for one hundred cycles at ± 
0.2 mA.cm-2 at room temperature (Fig. 5d). After every 20 
cycles, EIS analysis was conducted to assess changes in Rbulk, Rgb, 
and RLi-LLZO. Fig. 5c shows that negligible changes in the EIS 
spectra were observed, implying excellent stability of the 
interface and the absence of short-circuiting. Furthermore, the 
total cell resistance (Rbulk + Rgb+ RLi-LLZO) estimated using the DC 
cell polarization voltage (230 Ω.cm2) (Fig. 5a) agrees well with 
the total cell resistance measured using EIS (240 Ω.cm2). This 
confirms that the DC and EIS analyses are in good agreement, 
and further validates the interpretation of the EIS data to 
quantitatively decouple resistance values and correlate them to 
their respective transport phenomena.  

 The DC and EIS characterization illustrate the importance of 
achieving low and stable interfacial resistance.  First, a low RLi-

LLZO enables a path toward low resistance solid-state cell designs 
employing metallic Li anodes. Second, reducing RLi-LLZO increases 
the CCD.  Although 0.3 mA.cm-2 is one of the highest reported 
CCD values, it must be further increased to demonstrate 
relevance to vehicle electrification; the data in Fig 5b, suggest 
further tuning surface chemistry and reducing RLi-LLZO may be an 
approach to achieve higher CCD. Lastly, a clean and discrete Li-
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Fig. 3 shows the atomic structure of the low-energy 
interfaces for Li-LLZO and Li-Li2CO3 (Data for Li-LiOH are shown 
in Table. S2). The contact angle, 𝜃, for these interfaces was 
calculated by combining the Young-Dupré equation, 𝑊ad =
 𝜎Li(1 + cos𝜃), with DFT calculations of the interfacial work of 
adhesion, 𝑊ad, and the surface energy of Li, 𝜎Li = 0.45 J.m-2. 
Using the Li-LLZO interface as an example, 𝑊ad was evaluated 
as: 𝑊ad = 𝐸int − 𝐸Li-slab − 𝐸LLZO-slab. Here 𝐸int is the energy of 
the interface cell and 𝐸X-slab refers to the energy of an isolated 

Li (X = Li) or LLZO slab (X = LLZO). The calculated values for 𝑊ad 
and 𝜃 are shown in Fig. 3 below their respective interfaces. The 
trend predicted by our calculations – that Li strongly wets LLZO, 
but not Li2CO3 – is consistent with the measurements shown in 
Fig. 2. More specifically, the wetting angle predicted for the Li-
Li2CO3 interface, 𝜃 = 142°, is in excellent agreement with the 
measured value (142°, Fig. 2a) indicating a weak interfacial 
interaction between Li and Li2CO3 (Wad = 0.10 J.m-2). In contrast, 
the calculated Wad for the Li-LLZO interface is nearly seven times 
larger, Wad = 0.67 J.m-2, resulting in a relatively small wetting 
angle, 𝜃 = 62°. This value is qualitatively consistent with the 
measured value of 95° reported in Fig. 2d. The smaller value 
predicted by our calculations is expected, given that 
approximately 15% of carbonate and/or hydroxide remains on 
the LLZO surface after heating to 500°C (Fig. 2d). Calculations on 
the Li-LiOH interface predict a relatively large contact angle of 
125°, similar to the non-wetting behavior observed for the Li-
Li2CO3 system (see Table S2). 

Electrochemical characterization 

Electrochemical impedance spectroscopy (EIS) was performed 
on Li-LLZO-Li symmetric cells (Fig 4a) to measure the LLZO bulk 
(Rbulk), grain boundary (Rgb), and Li-LLZO interfacial (RLi-LLZO) 
resistances for WP and HT samples between 200 and 500°C. In 
this study, EIS data were modeled using an equivalent circuit 
shown in Fig. 4b. This approach allows for the direct 
measurement of the individual contributions to cell resistance 
and involves the correlation between characteristic frequencies 
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and transport phenomena.21 Representative EIS spectra for a 
cell consisting of a WP and HT at 500°C LLZO sample before and 
after preconditioning at 175oC are shown in Fig. 4c 
(Preconditioning was used to ensure good contact between 
metallic Li and LLZO by heating the  Li-LLZO-Li cell to 175°C for 
12 h).6 From Fig. 4c, it is apparent the LLZO total resistance (Rbulk 
+ Rgb) has remained constant (500 Ω.cm2) while RLi-LLZO 

dramatically decreased upon preconditioning at 175°C and 
cooling. Initially, RLi-LLZO was approximately 400 Ω.cm2 which is 
significantly lower than previous values reported for LLZO after 
dry polishing in literature.6 After preconditioning at 175oC, a 
further dramatic reduction in RLi-LLZO was observed. The 
combination of wet polishing, HT, and preconditioning results in 
an extremely small interfacial resistance of 2 Ω.cm2.  

Fig. 4d shows RLi-LLZO after preconditioning for WP LLZO 
samples with no HT and HT at several temperatures between 
200 and 500oC. With increasing HT temperature, RLi-LLZO 

decreases from 400 to 2 Ω.cm2. Importantly, the low interfacial 
resistance coincides with the removal of the surface 
contamination layer. Furthermore, the decrease in interfacial 
resistance closely follows the trend in surface chemistry with HT 
temperature observed in XPS measurements, and with the 
improved wettability of the LLZO surface after HT. Taken 
together, these observations provide quantitative evidence of 
the strong coupling between surface chemistry, wettability, and 
interfacial resistance.   

The cycling behavior and critical current density (CCD) of a 
WP LLZO sample HT to 500°C (WP+HT) were characterized using 
a combination of DC cycling and EIS analysis (Fig. 5). The CCD is 
defined as the lowest current density at which cell shorting 
occurs due to Li metal penetration.6, 22 After removal of the 

surface contamination, the CCD was determined to be 0.3 
mA.cm-2 (Fig. 5a). The CCD from the WP+HT sample prepared 
here is compared in Fig. 5b to other Li-LLZO-Li symmetric cells 
reported in the literature.6, 7, 23 The CCD measured in this study 
is one the highest values reported in literature for an LLZO SSE.  
Our data indicates that the CCD and RLi-LLZO are inversely 
correlated, suggesting that higher power density can be 
achieved by controlling interfacial chemistry, and thus RLi-LLZO. 

To evaluate the stability of the interface after WP+HT upon 
cycling, a Li-LLZO-Li cell was cycled for one hundred cycles at ± 
0.2 mA.cm-2 at room temperature (Fig. 5d). After every 20 
cycles, EIS analysis was conducted to assess changes in Rbulk, Rgb, 
and RLi-LLZO. Fig. 5c shows that negligible changes in the EIS 
spectra were observed, implying excellent stability of the 
interface and the absence of short-circuiting. Furthermore, the 
total cell resistance (Rbulk + Rgb+ RLi-LLZO) estimated using the DC 
cell polarization voltage (230 Ω.cm2) (Fig. 5a) agrees well with 
the total cell resistance measured using EIS (240 Ω.cm2). This 
confirms that the DC and EIS analyses are in good agreement, 
and further validates the interpretation of the EIS data to 
quantitatively decouple resistance values and correlate them to 
their respective transport phenomena.  

 The DC and EIS characterization illustrate the importance of 
achieving low and stable interfacial resistance.  First, a low RLi-

LLZO enables a path toward low resistance solid-state cell designs 
employing metallic Li anodes. Second, reducing RLi-LLZO increases 
the CCD.  Although 0.3 mA.cm-2 is one of the highest reported 
CCD values, it must be further increased to demonstrate 
relevance to vehicle electrification; the data in Fig 5b, suggest 
further tuning surface chemistry and reducing RLi-LLZO may be an 
approach to achieve higher CCD. Lastly, a clean and discrete Li-
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Conclusion: Low-Resistance Interfaces
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• The interfacial resistance of LLZO against Li metal can be reduced to 
2 Ω.cm2 – lower than that of liquid electrolytes – by controlling the 
surface chemistry of LLZO and without interfacial coatings

• This low resistance is rationalized in terms of the interfacial 
chemistry, which impacts Li wettability and electrochemical 
performance

− The presence of surface contaminants, Li2CO3 and LiOH, results in poor 
wettability and high interfacial resistance 

• A procedure for removing harmful surface layers is demonstrated
− Dramatic increase in Li wetting and the elimination of nearly all interfacial 

resistance 
− Favorable interfacial properties are maintained over one hundred cycles, 

and suggest a pathway to achieving efficient solid-state batteries

Sharafi et al., Surface Chemistry Mechanism of Ultra-Low Interfacial Resistance in the Solid-State Electrolyte Li7La3Zr2O12
Chemistry of Materials, 29, 7961-7968 (2017). 
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Mechanisms of Inhomogeneous Plating
Fast Li+ migration

along GB Soft grain boundaries (GB) 

Initial 
stages of 
Li plating

Li penetrates SE
along GB
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at GB junctions
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Subway Analogy

Which train do you want to get on?

Regions with voids, cracks, soft spotsStiff, dense interfacial regions

Options presented to a Li-ion as it deposits on the Li electrode surface 
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GB Softening
Are GBs in LLZO softer than the bulk?
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Validation of Interatomic Potential
The interatomic potential of Jalem gives reasonably good agreement 

with experimental and DFT-calculated elastic properties
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 This inter-atomic potential is based on a long-range Coulombic 
interaction and a short-range Buckingham interaction. An Ewald 
sum is used for the long-range Coulombic interaction; the cutoff dis-
tance for the short-range interaction was set to 10.5 Å.  

 The equilibrium structure and composition of the GBs was deter-
mined using a multi-step procedure similar to that employed in our 
earlier analysis of GB transport, Figure S3.18 After an initial geometry 
optimization at zero K, the simulation cells were equilibrated using 
NPT MD at 300 K for 500 ps. Subsequently, they were heated to 
1000 K at a rate of 1K/ps using the NPT ensemble. This procedure 
accommodates thermal expansion and volume changes associated 
with the presence of the GBs. Upon reaching 1000 K, isothermal 
MD was performed in the NPT and (subsequently) NVT ensembles 
for 500 ps each. The time step for all MD calculations was 2 fs. Next, 
NVT Monte Carlo simulations were performed (106 attempts) us-
ing the Metropolis algorithm33 with a maximum atomic displace-
ment of 0.5 Å. The cells were then cooled via MD to 300 K at a rate 
of 1K/ps and equilibrated at 300 K for 500 ps using NPT-MD with 
a constant cell shape to suppress the phase transform to the low-con-
ductivity tetragonal phase. Finally, NVT-MD was then performed at 
300 K for 500 ps.  

Calculations of GB elastic properties were performed using the 
methodology described for twist GBs in copper.19-20 In these calcula-
tions a uniaxial or shear strain (-0.75, -0.5, -0.25, 0.25, 0.5, and 0.75 
%) was applied to the boundary of the simulation cell. These strains 
generate uniaxial strain perpendicular to the GB plane, and shear 
strain parallel to the GB plane, respectively. The stresses associated 
with the applied uniaxial and shear strain were obtained as output 
from the calculation. Elastic properties were calculated using NVT 
MD at 300 K by averaging over the last 400 ps of a 500 ps time win-
dow. Local strains were evaluated as a function of position in the 
computational cell by measuring the relative positions of planes of 
La and Zr atoms.   

First, the elastic constant associated with uniaxial strain perpen-
dicular to the GB plane was calculated. This elastic constant is de-
fined as !"", due to the uniaxial strain is applied to z direction in the 
simulation cell ([001] direction) As performed in earlier studies,19-20 
the width between each layer perpendicular to the GB plane (inter-
planar spacing) was used to measure the local deformation after ap-
plying the strain. We set the interplanar spacing of √5%/4 for tilt 
and %/2 for twist GB, respectively, with the lattice parameters of 
unit cell, %, as shown in Figure S4. The position of La and Zr atoms 

 
Figure 3. Calculated local strain, for tilt GB at 300 K. (a) Local strain as a function of position normal to the GB plane ([001] direction), (b) the 
linear fitting between applied strain and local strain at GB plane (z=0) and bulk region (z=0.25), and (c) the ratio between applied strain and local 
strain as a function of fractional position, z. 

 

 

 

Table 1. Calculated elastic constants, Cij, and moduli (GPa) for cubic LLZO as a function of dopant and calculation method. The 
percent difference between DFT- and MD-predicted values for pure LLZO are given in parentheses.  

System Method C11 C12 C44 B G E 

Al-doped LLZO DFT (0 K)a 187 75 71 112 65 163 

Al-doped LLZO DFT (298 K)a      61 155 

Al-doped LLZO Experiment (298K)a, b    100.2, 102.8 58.1, 59.8, 59.6 146.1, 150.3, 149.8 

Ta-doped LLZO DFT (0 K)a 170 64 70 99 63 155 

Ta-doped LLZO DFT (298 K)a     59 147 

Ta-doped LLZO Experiment (298K)a    96.0 55.7, 61.2 139.9, 153.8 

Pure LLZO DFT (0 K)c 186 78 73 114 65 163 

Pure LLZO MD (0 K)c, Adamsd 190 
(2 %) 

115 
(47 %) 

29 
(-60 %) 

140 
(23 %) 

32 
(-51 %) 

90 
(-45 %) 

Pure LLZO MD (0 K)c, Klenke 211 
(13 %) 

95 
(22 %) 

76 
(4 %) 

134 
(18 %) 

68 
(5 %) 

175 
(7 %) 

Pure LLZO MD (0 K)c, Jalemf 184 
(-1 %) 

79 
(1 %) 

60 
(-18 %) 

114 
(0 %) 

57 
(-12 %) 

146 
(-10 %) 

a: ref [9], b: ref[31], c: present study, d: ref [28], e: ref [29], f: ref [30] 
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Local Elastic Properties
GB elastic constants are up to ~50% smaller than bulk values

Calculated elastic constants as a function of fractional position, z, at 300 K. (a, b) C33 and C44 for
tilt GB, and (c, d) C33 and C44 for twist GB.

𝜀00 = ⁄Δ𝐿4 𝐿5,*
⁄𝐶00 = 𝜎00 𝜀00

𝜀88 = 9𝐿5 − 𝐿5,* 𝐿5,*

⁄𝐶88 = 𝜎88 𝜀88
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GBs in LLZO are Softer than the Bulk

GB elastic constants are up to ~50% smaller than bulk values
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The elastic constants, !"" and !##, for the Σ5 tilt and twist GBs as 
a function of fractional position, z, at 300 K are shown in Figure 4. 
Same approach in Figure 3 was performed to acquire elastic con-
stants in Figure 4. The supplemental data to obtain elastic constants 
in Figure 4 (local strain, linear fit, and the ratio between applied 
strain and local strain) are presented in Figure S6-8. The calculated 
elastic constants at the bulk and GB region are listed in Table 2. Elas-
tic constant, !"", applied by uniaxial strain for the Σ5 tilt and twist 
GBs are 157 and 150 GPa in the bulk region while they are 115 and 
95 GPa in the GB region, which is about 27 and 36 % decreases, re-
spectively. Elastic constant, !##, applied by shear strain for the Σ5 
tilt and twist GBs are 39 and 50 GPa in the bulk region while they are 
21 and 34 GPa in the GB region, which is about 46 and 32 % de-
creases, respectively. In summary, the elastic constants in the GB re-
gion are decreased about 30-45 % compared to the bulk region for 
the Σ5 tilt and twist GBs.    

Although the low energies of the Σ5 GBs in this study will be pre-
sent in annealed samples (processed at high temperature, such as in 
hot-pressing26), higher energy GBs with less-compact structures can 
be generated in lower temperature synthesis routes. These GBs are 
expected to be softer than compact lower-energy GBs, and have a 
larger impact on the elastic properties. In addition, the Σ5 GBs in 
this study are more tightly bonded structures than real GB structures 
including pores and impurities. Therefore, the GBs in LLZO pellets 
can be significantly softer and would be a Li dendrite propagation 
path. After metallic Li are formed at GB, growing lithium can gener-
ate a crack along the GBs and easily penetrate into stiff LLZO pellet. 

Further discussion needed: Mention that G in GB is still above 
polycrystalline G for Li and would satisfy Monroe-Newman model. 
However, anisotropy in Li elastic constants should be considered 
(shearing Li in certain directions can result in high G values, refer to 
our CM paper). Also, the Monroe-Newman model 2x factor 
shouldn’t be strictly interpreted 

Elastic constant, !##, by shear strain at GBs are still higher (> 20 
GPa) and expected to satisfy Monroe-Newman model. However, 
anisotropy in Li shear modulus should be considered, since shearing 
Li in certain directions can result in high G values, i.e., G[100] = 11 
GPa.9 In [100] direction, twice larger than shear modulus, 22 GPa, 
is required to prevent dendrite formation but shear modulus at GB 
could not satisfy this criteria. The Monroe-Newman model 2x factor 
also shouldn’t be strictly interpreted for the dendrite formation at 
GBs. 
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Elastic  
constant 

Σ5 Tilt GB Σ5 Twist GB 

Bulk GB Δ (%) Bulk GB Δ (%) 

!"", uniaxial 157 115 -27 150 95 -36 

!##, shear 39 21 -46 50 34 -32 

 
• Accounting for the anisotropy of Li metal, GLi[100] is nearly large enough to 

violate the Monroe/Newman criterion at GBs: 
GLi-bulk[100] = 10 Gpa (stiffest direction)
GLLZO(GB) = 21 Gpa (softest GB)

• Note: interfacial porosity (G ~ 0 GPa) or microcracks could also serve as 
sites for dendrite initiation

• Next steps: quantify the effects of dopants and 2nd phases (Li2CO3) at GBs 
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