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Garnet-type cubic Li;LazZr,O1;, (c-LLZO) is a single-ion conductor, but the dynamics of lithium dendrite
initiation during one-way plating in Lilc-LLZO|Li symmetric cells demonstrate several trends that all
resemble the dendrite initiation mechanisms found in binary liquid electrolytes. This Opinion article
provides an analysis of the possible charge carriers and discusses the four species that coexist in c-LLZO
when continued electrochemical reactions take place at the opposite interfaces of the ceramic
electrolyte. The new understanding explains the possibility of significant concentration polarization
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Introduction

Garnet-type cubic Li;LazZr,0;, (c-LLZO) is one of the most
promising solid-state electrolytes’ that holds the promise to
enable anode-free Li metal batteries toward a higher energy
density by removing the intercalation anodes, a longer cycle life
by limiting ion leaching from cathodes, and enhanced safety by
replacing flammable nonaqueous electrolytes and physically
blocking hazardous Li dendrites. However, Li dendrite penetra-
tions were still encountered in ¢-LLZO. In most reports, the
critical current density’ (CCD) that may induce dendrite pene-
tration is lower than 1 mA ¢cm ™ for 1-mm-thick pellets, with
only a few exceptions of thin-film samples, in which the CCD
can reach 10 mA cm . By far, dendrites in ¢-LLZO are being
understood mainly from the defects and solid mechanics
perspective. Transport-based mechanisms that have been ver-
ified in binary liquid electrolytes were rejected by the prevailing
belief that single-ion conductors with a transference number
near unity do not allow long-range concentration polarization.
However, defects- and mechanics-based models cannot provide
a satisfactory explanation for the observed thickness depen-
dence, where thinner LLZO electrolytes allow higher CCDs and
higher areal capacities. Still, micron-thick lithium phosphorus
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the long-range transport behavior, rendering the single-ion conductor a binary electrolyte.

oxynitride (LiPON) electrolytes are known to work for thou-
sands of cycles without dendrite penetration even at high
current densities.®> This thickness dependence, while might
be correlated with other causes, can be explained by the long-
range transport mechanisms. Systematic experiments using
classical electroanalytical techniques with hundreds of highly
consistent c-LLZO miniature samples indeed revealed possible
transport limitations in ¢-LLZO at the onset of dendrite pene-
tration, where mechanical factors were excluded via control
experiments.””® The key question is: what are the charge car-
riers in the single-ion conductor c-LLZO to physically justify
such similarities between single-ion-conducting solid electro-
lytes and binary liquid electrolytes?

Different from the thermodynamic analyses of native defects
and possible charge carriers,”” this Opinion article examines
the scenario when continued electrochemical reactions take
place at the opposite interfaces of the ceramic electrolyte. The
new understanding helps resolve a few critical questions about
the dendrite initiation in c¢-LLZO, without violating commonly
accepted rules and physical laws. We conclude that under
Faradaic reaction conditions, c-LLZO is a binary electrolyte
with Lij; as the positive charge carrier and the electrochemi-
cally generated V|, as the negative charge carrier, among native
but neutral Lif; and V5. The electrochemically generated
charged vacancies Vi; have an ionic origin, as they are the
uncompensated charges from the surrounding ions when Li
ions are stripped away from these equilibrium positions. While
Li ions are still the sole conducting ion, the presence of these
effective negative charges makes c-LLZO a binary electrolyte.
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Equilibrium versus electrochemically
generated charged vacancies

Pioneering works® have confirmed the space group Ia3d (no.
230) for the highly conductive ¢-LLZO. Using the data from
Awaka et al.,” a unit cell is constructed and displayed in Fig. 1a,
where the available Li sites (24d and 96h) form continuous
pathways that weave through the crystal along the channels
defined by ZrOs octahedra and LaOg dodecahedra. For clarity,
Fig. 1b displays only the available Li sites to reveal the complex
3-dimensional (3D) network, which allows high ionic flux
densities during Li transport.

It must be pointed out that not all 120 Li sites shown in
Fig. 1b are occupied by Li ions. For the 8-per-formula-unit
(8-pfu) c-LLZO unit cell, only 56 Li ions from Li,LazZr,0;,, or 52
Li ions from the Ta-doped LLZO (Lig sLazZry 5sTay 504,), will be
distributed onto these 120 sites. Using the Kroger-Vink nota-
tion for species inside the crystal structure, we will have 56 Li
ions on Li sites which appear as neutral Lig;, and 64 unoccupied
Li sites appear as neutral Vij. In the case of LigsLasZry s
Ta, 501, there will be 52 Li ions on Li sites (Lijj), 4 Ta>* ions
on 4 Zr-sites which show one positive charge Taj; and
4 charged vacancies on 4 nearby Li-sites (due to local charge
balance) which show one negative charge V/ .. Here, superscript
X means no apparent charge, superscript * means one positive
charge, and the superscript prime means one negative charge.

& 24d Li site
@ 96h Li site
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Fig. 1 Crystal structure of cubic Li;LasZr,Oq,. (a) Display of the unit cell
where LaOg dodecahedra and ZrOg octahedra define the Li sites and
possible transport channels for Li ions. (b) Li ion sites in the cubic unit cell
form a 3D network. Gold spheres are 24d sites. Pair-wise pink spheres are
96h sites. (c) Positions of Zr ions in the cubic unit cell. In this 8 per-
formula-unit (pfu) unit cell of Li;LazZr,O1,, only 56 out of 120 available Li
sites are occupied by Li ions, yielding an occupancy of only 46.7% and
allowing facile Li transport.
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Subscript Li (or Zr) means the intrinsic crystallographic site for
Li (or Zr). V is the vacancy or the empty Li-site. For species outside
the crystal structure, we use the standard chemical notation with
numerical superscripts for ions. The doping reaction can be
written as Zrj, + Lij + Ta>* = Taj, + Vi; + Zr** + Lit.

Here, we assume that the Ta}, and the associated charged
vacancy (V1{;) are immobile and mainly help stabilize the cubic
structure. Their contributions to transport are negligible.
Therefore, in the following discussion, we will not discuss the
roles of these structural dopants and the associated vacancies.
We will only consider a stable cubic LLZO crystal structure, in
which 120 Li sites are available for 52-56 Li ions to reside/visit
and realize the long-range transport. As we shall see below, the
actual number of Li ions at equilibrium does not undermine
our analysis and conclusion.

To facilitate the discussion of transport, we can take one-
half of the unit cell and “stretch and flatten” the Li-site network
into a 2D plot in Fig. 2. The lone circles are 24d sites, while
those form contact pairs are 96h sites (between any two 24d
sites). Solid spheres represent Li-occupied sites, Lizyq Or Liggh,
both of which are Lif;. Open circles represent unoccupied
Li sites, Vj4q OF Vggn, both of which may be denoted as V.
Following the simple argument of Coulombic repulsion,
and based on the ab initio molecular dynamics (AIMD)
simulations,'>"" only one Li ion can be accommodated in each
pair of the 96h sites. Each Li-occupied 24d site, ie. Lijg,
prevents 4 Li ions from occupying the 4 neighboring 24d sites.
Fig. 2a shows two slabs with two possible Li ion configura-
tions in equilibrium. Electroneutrality is achieved locally and
globally.

Existing analyses on Li transport in ¢-LLZO were mainly
about diffusion in (near) equilibrium conditions, where short-
range hopping or cooperative movement occurs within a single
unit cell. Investigations on how Li ions diffuse and migrate
under realistic working conditions, e.g., when a constant-flux
Faradaic reaction boundary condition is implemented at the
interface, are very limited. As illustrated in Fig. 2b, when the
electrochemical reaction starts, one external Li ion (Lig) will be
pushed into the crystal structure, likely onto an empty neutral
Li site V{§ via Lif + V§; = Lij;, creating a positive charge Lif,
among other native neutral Li;. Simultaneously at the opposite
interface, the interfacial electrochemical potential will dislodge
the Li* of the neutral native Lij; to make it an external Lij,
leaving behind an uncompensated charged Li vacancy (Vi;)
within the crystal structure, among other native neutral vacan-
cies V. This reaction can be written as Lij; — Li} = V{,. Note
that these electrochemically generated charged vacancies are
different from the structural Li vacancies introduced by and
tightly associated with the immobile dopants. The Lig, stripped
out from the crystal structure will be reduced into a Li atom at
the negative electrode by the electron from the external circuit.
The global electroneutrality of LLZO is not violated. As such,
despite that c-LLZO is still a single-ion conductor, as no other
ions are moving, the existence of the charged Li vacancy Vi;
and the charged Li ions on Li-site Lij;, both from the interfacial

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Schematic of the defects chemistry and mobile charge carriers along the Li transport pathway in c-LLZO. (a) In equilibrium, Li ions are distributed
homogeneously in the 24d and 96h sites, forming 4 types of neutral species: Li* ion on 24d Li-site (Li344) and Li* ion on 96h Li-site (Ligen) are shown as
solid blue spheres; vacant 24d Li-site (V344) and vacant 96h Li-site (Vgg) are shown as open blue circles. (b) When the electrochemical driving force is
applied, external Li* ions from the positive electrode is pushed into the crystal structure near the positive interface to form Li;Ad/%,1 (solid pink spheres),
while Li* ions on a Li3q96n is stripped out of the 24d or 96h site near the negative interface to generate Va6 (Pink open circles). Native defects are

shown in blue. Electrochemically generated defects are in pink. Structural ions La, Zr, Ta, and O are omitted for clarity.

faradaic reactions, make c-LLZO a binary electrolyte. As one
may immediately reflect, this binary nature determines that the
transference number of Li in LLZO will not* be a value close to 1.

Charge distribution near the interface

Having net charges at the ceramic interfaces is perceived to be
limited within a very short Debye length Ap, less than one
Angstrém,'? or at most 1-2 nanometers,"* due to the very high
Li concentration > 40 M in c¢-LLZO at room temperature.
Therefore, the accumulation of charged species in c¢c-LLZO
and their migration over long distances are considered not
physically probable. However, the widely used Debye length was

This journal is © The Royal Society of Chemistry 2025

not derived with a dynamic Faradaic boundary condition. It is
always a thermodynamic result, sometimes derived under the
assumption of ideally blocking electrodes held at a fixed
potential. When a constant-flux Faradaic boundary condition
is applied, however, the concentration distribution profiles
change significantly according to the Poisson-Nernst-Planck
equation.'® As such, a dynamic space charge region, which is a
dynamic diffusion layer (not the diffuse layer used as a syno-
nym for Debye length), will develop and extend toward the bulk
of the electrolyte, easily exceeding the thermodynamic Debye
length.

Nevertheless, the thermodynamic Debye length still tells the
strong screening effects around charged species in c-LLZO.
Therefore, we may assume that the charged species within each
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Fig. 3 Schematic explanations of (a) the generation and transport of Lij; at the positive interface and V{; at the negative interface in a single Li-ion
conducting channel, due to the electrochemical transfer of Li* ions across the interfaces; and (b) the scenario of the generation and accumulation of Lij;

and Vi, in high-current conditions.

transport channel are screened from being affected by those in
another channel. We can further simplify the schematics
to evaluate the scenario in a single Li-ion transport channel

in Fig. 3.

The transport channel defined by the ZrOs and LaOg poly-
hedra is very narrow to fit in just one Li ion in the transverse
direction. Along this 1D path, Coulombic repulsion can be
adopted to estimate the energy penalty between Li ions. Push-
ing one external positive Li ion into an equilibrium system
is equivalent to shortening the separation distance between
two Li ions. Using the simple formula of Coulombic energy
E(r) = ¢* /Ancoe,r, where e is the elementary charge, ¢ the
permittivity of vacuum, ¢, = 50 the dielectric constant of c-
LLZO, and r the distance. The energy penalty to push two Li
ions from an equilibrium separation of 2.7 A to 1.7 A is 62.6
meV. According to a recent AIMD simulation of Li dimers in
vacuum,"" the energy penalty for shortening the Li-Li separa-
tion from 2.7 A to 1.7 A is about 1500 meV. Adjusting this
energy by dividing it with the dielectric constant of c-LLZO
yields a value of 30 meV, close to the simple estimate from
Coulombic energy. Although the accurate energy penalty
requires rigorous mathematical models and realistic atomistic
simulations, our simple estimates presented here are not
expected to deviate by an order of magnitude. Our esti-
mates indicate that a voltage difference of 30-60 mV will be
enough to push two Li ions to reach a 1.7 A separation.
In practice, pushing in and stripping out Li" in a symmetrical
Li|c-LLZO|Li cell can be achieved at overpotentials (voltage
differences) much lower than 30 mV. The higher the voltage

Mater. Horiz.

differences, the more Li ions can crowd into the single
channel. The potential energy stored between the crowded Li
ions (Lif; and/or Lif;) then serves as the internal driving force
to push one another down the 1D channel toward the negative
electrode (Fig. 3a).

Symmetrically, Li" will be stripped out from Lijj at the
negative interface, generating an equal amount of charged Li
vacancies Vi, (Fig. 3). These accumulated charge carriers at the
opposite interfaces of the c-LLZO, i.e. Lij; at the positive inter-
face and Vi, at the negative interface, will be driven by the
electric field to migrate toward the bulk until recombinations
occur via Lij, + Vi; = Lij;. They might also miss each other
and co-exist as Frenkel pairs, due to the high density of
available channels and strong screening effects between chan-
nels. Therefore, these uncompensated charge carriers can
travel across a distance much longer than the thermodynamic
Debye length. In fact, electron holography'® and Kelvin probe
atomic microscopy'® experiments have revealed that nonlinear
electrical potential profiles (equivalent to the existence of net
charges via Poisson’s equation) can extend into single-ion
conductor ceramic electrolytes for > 1 um and even across
the entire 2 mm sample thickness,'® when the battery-relevant
Faradaic reactions boundary conditions are applied.">™"” A
more recent in situ experiment using a focused ion beam-
scanning electron microscope (FIB-SEM) clearly revealed a
bowl-shape crack that formed about 10-20 pm below the W-
tip working electrode,® yet after a certain amount of time when
the outward protrusion of lithium whiskers became stalled,
indicating the depletion of Li ions at the interface.

This journal is © The Royal Society of Chemistry 2025
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Li ion depletion and the aftermaths

As discussed above and schematically explained in Fig. 3,
continued electrochemical reactions at the negative interfaces
will consume the Li* from the neutral Lij and produce V};. The
negatively charged vacancies will be repelled by the electric
field to move toward the bulk of the c-LLZO. Lir; and Lij; will
diffuse and migrate toward the negative interface and effec-
tively lower the concentration of V| ,. However, if the interfacial
reaction rate, i.e. the applied current density, is higher than the
transport flux density of Lif; and Lif;, the concentration of Vi
near the negative interface will only increase, leading to the
complete Li ion depletion in all channels. When there are no
positive charges (Li ions) that can be easily stripped outward to
sustain the required interfacial current density, the only way for
the system to continue the galvanostatic dynamic process is to
inject inward negative charges (electrons) into the electrolyte
(Fig. 3b). The injection of electrons into a dielectric material
will lead to either a very quick or progressive dielectric break-
down, inducing cracks in ceramics'® or fractal treeing?
in polymers, similar to what have been observed in c-LLZO
experiments.

Since the electron injection will only occur when there are
no Li ions that can be stripped out at the immediate interface,
these electrons will have to travel across a finite thickness of the
depleted layer to find Li ions to reduce (Fig. 3b). This behavior
explains why remote Li metal nucleation has been found in
multiple experiments, but only at high-current conditions.**
Different from the liquid electrolyte where both the cations and
anions will be depleted to create a nonconductive blanket of
electrolyte covering the electrode and result in a divergent
voltage response at the Sand’s time, the depleted region in
c¢-LLZO still has negative charge carriers that may move
locally (Fig. 3b), exhibiting conductivity. This subtle difference
explains the lack of the divergent voltage response at the onset
of Li dendrite penetration in ¢-LLZO.>?

As can be seen in Table 1, reduction reactions of the Li ions
and any other metal ions commonly found in doped c-LLZO
will always lead to significant size/volume changes, while brittle
ceramic materials cannot sustain a deformation > 5% without
forming cracks. This explains why many operando experiments
that inevitably employ high local current densities always see
cracks accompanying dendrite penetrations. The cracks estab-
lish new ceramic|metallic interfaces inside the crystal, along
which Li metal continues to plate.

In summary, when the electrochemical reaction takes place
at the negative interface, positive Li ions will be stripped out of
the c-LLZO, leaving behind electrochemically generated
charged vacancies within the ¢-LLZO. The presence and the
long-range transport of these electrochemically generated
charged Li vacancies (V};) make ¢-LLZO a binary ionic electro-
lyte. Similar to the binary liquid electrolyte, if the actual local
current density at the negative interface is higher than the ionic
flux density coming through the c¢-LLZO, Li ions will be
depleted, which is the root cause of electron injection into
the c-LLZO, hence the inward lithium dendrite penetration.

This journal is © The Royal Society of Chemistry 2025
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Table1l Comparisons of ionic and atomic radii and the volume expansion
percentage of metal elements®® commonly found in doped c-LLZO

Element Rion (A)  Ruom (A) R increase (%) Vol. expansion (%)
Li 0.76 (+) 1.52 100 700.54
La 1.06 (3+) 1.87 76.42 450.20
Zr 0.86 (4+) 1.60 86.05 542.70
1.00 (24) 1.60 60 309.07
0.86 (4+) 1.00 (2+) 16.28 57.22
Ta 0.72 (5+) 1.70 136.11 1222.44
0.82 (4+) 1.70 107.32 792.64
0.72 (5+) 0.82 (4+) 13.98 47.72
Nb 0.69 (5+) 1.64 137.68 1238.41
0.78 (4+) 1.64 110.26 828.64
0.86 (3+) 1.64 90.70 591.35
0.69 (5+) 0.78 (4+) 13.04 44.46
Al 0.53 (3+) 1.43 169.81 1239.70
Ga 0.62 (3+) 1.26 103.23 738.71
0.62 (3+) 1.36 (1+) 119.35 955.46

To establish a more accurate understanding of this binary
transport in ¢-LLZO, the classical Nernst-Planck equation for
binary liquid electrolytes** > needs to be solved with the Poisson’s
equation,'® yet taking into account steric effect among the crowded
charge carriers at the interface. Further incorporating electrostatic
correlations will help capture the coordinated concomitant ion
transport for a more realistic understanding. Ultimately, the
transport-based understanding tells us that if solid-state elec-
trolytes can be made thin enough (still in high quality), the
dendrite penetration can be avoided by avoiding triggering
the transport limitation, or equivalently, by avoiding the ion
depletion and the electron injection. Performing thickness-
dependent experiments on other single-ion conductor ceramic
electrolytes, e.g., LATP (Li; AL Ti, ,Si,P;_,0;,) and argyro-
dite sulfide (LigPSsCl) solid electrolytes, will provide opportu-
nities to further validate the theoretical understanding in this
Opinion article, and eventually unify the theory of dendrite
initiation in all types of electrolytes.
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