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ABSTRACT: Understanding the moisture stability of oxide Li-ion conductors is
important for their practical applications in solid-state batteries. Unlike sulfide or
halide conductors, oxide conductors generally better resist degradation when in
contact with water but can still undergo topotactic Li*/H" exchange (LHX). Here, we
combine density functional theory (DFT) calculations with a machine-learning
interatomic potential model to investigate the thermodynamic driving force of the
LHX reaction for two representative oxide Li-ion conductor families: garnets and
NASICONS. Li-stuffed garnets exhibit a strong driving force for proton exchange due
to their high Li chemical potential. In contrast, NASICONs demonstrate a higher
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resistance against proton exchange due to the lower Li chemical potential and the O 1 2 3 4 5 6 7

lower O—H bond covalency for polyanion-bonded oxygens. Our findings reveal a
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critical trade-off: Li stuffing enhances conductivity but increases moisture
susceptibility. This study underscores the importance of designing Li-ion conductors that possess both high conductivity and

high stability in practical environments.

S olid-state batteries are considered as a replacement for the
current commercial liquid electrolyte-based Li-ion bat-
teries. The development of solid-state electrolytes (SSEs) with
high Li-ion conductivity and stability in various environments
is critical for the practical application of this technology.
Among various types of SSEs, oxide-based electrolytes stand
out due to their superior chemical stability in ambient air. In
contrast to sulfide and halide SSEs, which are highly moisture-
sensitive and decompose to release gases such as H,S or HC],
oxide SSEs generally maintain better chemical and structural
integrity. However, some oxide SSEs, especially garnets, readily
react with water through a topotactic ion exchange between Li
ions in the bulk and protons from water." In Figure 1(a), we
schematically illustrate this Li*/H" exchange (LHX) reaction
for garnet compound Li;La;Zr,0,, where all Li* is exchanged
with HY, resulting in fully protonated phase H,La;Zr,O,. The
introduced protons preferentially form O—H bonds with O*~
anions in the polyhedra originally occupied by Li ions,” while
the host crystal structure consisting of edge-sharing La0813_

and ZrO,*~ polyhedra remains intact. When a garnet SSE is
exposed to ambient air, the LHX reaction results in the
formation of a protonated surface layer along with the
accumulation of undesirable species such as LiOH and
Li,CO, that passivate the garnet surface.’” > This surface
contamination increases the interfacial impedance of the
battery, ultimately degrading its performance during charge
and discharge.”’

Although the LHX reaction in garnets has been widely
observed experimentally,””'" many fundamental questions
remain unresolved. As shown in Figure 1(b), Li ions in a
garnet diffuse through a three-dimensional (3D) network of
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interconnected tetrahedral (24d) and octahedral (48g/96h)
sites that face-share with each other. While some experiments
indicate that Li ions in octahedral sites are preferentially
exchanged with protons,'”™'* others claim that tetrahedral Li
ions are exchanged first. Because Li ions in octahedral
sites generally have higher site energies,17 the experimental
observation of the exchange of tetrahedral Li ions before
octahedral ones is counterintuitive. In addition, due to the slow
proton diffusion inside the oxide bulk,”'*'® garnet samples
exposed to water exhibit a gradient of proton concentration
from the surface to the bulk,'**° making accurate measure-
ment of the true thermodynamic equilibrium of the protonated
phase experimentally challenging.' In comparison, NASICON-
type Li-ion conductors are experimentall?r shown to be much
more stable in an aqueous environment,”"** though the origin
of this high water stability is also unclear.

In this work, we investigate the thermodynamic origin of
LHX reactions for two representative oxide Li-ion conductors,
garnets and NASICONs. We study the site preference of the
LHX reaction in the most representative garnet compound,
Li;La;Zr,0,,. We further examine the trend observed for
Li;La;Zr,Oy, in various other chemical compositions with
garnet or NASICON structural frameworks. Leveraging
machine-learning interatomic potentials fine-tuned with
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Figure 1. (a) Schematic illustration of Li*/H* exchange (LHX) reaction in Li;La;Zr,Oy,; (b) Li sites in garnet framework percolate through the

interconnected tetrahedral (24d) and octahedral (48g/96h) sites.

density functional theory (DFT) data, we extensively sampled
Li/H/vacancy ordering across compositions with varying Li
contents. Our results suggest that Li stuffing significantly
increases the driving force of the LHX reaction in garnets but
has less of an effect on the water stability of NASICONSs. Our
predictions are validated by experiments using inductively
coupled plasma mass spectrometry (ICP-MS) measurement on
garnets after they have been immersed in an aqueous solution.
The higher stability for garnets with lower Li contents suggests
a trade-off between high Li-ion conductivity and stability and
resistance against Li"/H" exchange.

B LI SITE PREFERENCE FOR LI*/H* EXCHANGE
REACTION IN LI,LA,ZR,0,,

In garnets, occupancy of tetrahedral or octahedral sites by Li
ions depends on the total Li content per formula unit (fu.).”*
At the lowest Li content (e.g., Li;La;Te,O,), Li fully occupies
the tetrahedral sites, leaving all octahedral sites vacant. This
specific Li/vacancy ordering results in a high activation barrier
for a Li-ion to hop from a tetrahedral to a neighboring face-
sharing octahedral site, leading to negligible Li-ion con-
ductivity at room temperature. The Li-ion conductivity quickly
increases once additional Li ions are added to the structure,
which is typically achieved by doping at the Te®" site with
lower-valence cations, such as Ta>" and Zr*. The highest Li-
ion conductivity of ~0.1 mS/cm at room temperature can be
obtained for garnets with 6—7 Li ions per fu. (see Figure S1 in
the Supporting Information). As schematically illustrated in
Figure 1(b), this additional Li occupies octahedral sites that
face-share with a neighboring Li ion in the tetrahedral site. The
electrostatic repulsion between Li ions also displaces the other
face-sharing tetrahedral Li ions into empty octahedral sites.
Experimental data indicate that the Li-ion occupation of
octahedral sites increases linearly with total Li content, while
the occupation of tetrahedral sites decreases.”® Stuffing of the
garnet with Li creates local high-energy states—previously
referred to as activated local environments.”* Consequently, Li
ions in Li-stuffed garnets diffuse via the concerted propagation
of these local structural motifs. Such a concerted diffusion
exhibits a significantly lower energy barrier compared to a
single Li-ion hop in Li-unstuffed garnets.”®

Unlike Li ions, protons are known to covalently bind to a
single oxygen forming a hydroxyl group.”® Hence one expects
them to have less of a preference for a particular oxygen

coordination, as is the case for Li. The lack of site preference
for the proton would imply that the first Li ions to be
exchanged should be from the higher-energy octahedral sites.
Indeed, the evidence for octahedral-first exchange has been
provided by various experimental techniques, including
electron energy loss spectroscopy (EELS), nuclear ma%netlc
resonance (NMR) spectroscopy,”” neutron diffraction,"” and
single-crystal X-ray diffraction (SCXRD).'* However, con-
trasting results have also been re]gorted in both infrared (IR)
and NMR spectroscopy studies”” and in a more recent
SCXRD study,'® where preferential extraction of tetrahedral Li
ions was observed. The contrasting experimental results reflect
the inherent challenge in detecting light elements, such as Li
and H. X-ray techniques are generally less sensitive to these
elements than to heavier elements.”® Neutron scattering offers
better elemental contrast between neighboring elements in the
periodic table; however, the large 1ncoherent scattering of
hydrogen decreases the signal-to-noise ratio,”**’ complicating
detection of Li*/H" exchange. Solid-state NMR and vibrational
spectroscopies often produce overlapping features or low
signal-to-noise ratio for dilute hydrogen and lithium environ-
ments." >’

Here we perform density functional theory (DFT)
calculations to investigate which Li/H/vacancy configuration
is thermodynamically more favorable as LHX proceeds. More
specifically, DFT calculations are conducted to evaluate zero-K
formation energies of partially exchanged garnets
Li; , H, La;Zr,0,, with respect to two end point compounds,
ie, the pristine (Li;La;Zr,0;,) and the fully protonated
(H,La;Zr,0,) phases. For the partially exchanged structures,
we enumerated various Li/H/vacancy configurations, where Li
ions in octahedral and/or tetrahedral sites are exchanged with
varying ratios (see Supporting Information). The calculated
formation energies of partially exchanged phases
Li;_,H;,La;Zr,0,, are presented in Figures 2(a) and (b)
with two different color schemes: in Figure 2(a), the color
transitions from red to gray as the number of Li in octahedral
sites (N, o) decreases, while in Figure 2(b), the color changes
from blue to gray as the number of Li in tetrahedral sites
(Npi:) decreases. Figures 2(a) and (b) show that many
partially exchanged structures have negative formation
energies, collectively constructing the energy convex hull
This indicates that partial proton exchange is thermodynami-
cally favorable, with the extent of exchange depending on the
Li and H chemical potentials of the surrounding environments.
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Figure 2. Li site preference for LHX reaction in Li;La;Zr,Oy,. In (a)
and (b), formation energy of partially exchanged phases
(Li,_ ,,H;,La;Zr,0,,) are shown as a function of LHX ratio (x)
using two different color schemes: (a) The number of remaining Li in
octahedral sites (Np;,.), (b) the number of remaining Li in
tetrahedral sites (Np; ). (¢) Npjoq and Ny of the lowest-energy
configuration at each LHX ratio x.

The values of Ny, and Ny, in the lowest-energy
configurations are shown as a function of LHX ratio x in
Figure 2(c). Our results indicate that octahedral Li ions are
progressively replaced with protons from the early stage of
LHX. On the other hand, the number of tetrahedral Li ions
slightly increases until x ~ 0.5 and then decreases for higher
LHX ratios. The initial increase in Ny indicates that some
octahedral Li ions migrate to empty tetrahedral sites upon
LHX to reduce the energy. This is also evident in Figure 2(b),
where lower-energy configurations have higher Ny, ., values at
x = 0.5. The increase in Ny, during the early stage of LHX is

consistent with the experimental observation that in pristine,
nonexchanged garnets, the number of octahedral (tetrahedral)
Li ions decreases (increases) as the total Li content
decreases,”® which is attributed to the higher Li site energy
in octahedral sites.'” Our results imply that the Li site energy is
also the dominant factor in determining which Li ions are
exchanged first during proton exchange. As shown by the
calculated results in Figure S2 in the Supporting Information,
in a perfect cubic host structure of La;Zr,0,,, the site energy
of an octahedral Li ion is ~0.9 eV higher than that of a
tetrahedral Li ion, whereas the site energies of protons are
identical across all oxygen anions to which they bond to. In
other words, the energy to exchange a Li ion with a proton in a
garnet depends primarily on the site the Li ion occupied and is
less sensitive to the proton site. Based on our results, we
conclude that the octahedral-first proton exchange is
thermodynamically more favorable.

B LI"/H* EXCHANGE ENERGY FOR OXIDE LI-ION
CONDUCTORS WITH VARYING LI CONTENTS

So far, we have demonstrated that octahedral Li ions are
thermodynamically less resistant to proton exchange than
tetrahedral Li. Given that the number of octahedral Li in a
garnet structure decreases as the total Li content decreases,”
we further investigate whether garnet compounds with lower
total Li content per fu. exhibit better water stability. As a
matter of comparison, we also evaluated if NASICONSs exhibit
a similar Li content dependence on the stability against proton
exchange. Similar to garnets, Li ions can be stuffed into the
baseline NASICON compound LiTi,(PO,); to increase the Li-
ion conductivity,”**** with the highest Li-ion conductivity
typically observed at compositions containing ~1.3 Li per fu.”’
The compositions we consider here include Li;La;Te,0,, (Li3
Garnet), Li,La;TaTeO;, (Li4 Garnet), LiLa;Ta,0,, (LiS
Garnet), LigLa;ZrTaO;, (Li6 Garnet), Li;La;Zr,0,, (Li7
Garnet), LiTi,(PO,); (Lil NASICON), and Li,Tiln(PO,),
(Li2 NASICON), covering the range of Li contents of both the
baseline compositions (Li3 Garnet and Lil NASICON) and
those Li-stuffed compositions associated with the highest ionic
conductivities for both garnet (Li content of 6—7 per fu.””)
and NASICON (Li content of 12 per fu.*’) frameworks.

In order to quantify the driving force of the LHX reaction,
we define the LHX energy (E yx) as follows:

Eux(c, y) = (Elc — y-Li + y-H] + yp e — Elc]
= yhy)y (1)

where E[c — y-Li + y-H] and E[c] are the energies of the solid
phases before and after the LHX reaction, y is the amount of Li
ions exchanged, and y .+ and py+ are the chemical potentials
in solution which depend on the Li concentration and pH,
respectively (see Supporting Information).””*> To calculate
LHX energy, we include the lowest-energy pristine and fully
protonated structures and all partially exchanged structures
that lie on the energy convex hull.

To sample enough configurations to construct an accurate
energy convex hull, we utilize the Crystal Hamiltonian Graph
neural Network (CHGNet) model®® to perform structural
relaxations of a vast range of Li/H/vacancy configurations (see
Supporting Information). CHGNet is a universal machine-
learning interatomic potential pretrained on the Materials
Project’ 7:38 trajectory data set. Here, we further fine-tune the
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Figure 3. Effect of Li stuffing on Li*/H* exchange reaction. (a) LHX energy (E yx) as a function of total number of exchanged Li per fu. for
various garnet and NASICON compounds with different Li contents. The LHX energy value depends on the chemical potentials y; + and 4,

which in turn are a function of Li-ion concentration (C;;) and pH, respectively. The dashed lines correspond to the reference energies for different

conditions: @ neutral water condition: C; = 10°° M, pH = 7, ® strongly alkaline condition: C 3 = 1 M, pH = 12, and ® extremely alkaline
condition: C;# = S M, pH = 15. The star represents the number of octahedral Li (N, ) in the pristine, nonexchanged garnet prior to structural

relaxation, which closely aligns with the experimental measurements.”> (b) Relative Li and H site energies (AEfiite and AE;?Q) in the Li-stuffed
garnet and NASICON structures (Li7 Garnet, Li4 Garnet, or Li2 NASICON) with respect to the values in the unstuffed structures (Li3 Garnet or
Lil NASICON). The blue-to-green color gradient in the background shows the variation of the resulting relative LHX energy of Li-stuffed
compounds with respect to the values in the unstuffed structures. Some relative LHX energy values are also labeled with numbers and dashed lines.
(c) Li stuffing in a garnet framework leads to the emergence of face-sharing Li—Li pairs between neighboring tetrahedral and octahedral sites. In
contrast, a stuffed Li ion in a NASICON framework occupies a tetrahedral site, which displaces the original Li ion from the octahedral site to a
neighboring tetrahedral site.

CHGNet model on the DFT energies of various pristine and partially or completely exchanging Li by protons in these 20
protonated garnet and NASICON structures. Leveraging the low-energy configurations. Note that previous experimental
fast relaxations possible with CHGNet models, up to 1000 Li/ measurements indicate that the symmetry of the NASICON
H/vacancy configurations are enumerated for each LHX ratio, framework in the Li,_,Ti,_In (PO,); series varies as the
which is varied with a step size of one Li per supercell that stuffed Li content x increases.””*’ For 0 < x < 0.4, the
contains 96 oxygen anions for garnets and 72 for NASICON:S. compounds retain the original rhombohedral R3C structure.
An exception is LiTi,(PO,);, which only contains 6 Li ions per With further Li stuffing, the crystal symmetry changes to
supercell, and all Li ions fully occupy the octahedral (6b) sites. orthorhombic (Pbca) for 0.4 < x < 1.0 and to monoclinic (P2,/
For this compound, all symmetrically inequivalent Li/H/ n) for 1.0 < x < 2.0.* In our calculations, we use the
vacancy orderings are enumerated and relaxed with DFT. rhombohedral structure for both LiTi(PO,); and Li,Tiln-
Unlike garnets, whose Li occupation in octahedral and (PO,); so that the effect of Li stuffing can be compared
tetrahedral sites as a function of total Li content is well without being affected by the difference in the crystal
characterized,”® there is no general consensus on the Li site symmetry.
occupancy among the 6b, 36f, and 18e sites in Li-stuffed Figure 3(a) shows the calculated LHX energy (Eiux) as a
NASICONS (schematically illustrated in Figure 3(c)).>07%*% function of total number of exchanged Li per fu. for various

garnet and NASICON compounds. In this plot, the LHX

For this reason, we used various Li/vacancy ordering : . )
energies are referenced to the chemical potentials .+ and 1+

enumeration schemes and selected the 20 Li/vacancy

configurations that have the lowest DFT-relaxed energy in in neutral water with C+ = 10°° M and pH = 7 (highlighted
Li, Tiln(PO,); (see Figure S6 in the Supporting Information). with the dashed line ©). As can be seen, the LHX energy
Our results indicate that the tetrahedral sites (36f) are generally increases with an increasing number of exchanged Li
preferentially occupied for most of the low-energy config- ions, indicating that the LHX reaction becomes progressively
urations. In fact, all Li ions occupy 36f sites in the lowest- less favorable as more Li ions are exchanged. Nonetheless,
energy structure (see Table SS in the Supporting Information). most reaction energies are negative for the garnets, indicating

LHX energy (Ex) for Li,Tiln(PO,); is further calculated by that proton exchange with Li in garnets is generally favorable in
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neutral water. Compounds with a higher Li content tend to
exhibit more negative LHX energies for both garnets and
NASICONSs. Li3 Garnet (the lowest Li-content garnet)
exhibits the most positive LHX energies among all garnets,
with LHX energies remaining positive across the whole range
of the number of exchanged Li. However, once additional Li
ions are stuffed (Li4—7 garnets), the LHX energy value drops
to a negative value, especially during the initial stage of LHX

reaction: near Né ~ 0, the LHX energy decreases from ~0.0
eV/Li for the Li3 Garnet to less than —1.0 eV/Li for all the
other Li-stuffed garnets, indicating that the additional Li
needed to achieve good conductivity is susceptible to proton
exchange. For these Li-stuffed garnets, the LHX energy forms a
plateau at E;yy that ranges from —1.0 to —0.8 eV/Li
depending on the Li content. The plateau ends approximately
when all Li ions in the octahedral sites (Ny; ) are exchanged.
Beyond this point, there is a sharp transition of the LHX
energies into a second plateau at E; yx that ranges from —0.5 to
—0.2 eV/Li, which corresponds to the LHX energy for
exchanging tetrahedral Li ions in a given garnet. Notably, for
all Li-stuffed garnets, the LHX energies remain negative even at
the end of the LHX reaction, suggesting that even a complete
exchange of Li ions is thermodynamically viable for these Li-
stuffed compounds.

In comparison, the LHX energy values for NASICONSs are
mostly positive and even higher than that of Li3 Garnet,
indicating that NASICONS s are in general more stable against
proton exchange compared to garnets. Similar to garnets, the
baseline NASICON compound (Lil NASICON) also has a
higher LHX energy plateau than the Li-stuffed composition
(Li2 NASICON), suggesting that the negative effect of Li-
stuffing on water stability is a general issue among oxide
conductors.

The absolute value of E;yx depends on the chemical
potentials of Li* and H* in solution (see eq 1), which vary with
external conditions of C;;+ and pH. Specifically, a higher C+
increases y, .+, while a higher pH decreases i+, both of which

lead to a shift of E;yx toward a more positive value and thus
stabilize materials against proton exchange. The reference
energies at which the reaction energy is zero are labeled for
higher C; + and pH conditions in Figure 3(a) as @ for C;+ = 1
M and pH = 12 (referred to as the strongly alkaline condition)
and ® for C;+ =5 M and pH = 1S5 (referred to as the
extremely alkaline condition). The pH in the strongly alkaline
condition is the value that can be attained for a LiOH solution
buffered by H;BO,;."' The even higher pH value in the
extremely alkaline conditions is the maximum limit that can be
achieved by a saturated LiOH solution, above which the solid
phase of LiOH precipitates out at room temperature.”” As
shown in Figure 3(a), both of these highly alkaline conditions
shift down the reference energy by more than 0.6 eV/Li
compared to the neutral pH condition. These extreme
conditions can effectively protect Li ions in tetrahedral sites
from being exchanged; however, the octahedral Li ions remain
susceptible to the LHX reaction due to their even more
negative Ejyy values. These results suggest that the driving
force for the LHX reaction in garnets is so strong that even
extremely high levels of C;+ and pH cannot completely
suppress it. In fact, many garnet materials gradually undergo
proton exchange even in ambient or humid air without direct
exposure to liquid phase water. If gas phase H,O and solid
LiOH are considered as the reactant and product of the proton

exchange reaction, respectively, the reference energy at which
the reaction energy is zero shifts down by about —0.9 eV
relative to the neutral water condition @ (see Supporting
Information). This energy shift is close to that under extremely
alkaline conditions ® (—0.8 €V) and remains slightly more
positive than the LHX energy plateau for the octahedral Li ions
in Li-stuffed garnets (—1.0 eV). Therefore, the susceptibility of
octahedral Li ions to atmospheric humidity can be considered
to be on par with their behavior in highly alkaline solutions.

For a given C;+ and pH condition, the LHX energy solely
depends on the difference of the two energy terms E[c — y-Li +
y-H] and E[c] (see eq 1). Therefore, the LHX energy
essentially captures the energy difference between incorporat-
ing H and Li into a given structure. To better understand the
difference in the LHX driving force between garnets and
NASICONS, we perform DFT calculations to compare the Li
and H site energies (E;\° and E;{®), which is estimated as the
negative of energy required to extract a single Li or H from a
given site in a stoichiometric structure (see Supporting
Information). This site energy varies across different Li sites,
reflecting differences in intrinsic site energies between
octahedral and tetrahedral sites as well as interactions between
the inserted species and neighboring Li ions. Also, because
each Li site is coordinated by multiple oxygen anions (four for
tetrahedral and six for octahedral), we start the structural
optimization with H in a position close to each oxygen, from
which we obtain a range of H site energies for each Li site (see
Figure SS in the Supporting Information). We report the
lowest energy value as the H site energy of a given Li site,
assuming that there is enough time for the system to reach
thermodynamic equilibrium during proton exchange. Due to
the high symmetry, the H site energy converges to a single
value in the unstuffed Li3 Garnet and Lil NASICON
compounds.

In Figure 3(b), the calculated Li and H site energies at the
high-energy site of the Li-stuffed compounds (octahedral sites
of Li7 Garnet, octahedral sites of Li4 Garnet, or tetrahedral
sites of Li2 NASICON) are shown. Each data point represents
a specific Li site in a given structure. The zero of energies of Li
and H are selected as the site energies in the corresponding
unstuffed baseline compounds (tetrahedral sites of Li3 Garnet
or octahedral sites of Lil NASICON), so that relative Li and H
site energies between the Li-stuffed and unstuffed composi-

tions (AE; and AE;) are compared. The LHX energy of Li-

stuffed compounds relative to the unstuffed ones, determined
by the difference between relative Li and H site energies for
each site (AE;® — AE;), is also indicated by the gradient of
color in the background and the diagonal dashed lines. The
figure clearly illustrates how Li-stuffing in garnet raises the
chemical potential of the Li ions. The Li site energy can be
more than 1.0 eV higher in the Li-stuffed garnet framework
compared with the unstuffed one. Both Li4 and Li7 Garnets
exhibit a similar magnitude of increase in the Li site energy,
implying that the Li site energy is mostly determined by the
local face-sharing Li—Li configuration and is less sensitive to
the total number of stuffed Li ions. In contrast, Figure 3(b)
shows that the H site energy does not vary as much upon Li
stuffing. The Li-stuffed structures have many sites for which
the H site energy is even slightly lower (down to ~—0.2 eV)
than in the corresponding unstuffed structures. Although not
explicitly calculated, considering the similar Li site energies
(ranging from 0.9 to 1.2 eV) and H site energies (ranging from
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Figure 4. Effect of chemical substitution. The average LHX energy (E; ;1x) is calculated at different types of Li sites for various cation substitutions.
Substitutions at the (a) La site and (b) Zr site of garnet and (c) the Ti site of NASICON. For Li2 NASICONS, we perform double substitutions,

and the two substituted cations are labeled using a slash. The chemical potentials for Li and H are set at the neutral water condition (C; = 10°M

and pH = 7).

—0.2 to 0.2 eV) calculated for the least stuffed (Li4 Garnet)
and most stuffed (Li7 Garnet) garnet compositions, we expect
that the Li and H site energies in the intermediate
compositions (LiS Garnet and Li6 Garnet) should also fall
within these ranges.

In contrast to the garnets, the increase in Li site energy by Li
stuffing is only ~0.2 eV for the NASICON. We attribute this
difference between the two crystal frameworks to the distinct
local Li-ion configurations in the Li-stuffed structures.””** As
shown in Figure 3(c), Li stuffing in the garnet framework leads
to face-sharing Li—Li pairs between neighboring tetrahedral
(24d) and octahedral (48g/96h) sites. Our calculations show
that the Li—Li face-sharing energy is at least ~0.45 eV per face-
sharing pair (see Figure S4 in the Supporting Information),
which contributes to the Li site energy in addition to the
intrinsic site energy difference between octahedral and
tetrahedral sites in garnets. In contrast, in the NASICON
framework, Li stufling displaces the original Li ion from the
octahedral site (6b) into an adjacent tetrahedral site (36f),
thereby avoiding direct face-sharing between the original and
stuffed Li ions. In other words, NASICONSs have much sparser
Li-ion configurations with larger Li—Li distance compared to
garnets, resulting in smaller electrostatic interactions between
Li-ions, eftectively lowering the Li site energies. This is also
reflected in their composition, as NASICONs accommodate
much fewer Li ions per fu. compared to garnets.

B EFFECT OF CHEMICAL SUBSTITUTIONS

We investigate whether chemical substitutions of the non-Li
cations in garnets and NASICONs can modify the LHX energy
in a substantial way. In Figure 4(a), we show the calculated
average LHX energy (E;;x) for garnets with different +3 rare

earth elements substituted for La>*. Similar results are shown
in Figure 4(b) for the substitution of the other cations (i..,
Zr*, Ta%, or Te®) in the garnet. For garnets, the E;; value
is evaluated separately for octahedral and tetrahedral Li ions.
The exchange energy for the octahedral sites is obtained by
replacing all octahedral Li ions with protons, while the value
for the tetrahedral sites is determined by replacing the
remaining tetrahedral Li ions with protons. For each pristine
or proton-exchanged structure, we used the same Li/H/
vacancy configuration in the structure, with the lowest
CHGNet energy obtained from the calculations shown in
Figure 3. The chemical substitution is performed by replacing
the original non-Li cations without changing the Li/H/vacancy
configuration, followed by DFT relaxation. Our results show
that chemical substitution has only a minor impact on the
average LHX energy. Consistent with the results shown in
Figure 3, the E; ;y value for tetrahedral Li ions is higher than
that of octahedral Li ions for all cation substitutions. However,
all E;;;y values for both octahedral and tetrahedral sites are
negative, indicating that all Li ions in Li-stuffed garnets are
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Figure S. Experimental measurements of Li*/H* exchange reactions for garnet compounds. The time evolution of the remaining number of Li
content per fu. of (a) Li;NdyTe,0,,, (b) LisPr;Te,04,, (c) LizGd;Te,04,), (d)LiyNd;SbTeO,,, () LisNd;Sb,0y,, and (f)Lig,LasZr, ;Tay601,.
Powder samples of these compositions are synthesized with solid-state synthesis. Samples are immersed in either water or 1 M LiOH solution. The

remaining number of Li per fu. in the bulk is measured by ICP-MS.

potentially susceptible to proton exchange irrespective of the
cation chemistry. In contrast, the E;y values for the unstuffed
garnet (Li3 Garnet) remain positive, except for W* and Mo®*
substitutions, which exhibit slightly negative values.

The results for the average LHX energy when different
cations are substituted for Ti*" and/or In** in the NASICON
structures are shown in Figure 4(c). Since in NASICONS all Li
ions occupy octahedral sites in the Lil NASICON and
tetrahedral sites in the lowest-energy Li2 NASICON (see
Table SS), we use the pristine and the fully exchanged
structures to calculate E; . Similar to the garnets, chemical
substitution in the NASICONs also does not result in a
significant change of Ej;y. Most of NASICON compounds
exhibit a positive E; ;1 value, suggesting that NASICONs are
generally stable against proton exchange. Remarkably, Sn** and
Ge*" substitutions in the Lil NASICON lead to higher E 1y
values than other compositions. The high water stability of
Li,_,AlGe,_,(PO,); (LAGP) is indeed previously experimen-
tally demonstrated, with no LHX reaction observed after 100 h
of immersion in water.”'

B EXPERIMENTAL STUDY OF LI*/H* EXCHANGE
REACTIONS IN GARNET COMPOUNDS

Our calculations predict that Li-stuffed garnets will undergo Li*/H*
exchange in both neutral and alkaline aqueous environments,
regardless of the specific cation chemistries. To validate these
predictions, we experimentally measure the evolution of the Li
content by immersing various garnet compounds synthesized via
solid-state synthesis in solutions. Specifically, the synthesized powder
samples are immersed in either neutral water or a 1 M LiOH solution.
The amount of Li remaining in the garnet compounds for various
immersion times is measured by inductively coupled plasma mass
spectroscopy (ICP-MS). In Figure S, we show these results for both
unstuffed (Li;Nd;Te,O;,, Li;Pr;Te,01y, and Li;Gd;Te,0,,) and Li-

stuffed (Li;Nd;SbTeO,,, LizNd;Sb,0;,, and Lig,LayZr, ,Tay40;,)
compositions. The data in Figures 5S(a—c) show that all unstuffed
garnets are stable in water, with almost no detectable loss of bulk Li
content after 54 h of immersion in either neutral or alkaline solutions.
In contrast, Figures 5(d—f) show that Li-stuffed garnets release Li
ions into the solution very quickly, and the remaining Li content
gradually levels off with immersion time. Surprisingly, similar results
are observed for the immersion in both water and LiOH solution,
with only slightly higher remaining Li content when immersed in 1 M
LiOH solution. By measuring the pH of the solution after immersing
Li-stuffed garnets, we find that both solutions actually equilibrate at a
similar pH value of 12—13, with the LiOH solution exhibiting a
slightly higher pH (see Figure S10 in the Supporting Information).
The increase of pH when garnets are exposed to neutral water has
been widely observed in experiments”™>"** and is due to the uptake of
protons into the garnet, leaving OH™ in the solution. The resulting
pH conditions are actually close to the condition @ (C; = 1 M and
pH = 12) used in our calculations shown in Figure 3(a). Under these
alkaline conditions, our calculation predicts that all octahedral Li ions
should be exchanged with protons, while the tetrahedral Li ions (~2—
3 Li per fu. for Li4 and LiS Garnets) remain in the bulk.
Experimentally, the measured remaining Li contents for Li-stuffed
garnets are 3.1 and 2.7 Li per fu. for Li,Nd;SbTeO,, and
LigNd;Sb,0,, respectively, which are close to the number of
tetrahedral Li ions in pristine, nonexchanged garnets. A larger
discrepancy is observed for the garnets with a higher Li content
(Lig4LasZr, 4Tags0y,), which has 4.1 remaining Li per fu. after the
immersion, while the number of tetrahedral Li ions is only ~1-2 Li
per fu. for Li6 and Li7 Garnets. The larger amount of remaining Li
may in part originate from the spontaneous migration of octahedral Li
to tetrahedral sites upon proton exchange, as was demonstrated in
Figure 2(c). Due to the octahedral-to-tetrahedral migration, more Li
ions can be stabilized than the original number of tetrahedral Li in the
pristine garnets. However, since there are only 3 tetrahedral sites per
f.u. in total, the increase in the number of tetrahedral Li alone cannot
fully explain the even higher number of remaining Li. This may also
be attributed to the slow kinetics of the protons’ diffusion inside
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garnets,”'*'® preventing the system from reaching the true

thermodynamic equilibrium within the experimental time scale.
Overall, our experimental results qualitatively agree with our
computational predictions, indicating that garnets are generally
unstable in water when additional Li is incorporated beyond the
baseline composition.

Several key results emerged from our computational study. By
directly evaluating the energy to exchange Li ions by protons from a
solution, we find that garnets are highly sensitive to Li"/H" exchange,
as consistent with observations in the literature. Only the unstuffed,
nonconducting garnet with 3 Li per fu. is predicted to be stable
against proton exchange. Any increase in the Li content of the garnet
leads to a high enough Li chemical potential to become favorable for
proton exchange. The octahedral Li ions, which have a higher site
energy than the tetrahedral sites in garnets, show a particularly high
driving force for the exchange. We further demonstrate that the strong
proton exchange driving force cannot be mitigated by simple chemical
substitutions, implying that the chemical nature of the garnet
framework is inherently moisture-sensitive. Our results in Figure 3
indicate that this sensitivity is to a large extent due to the strong Li—Li
interaction, which increases the Li chemical potential when the Li
content increases. These results also point to the compromise
between conductivity and water stability. Li-stuffing enhances Li-ion
conductivity by increasing the average energy of Li ions, making the
charge carriers more active but simultaneously destabilizing the
material in the presence of water. Such competition poses a
fundamental challenge in designing garnet-type Li-ion conductors,
which rely on the formation of the ‘activated local environment’ of
face-sharing Li—Li pairs introduced through Li stuffing to enhance the
Li-ion conductivity.”* The strong increase in Li chemical potential
with increasing Li content contrasts with the proton chemical
potential, which is mostly unchanged with total proton or Li contents,
reflecting the very different bonding of these two species. While Li*
interacts electrostatically with the host structure and with other Li
ions, protons bind strongly to oxygen, making localized covalent
bonds,*® which is somewhat independent of the environment.

Our calculations also predict that despite the higher Li chemical
potential and lower proton chemical potential in a high-pH solution, a
highly alkaline environment cannot protect the higher-energy
octahedral Li ions in garnets from being exchanged, even though it
may offer some protection for the more stable tetrahedral Li ions. The
sensitivity of garnet to LHX is further verified by our solution
experiments, where the LHX reaction is observed for all Li-stuffed
garnets when immersed in a high-pH LiOH solution. A similar high-
pH strategy was previously demonstrated to be effective in preventin§
LHX reactions for the layered oxide LiNi,Co,Mn,_,_,0, (NCM).*
In the work by Xu et al., the LHX reaction of NCM materials could be
reversed when the cathode materials were treated in 4 M LiOH
solutions with a high pH and Li-ion concentration. In these NCM
crystals, Li ions occupy octahedral sites without face-sharing with each
other, and thus, the chemical potential can be lower compared to
those stuffed Li ions in garnets. In another study, it was shown that
protonation of Li;La;Zr,0,, can be prevented when immersed in
hexane solvent whose pK, is as high as 50.* This indicates that using
an extremely weak organic acid can lower the H chemical potential
below that in a saturated LiOH solution such that even the high-
energy Li ions at octahedral sites of garnets can be protected from
being exchanged.

Our results show that, in contrast to garnets, NASICON-type Li-
ion conductors are expected to be much more resistant to proton
exchange, as they have either mildly negative or positive LHX energy.
We attribute this to several factors. While an absolute site energy for
Li cannot easily be defined in materials, we believe that, in general, Li
is more strongly bound in the NASICONS. This is supported by the
higher extraction voltage observed in phosphate NASICONs than in
simple oxides when the same redox couple is considered.*®
Furthermore, unlike garnets, NASICONs have no face-sharing Li—
Li pairs, which increases the energy of Li.*”*® The proton binding
energy almost certainly also contributes to the different LHX
energetics between garnets and NASICONs. The covalent O—H

bond with oxygen is strongly influenced by the other ions that
covalently interact with that oxygen, which has been referred to as the
inductive effect in the battery literature."”* In phosphate-based
NASICON:S, oxygen is strongly covalently bonded to the center P
cation, leaving little covalency to make the O—H bond, resulting in
weaker O—H bonds. This is unlike the chemistry of garnets, in which
the oxygen ions mostly interact electrostatically with the other cations.
Nonetheless, while proton exchange may not be a problem for
phosphate NASICONS, dissolution of (PO4)37 is known to be a
potential degradation mechanism when in contact with an alkaline
solution.**!

Our findings on lithium NASICONS also shed light on why sodium
NASICON:S, such as NayZr,Si,PO,,, are generally more susceptible to
proton exchange, especially at low pH conditions.”>** Their higher
water instability may stem from the higher alkali metal ion content in
sodium NASICONs (>3 Na per fu.) than in the Li-stuffed
NASICONS (1—2 Li per fu.), which can potentially raise the average
Na energy more significantly. Also, the inductive effect from (SiO,)*"
is weaker than (PO,)*” due to the lower electronegativity of Si
compared to P, reducing the Na extraction voltage and enhancing
covalent bonding between protons and silicate groups.>* These
comparisons point out how subtle differences in crystal frameworks or
compositions can strongly influence the water stability of oxide
conductors.

Our calculation also shows that the H site energy varies to a certain
degree within each polyhedron, depending on the oxygen to which
the proton bonds (see Figure SS in the Supporting Information).
Although the minimum H site energy in a given polyhedron, which
sets the driving force for proton exchange, does not vary much with
cation chemistry or total Li content as indicated by the results shown
in Figure 3, the data in Figure S5 show that the H site energy can vary
by up to 0.7 and 0.5 eV for garnet and NASICON, respectively. The
variation in H site energy suggests that a proton must overcome
energy differences between neighboring O—H bonds, in addition to
O—H bond breaking energy, when it diffuses within these oxide
conductors. This may partially account for the slow proton diffusion
kinetics observed experimentally in protonated garnets (see Figure S1
in the Supporting Information). It further implies that when Li ions in
the surface region of a garnet are exchanged with protons, the
protonated surface layer may become ionically insulating (for both Li
ions and protons). While this surface passivation layer may limit
further protonation deep within the bulk, it inevitably increases the
interfacial resistance and thus negatively impacts battery perform-
ance. 1420

Our results indicate that the potential trade-off between optimizing
conductivity and water stability depends on the nature of the
conductivity-enhancing mechanism.'”**** Given our findings, we
expect that most simple oxides that derive their high conductivity
from “Li-stuffing” will be susceptible to proton exchange in moisture-
containing environments. While Li-stuffing can lower the ionic
hopping barrier and thereby increase conductivity with little impact
on the overall thermodynamic stability of bulk materials,** our study
shows that the increase in the site energy upon Li stuffing can be
detrimental when topotactic ionic exchange reactions come into play.
These opposing effects call for greater caution in material design,
emphasizing the need to balance improved functionality with long-
term chemical stability.

In this light, conductors that rely on other mechanisms, such as the
corner-sharing concept,*® do not require a large Li content for high
conductivity and may therefore be less water sensitive. The high-
entropy effect identified in a variety of structures and chemistries'” is
another example for increasing conductivity without increasing Li
content, thereby achieving both high conductivity and water stability.
In a previous computational high-throughput screening work, some
potential superionic oxide Li-ion conductors that possess similar
structural characteristics as garnets or NASICONSs were identified.**
Based on our current study, we expect those NASICON-like
conductors to exhibit higher water stability than the garnet-like
conductors due to the more homogeneous distribution of Li ions
within the diffusion channel that avoids the strong Li—Li interaction.
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In summary, we conducted computations combining DFT with a
machine-learning interatomic potential model (CHGNet) to
investigate the driving force for the Li*/H" exchange reaction in
garnets and NASICONs. We find that Li-stuffed oxides generally
exhibit a strong driving force for proton exchange, originating from
their high Li chemical potential. In contrast, materials such as
NASICONs, which do not possess the face-sharing Li—Li
configurations that raise the Li chemical potential and have weaker
O—H covalency due to the polyanion-based crystal framework, are
predicted to be much less sensitive to proton exchange in humid
environments. These findings highlight a fundamental trade-off in the
Li-stuffing strategy, where improved Li-ion conductivity may come at
the expense of water stability. This work underscores the importance
of taking material stability into consideration rather than focusing
solely on optimizing ionic conductivity when designing battery
materials for practical applications.

B ASSOCIATED CONTENT
® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsenergylett.5c02980.

Density functional theory methods, previously reported
Li-ion conductivities of various garnet compositions, Li/
H site energies in Li-stuffed and unstuffed garnet and
NASICON structures, Li and H site energies in cubic
garnet frameworks, H site energies in a perturbed host
structure of La;Te,Oy, Li—Li face-sharing energy,
distribution of H site energy in Li-stuffed Garnet and
NASICON, energy and site occupancy of Li-stuffed
Garnets and Li,Tiln(PO,);, enumeration of Li/H/
vacancy configurations, CHGNet model fine-tuning, Li
and H chemical potentials in humid air, density of states,
synthesis and immersion experiments of garnet materials
in solutions, time evolution of solution pH during the
immersion of garnet compounds, calibrations for ICP-
MS measurements (PDF)
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