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Abstract

Contact loss and current constriction pose significant challenges at the Li metal interface of

solid-state batteries. For garnet-structured Li7La3Zr2O12 (LLZO), these effects are amplified

by Li+/H+ exchange and surface contamination reactions, which lead to conductivity losses

and poor Li wetting. In this study, we utilize a variety of surface treatment processes across

1https://doi.org/10.26434/chemrxiv-2024-nxtpf ORCID: https://orcid.org/0000-0003-2210-8226 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-nxtpf
https://orcid.org/0000-0003-2210-8226
https://creativecommons.org/licenses/by-nc/4.0/


37 cells to selectively induce proton exchange and contamination reactions in LLZO. The re-

sulting bulk and surface chemistry is systematically characterized and correlated to changes

in electrochemical properties. Additionally, we combine impedance analysis and finite element

method modeling to deconvolute sources of impedance contributions at the Li metal interface.

Specifically, we show that constriction impedance at the Li metal interface arises not solely

from voids, but also from ionically-resistive surface contaminants. These findings emphasize

the connection between ionic conductivity and constriction, demonstrating that micron-scale

ionically-resistive components increase constriction even with identical contact geometries. Fi-

nally, we leverage our comprehensive dataset to highlight unstable overpotential growth as a

failure mechanism, additionally showing that the phase of a cell’s impedance is a sensitive in-

dicator for the onset of interfacial instability. Overall, this study clarifies the impacts of proton

exchange and surface contamination on electrochemical properties at the Li|solid electrolyte

interface and elucidates insights that are generalizable to other solid-state battery systems.

Introduction

Global efforts to electrify transportation and provide grid level energy storage have driven de-

mand for new battery technologies with improved safety, power density, and energy density1,2.

One promising strategy is the development of solid-state batteries (SSBs) which potentially offer

improved safety characteristics3,4 and greater compatibility with energy-dense negative electrode

materials such as Li metal5,6 compared to conventional batteries utilizing liquid electrolytes.

Amongst solid electrolyte (SE) chemistries, doped cubic Li7La3Zr2O12 (LLZO) has garnered sig-

nificant attention as a separator material due to its high bulk ionic conductivity and minimal

chemical reactivity with Li metal7–10. Despite this apparent stability in contact with Li metal,

LLZO suffers from other surface reactions under common processing conditions. It is well known

that LLZO undergoes Li+/H+ exchange in the presence of protic solvents, such as water vapour

in air11–23. Neutron diffraction19 and transmission electron microscopy15 studies have shown that

protons insert into the Li+ sites of LLZO without modifying the cubic crystal structure. In air,

Li+/H+ exchange results in the formation of surface contaminants, such as LiOH and Li2CO3, as
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summarized by the following equations:17,24,25

Li7La3Zr2O12 + xH2O → Li7−xHxLa3Zr2O12 + xLiOH (1)

2LiOH + CO2 → Li2CO3 +H2O. (2)

Equation 1 is also written in Kröger Vink notation as Li×Li + H2O → H×
Li + LiOH . These surface

reactions cause myriad detrimental effects at the Li|LLZO interface. First, the presence of lithio-

phobic species such as Li2CO3 induces poor interfacial contact. Contact loss then leads to current

constriction and large overpotentials during cell cycling that exacerbate Li intrusion in the SE and

subsequent failure via short circuiting24,26,27. Second, Li+ loss as a result of proton exchange has

been reported to diminish the conductivity of LLZO11,18,19 and introduce a resistive, proton-rich

interlayer28. As constriction is directly tied to bulk properties of the electrolyte, a decrease in LLZO

ionic conductivity increases both bulk and constriction impedance in the system29.

Substantial work has been done to understand and mitigate contamination reactions on the surface

of LLZO. Treatment methods such as polishing24, high-temperature annealing24,30,31, acid treat-

ment32–34, and chemical protonation followed by deprotonation35 have been investigated as pathways

for engineering a low-resistance Li|LLZO interface. Proton exchange is of particular importance

given the prevalence of protic solvents in surface treatments and processing methods (e.g., tape

casting36–39). In evaluating these treatments, many cell cycling studies emphasize critical current

density (CCD), the current density at which a cell fails as a result of short circuiting, as a key

performance metric. However, CCD is an amalgamation of multiple dynamic processes during cell

cycling and is highly sensitive to cycling conditions, which are not standardized in literature40–42.

Additionally, SSBs can fail from other mechanisms beyond short-circuiting; an equally limiting

process is contact loss and unstable overpotential growth at the Li|SE interface as a result of Li

stripping43–45.

In this work, we systematically investigate surface contamination reactions on high density (98.9%)

Li6.6La3Zr1.6Ta0.4O12 by varying the SE processing conditions. Inspired by work demonstrating the
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inherent variability when testing SSBs46, each condition is examined through n ≥ 4 replicates to

ensure internal consistency, encompassing a total of 37 cells. The resultant surface chemistry is com-

prehensively characterized and correlated to bulk and interfacial electrochemical properties at the

Li|LLZO interface. We employ a combination of treatment methods, summarized in Figure 1, to pre-

pare LLZO samples with varying levels of surface contamination and proton exchange. Specifically,

polishing and heat treatment are used to remove surface contaminants on LLZO, while exposure to

solutions with varied Li+ and H+ activities is used to induce different extents of Li+/H+ exchange.

Following surface treatments, we utilize a series of techniques including near ambient pressure X-ray

photoelectron spectroscopy (NAP-XPS) and time-of-flight secondary ion mass spectrometry (ToF-

SIMS) to characterize the surface chemistry and proton exchange level of LLZO. Electrochemical

impedance spectroscopy (EIS) and cell cycling reveal the impact of these changes on the electro-

chemistry of LLZO. We provide a detailed understanding of the different impedance contributions

in Li|LLZO|Li symmetric cells, including evidence for constriction derived from ionically-resistive

layers at the Li|LLZO interface. These insights are supplemented by finite element method (FEM)

calculations, which model constriction scenarios at SSB interfaces. Finally, we demonstrate the

importance of unstable overpotential growth from Li metal contact loss as a failure mechanism that

limits practical operating current densities before short circuiting events.
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Figure 1: Schematic summarizing the surface
treatments employed in this study and how they
impact the surface chemistry, proton exchange,
and surface morphology of LLZO. Acronyms are
defined in the Experimental section.
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Experimental Section

LLZO Sample Preparation

Ta-doped LLZO (Li6.6La3Zr1.6Ta0.4O12) was acquired from Toshima Manufacturing Company in the

form of pressed pellets (16mm diameter, 1mm thickness). Relative density, calculated geometri-

cally, is 98.9% of theoretical (Table S2). X-ray diffraction confirmed phase purity. Once received,

each pellet was sanded on a polishing wheel (Buehler Simplimet 2000) at 150 RPM with an in-

cremental series of polishing materials (240 grit, 400 grit, 600 grit, 800 grit, 1200 grit SiC sanding

discs; 6µm, 1µm diamond suspensions). Surface uniformity was monitored via optical microscopy

(Leica DM4000 M) to minimize the presence of polishing defects. Once both faces were polished,

the pellets were brought into an Ar-filled glovebox (O2 and H2O < 0.5 ppm) and cut into 3.175mm

x 3.175mm squares for subsequent testing using a custom-made scoring alignment jig. Prior to sur-

face treatments, LLZO pellets were additionally polished using 1µm lapping film inside the glovebox.

After every pellet underwent the aforementioned dry-polishing, samples were selectively modified

with a combination of surface treatments; samples without further treatment are described as

glovebox polished (Gb:Pol). For Water Treatment (WT), a LLZO pellet was placed into 15mL of

deionized (DI) water for 7 days. For Acid Treatment (AT), a LLZO pellet was placed into 100mL

of 1M HCl for 45 minutes. For LiOH Treatment (LiOH:HT), LLZO was placed into 15mL of 3M

LiOH for 1 week. For Heat Treatment (HT), LLZO was placed in a custom alumina crucible with

both faces exposed before being sealed inside a 1” alumina tube with airtight gasket fittings at

both ends. This tube was placed inside a custom furnace within the Ar glovebox, and the inlet

and outlet gas lines were connected to 21% O2+79% Ar and an exhausted vent line, respectively.

The gas flow rate was set to 100 sccm using a mass flow controller (MKS, M100B01322CS1BV) for

the duration of heating, and the tube was purged with pure Ar before cooling down. The heating

protocol consisted of a 7 ◦Cmin−1 ramp to 430 ◦C and a three hour hold at 430 ◦C.

NAP-XPS Heating Experiments

NAP-XPS measurements were performed on beamline 9.3.2 at the Advanced Light Source at

Lawrence Berkeley National Laboratory. LLZO samples and Au foil were mounted onto a ceramic
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heating stage with the surface temperature monitored via a clip-mounted thermocouple. A R4000

HiPP electron analyzer was differentially pumped with the flow rate of gas manually adjusted to

maintain an approximate chamber pressure of 500mTorr for all Ar and O2 heating measurements.

All measurements were performed at a nominal X-ray beam energy of 730 eV with additional scans

at 750 eV to check for Auger contributions.

Lab XPS Experiments

Lab-based XPS measurements were performed on a Phi VersaProbe 4 XPS system with a monochro-

mated Al Kα X-ray source. Sputtering was conducted using a 1mm× 1mm monoatomic Ar+ ion

gun with voltage and current settings of 1 kV and 1µA, respectively. This setting was been cali-

brated to a sputtering rate of 3 nmmin−1 on Si.

XPS Data Analysis

Peak fitting was performed using CasaXPS47. Au in electrical contact with LLZO was used as an

absolute reference to establish the C 1s and Zr 3d5/2 binding energies of a Li2CO3-contaminated

LLZO surface (Figure S1). The Zr 3d5/2 peak at 180.7 eV is used as an internal reference for all

LLZO samples exhibiting a discernible Zr signal while the C 1s Li2CO3 peak at 289.8 eV is used

to reference contaminated LLZO samples without detectable Zr. We note that while charge refer-

encing is commonly conducted using the C 1s peak of adventitious carbon, this peak is not present

for LLZO surfaces heated in O2. Furthermore, the adventitious carbon C1s peak is potentially

an inconsistent reference due to differential charging effects and variations in binding energies for

different carbon species48,49.

We fit backgrounds for O 1s, C 1s, Li 1s, and Zr 3d core scans using a Shirley background, while

a 3-parameter Tougaard background was used for La 3d scans. Peak fitting was conducted using

Gaussian Lorentzian peak shapes with an asymmetric tail introduced for π-bonded carbon species

in Ar-heated LLZO in the NAP-XPS measurements. Peak area constraints according to spin orbit

coupling were applied for appropriate core level scans. Correlation plots from NAP-XPS were ob-

tained via linear regression on the integrated peak areas from XPS fitting. Correlation plots were

only calculated from measurements obtained in the same gas environment.
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Electron Microscopy

Scanning electron microscopy (SEM) images were collected using a Thermo Fisher Scientific Apreo

SEM and a FEI Helios NanoLab 600i FIB/SEM system. All SEM images and videos were collected

using an acceleration voltage of 2 kV and beam current of 86 pA. A custom-built vacuum transfer

vessel was used to transfer all samples from the glovebox to SEM instruments in order to minimize air

exposure. SEM images presented in the text were algorithmically contrast/brightness corrected by

first normalizing the range of the data to cover 85% of the dynamic range of the data then applying

an offset to set the mean pixel value to 35% of the maximum allowable data value. Corrections

were limited to first-order alterations to avoid misrepresenting the images.

ToF-SIMS

ToF-SIMS was conducted by Infinita Labs and Tascon. Samples were prepared via the methods

discussed above and were sealed in multiple layers of environmental protection while inside an Ar-

filled glovebox before being shipped for analysis. Characterization was conducted on an IONTOF

TOF-SIMS5-300; the sputtering ion was Cs+ at 2 keV, and the analysis ion was Bi+3 at 30 keV.

Sputtering time was converted to depth via post-analysis of the crater using optical profilometry

(Sensofar PLu neox). For analysis, the ToF-SIMS depth profiles were split into three segments:

surface contamination, near-surface, and bulk. All samples were exposed to air prior to measurement

and therefore accumulated varying levels of contamination on the surface; in order to compare all

samples on an equal basis, the depth at which a rolling mean of ∂
∂z
LaO+ passed through zero was

chosen to indicate when the bulk LLZO had initially been reached, and this depth was set to zero for

comparing between samples. The LaO+ signal is strong and not present in the surface layer, making

it an ideal reference signal. The bulk of the sample was further identified by finding the depth at

which the 6Li+ intensity plateaued. Each individual species to be compared was normalized by

dividing the species intensity data by the average intensity of the same species in the LLZO bulk.

Since the H+ signal approached the detection limit of the tool in the bulk region, the H+ data was

normalized by the 6Li+ average bulk intensity. The normalized H+ data was further standardized

by subtracting the mean of the normalized H+ intensity in the bulk. This process was modeled

after existing ToF-SIMS analysis in literature50.
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Electrochemical Characterization

EIS and cell cycling measurements were performed on Li symmetric cells assembled in a Ar glovebox

dedicated for LLZO (Mbraun Labstar). Li metal used for electrodes was first purified by melting

Li on a hotplate then removing accumulated surface films using a stainless steel brush. This was

repeated until the surface contamination layer was replaced with a lustrous Li surface. Electrodes

were punched out from the purified Li metal and assembled into a cell with the surface treated

LLZO. A Kapton mask with a 2.4mm circular opening sat between Li metal and LLZO, and the

current-collectors had a corresponding 2.29mm protrusion to ensure a constant electrode contact

area. The cell assembly was then heated at 200 ◦C to melt Li and improve cell contact. After

heating, the cells were sealed in aluminum pouches, placed between two steel plates that applied

10MPa of pressure via four perimeter springs, and brought outside the glovebox for electrochemical

tests.

All EIS measurements were performed using a Biologic SP300 potentiostat operating between 7MHz

and 30mHz. Potentiostatic EIS measurements, with an excitation amplitude of 10mV, were per-

formed on all cells before and after cell cycling. For current-biased galvanostatic EIS measurements,

a DC current bias was applied on top of the AC excitation amplitude. Measurements with the re-

verse bias were performed between each successive measurement in order to check for instability

and restore interfacial contact. Distribution of relaxation times (DRT) and equivalent circuit fitting

were performed using Python code based off DRT Tools51 and LMFIT Python packages52. Effective

capacitance values were extracted from constant phase elements using Equation 353.

Ceff = Q
1
αR

1−α
α

∥ (3)

Here, Q and α are constant phase element parameters and R∥ represents the resistance in parallel.

LLZO symmetric cells were cycled on PARSTAT PMC-1000 (Ametek Scientific Instruments) inside

a temperature-controlled chamber (Amerex IC150R) held at 30 ◦C. The cells were stabilized in the

chamber for 3 h prior to cycling. The cycling protocol consisted of (i) five initial formation cycles

at 0.01mAcm−2 for one hour per half-cycle, (ii) one cycle at 0.05mAcm−2 for 1mAh cm−2 per half-
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cycle, and (iii) segments of three cycles at a constant current density 0.05mAcm−2 higher than the

previous current density for 1mAh cm−2 per half cycle. Step (iii) was repeated until the cell failed

via disconnection (reaching the voltage compliance limit of ±10.05V on the PMC-1000) or short-

circuiting (cell potential falls precipitously to approximately zero). An alternating sequence of EIS

(1MHz to 100mHz, 10mV perturbation amplitude) and open-circuit steps were placed between

each half-cycle to observe the impedance changes between plating and stripping while the cell was

at rest.

Constriction Impedance Simulations

Finite element method calculations for constriction impedance were performed on COMSOL Mul-

tiphysics using an AC/DC package and repeated on the general PDE package. Further details are

described in the Supplementary Information (SI).

Results

NAP-XPS Heating Under Different Gas Environments

To establish quantitative speciation of chemical components and optimize annealing conditions for

contaminant removal, we performed NAP-XPS on LLZO pellets heated in different gaseous envi-

ronments. Figures 2a and 2b depict select O 1s, C 1s, Zr 3d, and Li 1s spectra of air-exposed LLZO

pellets heated from room temperature to 400 ◦C in 500mTorr O2 and separately in 500mTorr Ar.

All XPS measurements were acquired using an incident X-ray beam energy of 730 eV, corresponding

to an information depth ≤ 2 nm (see Table S1 in the SI for electron escape depth calculations).

Further details regarding NAP-XPS data collection, charge referencing, and data analysis are de-

scribed in the Experimental section.

We validate XPS peak assignments by correlating O1s, Li 1s, and C1s photo-emission peak ar-

eas attributed to a specific chemical species. For example, Figure 2c plots the area of the LLZO

O1s peak (528.7 eV binding energy) against the area of the LLZO Li 1s peak (52.0 eV binding en-

ergy) at different temperatures during heating in O2. The high correlation coefficient (R=0.954)

from linear regression indicates that these peaks originate from the same source and that the LLZO
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Figure 2: Select in situ NAP-XPS data of separate polished LLZO samples heated in (a) 500mTorr
O2 and (b) 500mTorr Ar. All temperatures are reported to 2 significant figures. C 1s and Zr 3d
data are plotted on the same y-axis range for identical gas environments. In the O1s spectrum, the
peaks at 531.8 eV, 531.3 eV, and 528.7 eV are assigned to Li2CO3, LiOH, and LLZO, respectively.
In the Li 1s spectrum, these compounds are assigned to peaks at 55.5 eV, 54.7 eV, and 52.0 eV,
respectively. Li2CO3 shows an additional C 1s peak at 289.8 eV. We note that the LLZO peak
at 52.0 eV likely contains contributions from both Li 1s and Zr 4s; however, due to difficulties in
deconvoluting these features, they are not considered separately. (c)-(e) O1s, C 1s and Li 1s peak
area correlation plots for LLZO, LiOH, and Li2CO3 species, respectively, during in situ heating
experiments in 500mTorr O2. Slight deviations from linearity may arise due to differences in the
O1s, C 1s, and Li 1s information depths (Table S1), which also account for the non-zero intercepts
from linear regression.
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peak assignments are self-consistent. Similar correlation plots were constructed for LiOH (Fig-

ure 2d), Li2CO3 (Figure 2e), and species from heating in Ar (Figure S6), which support the XPS

peak assignments for these compounds.

The evolution of chemical species in Figure 2a demonstrates the effectiveness of heat treatment

in O2 for removing surface contaminants. The main contaminants observed at 25◦C in vacuum

prior to heating are Li2CO3 and LiOH, consistent with previous XPS measurements on air-exposed

LLZO10,24. We observe no significant changes to the surface composition until the sample is heated

to 250 ◦C. The combustion of surface organics at T≥ 200 ◦C in O2 produces CO2, which causes

significant Li2CO3 formation via Equation 2. Further heating leads to the near-complete removal

of LiOH and Li2CO3, with a notable decrease in contaminants when transitioning from 350 ◦C to

400 ◦C; this decrease is accompanied by the appearance of photoemission peaks attributed to LLZO,

in particular an increase in Zr 3d signal. The removal of these surface contaminants at T≥ 350 ◦C

is consistent with previous NAP-XPS studies31 and density-functional theory calculations which

indicate that the reversal of reactions 1 and 2 is thermodynamically favorable above 300 ◦C25.

However, the contaminant-free LLZO surface is not preserved after cooling—significant quantities

of LiOH and trace amounts of Li2CO3 are observed upon returning to 110 ◦C due to the entropic

driving force of adsorption. Mass spectrometry data collected simultaneously inside the NAP-XPS

chamber (Figure S7c) show that the counts for H2O and CO2 fragments are over 3 orders of magni-

tude lower than those for O2 held at a pressure of 500mTorr. LLZO heating experiments conducted

in H2S- and SOx- contaminated chambers (Figure S7a) also demonstrate that sulfate contamination

readily occurs on LLZO surfaces above 300 ◦C. These results suggest that a contaminant-free LLZO

surface can only be maintained at elevated temperatures or under ultra-high vacuum.

Additional LLZO heating experiments were conducted in 500mTorr Ar (Figure 2b). Similar to

the results in O2, heating to 400 ◦C in Ar results in the near-complete removal of LiOH and Li2CO3.

However, the absence of O2 prevents the combustion of surface organics. Comparisons between the

C 1s spectra at 110 ◦C and 400 ◦C show that heat treatment in Ar leads to carbon deposition and

pyrolysis on LLZO. The presence of an asymmetric tail and shift to lower binding energies for the
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main surface organic peak is consistent with π-bonded carbon species48,49, which has also been re-

ported in other LLZO heating experiments in Ar31. In summary, our NAP-XPS results demonstrate

that heating to 400 ◦C in either Ar or O2 removes contamination from LLZO; furthermore, O2 is

essential for combusting surface organics but can also lead to sulfate contamination if sulfur species

are present in the gas environment.

Effect of Surface Treatments on LLZO Surface Chemistry & Morphology

Informed by the NAP-XPS measurements, we used lab-based XPS to characterize how surface

treatments systematically modify the LLZO surface chemistry. These results are presented in

Figure 3 alongside topographical changes observed in SEM. All samples were transferred in air-

free containment from the glovebox to XPS and SEM instruments to minimize contamination.

Cleaved LLZO

We first establish the surface chemistry and morphology for untreated LLZO by considering an

unaltered surface created by cleaving a pellet inside an Ar glovebox (O2 and H2O ≤ 0.5 ppm). The

SEM image of the cleaved surface (Figure 3g) reveals a highly-densified poly-crystalline LLZO with

grain sizes ranging between 2 and 5µm. Lab-based XPS data for the cleaved surface (Figure 3a)

show clear contributions from LLZO with no photoemission peaks associated with Li2CO3 (fitted

using peak assignments determined from NAP-XPS). However, significant quantities of LiOH are

present on the cleaved surface as a result of Li+/H+ exchange (Equation 1). The high coverage of

LiOH on the Li+-rich cleaved surface is surprising given the minimal exposure to the glovebox Ar

environment (≤ 10min) before XPS analysis. These XPS results underscore the moisture sensitivity

of LLZO (i.e., a highly-favorable adsorption energy)—a controlled environment with sub–parts per

million concentration of water is insufficient for maintaining a contaminant-free surface.

Glovebox Polished LLZO (Gb:Pol)

Figure 3b presents XPS data of an air-exposed LLZO pellet that was dry polished in air and again

in a glovebox (see Experimental section for details). Comparison to an identically air-exposed pellet

not subjected to dry polishing (Figure S8a) shows that polishing effectively removes Li2CO3 and

results in trace quantities of LLZO being detectable. Nonetheless, contaminants such as LiOH
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Figure 3: Lab-based XPS and SEM of LLZO surfaces having undergone different surface treat-
ments. a), g) Cleaved LLZO surface. b), h) Polished inside a glovebox. c), i) 3 h heat treatment
in 21% O2 + 79% Ar at 430 ◦C. d), j) 1 week exposure in DI water. e), k) 1 week exposure
in DI water + heat treatment in 21% O2 + 79% Ar at 430 ◦C. f), l) 45minutes exposure in 1M
HCl. All samples except the cleaved surface were subjected to the same polishing procedure as
Gb:Pol LLZO prior to surface treatment. La 3d intensities were normalized using the average of 10
pre-edge background points54 and plotted on the same y-axis range for comparison. Annotations
on the La 3d spectra denote the separation between the La 3d5/2 peak and charge-transfer satellite.
This separation is highly sensitive to the the La bonding environment and notably smaller in La-OH
type environments (e.g., La(OH)3) versus La-O type environments (e.g., La2O3 or LLZO)55.
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still dominate the surface composition, illustrating that polishing alone cannot effectively clean the

surface. The SEM image in Figure 3h demonstrates that polishing produces a flat surface with

no clear distinction between grains and grain boundaries. We note that ceramics are often wet-

polished; however, wet polishing using water exposes the grain structure of LLZO and appears to

dislodge grains via grain boundary erosion (Figure S9).

Heat Treated LLZO (HT)

Heat treated LLZO was prepared by annealing a polished LLZO pellet under flowing 21% O2 + 79%

Ar for 3 hours at 430 ◦C in a tube furnace inside a glovebox. Figure 3c shows that heat treatment

effectively removes Li2CO3 and some LiOH, leading to a higher proportion of LLZO being revealed

compared to the polished surface. The presence of LiOH is attributed to Li+/H+ exchange inside

the glovebox after heat treatment and is consistent with the NAP-XPS results, which show re-

contamination post–heat treatment. SEM of HT LLZO (Figure 3i) indicates that heat treatment

maintains the surface morphology but exposes more surface asperities (e.g., pits) compared to the

Gb:Pol surface.

Water Treated LLZO (WT)

Figure 3d shows the XPS data of a polished LLZO pellet that was subsequently immersed in DI

water for 168 h; this water treatment removes Li2CO3 via dissolution and reveals more LLZO at the

surface compared to both cleaved and polished samples. WT concurrently forms La(OH)3, which

has been observed using X-ray diffraction14 and infra-red spectroscopy12 for water-exposed LLZO

powder. La(OH)3 formation is corroborated by the decreased La 3d peak separation in water-

exposed samples compared to non-water-exposed samples (e.g., WT vs. HT LLZO), reflecting

the different La bonding environments in La(OH)3 and LLZO55. Furthermore, water treatment

induces significant carbon accumulation on the surface as reflected by the high C1s counts in XPS

survey scans (Figure S10) and dark patches in SEM (Figure 3j). Ar+ sputtering on WT LLZO

(Figure S11d) increases the La 4d separation from 4.36 eV to 4.66 eV while also removing LiOH and

surface carbon species. Therefore, La(OH)3, surface organics, and LiOH appear to be confined to

a nanometer-scale-thick surface layer on the WT sample.
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Water Treated + Heat Treated LLZO (WT:HT)

Figure 3e shows XPS data on WT LLZO that was additionally heat treated under the same con-

ditions as HT LLZO. Compared to the purely water treated sample, heat treatment decreases the

amount of surface carbon and reveals more LLZO; however, La(OH)3 persists on the surface, and

the La 3d peak separation for the WT:HT sample remains similar to the WT sample. SEM of

WT:HT LLZO (Figure 3k) indicates that heat treatment does not alter the surface morphology of

WT LLZO but does substantially decrease the dark patches observed on WT LLZO associated with

surface carbon.

Acid Treated LLZO (AT)

Finally, Figures 3f and 3l depict XPS and SEM of polished LLZO that was immersed in 1M HCl

for 45 min. The XPS results show that acid treatment is not effective for removing surface con-

taminants as the AT surface is dominated by LiOH and Li2CO3. However, unlike other surface

treatments discussed thus far, acid treatment significantly alters the morphology of LLZO32–34—this

microstructural change is further illustrated in Figure S13, which shows the continuous etching of

grains and grain boundaries on the cleaved LLZO surface with prolonged acid exposure.

16https://doi.org/10.26434/chemrxiv-2024-nxtpf ORCID: https://orcid.org/0000-0003-2210-8226 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-nxtpf
https://orcid.org/0000-0003-2210-8226
https://creativecommons.org/licenses/by-nc/4.0/


Characterization of Li+/H+ Exchange Resulting from Surface Treat-

ments via ToF-SIMS
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Figure 4: ToF-SIMS depth profiles from Gb:Pol,
HT, WT, and WT:HT LLZO. (a) 6Li+ intensity
normalized to the bulk intensity of 6Li+ in each
sample; traces all converge within 12µm (Figure
S14). (b) H+ intensity normalized to the bulk
intensity of 6Li+ alongside the result from fitting
a 1D diffusion equation to the WT data. Data in
(b) were standardized by subtracting the average
value of the last 1µm to set the deep-bulk H+

levels to zero. All data are plotted such that 0µm
corresponds to the start of the LLZO bulk.

To supplement the XPS surface chemistry investigation and directly quantify the extent of Li+

loss and H+ insertion into LLZO as a result of surface treatments, we characterized representative

samples using ToF-SIMS (measurement details in Experimental section). The extent of Li+/H+

exchange depends on the H+ and Li+ activities in the solvent. We expect non-solvent-exposed

samples, such as Gb:Pol LLZO, to have the lowest extent of exchange, while WT, WT:HT, and AT

LLZO samples have significant exchange due to the high H+ activity and low Li+ activity in the

solvents used. Due to the non-uniform surface topography of LLZO post–acid exposure, AT LLZO

could not be reliably characterized using ToF-SIMS.
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A subset of the ToF-SIMS results are presented in Figure 4 (and additional data is presented in

Figure S14). The depth profiling measurement for each sample was continued until the bulk LLZO

species’ concentration stabilized. Each sample had varying levels of surface contamination due to

environmental exposure prior to the measurement. Therefore, to specifically compare changes to

6Li+ and H+ within the LLZO lattice, we only examine sub-surface data where contaminants do not

contribute to the ToF-SIMS signal. The LaO+ trace stabilizes quickly in each dataset and thus was

used to determine when the LLZO bulk had been reached (Figure S15). All other species plateau

before the measurement is concluded (final sputtered depth between 7–12µm); therefore, average

intensities were taken over the final 1µm for each measurement to quantify the bulk intensity for

each species, which was then used for normalization.

Figure 4a shows the 6Li+ signal normalized by its bulk intensity; values greater than 1.0 indi-

cate Li enrichment, and values lower than 1.0 indicate Li depletion. WT LLZO is significantly

depleted of Li in the first 4µm of LLZO, reaching a minimum of 53% of the baseline Li+ intensity.

WT:HT LLZO also exhibits Li+ depletion but has more Li+ near the surface than the WT sample;

however, the depletion region in the WT:HT sample extends much farther into the bulk compared

to the WT sample (the WT:HT Li+ signal plateaus after 10µm). This suggests that heat treatment

facilitates Li+ rearrangement in LLZO and that Li+ lost in the near-surface region is supplemented

by Li+ from deeper in the bulk of the material. Gb:Pol and HT LLZO both exhibit Li+ enrichment

followed by slight Li+ depletion near the surface; however, the magnitude of this depletion is much

smaller than that of the WT and WT:HT samples, which is consistent with our hypothesis. HT

LLZO displays less extreme Li fluctuations than Gb:Pol LLZO, further supporting the hypothesis

that heat treatment enhances chemical diffusion and enables solute redistribution within LLZO to

minimize concentration gradients. However, ToF-SIMS samples have also been shown to exhibit in-

tensity spikes at material boundaries50, so this initial Li+ enrichment may be a measurement artifact.

The Li+ depletion in WT LLZO is accompanied by H+ enrichment in the same volume of LLZO,

as seen in Figure 4b. The data in Figure 4b has been normalized to the bulk average intensity of

6Li+ and subsequently standardized by subtracting the bulk average value of the normalized trace.

Therefore, a value of zero indicates that the H+ intensity is identical to that of H+ far into the
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bulk of LLZO. In contrast to the WT LLZO sample, the WT:HT LLZO sample shows a flat H+

profile—this is to be expected after heat treatment facilitated solute redistribution, since the total

amount of H+ in the lattice is negligible compared to the Li+ concentration.

The WT LLZO H+ profile represents the proton concentration distribution after 168 h; we fit Fick’s

Second Law to estimate the diffusion coefficient of H+ in LLZO, 5 × 10−18m2 s−1 (full derivation

in SI). This is consistent with the recently reported chemical diffusion coefficients for H+ in LLZO

(2×10−17m2 s−1 at room temperature56 and 7×10−17m2 s−1 at 80 ◦C57). Furthermore, the existence

of a proton concentration gradient in the bulk of WT LLZO corroborates reports that the LLZO

proton exchange is diffusion-limited rather than reaction-limited20,57, since the H+ concentration

would be constant in a purely reaction-limited scenario.

Impact of Surface Treatments on Impedance Contributions

Significant work has been done to understand and model the impedance contributions at the Li

metal interface of LLZO58–63. Building on these findings, we examined the impacts of surface chem-

istry and Li+/H+ exchange on the electrochemical properties of LLZO via EIS using Li|LLZO|Li

symmetric cells. We further validated the physical origins of different impedance contributions us-

ing pressure-varying and current-biased EIS measurements. Pressure-varying EIS is used to identify

void-derived constriction, while current-biased EIS is used to differentiate ohmic impedance con-

tributions (constriction, bulk, or grain boundary conduction) from non-ohmic contributions (e.g.,

charge-transfer). We discuss the interpretation of impedance contributions alongside the fitted pa-

rameters from different surface treatments.

Figures 5a-b depict the equivalent circuit model that is fit to impedance data and representa-

tive Nyquist plots obtained from HT and WT:HT LLZO cells. This circuit model considers four

impedance contributions in order of decreasing characteristic frequency: 1) the bulk impedance

(ZBulk) corresponding to ion migration within LLZO grains, 2) the grain boundary impedance

(ZGB) corresponding to ion migration within LLZO grain boundaries, 3) the interfacial impedance

(ZInt) which is interpreted as a constriction effect, and 4) a low-frequency impedance feature (ZLF )

which is attributed to an electrochemical reaction. These contributions correspond to the four peaks
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Figure 5: (a) Equivalent circuit that is fit to EIS data. (b) Nyquist plots of Li symmetric cells
using HT and WT:HT LLZO measured at 10 ◦C. (c) Corresponding DRT analysis on impedance
data shown in (b) illustrating 4 impedance contributions. The HT and WT:HT cells shown in
(b) and (c) are subjected to current-biased EIS measurements to delineate ohmic vs. non-ohmic
features; subsequent pressure-dependent EIS measurements on the same cells assess the presence of
voids. Figures (d)-(f) depict fitted bulk, grain boundary, interfacial, and low-frequency resistance
contributions from pressure-dependent EIS measurements at 10 ◦C; the pressure was increased until
electrolyte fracture and short circuiting occurred. Figures (g)-(i) depict fitted bulk, grain boundary,
interfacial, and low-frequency resistance contributions from current-biased EIS measurements at
30 ◦C.
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Figure 6: Extracted (a) bulk, (b) grain boundary (c) interfacial, and (d) low-frequency resis-
tances from EIS measurements of Li|LLZO|Li symmetric cells after different surface treatments.
All EIS measurements were made at 30 ◦C. Error bars represent the standard error for each surface
treatment computed from n≥ 4 replicates. RLF for Gb:Pol LLZO in (d) is not fitted due to being
convoluted with RInt—tall voids or large constriction resistances are known to reduce the charac-
teristic frequency of constriction impedance58.

identified from the DRT51 analysis shown in Figure 5c.

ZBulk

Figures 5d and 5g show that RBulk remains invariant under pressure-dependent and current-biased

EIS measurements, consistent with an ohmic impedance feature not associated with interfacial con-

tact. Li+/H+ exchange is expected to decrease the bulk ionic conductivity as a result of the low

self-diffusivity of H+64 in comparison to Li+65 in LLZO. Indeed, these trends are reflected by fitted

RBulk values shown in Figure 6a. Water exposure induces the greatest amount of Li+/H+ exchange

and results in the most substantial increase in RBulk compared to non-solvent-exposed samples

(Gb:Pol and HT LLZO). The similarity of RBulk between WT and WT:HT samples signifies that

decreases in bulk conductivity cannot be solely attributed to Li+ deficient surface layers, such as

those observed in WT LLZO. Equalization of Li+/H+ concentration gradients after heat treatment

in WT:HT LLZO does not decrease RBulk, suggesting that ionic conductivity in LLZO is more

affected by the extent of H+ exchange instead of the distribution of H+.

Similar to previous reports, using an aqueous 3M LiOH solution lessens the increase in RBulk
11,12,

indicating that the Li+ and H+ activity of a solution alters the extent of proton exchange. Inter-

estingly, acid treatment results in smaller increases to RBulk compared to water-exposed samples

(WT, WT:HT, and LiOH:HT LLZO). We postulate that this occurs due to Li metal infiltration
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into the porous microstructure of the acid treated samples—increases to the Li electrode area and

decreases to the vertical electrode separation can offset conductivity losses from proton exchange.

ZGB

Similar to ZBulk, ZGB remains invariant under pressure-dependent and current-biased EIS mea-

surements, which is consistent with an ohmic impedance feature not associated with interfacial

contact. Data in Figure 6b show that RGB does not vary across different surface treatments with

the exception of WT:HT LLZO, which possesses an average RGB that is double that of the other

sample types. Notably, this elevated grain boundary resistance only occurs after annealing the WT

sample. ToF-SIMS data presented in Figure 4a shows that heat treatment removes the surface Li+

depletion region in WT LLZO, thus indicating a redistribution of H+ away from the surface. We

speculate that heat treatment facilitates H+ segregation to LLZO grain boundaries or that the grain

boundary conductivity is highly sensitive to protonation.

ZInt

Figure 6c shows the effect of surface treatments on RInt, which we interpret as a constriction

impedance at the Li|LLZO interface. RInt is highest for samples that are heavily contaminated with

LiOH or Li2CO3 (e.g., Gb:Pol LLZO). Removal of lithiophobic LiOH/Li2CO3 through water treat-

ment or heat treatment substantially decreases RInt, consistent with RInt being largely dictated by

Li wetting at the LLZO interface24. An exception to this is AT LLZO—Li infiltration into the porous

microstructure enables significantly improved lateral contact despite substantial surface contamina-

tion. It is worth emphasizing that constriction resistance, which arises from distortions to electric

field lines, is caused by purely geometric effects, such as inhomogeneous contact at the Li|LLZO in-

terface29,58,63. Current-biased galvanostatic EIS measurements shown in Figure 5h demonstrate the

ohmic nature of RInt, indicating that RInt is unlikely to be associated with a charge-transfer process.

We further investigate the physical origin of ZInt using pressure-dependent EIS measurements.

Figure 5e shows that RInt values for WT:HT LLZO decrease with increasing stack pressure until

approximately 100MPa, after which they plateau; for HT LLZO, RInt remains near-constant at

around 30Ω cm2. Voids at the Li|LLZO interface should, in principle, be completely removed by
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high stack pressures60. However, the plateauing of RInt at values significantly greater than 0, even

at stack pressures close to electrolyte fracture, indicates that void-derived constriction may not

be the only contribution to ZInt. We postulate that an additional component of RInt arises from

ionically-resistive interlayers at the Li|LLZO interface. This interpretation is consistent with our

XPS results, which demonstrate that ionically-resistive species, such as LiOH, are almost impossible

to avoid on LLZO surfaces. These species are also likely to be present on Li metal electrodes66,67.

ZLF

Finally, we observe a low-frequency impedance response with a characteristic frequency on the

order of 10−2–10−3Hz across all Li symmetric cells that possess low RInt values. Fitted RLF values

from current-biased EIS measurements (Figure 5i) confirm that RLF is non-ohmic; the decrease

in RLF with increasing biasing current is consistent with a charge-transfer reaction. This trend

holds for both positive and negative current-biasing directions (Figure S23). Previous studies have

attributed ZLF to an electrochemical reaction60,61,68,69; in particular, the inverse relation between

RLF and pressure (Figure 5f) has been highlighted by Wang and coworkers, who associate the

kinetics with vacancy or adatom motion of Li61. Further work is being done to understand why ZLF

occurs at such low characteristic frequencies, and the nature of the associated capacitance, if it is

a charge-transfer process.

Modeling Constriction at the Li Metal Interface

Based on our pressure-dependent EIS measurements, we postulate that SSB constriction impedance,

attributed to ZInt in our impedance data, arises from a combination of voids and ionically-resistive

surface layers. To better understand the different factors impacting constriction at the Li|LLZO

interface, we modeled the impedance response of SSBs under different geometric configurations by

performing FEM calculations based off work by Fleig and coworkers29. Additionally, we explored the

connection between constriction impedance and ionic conductivity to clarify the detrimental impact

of Li+/H+ exchange on LLZO constriction. Figure 7 illustrates the four distinct cases considered.

This model only considers bulk ion migration in the absence of any Faradaic redox reactions or

concentration gradients (model details are provided in the SI).
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Voidaminant

Li
+

Figure 7: Simulated impedance data from FEM calculations that illustrate how conductivity
impacts constriction impedance at the Li|LLZO interface under different geometries: (a) effect
of electrolyte conductivity on void-derived constriction; (b) effect of contaminant conductivity
on contaminant-derived constriction; (c) effect of contaminant conductivity on void-derived con-
striction atop a uniform contaminant layer; (d) effect of contaminant conductivity when both
void-derived constriction and contaminant-derived constriction coexist. Each Nyquist plot is ac-
companied by the corresponding FEM model geometry on the left and resistance plots on the right
from equivalent circuit fitting. For each annotated impedance feature, the subscript denotes the
physical process (e.g., constriction), while the superscript denotes the source (e.g., voids).
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Cases 1 and 2 demonstrate that the presence of a 10µm thick void or contaminant layer can

give rise to a constriction impedance that is distinct from ZBulk. In both cases, the constriction

feature arises due to an interfacial region with different dielectric properties and substantially lower

ionic conductivity than the bulk electrolyte. At high frequencies, current can flow through the voids

or contaminants via the displacement current, thus giving a ZBulk response identical to electrodes

with uniform contact. At low frequencies, the poor conductivity of voids or contaminants restricts

current flow to regions with Li|SE contact. As discussed in previous works29,58,60,63, the charac-

teristic frequency of constriction impedance at Li metal interfaces is dependent on the geometry

and dielectric constant of the void or contaminant layer; resistive layers with high thickness and

low surface area increase the characteristic frequency of the constriction impedance, potentially

rendering it indistinguishable from ZBulk. Furthermore, the real Li|SE interface likely possesses

a distribution of void or contaminant geometries. Nonetheless, our model demonstrates that both

voids and contaminants with micron-scale thickness are capable of generating a distinct constriction

feature in EIS measurements.

Current constriction arises from deviations to the conduction pathway; thus, the conductivity of

this pathway will influence the magnitude of the constriction resistance. The Nyquist plots shown

in Figure 7a demonstrate how decreases in the electrolyte conductivity result in proportional in-

creases to both RBulk and constriction resistance. Therefore, solid electrolytes with lower ionic

conductivities (e.g., protonated LLZO) will have higher constriction resistances, assuming a similar

Li contact geometry is maintained. This correlation is illustrated in Figure S27 for HT, LiOH:HT,

and WT:HT LLZO, which are expected to have distinct protonation levels.

The effect of conductivity extends to any element of the conduction pathway but is most pronounced

for components conducting the majority of charge. Case 2, where constriction comes purely from

contaminants, demonstrates this phenomenon—constriction impedance is practically unaffected by

the contaminant conductivity because the majority of the current bypasses the contaminant layer.

This is contrasted in Case 3, where current must pass through a uniform contaminant layer; in this

scenario, contaminant conductivity strongly affects the constriction impedance. Both Case 2 and 3

refer to contaminants, but these results apply for any ionically-resistive layer (e.g., H+ exchanged
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LLZO or artificial coatings on solid electrolytes).

In real systems, contaminant coverage on LLZO can be non-uniform and constriction due to both

voids and ionically-resistive layers can coexist. Two such geometries are schematically shown in

Case 4 (Figure 7d), which depicts voids of different areas partially covering both the solid elec-

trolyte and contaminant. As in Case 2, varying contaminant conductivity (even by 2 orders of

magnitude) barely affects constriction because only a small portion of the current passes through

the contaminant layer. For the same reason, altering the void coverage on top of the contaminant

(Geom 1 vs. Geom 2) has little effect, since this only affects the void-derived constriction in series

with the contaminant layer. In the DC (low-frequency) limit, current constriction already occurs

via components of the void and contaminant layer directly in contact with the solid electrolyte.

Therefore, the addition of voids on top of a resistive layer does not strongly alter the constriction

resistance unless a substantial fraction of the total current passes through the resistive layer (as in

Case 3). For LLZO surfaces without uniform contaminant coverage, constriction impedance may

be dictated by properties of the contaminant layer, rather than voids, despite poor Li wetting on

the contaminant layer.

Overpotential-Induced Open Circuit Failure During Cell Cycling

To elucidate the functional impact of LLZO surface chemistry, especially the effect on unstable

overpotential growth, we performed galvanostatic cycling on 37 Li|LLZO|Li symmetric cells us-

ing pellets prepared via the surface treatments discussed thus far. We used a standardized cy-

cling protocol that included five initial low-current formation cycles at 0.01mAcm−2 , one cycle at

0.05mAcm−2 , and then three cycles at higher current densities that were sequentially increased

by 0.05mAcm−2 intervals until cell failure. Apart from the formation cycles, each half-cycle had a

constant capacity of 1mAh cm−2 . The impedance was measured five times after each half-cycle to

monitor cell degradation. The relatively large half-cycle capacity and repeated cycles were chosen

to test the overpotential stability at each current density. A representative cycling curve for a HT

LLZO sample is shown in Figure 8a (see Figure S30 for the full-range voltage plot). Here, unstable

overpotential growth is visible in the voltage trace beginning at 0.2mAcm−2 (4.2×105 s).
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Figure 8: Cell cycling results on Li|LLZO|Li cells cycled under 10MPa stack pressure at 30 ◦C.
(a) The upper plot is a representative voltage vs. time trace for a HT LLZO cell (Cell A); current
vs. time is shown on the secondary y-axis. The lower plot shows the phase of the impedance (Φ) at
100Hz from EIS spectra taken between half-cycles. The blue shaded band marks the initial average
phase ±3σ. (b) Mid-cycling EIS spectra for Cell A with data from 100 Hz marked by red outlines;
time points for each EIS spectra are marked in (a). (c) Scatter plot showing the mean current
density at the onset of unstable overpotential growth (diamonds) and at failure (circles) separated
by treatment; vertical lines indicate the 90% confidence interval of the mean, and individual cell
data is shown in gray. (d) Percentage of cells that failed via overpotential-induced failure as a
function of surface treatment.
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Figure 8d shows that only 7 of the 37 cycled cells failed by short-circuiting; instead, most exper-

iments stopped due to excessive overpotential buildup that exceeded the ±10V compliance limit

of the cell cycling electronics. Furthermore, even the cells that short-circuited exhibited overpo-

tentials above 1V prior to failure. As discussed in the previous section, this overpotential buildup

is likely the result of constriction resistance from voids or contaminants at the Li|LLZO interface.

Therefore, cell performance in this study is characterized by (i) the current density at which the

overpotential begins growing unstably and (ii) the current density at cell failure due to excessive

overpotential buildup or short-circuiting. Short-circuiting in symmetric SSBs has an unambigu-

ous electrical signature that is ubiquitously used for finding critical current density; however, there

currently is no established electrical signal for indicating the onset of unstable overpotential buildup.

Overpotential instability is most often determined based on arbitrary voltage-related criteria, but

we have found that the impedance behavior is a more sensitive indicator of unstable overpoten-

tial growth. Specifically, the phase of the impedance, Φ, (and the imaginary component of the

impedance) registers instability earlier, and more accurately, than the applied voltage while cy-

cling. Part of this sensitivity can be attributed to the higher dynamic range used by the control

electronics during impedance measurements, but the accuracy of the phase criteria stems from how

Φ relates to the actual cell behavior. The FEM results above (and previous studies58,63) show that

void- and contaminant-derived current constriction appears at lower frequencies in EIS spectra;

correspondingly, Φ decreases at lower frequencies as a cell becomes more unstable and the interface

devolves. For example, the lower plot in Figure 8a shows Φ at 100Hz (taken from the post-half-cycle

impedance spectra); the horizontal blue band demarcates the initial average phase ±3σ. Figure 8b

plots select EIS spectra from Cell A at four time points to demonstrate the impedance evolution

during cycling (and 100Hz is indicated by the red circles). A perfectly stable cell should have an

invariant impedance magnitude and phase, but Φ deviating beyond the marked range indicates that

statistically-significant overpotential instability has occurred within the cell. In Figure 8a, unstable

overpotential growth begins at around 2×105 s based on this phase criterion; however, even a strict

voltage criterion (e.g., ≥ 10% change in overpotential within a half-cycle) does not register insta-

bility until 3×105 s, and tighter voltage limits are not possible due to measurement noise. The SI

contains further explanation and Φ evolution for all frequencies.
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Cell performance data in Figure 8c shows that a higher onset current density for unstable over-

potential growth does not directly imply a higher current density for cell failure. This is highlighted

for AT samples, which, despite possessing the highest average current density for failure, exhibit

overpotential instability at a lower current density compared to WT:HT and LiOH:HT samples.

AT LLZO is able to sustain higher nominal current densities before failure due to the porous sur-

face morphology that increases the effective Li|LLZO contact area32–34. However, the AT surface is

contaminated by Li2CO3 and LiOH—these lithiophobic species lead to current constriction, which

manifests as overpotential instability at lower current densities.

Several distinct patterns emerge by incorporating insights from the earlier surface chemistry and Li+

/H+ exchange characterization. First, the onset of unstable overpotential growth trends higher for

samples with less contaminated surfaces (HT LLZO vs. Gb:Pol LLZO and WT:HT LLZO vs. WT

LLZO)—these cells likely experience primarily void-derived constriction with fewer contaminant-

derived impacts. Second, all samples exposed to water (WT, WT:HT and LiOH:HT) have equal

or greater average current densities for unstable overpotential growth compared to Gb:Pol and HT

LLZO. This may be linked to La(OH)3 which exists on all samples exposed to water; however, fur-

ther investigation is needed to confirm the effect of La(OH)3 on Li wetting and interfacial stability.

Third, cells that were heat treated survive until much higher current densities than their non–heat

treated counterparts. Specifically, the WT vs. WT:HT results suggest that the heterogeneous dis-

tribution of H+ in WT LLZO may be more detrimental than the extent of Li+ /H+ exchange, which

should be the same for both sample types.

Finally, cycling performance has no clear correlation to the pre-cycling EIS parameters from Fig-

ure 6. For instance, RInt does not appear to be a strong predictor of cell longevity (Figure S32c)

unless it is significantly higher than RBulk, as is the case with Gb:Pol LLZO (Figure S32e). However,

the cells with the highest RInt (Gb:Pol, WT:HT) are more prone to failing via excessive overpo-

tential buildup instead of short-circuiting. The SI contains correlation plots for the additional EIS

parameters.
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Conclusion

In this study, we used a combination of surface chemical analysis, modeling, and electrochemical

characterization to systematically investigate the impacts of proton exchange and surface contam-

ination reactions on LLZO solid electrolytes. Our findings demonstrate that LLZO is extremely

susceptible to Li+/H+ exchange, so maintaining a contaminant-free surface is likely only possible

above contaminant removal temperatures or under ultra-high vacuum. Li+/H+ exchange lowers

electrolyte ionic conductivity and is limited by chemical diffusion of H+ into the bulk electrolyte.

Concentration gradients induced by Li+/H+ exchange in water are dissipated by heat treatment,

but the bulk electrolyte conductivity is unaffected. This indicates that conductivity losses stem

from the overall extent of Li+/H+ exchange rather than surface Li+ depletion layers. The increase

in grain boundary resistance after heat treatment also suggests that equalization of concentration

gradients is accompanied by H+ segregation to grain boundaries. Surface contaminants, such as

LiOH and Li2CO3, introduce significant constriction resistances and lead to unstable cycling, but

both contaminants can be effectively removed via heat treatment in O2 without affecting the bulk

electrolyte conductivity. NAP-XPS results show that the onset temperature for contaminant re-

moval occurs between 350–400 ◦C, but a contaminant-free surface is fundamentally limited by the

high moisture sensitivity of LLZO.

To supplement surface characterization and electrochemical measurements, we modeled the dif-

ferent impedance contributions at the Li|LLZO interface. We show that constriction is not only

the result of voids between Li and LLZO but can also arise due to ionically-resistive surface layers.

Furthermore, our model emphasizes the interplay between ionic conductivity and constriction. SSBs

with low-conductivity components will experience higher constriction resistances, even with identi-

cal contact geometries; this motivates more careful consideration of electrolyte surfaces, including

both contaminants and engineered coatings.

Finally, we highlight the importance of unstable overpotential growth as a failure mechanism that

fundamentally limits practical operating current densities for Li metal SSBs. Rapid overpotential

buildup without short circuiting is the dominant failure mechanism for Li symmetric cells operated

at moderate half cycle capacities of 1mAh cm−2 ; even for cells that short-circuit, non-catastrophic
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overpotential accumulation precedes dendritic failure. Notably, fluctuations in the phase angle

of the impedance response in symmetric cells serve as a highly sensitive and accurate indicator

for the onset of unstable overpotential growth. Overall, this work advances the understanding of

surface contamination reactions on LLZO and establishes correlative insights into electrochemical

performance that are broadly applicable to other solid electrolyte systems.
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