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Abstract

Li;La5Z1507, (LLZO) garnet-based materials doped with Al, Nb or Ta to stabilize the
LiH:ondu@bic phase are a particularly promising class of solid electrolytes for all-
solid-stat metal batteries. Understanding of the intrinsic reactivity between solid
electrolytes and"Televant electrode materials is crucial to developing high voltage solid-state
batteriesE lifetimes. Using a novel, surface science-based approach to characterize
the int vity of the Li-solid electrolyte interface, we determine that, surprisingly,
some degse of Zr reduction takes place for all three dopant types, with the extent of
reduction 1 ing as Ta < Nb < Al. Significant reduction of Nb also takes place for Nb-
doped LL ith electrochemical impedance spectroscopy (EIS) of Li|[Nb-LLZO||Li
symme@nher revealing significant increases in impedance with time and suggesting

that theWion propagates into the bulk. Density functional theory (DFT) calculations

reveal that ND-d@ped material shows a strong preference for Nb dopants towards the interface
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between LLZO and Li, while Ta does not exhibit a similar preference. EIS and DFT results,

coupled with the observed reduction of Zr at the interface, are consistent with the formation

7

of an “oxy eficient interphase” (ODI) layer whose structure determines the stability of
the LLZO €.
—

L

1. Introdugtio

In the f electrochemical energy storage, solid-state battery systems are emerging as
a promisiwology with advantages over conventional liquid electrolyte-based batteries
that inclu@ energy density,!"! wider electrochemical stability window!?! and operable
temperature 11 as well as improved safety.[* Cubic Li;LasZr,0;, (LLZO) garnet-based
materials ﬁrﬁcularly promising class of solid electrolytes for all-solid-state lithium
metal battthey are predicted to have a wide electrochemical stability window,” ® can

be syn ith very high density (>97%)!"® and, through aliovalent doping, can achieve

room tempe Li-ion conductivities as high as ~1.0 mS cm™ with negligible electronic
conductivity. owever, significant fundamental issues remain unresolved for garnet-based
all—solid—s!te batteries, including low accessible current densities,'” the persistence of Li

[11, 12]
2

dendrite and perhaps most importantly, ambiguities as to whether the

interfaces b en LLZO and both Li metal"* ! and high voltage oxide cathodes!'> '%! are
stable ovg extended cycling. Indeed, developing deep understanding of the intrinsic
reactiviw solid electrolytes and relevant electrode materials is crucial to developing
high Voltageji-state batteries with long lifetimes, as the presence of any significant
(electro)chemigd reactivity will ultimately lead to premature cell failure during extended

cycling.
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Understanding interfacial stability is an especially challenging issue common to all solid-
state battery systems due to the inability of many experimental techniques to adequately
interrogate emical properties of buried interfaces. Such studies are further complicated
when one terials at the interface are unstable to exposure to air, water, etc., as the
formatlonsf unintentional reaction layers can mask the intrinsic chemistry of the interface
and ultimagelymalter the electrochemical performance of the system. LLZO-based solid
electrolyte rticular are well known to form Li,CO; and LiOH when exposed to CO, and

[17]

H,O, resp e and it has been widely demonstrated that the formation of such reaction

S

layers on the O surface results in high interfacial impedance when in contact with Li

U

metal.['®] ing the Li,COs/LiOH reaction layer, usually achieved via mechanical
polishing, in significantly lower interfacial impedance;'”’ however, little is known

about the y or long-term stability of the interface between “pristine” LLZO and Li

d

metal. mplicating the issue of the stability of LLZO in contact with Li is

understandin role that various dopant species (used to stabilize the cubic garnet phase

and improve L1 conductivity) play in guiding interfacial reactivity. Indeed, there is some
evidence fQat the dopant type affects the long-term stability of LLZO in contact with Li
metal % @r, the underlying (electro)chemical mechanisms for this behavior are still

unknown.

h

A varlety of methods have been used to characterize the chemical reactivity of Li metal

(21]

L

and LL ample, pressing Li foil onto the electrolyte material at room temperature

[22,23

or dropping molt@n lithium onto the electrolyte surface I'and monitoring whether a color

U

change tak ce to indicate the presence or absence of chemical reactivity. Such

approac imited, however, as the lithium surface can easily oxidize, even in an inert

A

glove box environment, and the use of molten lithium characterizes reactivity beyond normal
3
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battery operating temperatures. In situ scanning transmission electron microscopy (STEM)
methods have also been used to directly visualize the interface between Al-doped LLZO and
Li metal,pHg insights into the physical extent of reaction that takes place.'**! We have
recently d a surface science-based approach for characterizing the intrinsic

reactivity sf the buried Li-solid electrolyte interface in which lithium is sputtered onto the

solid elecuaterial at room temperature, and changes in the interfacial chemistry are

monitored -ray photoelectron spectroscopy (XPS).[*”! This methodology was used to
successqufy the reduction of Nb dopant species in LLZO by Li metal, suggesting
that dopar@deed play a critical role in determining the reactivity of the LLZO-Li
interface.

In thiC we extend our surface science-based approach to understand the origins of
(electro)cstability in solid electrolyte materials by systematically studying both

surfac 1 and dopant-dependent LLZO/Li interfacial reactivity. By preparing LLZO

samples wit rent extents of surface oxidation via mechanical polishing and/or ultrahigh

vacuum annealing, the degree of interfacial reactivity with Li is shown to be strongly

dependentn the initial surface chemistry. In general, surfaces with less CO3” result in more

[

extensive @n of LLZO by Li. Through the use of LLZO samples with different dopant
species (Nb, Ta and Al), we further determine that the chemistry of LLZO in contact with Li
is strongl endent on dopant type. Significant reduction of Nb is observed for Nb-doped
sample“ast some degree of Zr*" reduction takes place for all three dopant types,
with the e@ reduction increasing as Ta < Nb < Al. These results are surprising, as Nb
chemical reagd is typically similar to Ta, and Al-doped LLZO is widely assumed to be
stable 426’ "l Electrochemical impedance spectroscopy (EIS) of Li-Li symmetric
coin cells reveals that only Nb-doped LLZO exhibits significant increases in impedance with

4
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time, whereas Al-doped and Ta-doped LLZO are stable, suggesting that the chemical
reactions in the presence of Li observed for Nb-doped LLZO propagate into the bulk. Density
functional (DFT) calculations reveal that the Nb-doped material shows a strong
preferenc ants to segregate toward the interface between LLZO and Li, while Ta
does not §h1b1t a similar preference, indicating that the observed reactivity of Nb-doped
LLZO witu be driven by a redistribution of Nb within the structure that leads to lower

Zr content LZO surface. Taken together, these results suggest that the stability of the

S

LLZO-Li fage is driven by the reduction of Zr*" and the formation of an “oxygen-

deficient interpifase” layer that protects LLZO from further reduction, with the extent of

U

protection ned by the degree of interaction of the specific dopant species with the Zr

[

sublattice. gl rk clearly demonstrates the power of our surface science-based approach

to charact€ri ried interfaces in technologically-relevant materials for solid-state Li-ion

d

batteri

vides a foundation for understanding how to design new materials with

improved sta and electrochemical performance.

M

2. Result

[

2.1 Influe urface Preparation on LLZO Surface Chemistry

[28, 29]

Q

Due to the array of LLZO surface chemistries reported in the literature, we begin

h

by prepa LL7ZO surfaces with differing degrees of surface cleanliness in order to

1

system surface chemical analysis with XPS to understand the impact of LLZO

surface chemistry) on its reactivity with Li metal. Making use of the unique ability of our

Ci

surface scie sed approach to transfer samples directly from a glove box environment to

UHV fo e analysis (see Experimental Methods for details), we ensure that the

A

observed surface chemistry is directly representative of the surface chemistry that results
5
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from each surface treatment. For clarity, we focus initially on the surface reactivity of
polycrystalline, Nb-doped LLZO pellets (nominal composition LigsLasZr;sNbgsOi2);

however, s1ﬁ' results (Figure S1 and Table S1) are obtained for both Ta- and Al-doped

materials 5Tag501, and LigosAlg2sLasZr,Oy,, respectively) as well. These LLZO

composnlss are chosen specifically because they exhibit the maximum Li-ion conductivity

for each gop type, making them the most relevant compositions for real battery
applicatiop

In additi the main LLZO peak at 530.7 eV observed by XPS analysis of the O 1s
core level, the aS$synthesized material (Figure 1a) reveals significant Li,CO3 (533.7 eV) and
LiOH (532 content on the surface, which are known to be the two major surface
oxidation ﬁ on LLZO that form upon exposure to CO, and H,O, respectively.!'” Note

that the bid@ergies for both carbonate and hydroxyl species are ~2 eV higher than their

litera ue to differential charging (see Experimental Section and Figure S2 for

more detail i,CO3, in particular, is understood to result in a higher interfacial
impedance,' - and as a result, it is common practice to remove this interfacial reaction layer

by mechaflical pohshlng inside of a glove box before cell assembly.”” XPS analysis of

polished (Figure 1b) reveals that much, but not all, of the carbonate content is
indeed rem upon polishing; however, significant LiOH content remains on the surface,
which is t hkely formed from residual H,O present either in the glove box environment

or in thﬁg paper. In order to further clean the LLZO surface of reaction products,
annealing@ samples was carried out in UHV at 80°C (Figure 1c¢), which led to
removal of species. Further annealing to 500°C (Figure 1d) resulted in complete
remova{CO% yielding a pristine LLZO surface. The annealed LLZO data represent,
to our knowledge, the only reported XPS analysis of LLZO without any interfacial surface

6
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reaction species. The relative LiOH, Li;CO3; and LLZO contributions to O 1s spectra for
various surface treatments are summarized in Table S1, and the corresponding C 1s core level
and survey tra are shown in Figure S2 and S3. We note that when UHV-annealed
samples aced to the glove box environment, the surface contaminants begin to
N . .
reform afts only 5 minutes of exposure, and return to a state similar to that of the polished
surface wuours (Figure S4), indicating that residual CO, and H,O in the glove box

environme fficient to oxidize LLZO surfaces.

a |Unpolished b | Polished

OH

co

3

Intensity [a.u.]

1 n L L L 1 ] s 1 L L 1 L 1
536 534 532 530 528 536 534 532 530 528

Binding Energy [eV]
Annealed d Annealed
80°C 500°C

Intensity [a.u.]

1 L 1 L 1 L 1 L 1 1 L 1 L 1 L 1 L 1
536 534 532 530 528 536 534 532 530 528
Binding Energy [eV]

hor Manus

ntative O 1s core level XPS spectra from (a) unpolished (b) polished (c)
80°C Utilfaheatel and (d) 500°C UHV heated Nb-doped LLZO surfaces.

2.2 Surfa istry and Dopant-Dependent Li Reactivity
Havin@ted it is possible to reliably produce LLZO surfaces with varying surface
chemistry, we turh our attention to understanding the impact of these surface reaction layers

This article is protected by copyright. All rights reserved.



on subsequent reactivity with Li metal. To ensure that the analysis of the annealed samples is
representative of the intrinsic chemistry of cubic LLZO, all doped samples were monitored in
situ with Xoray diffraction during annealing in high vacuum in a separate experiment to
verify tha 500°C does not result in the formation of any impurity phases (e.g.,
LaQZrOt) m)mposition products (Figure S5). Three distinct surfaces — unpolished,
polished apd heaged — were prepared for LLZO with Nb, Ta and Al doping, producing a total
of 9 differgo surfaces. Li metal was deposited directly onto each surface for the same
amount owter which the samples were immediately transferred under UHV conditions
for XPS c@zaﬁon (Figure 2).”) Results are summarized in Figure 2 for the Zr 3d core

levels of a les, as well as for the Nb 3d core level for Nb-doped samples, and a

summary tted peak positions for all XPS core levels in the manuscript is given in

Table SZtiVity was observed for La species on any of the surfaces (Figure Sé6a), nor

Unpolished Nb3d  Nb LLZO Zr3d
Nb*

TalLLZO

for Ta j LLZO (Figure S6b), but it was not possible to analyze Al with XPS (see
Experimenta ion for details).

Polished

Intensity [a.u.]

Annealed

LERCT H
1 1

1 L 1 1

Zr 3d

il 1 1 1
180 190 186 178 190 186

Binding Energy [eV]

214 210 206 202 188 184

~
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Figure 2. Nb 3d and Zr 3d core level XPS spectra from Nb-, Al- and Ta-doped LLZO with
unpolished (top), polished (middle) and UHV heated (bottom) surfaces before (red) and after
(blue) L1 deposition. For clarity and to highlight the lack of reactivity on these surfaces,
compa e and after Li deposition are only shown for unpolished samples.

Anal;Qd samples with unpolished surfaces (Figure 2, top row) indicates that,

regardlesss dopant type, there is essentially no interfacial reaction after Li sputtering, which

observations that Li,COs-coated LLZO surfaces are not wet by Li metal

and exhibit impedance.!"” However, Li deposition onto polished, Nb-doped samples
row) leads to a clear reduction of Nb°" to Nb*" and Nb™", as evidenced by
the presence of w peaks at 206.4 and 205.3 eV, respectively, with no apparent reactivity of
et spemﬁr:trast to Nb-doped samples, both Al- and Ta-doped LLZO exhibit evidence

of Zr*

with the nergy of Zr*" " This result is particularly surprising, as both Al- and Ta-
doped enerally assumed to be stable in contact with Li metal. Zr reduction could
be derived i insertion as defined by the electro-neutrality equation (i.e., a decrease in

oxygen vacancy concentration); however, it is more likely that the highly oxophilic Li metal

ith a small, but measurable, peak emerging at 180.6 eV that is consistent

drives theWon of the LLZO surface, forming an oxygen-deficient interphase (ODI)

8¢ compensated by Zr*" reduction.

Li deposition onto UHV-annealed, oxidation product-free LLZO surfaces (Figure 2,
botto als a greater overall degree of Nb reduction, as well as the presence of
addition Nb'" reduction species. Zr reduction is also observed for all three dopant
types, with the §d0ped material exhibiting the greatest extent of Zr reduction as well as the
presence o dditional Zr peak at 179.0 eV. This species is consistent with the peak
position o 221 and is not present for other doped LLZO samples. Interestingly, there are

several reports in the literature demonstrating that the addition of a metal interlayer (e.g., Al,

9
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Au, Ge) to the interface between LLZO and Li metal results in a lowered interfacial

. 4
impedance,****

LLZO-Li 1ﬁfce is what drives the observed electrochemical stability of Al-doped LLZO

and it is possible that the spontaneous formation of reduced Zr species at the

despite it [35]

hemical reactivity. Given the low mobility of Zr'”™" and the relatively
N —— ) 4t LT ) ) )

small fracgn of Zr" relative to Zr" and Zr"', it is unlikely that a fully metallic Zr layer is

formed a‘gterface; however, this indicates that Al-doped LLZO forms the most

extensive yer out of all three dopant types. Although it was not possible to analyze the

S

Al valenc tegvith XPS, soft X-ray absorption measurements in total fluorescence yield

mode showed n@ysignificant changes to the Al K edge after reaction with Li (Figure S6c),

U

suggesting Al species are stable in the bulk of LLZO and indicating that the reaction

1

is surface We note that the observed surface treatment-dependent reactivity (i.e.,

unpolished'< hed << UHV annealed) also corresponds with increases in the apparent Li

d

film t ., darker gray color), consistent with the observation that Li,COs-coated

surfaces are t by Li metal.!"”!

M

23 Impai of Reactivity on Interfacial Impedance
The relatQﬁons of reduced species for each dopant and surface treatment are
summarize able 1. Using these data, it was possible to calculate the total amount of
charge tragzerred per formula unit of LLZO, giving a more quantitative comparison of the
extent (Wn between samples. Most interestingly, UHV-annealed, Nb- and Al-doped
LLZO exhibit comparable amounts of charge transfer after reaction with Li metal, with ca.
0.58 and 0. | e transferred, respectively. This stands in strong contrast to Ta-doped

LLZO, 0.08 mol e transferred at the interface, indicating that the overall trend in

the extent of reduction is Al = Nb > Ta.
10
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In order to correlate the observed interfacial reactivity with electrochemical response,
electrochemical impedance spectroscopy (EIS) and galvanostatic cycling measurements of
symmetric LAlLI ZO||Li cells was carried out (Figure 3 and S7). EIS spectra exhibit two
semicircl w-frequency tail/semicircle, and these spectra were fit using a L-R;-
(R.Q)-W guwalent electrical circuit model, which takes into account chemical diffusion at
the interfm Experimental Section for details). The high frequency region fits are
provided i

nsets of Figure 3, and the full fitting is shown in Figure S8. This model

indicates cothplete, first semicircle with a peak at ~300 kHz that corresponds to grain

S

boundary condugtion in the LLZO pellets. This semicircle is present in all LLZO

U

measureme is consistent with values reported elsewhere in the literature.!'! To verify

N

this assig separate EIS measurement was carried out from 7 MHz to 250 mHz using

symmetrimZOHAu cells (Figure S9), which further revealed the bulk impedance

contrib ielded grain boundary impedance response similar to that observed in Li-Li

symmetric Resistance and capacitance values for all fittings of EIS spectra are

summarized in Table S3 and are in good agreement with those reported elsewhere in the

, 36]

literature.

Table 1.
from XPS rela

ge of elemental reduction in LLZO after Li metal deposition, calculated
e peak intensities in Figure 2, and total charge transfer per mole LLZO

based on change in oxidation state for each surface condition. Dashes () indicate no
change
W La 7r Dopant Charge Transfer per
Unpolished  Polished Annealed p 1 mol LLZO [mol ¢]
- - - 0.00
Lig 25Alp 2523252015 - 2.5% Zr** Unknown 0.10
' ' 9.3% Zr*" 0.60
] 2.8% 71" Unknown '
- - - 0.00
, 16.0% Nb*
LigsLasZr; sNbosO12 > - 12_00/2 Nb** 0.20
- 7.5% Zr** 15.9% Nb* 0.58

11
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9.0% Nb*"
13.2% Nb*"
10.8% Nb'*

_ - - 0.00
Li6.5L3«*r1.5 T205012 - 2.5% Zr*" - 0.08

2 2.4% Zr** = 0.07

H
SymnMHLLZOHLi cells exhibit an additional impedance contribution that is not

present fof the Au||[LLZO|Au cells, which has a peak at ~1 kHz. This contribution was
modeled bypa ctrodeQelectrode) €quivalent circuit element, yielding an equivalent capacitance
value of mhat is consistent with charge-transfer processes (typically 107—107 F)i*®!
and is assj the contribution of charge transfer resistance from Li/LLZO interfacial

reactivity Reiectrode Values for Al- and Ta-doped LLZO are comparable (~100 and ~50 Q cmz,

respectivewreas Reiectrode OF

fi

=
G
=
-
<C
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Figure 3. ctra for Li-Li symmetric cells with (a) Nb (b) Ta and (c¢) Al-doped LLZO
demonstrating th® change in impedance over 72 hours due to reaction with Li metal. Insets
show hig cy region equivalent circuit fitting (black line) for the initial EIS spectrum
of each doped O sample.

Lit

Nb-dop O is ~800 Q cm’. These resistance values are quite low,™™ and are the result of

A

the highly conformal Li-LLZO interface that is generated from vacuum deposition of Li

13
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metal. Furthermore, despite the highest degree of interfacial Zr reactivity, Al-doped LLZO
exhibits very low interfacial impedance (i.e., Nb >> Al > Ta), which indicates significant
interfacial rgagtivity is not, in and of itself, a detrimental phenomenon, and may in fact lead
to sponta\mization of the interface. Differences in EIS response correlate directly
with dlffesnces in galvanostatic cycling behavior (Figure S7), highlighting the power of our
surface swased approach to correlate chemical reactivity with electrochemical
response, ¢ ithout the need for charge/discharge measurements. A third semicircle is

also obse inghe low-frequency region of the EIS spectra, which exhibits a peak at ~0.1

S

Hz for Al- an -doped LLZO but is not fully resolved for Nb-doped LLZO. This feature

U

was model ing a Warburg element in the equivalent circuit model and is attributed to the

1

diffusion |ilmitaien of Li ions through a capacitive, partially blocking interface layer.®” It is

unclear a@i'th e why this region is not fully resolved for Nb-doped LLZO samples;

d

howev ly related to the structure of the ODI at the Nb-LLZO/Li interface that

modifies the r to Li diffusion. For comparison, the low frequency impedance response

v

of solid-liquid interfaces commonly observed in Li-ion batteries is strongly influenced by the

structure df both the double layer and the solid electrolyte interphase.**!

£

Diffe reactivity between all three dopant species are further highlighted when

O

comparing olution of the interfacial impedance with time (Figure 3). Over the course of

3 days ements, the EIS spectra of Al- and Ta-doped samples are essentially

1

L

unchan as the charge transfer resistance (R;) of Nb-doped LLZO doubles to 1600

Q cm’. This sugBests that the reactivity observed from XPS measurements on Al- and Ta-

U

doped sam surface-limited, while the reactivity on the Nb-doped material is not self-

limiting a inues into the bulk. Indeed, Nb-doped LLZO samples extracted from coin

A

cells after impedance measurements exhibit significant discoloration, whereas no
14
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discoloration is observed for either Al- or Ta-doped material (Figure S10). Additional
polishing of Nb-doped samples to remove several hundreds of microns of material from the
surface doe remove this discoloration, and XPS measurements of re-polished samples
reveal sig&uction of Nb species in the bulk (Figure 4a). It is likely that Nb
reduction gso results in the development of electronic conductivity, which is supported by
the black Qreaeted samples as well as by an observed decrease in R; (i.e., the portion

of the bulk ance that is resolved by our EIS measurements) from ~500 to ~300 Q cm™

S

after 72 hi ction with Li metal. XRD measurements of reacted Nb-LLZO shows the

presence of latti0g expansion but no additional impurity phase formation (Figure S11), which

U

1S consisten 1 insertion and indicates that the observed Nb reduction does not induce a

q

bulk phas . The presence of significant Nb reduction and lattice expansion in the bulk

strongly sllg that additional Li inserts into the bulk as a result of the reaction with Li

a

metal, reduction of Nb as the Li content increases and essentially transforming

Nb-doped L rom a solid electrolyte into a cathode material. In contrast to the Nb species,

M

there is only Zr'" observed in the Zr 3d core level spectrum of the re-polished sample,

indicating§hat the reduction of Zr does not proceed further into the bulk and supporting the

£

4

hypothesi " reduction is related to the formation of the ODI layer rather than Li"

0O

insertion a LLZO-Li interface. We note that no current was passed during these

h

measuremeats (i.e., no Li plating/stripping), demonstrating that the observed reactivity is

driven intrinsic thermodynamic stability of LLZO in contact with Li metal.

Aut

15
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a No* Nb 3d

| t
Intensity [a.u]

I | | i |
212 210 208 206 204 202
Binding Energy [eV]

-

z*  Zr 3d

Intensity [a.u]

x|

‘ -‘---------"l 1| :
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Manuscr

Figure
samples left in contact with Li for 3 days and subsequently polished to remove ~0.3 mm of
material from the surface reveals (a) the reduction of Nb and (b) no reactivity of Zr in the
bulk.

and Zr 3d core level XPS spectra from UHV heated, Nb-doped LLZO

[

2.4 Atomi igins of Differences in Ta- vs. Nb-doped LLZO Reactivity

The differencS 1n reactivity between Nb- and Ta-doped LLZO are particularly puzzling, as

1

both T long to the same group in the periodic table and have very similar chemical

[

propertt r to gain deeper insights into the differences in doping behavior of Ta and

5

Nb-doped LLZQ@ density functional theory (DFT) -calculations were performed for
LLZO(100 es in contact with Li metal. Previous DFT studies were focused on the

stability o -doped LLZO ceramics and their transport properties.”***"! Our bulk and

A

surface LLZO models were built in a similar way to those used in previous work (see

16
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Experimental Methods and Supporting Information for additional details). Calculations for
several configurations of the Li/LLZO interface were performed using four layers of Li on
top of Li-!eﬁ' ated LLZO(100) that was undoped, Nb-doped, or Ta-doped with nearly the

same dop the samples discussed above. We have calculated several instances for

each dcg) meport averaged energy values, since energy deviations from these averages
are, in mqgh caggs, below 0.1 eV per dopant atom. The interface energy does not depend
considerab e doping element, which is explained by the fact that the top layer of the
surface tthts with deposited Li metal consists of Li and O atoms, with dopant atoms
well under@e top layer. This energy is -0.51 J/m?, -0.52 J/m? and -0.55 J/m? for average
Nb-dopedﬁd and undoped material, respectively. Calculations of the electronic

density of; OS) for doped and undoped structures are characterized primarily by the

addition mic states of adsorbed Li spanning the band gap (Figure S12), and small

d in the DOS for the Nb- vs. Ta-doped material are insufficient to explain

ences in the stability of Ta- and Nb-doped LLZO.

We also considered two different dopant distributions for each dopant type, with the
dopants einly distributed in the bulk or segregated towards the surface (Figure Sa-b), and at
least three@t configurations (i.e. particular instances of dopant positions) calculated for
each distrib (Figure S13). Note that here we refer to the substitutional Zr sites below the
outermost¥r layers of the slab as “bulk”. We find that, in the case of Ta-doped LLZO, the

averageﬁ)f configurations with dopant atoms distributed near the surface vs.

distributed in thei)ulk is nearly the same, favoring the bulk by less than 0.01 eV/dopant atom
both in the e of Li on the surface and without Li metal (Figure 5c¢). Strikingly, in case
of Nb-do O there is a strong preference for Nb to be near the surface as compared to

17
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distributed within the bulk, both with and without Li on the surface. The average energy

differences for the two distributions are 0.23 and

Energy [eV/dopant]
© ©o o o
& 3 & B8

T

e
o
S

Nb Ta ' Nb Ta |
Without Li With Li

or Manuscript

Figure 5. es of DFT optimized structures with Nb dopants (a) distributed in the bulk
and (b) diStributed towards the surface for Nb-doped LLZO in contact with Li. (c) Bar chart
showi ifferences in total energy near the surface and in the bulk for Nb- and Ta-
doped ut and with Li metal on the surface.

f

t

0.19 eV/dopant, $espectively. This clearly indicates that Nb has a thermodynamic preference

Ul

to substitute Z s near the surface of LLZO, whereas Ta has about the same preference for

surface lk sites. The preference of Nb to occupy Zr sites near the surface is slightly

A

stronger in the presence of deposited Li metal, which suggests that segregation of Nb to the

18
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Li-LLZO interface may drive the high degree of reactivity of this material. This high degree
of reactivity may further lead to the observed propagation of the reaction into the bulk of the
materialwﬂal comparison of thermodynamic stability calculations with reference to Nb
and Ta @&

orts the preference of Nb to be near the Li/LLZO interface (see

S r?!_lf tion f details)
upporting Information 1or more dctails).

3. Discussg

TakewL the above experimental and theoretical results suggest that the dopant-
dependent@y observed for LLZO materials is driven by an interplay between the
nature/distr:'::::'ff of dopant species present at the Li-LLZO interface and the resulting

4t

reduction

interfacialm

of the ODI i reates a gradient in chemical potential from Li metal to the bulk of LLZO,

o form the oxygen-deficient interphase layer. Proposed differences in the

re are summarized schematically in Figure 6. In all cases, the formation

with the completeness and extent of formation of this layer influencing the resulting

interfacial edance. As both Nb and Ta act as substitutional dopants for Zr, the distribution

of dopant@ the Zr sublattice will necessarily influence the formation and electronic
0

structure ODI. As the DFT results indicate a strong preference for Nb species to

h

segregate W the surface of LLZO, it is likely that this difference in distribution drives the

different

L

eactivity on Nb-doped LLZO relative to Ta-doped material. In the case of

Ta-doped LLZO §l'a is both homogeneously distributed and stable to Li metal, leading to an

U

overall mor e surface. The stability of Ta to reduction likely leads to a thinner ODI

layer as ich would explain the relatively low extent of Zr reduction in this material

A

relative to the other dopant types. In contrast, the presence of enhanced Nb content at the
19
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interface, combined with the significant reduction of Nb that takes place in contact with Li,

leads to disruption and destabilization of the ODI, enabling the observed propagation of the

reaction in!

bulk of Nb-doped LLZO despite the more extensive Zr reduction relative to
the Ta-do ial.
I

O @)l ) oDI

9000
() %e%%%%° ...

(D %ie® % e® =
c.o Te.0
“e® %% % ...

c _Li Metal
05000 @ oo
Seee
%200 002 .

Reaction Propagates

Figure 6. :ﬁc illustrations of the hypothesized impact of dopant type on the chemical
makeup of the sublattice and the resulting structure/thickness of the oxygen deficient
interphas act with Li metal. Note that Al dopants are intentionally omitted from (a),
as they do ubstitute for Zr. The color gradient in the Li layer indicates oxygen

segreg o the metal. Nb®" is used to denote less reduced Nb*" and Nb** species, and
Nb'" is use ote highly reduced Nb*" and Nb' " species.

A
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Although XPS is unable resolve the presence or absence of Nb surface segregation due to

the relatively low fraction of Nb present in LLZO (ca. 2 at%), Al-doped LLZO serves as a

useful compasison as it exhibits comparable Zr reactivity to Nb-doped LLZO. As Al serves as
a substitu&

t on the Li sites in LLZO, it should not influence the distribution of Zr
| — ) . .

at the 1nte§ace at all, enabling the formation of a nominally “complete” ODI layer. The larger

relative fragtio reduced Zr and the presence of a small amount of Zr° species indicate that

the ODI is

more continuous than that formed on Nb-doped LLZO, and this layer is also

thicker thw formed on Ta-doped material. The formation of a thick and/or more

complete prevents propagation of the reaction into the bulk, resulting in the comparably
stable tim&dent impedance response to that of Ta-doped LLZO. The existence of the
ODI layeigh oborated by previous in situ STEM imaging of the Al-doped LLZO-Li

interface, mwealed the formation of a ca. 5 unit cell reaction layer.** Such a layer is

consist i extent of reduction observed via XPS in this study.

4. Conclusion

By ailzing our unique, surface science-based approach to investigate the intrinsic
stability o@with different dopants and surface oxidation states in contact with lithium,
it is possib etermine the underlying chemical phenomena that govern the stability of this

system, Egrimental and theoretical results reveal that the stability of the LLZO-Li interface

1s stron

L

to both the initial surface chemistry and the type of dopant element present.

As surface oxid@fion products are systematically removed, a general trend of increasing

G

interfacial r ty is observed. Surprisingly, reduction of Zr*" is observed for all doped

LLZO sa consistent with the formation of an oxygen-deficient interphase (ODI) layer.

A

The extent of ODI formation increases as Ta < Nb < Al. Despite the significant Zr reduction
21
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observed on Al-doped surfaces, EIS results show that the Al-doped material possesses
comparable impedance response to Ta-doped LLZO, indicating that the more extensive ODI
layer formatign on Al-doped LLZO serves to stabilize this material to reactivity with Li and
maintains facial impedance. In contrast, Nb-doped LLZO, which exhibits slightly
less Zr?egmhan the Al-doped material, yields the highest impedance interface with Li.
Furthermogg, thg, impedance of the Nb-LLZO/Li interface increases with time, which is
consistenth propagation of the reaction into the bulk. DFT calculations suggest that
Nb dopan vesn thermodynamic preference to segregate to the LLZO surface and an even
stronger preterefige for the Li/LLZO interface, whereas Ta dopants are nearly isoenergetic in
the bulk an. interface. This preference for surface segregation likely explains the poor
stability ﬁ

ped LLZO in the presence of Li, as Nb surface segregation would

destabilizgte jon of the ODI layer. These results highlight that it will only be possible to

dl

design eration of highly stable materials for solid-state batteries through the

development tailed understanding of both interfacial stability and its impact on materials

Vi

performance.

[

S. Experi ection

Surface Préparation: Al-, Ta- and Nb-doped LLZO pellets with >97% density were

(42,43

synthesizehas reported previously.l****! Samples were then prepared for surface analysis via

1

|

three d atments - unpolished, polished and UHV-annealed. Unpolished material

represents the asfynthesized surface that was stored inside the glove box atmosphere (H,O

G

and 0, <0.5 for several days. Polished surfaces were prepared by sanding with 800 and

1200 gr1 removing >1 pm of material from the LLZO surface, and were then

A

immediately transferred into the UHV system to prevent any further oxidation. Some of these
22
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polished surfaces were heated in the XPS analysis chamber up to 500°C with a heating rate ~

100°C/hour in order to remove residual oxidation species that remained on the LLZO surface

{

after polishj

- .
Experimeng Overview: We employed a surface science-based approach identical to that

described grevigusly to study the reactivity of Nb-doped STO and LLZO materials./*”]

C

Summarize fly, LLZO samples with various dopants and surface treatments were first

S

characteri XPS in the surface analysis module of our interconnected, UHV system,

then transferred Wnder UHV conditions (107 Torr base pressure, <10™ Torr during transfer)

U

to the sputt sition module for lithium deposition. Li was deposited for 30 minutes for

1

all sampl ediately after Li deposition, samples were transferred back to the XPS

chamber t ¢ any reactivity that takes place as a result of contact with Li metal.

d

X-ray Photo on Spectroscopy: XPS measurements were performed using a Specs

M

PHOIB emispherical energy analyzer with a monochromated Al Ka X-ray source.

Charge nelltralization was carried out for insulating LLZO samples using a low-energy flood

I

gun (5 eV, energy), with the neutralization conditions optimized on the basis of the

O

degree of c ng present for a given sample. Survey spectra were measured using a pass

3

energy o eV at a resolution of 0.2 eV/step and a total integration time of 0.1 s/point.

Core-le

L

were measured using a pass energy of 20 eV at a resolution of 0.05

eV/step and a tot@l integration time of 0.5 s/ point. It was not possible to analyze the Al 2s or

Ll

2p core leve ns due to spectral overlap with the Cu 3s and 3p core levels, respectively,

which a ent due to Cu impurities in the Li sputter target (ca. 2-4 at%).[*"]

A

Deconvolution was performed using CasaXPS software with a Shirley-type background and
23
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70—-30 Gaussian—Lorentzian peak shapes. The use of adventitious carbon in the C 1s at 284.8
eV resulted in an unreliable charge referencing strategy, as carbon species were mostly
reduced/re by Li deposition. Furthermore, differential charging between the surface
adventitio&izcog,/LiOH layer and underlying LLZO resulted in LLZO peak
positior?s !m BE than expected. As a result, Cu metal (present as an impurity in the Li)
was used chgrge reference, with the position of unreacted Zr*" in the Zr 3d spectrum then
used as aQeference for samples without Li deposited to ensure self-consistent charge
referencinw,LZO. This charge referencing scheme resulted in reproducible peak

positions for unfgacted Nb>*, Ta’" and La>* species as well, confirming the validity of this

charge ref& approach.

Coin CellNAs ‘% bly and Electrochemical Impedance Spectroscopy: Thicker lithium films

were d both sides of UHV-annealed LLZO pellets for EIS measurements (2 hrs

total with re sample-target distance). After sputtering Li onto one side of the pellet, the
sample was removed from UHV and a clean Li foil was placed onto the Li film to prevent
direct conWeen the Li film and the stainless steel sample holder after flipping over to
coat the OQ. After depositing on Li the back side, samples were transferred back into
glove box

nother clean Li foil was placed on the freshly deposited Li film. The Li-

LLZO-Li metric cell was then assembled into a coin cell inside the same glove box.

h

L

Impeda rements of assembled symmetric coin cell were performed using a

potentiostat with @ Frequency Response Analyzer (FRA) module (Metrohm Autolab, Herisau,

Ll

Switzerland ble of monitoring frequencies between 1 MHz and 10 mHz. All

measure ere taken at room temperature outside of the glove box, and time-dependent

A
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measurements were taken over the full frequency range at various time intervals over the

course of three days.

EIS dat e fitted with an equivalent circuit model consisting of a series connection of

the folloats: an inductor (L), a resistor (R;), a parallel element consisting of a
. H_ . .

resistor ([!) and constant phase element (Q), and a generalized finite Warburg element (W).

The resultimg @gcuit is summarized: L-R;-(R,Q)-W. The high frequency arc (and offset
resistancegnt the overall bulk lithium transport, and are modeled by the L-R; series
contributiwne equivalent circuit model. The parallel (R;Q) element models the
contributi(Eharge transfer resistance to the EIS spectrum. Although the specific
mechanism ibuting to the low frequency arc represented by the Warburg diffusion
element i y understood, it is consistent with capacitive double layer formation in the

LLZO pem. Qualitative comparisons between spectra provide useful insight into

dopant interfacial impedance.

Density Functional Theory: DFT calculations were performed using the Vienna Ab initio
Simulatio!Package (VASP),”*! periodic boundary conditions, and a plane wave basis set
with a SOQnetic energy cutoff. The core electrons were described by the projector-

augmented- (PAW) potentials'* *®! and the generalized gradient approximation (GGA)

3

was used With the Perdew, Burke, Ernzerhof (PBE) exchange—correlation functional.*” The

structur

[

tions for surface calculations were performed for all atomic positions

within the slab ni@del with fixed in-plane surface cell parameters to the optimized bulk value

U

(-13.026 A at least 15A of vacuum space between periodic images. Forces were

converge least 0.2 eV/A. Special k-points selected using the Monkhorst—Pack!**

A

scheme were generated with 2x2x2 set for cubic conventional LLZO unit cell. The
25
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stoichiometry of LisLa3;Zr,O;, with a conventional bulk unit cell of 192 atoms results in a

partial occupation of 24d tetrahedral sites and 96h octahedral sites, with observed

principles s utilizes occupancies of 0.542 and 0.448, respectively, with the Li

experim# ﬁcupancies of 0.564 and 0.442, respectively.[49] The structure for first
distributiom@ obtained following previous recipes that minimize the occupancy of energetically
unfavorablganeagst-neighbor sites.”” * Previous studies on the dependence of the surface
energy of s LLZO orientations and terminations identified Li-terminated (100) and

(110) surwie most stable,” and we have used Li-terminated LLZO(100) in our study.

The interface eSgy is defined as the energy difference between the slab with adsorbed Li

and the su&arated surface slab without Li and a slab of Li.
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TOC Graphic and Summary

[N

[uedop/As] 3V

Deficient
Interphase

el
G Oxygen

Self-Limiting Ta-LLZO

Nb-LLZO  Reaction Propagates
g Reaction

Understanding reactivity at buried interfaces is crucial to developing next-generation solid-
state batthnovel, surface science-based approach reveals that contact with Li metal

yields Zr @ 1 in Nb-, Ta- and Al-doped Li;LasZr,01,, with reduction increasing as Ta <

Nb < Al i reduction indicates the formation of an “oxygen-deficient interphase,”
whose determines the stability of the Li-LLZO interface.
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