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ABSTRACT: Garnet solid electrolytes, of the form Li,La;Zr,0;, (LLZO), remain an enticing prospect for solid-state batteries
owing to their chemical and electrochemical stability in contact with metallic lithium. Dopants, often employed to stabilize the fast
ion conducting cubic garnet phase, typically have no effect on the chemical stability of LLZO in contact with Li metal but have been
found recently to impact the properties of the Li/garnet interface. For dopants more “reducible” than Zr (e.g, Nb and Ti),
contradictory reports of either raised or reduced Li/garnet interfacial resistances have been attributed to the dopant. Here, we
investigate the Li/LLZO interface in W-doped Li;La;Zr,0;, (LLZWO) to determine the influence of a “reducible” dopant on the
electrochemical properties of the Li/garnet interface. Single-phase LLZWO is synthesized by a new sol—gel approach and densified
by spark plasma sintering. Interrogating the resulting Li/LLZWO interface/interphase by impedance, muon spin relaxation and X-
ray absorption spectroscopies uncover the significant impact of surface lithiation on electrochemical performance. Upon initial
contact, an interfacial reaction occurs between LLZWO and Li metal, leading to the reduction of surface W® centers and an initial
reduction of the Li/garnet interfacial resistance. Propagation of this surface reaction, driven by the high mobility of Li* ions through
the grain surfaces, thickens the resistive interphases throughout the material and impedes Li* ion transport between the grains. The
resulting high resistance accumulating in the system impedes cycling at high current densities. These insights shed light on the nature

of lithiated interfaces in garnet solid electrolytes containing a reducible dopant where high Li* ion mobility and the reducible nature
of the dopant can significantly affect electrochemical performance.

Bl INTRODUCTION the cubic phase.">'® Dopant elements employed thus far
. - 17 18 19,20
Doped garnet-structured ceramics such as Li;La;Zr,0y, include, but are not limited to, Ca™,"" Fe*”/*,'® AP,
(LLZO) are among the most attractive commercial candidates Ga®*® Y7 st Gd™P Get Mt NbSLPTY TRt
for solid electrolyte materials. LLZO demonstrates high ionic Sb*,**31 W6*, 732 and Te®*.** The choice of dopant has crucial

conductivities (up to 1 mS cm™'"), a large shear modulus (60
GPa®), and stability over a wide voltage window.” Doped
garnet electrolytes may be accessed through traditional
synthetic routes’ " and processed to high relative densities

(>95%) via techniques such as hot-pressing” and spark plasma Received: February S, 2022 s

sintering_10—13 Revised:  April 24, 2022

Undoped LLZO has a tetragonal symmetry characterized by Published: May 25, 2022
Li* ion ordering and limited ion mobility.14 Conventionally,
dopants are employed to disrupt this ordering, generating
isotropic three-dimensional diffusion pathways by stabilizing

influence over the resulting garnet properties: elements such as
Zn**, AP*, and Ga®* preferentially substitute for Li*; Ti*", Ge**,
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and Ta’* show a tendency to occupy the Zr*" site; Ca®*, Y*7,
and Nd** are most stable when on the La’* site.**

Even when immersed in molten lithium at 300 °C for
prolonged periods, doped LLZO-based solid electrolytes retain
their cubic garnet structure.”> Recently, it has been suggested
that doped-LLZO surfaces undergo structural modifications
when in contact with Li. These include the possible formation
of an ultrathin oxygen-deficient interphase layer,”® or a
tetragonal-like LLZO interphase,”’ due to reduction of Zr
(and/or the dopant element) which is charge balanced by
additional incorporation of Li* ions.*® LLZO phases doped
with species more prone to reduction than Zr+ (e.g, Nb*,
Fe*', Ti*) undergo discoloration in contact with Li metal,
often indicating the formation of a reduced interphase.”>**~*!
The nature of the reducible dopant significantly influences the
properties of any emergent interphase.””** For example, in the
case of Nb-doped LLZO, experimental observations are
consistent with the formation of an oxygen-deficient interphase
region while DFT calculations suggest the segregation of
reduced Nb species to the LLZO surface.”® Such processes are
often associated with significant interfacial impedances which
increase over time.’**”*" Selective doping of LLZO also
affords an opportunity to fine-tune the Iproper‘cies of the
surface. In one such example, Zhu et al? report increased
wettability of a Ti-doped LLZO system by Li metal due to the
emergence of a reduced interphase containing Ti*'/Ti*",
resulting in lower interfacial impedances. They suggest the
surface reaction between Ti—LLZO and Li metal enhances the
wettability in a manner similar to alloy-formation or
intercalation reactions in Li/LLZWO systems modified by
metal® ™" or graphite®”*” surface layers, respectively.

Detailed study of these phenomena is often challenging due
to the thin and buried nature of the interphases. Here we
demonstrate the muon spin relaxation (#SR) method as a
noninvasive, nondestructive, and bulk sensitive technique to
directly study the Li/LLZO interphase where we apply W®" as
the reducible dopant (LLZWO). Guided by impedance
spectroscopy (EIS), uSR affords a unique insight into ionic
dynamics and structural properties in the Li/LLZWO
interphase, which can be extrapolated to other Li/LLZMO
systems where M is a reducible dopant.

B EXPERIMENTAL SECTION

Synthesis and SPS. A sol—gel approach was used to prepare
Li,_La;Zr, ,W,0, with x = 0.4. Lithium acetate (Sigma-Aldrich,
99.95%), lanthanum oxide (Alfa Aesar, 99.99%, predried), zirconium
oxynitrate hydrate (Sigma-Aldrich, 99.99%), and ammonium tungsten
oxide hydrate (Alfa Aesar, 99.999%) were used as starting materials.
Ten percent excess lithium acetate was included to compensate for
losses during sintering. Stoichiometric quantities of reagents were
dissolved in nitric acid and water under constant mixing. The solvents
were evaporated to form a gel, which was burnt, collected, ground,
and then heated at S50 °C to remove organic carbon residues. The
resultant powder was pressed at 1.5 ton in a uniaxial hydraulic press
and presintered at 900 °C for 6 h. Spark plasma sintering (SPS)
experiments were performed using methodology identical to that of a
previous study from our group,51 with sintering conditions of 50 °C/
min heating rate, 1090 °C, 10 min dwell and then cooling.

Characterization and Cell Assembly. X-ray diffraction data
were collected using a Rigaku Miniflex with a Cu Ka X-ray source.
Density values were obtained via helium gas displacement
pycnometry using a Micromeritics AccuPyc II 1340. SEM images
and EDS experiments were conducted using an FEI Inspect FS0 high
resolution electron microscope. For EIS and DC polarization
measurements, Li* blocking gold electrodes were applied. For
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galvanostatic cycling, pellets were sandwiched between two Li foils
(Sigma-Aldrich, 0.38 mm), pressed at 100 kg, and assembled within a
Swagelok cell in an Ar-filled glovebox. Lithium foil was scraped using
a stainless-steel blade to ensure optimal contact and a clean surface.
AC impedance and galvanostatic cycling measurements were
performed using a Biologic VMP-300 potentiostat. To produce
“lithiated” pellets, cells were prepared identically as for galvanostatic
cycling measurements, followed by a heat treatment at 150 °C. Origin
was used to create all graphs shown, while VESTA was used to design
unit cell depictions.”

Muon Spin Relaxation. Muon measurements were completed on
the EMU spectrometer at the ISIS Neutron and Muon Source.
Temperature-dependent measurements were taken between 150 K
and 400 K, whereby spin polarized, positively charged muons were
implanted into both pristine and lithiated LLZWO pellets to act as a
local probe of nearby fluctuating magnetic moments. Longitudinal
field measurements of 0, 5, and 10 G were applied alongside 100 G
transverse field runs at each temperature. A custom steel cell was used
to contain sample pellets, which were polished to around 1.1 mm
thick to ensure adequate muon implantation. Any muons not incident
on the inspection window were stopped by the silver mask; any
consequent signal was subtracted as background. All data analysis was
completed using Mantid.*®

X-ray Absorption Spectroscopy and X-ray Photoelectron
Spectroscopy. X-ray absorption spectroscopy (XAS) measurements
were performed at the B18 XAS beamline at Diamond Light Source.
Measurements were conducted on the W L; edge in transmission
mode. Samples were mixed thoroughly with cellulose in appropriate
quantities and pressed at 500 kg into 13 mm diameter pellets. Pellets
were loaded into a rack using Kapton tape and heat sealed in an Al
bag under an Ar atmosphere. Data analysis was completed using the
Demeter software package.”*

X-ray photoelectron spectroscopy (XPS) experiments were
performed on a Thermo Scientific K-Alpha+ X-ray photoelectron
spectrometer, which incorporates a monochromated, microfocused Al
Ka X-ray source (hv = 1486.7 eV) and a 180° double focusing
hemispherical analyzer with a 2D detector. Data were collected at 200
eV pass energy for survey and 20 eV pass energy for core level spectra
using an X-ray spot size of 400 ym. All data were analyzed using the
Avantage software package.

B RESULTS AND DISCUSSION

Dense ceramics of single-phase W-doped LLZO
(Lig,La;Zr; §W;401,: hereafter referred to as LLZWO) were
successfully achieved via sol—gel synthesis followed by spark
plasma sintering (SPS). A small impurity (~1.5 wt %) of
LigWOg4 was observed in the as-synthesized material but was
subsequently not distinguishable by X-ray diffraction upon SPS
treatment. Figure 1(a) shows X-ray diffraction patterns of an
as-synthesized sample and a sample post-SPS treatment. The
material crystallizes in a cubic garnet structure (Figure 1(b))
with a refined unit cell parameter of a = 12.9294 (4) A,
determined by a Rietveld fit to the diffraction data (shown in
Figure S2). SPS-processed samples possessed relative densities
of 94% (Figure 1(c)). EDX mapping through a cross-section of
the garnet pellet (Figure 1(d)) revealed a homogeneous
distribution of tungsten within the material, consistent with the
incorporation of tungsten in the cubic garnet lattice as
indicated by X-ray diffraction."

Impedance spectroscopy measurements on LLZWO using
blocking gold electrodes revealed a room temperature
conductivity of 3 X 107" S cm™, and an activation energy
for Li* transport (E,) of 0.403 eV in the temperature range 0—
120 °C. The impedance plot collected at 0 °C is shown in
Figure 2(a). Fitting to these data was performed using the

equivalent circuit [R;Q;][R,Q,][R3Q;][Q,], where [RQ] is a

resistor (R) in parallel with a constant phase element [Q]. The

https://doi.org/10.1021/acs.chemmater.2c00379
Chem. Mater. 2022, 34, 5054—5064
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Figure 1. (a) X-ray diffraction patterns of sol—gel-synthesized
(bottom) and SPS-treated (top) Lig,LazZr; ¢Wy,0p5. A small 1.5
wt % LigWOy impurity phase present in the as-synthesized pattern is
removed after SPS processing. (b) Unit cell diagram of LLZWO.
Li(1) (24d) is light green and tetrahedrally coordinated, and Li(2)
(96h) is dark green and octahedrally coordinated, while both have a
white vacancy fraction. La is turquoise and forms a LaOg
dodecahedron, and Zr/W is purple/yellow and forms a [Zr/W]Oq
octahedron.”” (c) Cross-sectional SEM image of an SPS pellet and
(d) EDS image revealing uniform tungsten dispersion across the
sample.

semicircle observed at high frequencies ([R;Q,]) represents
the total resistance of the material, with a capacitance,
calculated from the fit parameter (Q), of 5 X 107! F. The
features observed at intermediate/low frequencies ([R,Q,]-
[R;Q;]) possess refined capacitances in the range of 1 X 107
F and therefore likely represent surface/interfacial effects.”*°
These features lose/gain definition at higher temperatures
(Figure SS), complicating the fitting process. A detailed
analysis of these features is omitted from this work.

To investigate the contribution of electronic conductivity to
the total conductivity of LLZWO, a DC polarization
measurement was performed between 0.6 and 1.2 V in 0.3 V
steps (Figure S7) which estimated a partial electronic
conductivity of 5§ (1) X 107° S cm™. This value is several
orders of magnitude lower than conductivity measured using
EIS, which suggests a very low contribution from electronic
conductivity in the pure material. To examine the effect of
tungsten doping on the “reducibility” of LLZO, a 70:30 wt %
mixture of LLZWO and conductive carbon (LLZWO/C) was
assembled in a half-cell using Li metal as the counter electrode
and 1 M LiPF (in 1:1 EC/DMC) as a liquid electrolyte. A
similar cell containing Ta-doped LLZO (LLZTO/C) was
assembled for comparison. The redox stability of Ta-doped
garnets is well-documented,”** and this comparison allows us
to rule out the consumption of Li* in the buildup of the solid—
electrolyte interface. Figure S8 shows identical discharge
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profiles of the two half-cells, indicating that there is no
difference in redox activities. Hence, unlike the W-containing
garnet compound Li;Nd;W,0,,,>" 7> Li* is not simply
intercalated into LLZWO/C in the presence of a Li" liquid
electrolyte. This is consistent with the low observed electronic
conductivity.

In contact with Li metal, LLZWO surfaces undergo faint
coloration to a yellowish-brown color (Figure 2(b)). This
turns to a deep brown/black color upon mild heating to
temperatures as low as 80 °C, indicating a surface reaction that
occurs between LLZWO and metallic lithium. This reaction
likely involves the incorporation of Li* into the surface grains,
associated with the reduction of W®" centers on the surface
(confirmed later by XAS). Wolfstein et al. reported chemical
coloration of LLZO after heating with Li metal at elevated
temperatures, assigning this to the formation of color centers
due to electrons trapped at oxygen vacancy sites.”> Coloration
in contact with Li metal is also reported in garnets containing
Fe and Nb and was attributed to the reduction of these
elements to lower oxidation states.”**”**** Coloration in these
systems often disappears after a short heat treatment in an
oxidizing atmosphere, which is also observed for our LLZWO
(Figure S9).

To investigate the electrochemical properties of the Li/
LLZWO interface, symmetric Li/LLZWO/Li cells were
constructed and tested at 80 °C. A time-resolved impedance
study is shown in Figure 2(c). The spectra reveal a high-
frequency semicircle which agrees well with the total resistance
of the pellet measured using gold blocking electrodes (Figure
S5) and a second semicircle at lower frequency characteristic
of Li* transport at the Li/LLZWO interface. A significant drop
in the interfacial resistance is observed with time, reaching a
stable value after 24 h. Hence, under the employed cell
preparation and testing conditions, the Li/LLZWO surface
reaction supports low interfacial resistances, likely through
enhancement of the garnet surface’s wettability by Li with the
aid of elevated temperatures.” This is consistent with recent
observations of garnet systems containing Ti as the reducible
element*' and also agrees well with the improved wettability
accessible through other surface reactions, such as alloy-
formation or Li*-intercalation in Li/M/garnet or Li/C/garnet
systems, respectively.**™*’

To further study the stability of the Li/LLZWO interface
during Li-stripping and deposition, symmetric Li/LLZWO/Li
cells were cycled at 250 uA cm™ at 80 °C (Figure 2(d)). A
small increase in cell resistance (voltage) is observed within 20
h of cycling, which rose notably as the current density was
increased to 500 uA cm™>. The pellet resistance then grows
rapidly after cycling at 500 A cm™ for more than 8 h.
Interestingly, after the galvanostatic cycling experiment, the
brown/black color characteristic of the Li/LLZWO interface
had deeply propagated across the pellet (Figure 3(a)) and is
coupled by a noticeable loss in mechanical properties. Despite
the importance of the formation of the Li/LLZWO interface to
ensure good contact between Li and LLZWO (as shown in
Figure 2(c)), the propagation of the surface reaction through
the pellet upon cycling adds a large resistance to the system.
This propagation is clearly driven by the high mobility of Li*
through the pellet under the experimental conditions applied.

We assumed that this highly dynamic state of Li* can also be
achieved by heating a Li/LLZWO/Li cell at a relatively high
temperature (<melting point of Li) in the absence of electric
potential. Interestingly, when a Li/LLZWO/Li cell was heated

https://doi.org/10.1021/acs.chemmater.2c00379
Chem. Mater. 2022, 34, 5054—5064
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Figure 2. (a) Impedance spectroscopy measurement of LLZWO at 0 °C with blocking Au electrodes, fitted using an [R;Q,][R,Q,][R;Q;][Qy]
equivalent circuit. (b) A pristine LLZWO pellet (upper), and the same pellet with brown coloration upon interfacial reaction with metallic Li
(lower). (c) Time-resolved impedance experiment in a symmetric cell with Li electrodes at 80 °C. The interfacial resistance decreases over time
before reaching a minimum. The bulk resistance (represented by a small semicircle at high frequency) remains constant. (d) Galvanostatic cycling
profile at 80 °C of a Li/LLZWO/Li cell at 250 and 500 uA cm™2 The electrolyte is stable at 250 uA cm™ but its resistance begins to grow upon
application of 500 yA cm™ before short-circuiting at 33 h. Inhomogeneous Li stripping/plating is observed (inset).

at 150 °C in the absence of an external electric field, we
observed a propagation of the coloration through the LLZWO
pellet to an extent dependent on the heating time. To correlate
this process with the buildup of the resistance during
galvanostatic cycling, we heated a freshly prepared symmetric
Li/LLZWO/Li cell at 150 °C for set time periods (2, 24, 48,
and 96 h) and measured the room temperature impedance of
the cell afterward. By the end of the experiment, we observed
coloration across the whole pellet (Figure 3(a)). X-ray
diffraction data collected from the reacted pellet after lithiation
reveal that the material preserves the cubic garnet phase
(Figure S11).

Figure 3(b) shows the impedance spectra collected from the
cell after each heat treatment. The initial impedance of the cell
(RT; no heating) is nicely fitted using two [RQ] equivalent
circuit components ([R;Q,][R,Q,]), corresponding to the
total resistance of the pellet and the interfacial resistance. The
total resistance here refers to the resistance within the grains
(bulk resistance) and in-between the grains (grain-boundary
resistance) and agrees well with the total LLZWO pellet
resistance measured using gold blocking electrodes. After 2 h
heating at 150 °C, there is an initial drop in interfacial
resistance consistent with the formation of the Li/LLZWO
interface. No change is observed in the high-frequency
semicircle, indicating no effect from the interface formation
(at this stage) on either the bulk or grain-boundary resistances.
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Upon further heating at 150 °C (for 24, 48, and 96 h), a
reduction in size of the high-frequency semicircle and a gradual
increase of the low-frequency semicircle were observed. The
resistance associated with the high-frequency semicircle was
approximately half of the initial (bulk + gain-boundary)
resistance and is constant in the three spectra (at 24, 48, and
96 h).

The three spectra were fitted using [R;Q;][R,Q,][R;Q;]
equivalent circuits, where two [RQ] terms were required to fit
the low-frequency semicircle due to the growth of the
interphase (see Figure S12 and Table S3 for the fitting
results). For the three spectra, the capacitance associated with
high-frequency semicircle is of the order of 107''—107"* F,
while the capacitance associated with the low-frequency
semicircle is ~107 F. The former capacitance value clearly
reflects a contribution from the bulk resistance.’” These results
indicate that the grain-boundary contribution to the resistance
has been separated from the bulk resistance, suggesting that
the diffusion processes within these areas now occur at
different time scales. The evolution of a new component of the
interfacial resistance indicates that the Li* transport between
the grains likely occurs through modified, more resistive
interfaces, which can be linked to the propagation of the Li/
LLZWO interphase through the pellet. This is schematically
represented in Figure 3(a).

https://doi.org/10.1021/acs.chemmater.2c00379
Chem. Mater. 2022, 34, 5054—5064
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Figure 3. (a) Schematic outlining the procession of an interfacial reaction between Li metal and garnet LLZWO. The lithium/LLZWO interfacial
reaction is predicted to propagate through the grain surfaces of the material. This reaction can be accelerated via elevated temperature or via
application of an electric field gradient: the former is employed in this study to produce a “lithiated” LLZWO sample, which undergoes a color
change from white/gray to brown/black throughout the pellet. (b) Experiment wherein a symmetric Li/LLZWO/Li cell was heated to 150 °C for
varying time periods and cooled to room temperature and the impedance spectrum measured. Only the spectra fits are shown here; data with fits
are shown in Figure S12. The insets in panel b show the magnification of the spectra corresponding to (i) the initial reduction of the interfacial
resistance (upper left) and (ii) the reduction of the resistance of the pellet due to separation of bulk and grain-boundary resistances (upper right).

In this model, a surface modification (we refer to as
“lithiation” henceforth) of the grains is proposed to describe
the interface propagation in LLZWO. In the proposed
mechanism, Li* is picked up by the W®" centers to drive the
surface lithiation of the grains. As shown in Figure 3(a),
contact between Li metal and LLZWO initiates a lithiation of
the surface grains which promotes good contact between Li
metal and LLZWO and leads to an initial drop of the
interfacial resistance (also seen in Figure 2(c)). However, upon
full propagation of this surface reaction through the pellet, Li*
transport between grains is forced to pass through lithiated
interfaces, which appear more resistive than the pristine
interfaces, and consequently result in an overall buildup of the
resistance. It is expected that volume changes associated with
the lithiation of the grain surfaces will lead to partial loss of the
particle—particle contact (Figure S10) and will contribute to
the buildup of the resistance (which accounts for the
brittleness of lithiated pellets). To validate the model in
Figure 3(a), and to confirm the formation of resistive
interphases in Li/LLZWO systems, a “lithiated” LLZWO
sample was produced from heating a Li/LLWZO/Li cell and
investigated by muon spin relaxation (4SR), XAS, and XPS.

USR can be applied as a volume-averaged, nondestructive
probe to investigate the Li* dynamics and internal character-
istics®”*> of LLZWO before and after lithiation. Longitudinal
and transverse fields were applied in the temperature range
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150—400 K: the fitting procedures are described in the
Supporting Information (eqs S1—S4), while plots of fitted data
at 317 K are shown in Figure 4. Transverse field runs were
conducted at 100 G, much higher than the expected internal
nuclear field distribution, and thus almost all muon spins are
expected to precess in the direction of the applied field.
Visually, the pristine sample displays an expected behavior for
a lithium-ion conductor;63 there is a small relaxation in the
envelope of the asymmetry signal likely due to the motion of
Li* ions. Conversely, the lithiated sample appears to show
multiple beating frequencies, indicating two distinct contribu-
tions to the signal. Consequently, pristine LLZWO was found
to model well to one Gaussian oscillation function (eq S1),
whereas postlithiation two oscillation functions were required
(eq S2).

The distinct signals in lithiated LLZWO, displayed in Table
1, can be roughly correlated to the bulk and surface regions of
the grains, respectively (see Figure 3(a) for a visual
interpretation). Muon implantation is volume-averaged (and
dependent on density): the signal amplitudes therefore
represent the relative volume fraction of each muon environ-
ment. Only one symmetrically equivalent oxygen site is known
for garnet materials,®* and lithiated LLZWO was confirmed as
garnet phase by X-ray diffraction (Figure S11), which suggests
that the dual signal arises from two magnetically distinct
volumes rather than two discrete stopping sites with

https://doi.org/10.1021/acs.chemmater.2c00379
Chem. Mater. 2022, 34, 5054—5064
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Figure 4. Fitted 4SR measurements at 317 K of (a) pristine LLZWO in a 100 G transverse field, (b) lithiated LLZWO in a 100 G transverse field,
(c) pristine LLZWO in 0, S, and 10 G applied longitudinal fields, and (d) lithiated LLZWO in 0, S, and 10 G applied longitudinal fields. The data
show highly modified behavior after LLZWO lithiation, with two precession frequencies visualized in panel b and a quasi-static Li* environment

evident in panel d.

Table 1. Fitting Results for a 100 G Transverse Field Measurement at 317 K

Gaussian frequency background
material function amplitude relaxation rate, ¢ (us™") (MHz) phase, ® amplitude 7
pristine LLZWO Gaussian oscillation 0.1794 (4) 0.0704 (9) 1.3939 (2) 0.035 (3) 0.0058 (2) 1.07
lithiated LLZWO  Gaussian oscillation 1 0.0463 (6) 0.283 (6) 0.564 (2) 0.26 (2) 0.0051 (3) 1.22
Gaussian oscillation 2 0.0711 (S) 0.159 (3) 1.350 (7) —0.041 (9)

independent magnetic distributions within the unit cell.”® The
amplitudes do not change significantly with temperature
(Figure S14), implying no significant magnetic ordering in
the measured temperature region.

The muon precession frequency in Gaussian oscillation 1
(predicted as the grain surface region) is lowered from the
expected Larmor precession in a 100 G applied field (~1.35
MHz), while the relaxation rate (o) is significantly increased.
The nuclear magnetic fields present® are insufficiently stron%
to produce this frequency of oscillation (0.564 MHz),’
meaning it is likely an electronic effect. Muonium formation
(1*e™®®) upon implantation is well-known for insulating and
semiconducting materials">** and can undergo variable
strengths of hyperfine coupling. Intercalated Li* (linked with
reduced tungsten) adds competing electron density and hence
some implanted muons will not chemically bind with oxygen as
expected but will instead form muonium states.”® Muonium
associated with concentrated electron centers (similar to
shallow donor states’’) in oxygen vacancies, as is postulated
to cause the interphase discoloration, would have a lower
hyperfine coupling energy and cause the oscillation frequency
shift to 0.564 (2) MHz. Furthermore, muonium states not
associated with electron centers will have a large hyperfine
coupling71 and thus will undergo a rapid spin relaxation,

causing the loss of total signal amplitude observed for the
lithiated sample.

To elucidate the rate of Li* diffusion and characteristic
nuclear magnetic environment, longitudinal fields were
applied. As electronic fields are generally stronger than nuclear
fields, weak longitudinal fields can distinguish between the
two.”””* A 10 G applied field was sufficient to largely decouple
the nuclear dipole interaction of the muons, indicating a
relatively weak characteristic nuclear magnetic environment in
LLZWO. Data for pristine LLZWO were fitted using a
dynamic Kubo—Toyabe function”” (eq S3), while the evidence
of a dual muon environment predicated an additional Gaussian
relaxation for lithiated LLZWO (eq S4). At 317 K, pristine
LLZWO exhibits a slow relaxation rate, indicating fast Li"
dynamics. Conversely, lithiated LLZWO appears to follow the
form of the static Kubo—Toyabe function, whereby a fast
relaxation is followed by a return to around 1/3 of the initial
asymmetry.”” However, a gradual decrease in asymmetry at
longer time scales (>8 us) indicates the presence of dynamical
Li*, albeit at a lesser rate than observed for pristine LLZWO.

The field fluctuation rate, v, was obtained via longitudinal
field fitting and provides a direct analogy to the lithium
hopping rate.”* At low temperature, most Li* cannot overcome
motional barriers; the onset of diffusion is observed to occur at

5059 https://doi.org/10.1021/acs.chemmater.2c00379

Chem. Mater. 2022, 34, 5054—5064



Chemistry of Materials

pubs.acs.org/cm

T T T T T T
a) L 58 3l
Pristine LLZWO - +
S o Lithiated LLZWO = =
2 .
> .
o e
® =
xT = -
§ o1}t = ]
g
=1 o
.5 o o o o
= ° @
2 s @
3 @
0.01 ]
1 1 1 1 1 1
150 200 250 300 350 400

Temperature (K)

b) o6 ; : , : i
—~ 05} PN 4
w
A

2 ‘i,

S 04l AT A, i

S i

5 Pristine LLZWO

Q0

5 03} A Lithiated LLZWO 4

&

E &

£ 02} A da, ]

= Aa

c = A A

g -

£ oaf 5
1 1 1 ] 1 1
150 200 250 300 350 400

Temperature (K)

Figure S. (a) The temperature dependence of the field fluctuation rate, v, which is analogous to the lithium hopping rate. Lithiated LLZWO
displays values of v around 1 order of magnitude lower than pristine. (b) The temperature dependence of the static internal field distribution width.
A is a measure of the width of the magnetic field distribution experienced by an implanted muon, governed primarily by the nuclear moment and
distance of nearby nuclei. The large increase for lithiated LLZWO strongly suggests a higher Li content.

Q

XAS: W L, edge
Pristine LLZWO
—— Lithiated LLZWO
.......... W°® standard
...... W* standard

Normalized absorption (arb. units)

1 1 1 1

b) [ xps: w af / Li 15/ La 55/ zr 4p w;
Pristine LLZWO T =z
—— Lithiated LLZWO ¥
= 5
i3

1 ‘1 1 1 1 L R

10175 10200 10225 10250

Energy (eV)

10275

60 55 50 45 40 35 30

Binding energy (eV)

Figure 6. X-ray absorption spectroscopy (XAS) measurements of the W L; edge for pristine and lithiated LLZWO samples, as well as the W®*
standard Li;Nd;W,0;, (LNWO) and the W* standard WO,. (b) X-ray photoelectron spectroscopy (XPS) spectrum covering the W 4f/Li 1s/La
Ss/Zr 4p core level spectra. The spectra were normalized to the Zr 3ds/, peak area for the respective samples.

around 250 K for both samples, above which v increases
exponentially. Given the crystal structure remains similar
(Figure S11), v can be compared directly. There is 1 order of
magnitude difference in v between pristine and lithiated
LLZWO at room temperature (Figure S), informing that Li*
diffusion occurs far more rapidly prelithiation, in agreement
with the formation of resistive interphases upon lithiation as
found via EIS. An activation energy for Li* diffusion in pristine
LLZWO was found via an Arrhenius analysis as 120 (3) meV,
comparable to other values reported for solid electrolyte
materials using #SR.** This is lower than that measured by
EIS due to the relative lack of grain boundary/surface
influences on muons as a local probe.

The temperature evolution of the width of the static internal
field distribution (A), which is dependent on proximity and
size of nearby nuclear dipole moments, is shown in Figure
5(b). The abundance of isotopes with significant nuclear
moments is very low for Zr, W, and O (11, 14, and 0.04% for
17r, 18w, and 70, respectively); Li and La will have the
greatest influence on A.°® Given no structural contraction is
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observed (Figure S11), the large rise in A displayed in Figure
5(b) must be a result of the additional nuclear moments from
penetrated Li which act to increase the average field
distribution width felt by the muon. Dipolar field calculations
indicate that increased Li occupancy alone cannot account for
this large a change in A, and thus the increased Li content
and/or reduction of tungsten likely alters the preferred muon
stopping site in the grain surface region. The form of A is
similar for both samples, indicating similar diffusion processes.
The smooth decrease at higher temperatures aligns with
previous reports,”’*~"’ signaling a motional narrowing effect
caused by Li* diffusion.

The diffusion coefficient of Li*, D, was determined as
5.6(5) X 107" cm® s7" at 317 K for pristine LLZWO using eq
SS, concurring with the fast conductivity observed via EIS, and
in excellent agreement to other garnet materials studied using
USR.H7® A large reduction in Dy; after lithiation is obvious due
to the direct relationship with v and similar structural
parameters. The spatial distribution of ions in the cubic
symmetry of garnets permits rapid Li* diffusion. Thus,

https://doi.org/10.1021/acs.chemmater.2c00379
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increased Li content rationalizes the reduction in v, as blocked
pathways hinder diffusion rates, somewhat resembling
conductivity in the tetragonal phase.'®”® Chemical reduction
of W to W* may also increase the diffusional bottleneck due
to the ionic radii increase from 60 to 66 pm and lengthening of
the W—0O bond.*""* Given the inhomogeneous muon
environment and uncertainty over precise Li content, it was
deemed inappropriate to report a single activation energy or
diffusion coefficient for lithiated LLZWO. Indeed, it suffices
that the diffusion coeflicient is predicted as at least 1 order of
magnitude lower after lithiation. This matches well with
galvanostatic cycling experiments (Figure 2(d)) which outline
the resistive rise due to the propagation of the interfacial
reaction. Under high applied current densities, the Li* diffusion
coefficient is a limiting factor,”" and thus with the propagation
of Li/W reduction the resistive growth rate will increase.

To justify the predicted reduction of tungsten caused by
lithiation of the grain surfaces, transmission mode X-ray
absorption spectroscopy (XAS) measurements of lithiated
LLZWO were collected on the W L; edge. Normalized
absorption spectra are shown in Figure 6 for pristine and
lithiated LLZWO, as well as Li;Nd;W,0,, (LNWO) as a W**
standard and WO, as a W* standard. LNWO is a low lithium
content garnet material which may be used as a low voltage
insertion anode due to the well-established reducibility of W**
to W* under cycling conditions below 1.0 V.’>° In this
instance it acts as an ideal W®* standard due to the reliability of
WS states in the pristine form and the identical local
coordination environment. This is shown experimentally in
Figure 6, as LNWO precisely matches the edge position and
line shape of pristine LLZWO. The split peaks observed for the
W samples are indicative of the ligand field splitting of 5d
electron states, generally only distinguishable for octahedrally
coordinated W units.”> WO, was employed as a pure W*
standard and displays a smaller, broad peak, with no splitting
and a small shift in peak position to a lower energy.®” The peak
intensity of lithiated LLZWO is observed midway between the
W and W* standards, while the splitting is dampened
somewhat, and a minor but clear peak shift to lower energy is
evident. Hence, XAS measurements confirm that partial
tungsten reduction has occurred during LLZWO lithiation,
producing a mixed W®/*" oxidation state.

This observation is further confirmed by X-ray photo-
electron spectroscopy (XPS). Survey spectra for both samples
are included in the Supporting Information and show all
expected core and Auger lines. The La and Zr core level
spectra (Figures S18) show only minute changes before and
after lithiation and occur at binding energies commensurate
with oxide environments. Figure 6(b) shows the binding
energy region covering the W 4f and Li 1s core levels as well as
the Zr 4s/4p and La Ss core levels. A clear increase in the Li 1s
signal is observed after lithiation. In parallel, a clear change in
tungsten oxidation state occurs from W' before lithiation to
W* after lithiation. Although it is not possible to determine
the quantitative ratio of the two oxidation states due to the
complex overall spectra caused by overlap with the Zr and La
core levels, the main W 4f; ), lines provide clear evidence for
the partial reduction also observed in XAS. The W 4d spectra
(Figures S18) displays the same behavior as the W 4f core level
and further confirms the partial reduction.
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B CONCLUSIONS

Investigation of buried interfaces in battery materials is a
challenging prospect; here we find the LLZWO garnet an
excellent candidate for studying the influence of a “reducible”
dopant on the electrochemical properties of the Li/garnet
interface through a combination of impedance analysis with
local structural and dynamic tools. We have successfully
followed the propagation of the Li/LLZWO surface reaction
throughout the material where an initial decrease in the Li/
garnet interfacial resistance indicates good contact between the
Li metal and the LLZWO surface. This is followed by a
developing large resistance as Li" mobility is progressively
impeded. Insights from impedance spectroscopy reveal no
change in the bulk resistance and a clear evolution of the grain-
boundary/interfacial resistances, indicating that a modification
is occurring at the grain surfaces. Muon spin relaxation reveals
that two distinct environments in LLZWO exist after contact
with Li, one of which is characterized by an increased
electronic field component and intercalated Li, whose presence
is confirmed via nuclear magnetic field distribution analysis.
Meanwhile, Li* diffusion within this region is greatly hindered
and contributes to the large resistance observed in the material
after lithiation. These results propose a surface lithiation of the
garnet grains that produces thick interphases easily detected by
muon spectroscopy. Surface lithiation is driven by the high
mobility of Li* in the system and is believed to occur via partial
reduction of W to W*, as evidenced by XAS and XPS. This
combination of local and bulk characterization methods has
uncovered the role and behavior of reducible dopants within
the Li/garnet interphase, insights which are increasingly
important in guiding control over these interfaces for
improvements in performance.
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