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ABSTRACT: The development of ceramic proton conductors is
currently attracting great attention, as they might be useful to construct
new energy storage systems. LigLa;ZrTaO;, (LLZTO) is known for its
rapid Li* diffusivity as has been directly revealed by ’Li NMR
measurements. Exchanging parts of the highly mobile Li* ions by
protons through treatment of a single crystal in water or glacial acetic
acid yields a mixed proton—lithium ionic conductor. Here, H* proton
diffusivity and Li* diffusivity have separately been studied with element-
specific '"H and "Li NMR spectroscopy. While long-range Li diffusion is
noticeably slowed in Li—H exchanged LLZTO, we directly observe
rather high H* diffusivity, which is, however, significantly slower than Li*

dynamics. With the help of spin—lattice relaxation measurements we
were able to measure local (and long-range) energy barriers (0.20(1) eV vs 0.45(3) eV) as well as the self-diffusion coefficient Dy; of
H' dynamics (1.2 X 107"* m* s at 125 °C). These encouraging results are assumed to open new directories in designing ceramics

offering fast transport pathways for protons.

B INTRODUCTION

Solids with mobile ions, such as H, Li*, Na*, Ag*, F~, and O*",
play a pivotal role in materials science' for a range of
applications.”® In particular, they are needed to realize all-
solid-state lithium and sodium batteries’ " and to develo
oxide fuel cells.”'*~'® The search for proton conductors”®'”"®
to develop proton conducting fuel cells has also reached a
rather high level. Classical proton conducting ceramics™'®"’
include oxides such as alkaline earth cerates and zirconate
perovskites based on acceptor-doped SrCeO; BaCeO;,
SrZrO;, and BaZrO; and other compounds such as
CsH,P0,.%*°"*" Usually, protons are incorporated in, e.g.,
BaZrOj; by treatment with water vapor or H, gas. Recently, it
has been shown that the exact proton concentration in Y-
doped BaZrOj; sensitively affects H" conductivities involving
nanoscale percolation pathways with low dimensionality.””

From an application point of view, suitable proton
conductors should not only possess a high H conductivity,
they must also be chemically stable under the fuel cell
operating conditions and allow for low-cost manufacturing. In
addition, in many cases long-range proton conduction is
blocked at the grain boundary regions in polycrystalline
materials. Hence, the search for new materials attracts great
interest.

Here, we investigated whether the well-known garnet-type
Li* ion conductor Ligla;ZrTaO;, (LLZTO, see Figure 1),
which is based on LigLa;Zr,0,, (LLZO), could indeed act as a
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promising H ion conductor'” at least if we restrict ourselves to
bulk properties. For this purpose, we prepared Li—H
exchanged LLZTO powder samples by treating the garnet
samples in water or glacial acetic acid. To separately study H*
and Li" ion dynamics, we took advantage of element-specific
nuclear magnetic resonance (NMR) spectroscopy. As outlined
in detail elsewhere (see also the Supporting Information),** >
the measurement of diffusion-controlled 'H and "Li NMR
spin—lattice relaxation rates and NMR spectra provided direct
insights into the motional processes from an atomic point of
view. NMR is a contactless, that is, a noninvasive, method
highly useful to directly probe ion dynamics on the angstrom
length scale.®* Indeed, H-bearing LLZTO turned out to be a
suitable model system to measure proton jump activation
energies E, and proton self-diffusion coefficients Dy at
temperatures as low as 125 °C.

The crystal structure of LLZTO is depicted in Figure 1. It
crystallizes with space group Ia3d. The Li ions are distributed
over several crystallographic sites, viz. 24d and 96h. These sites
are partially occupied by the cations whereby H* are expected
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Figure 1. Left: crystal structure of LLZTO adopting cubic symmetry
(Ia3d, no. 230). Oxygen anions are omitted for clarity reasons. Li*
transport takes advantage of a partially occupied Li sublattice
comprising the sites 24d and 96h. Depending on the exact Li—-H
exchange process, protons occupy the same sites or a split site
between these two. Right: schematic illustration of the hopping
barriers (in eV) measured in this study.

to reside on the 96h positions. Recent neutron diffraction
studies have, however, refined this “standard” picture revealing
that the protons incorporated into LLZTO single crystals do,
depending on the exact space group, occupy a so-called split
site near 24d, which is also close to 96h.%

In general, Li,La;Zr,0y,-type garnets (LLZO)>® are widely
considered as promising solid electrolytes for Li-based all-

solid-state batteries.”” In contact with H,O and CO, the garnet
LLZO forms a rather resistive Li,COj; surface layer that might
block the facile Li" transport across the electrolyte—electrode
interface.”* Hence, studying the formation of carbonates,
which involves the Li*—H" exchange reaction, has attracted
great interest.*! It has been reported that even garnets, which
are stored in Ar-filled glove boxes, show the formation of
Li,CO,."* These degradation processes are expected to also
influence the implementation of garnets as ceramic electrolytes
in Li-based batteries.

The Li*—H" exchange reaction has been the subject of
various earlier studies, which focused on a range of
compounds'” such as Li,_,H,La;Sn,0y,, " Nb-containing
Li;LayZr,0,,," LiSLa3Nb2012,46_48 the Ta-bearing oxides
Li;La;Zr,0,,," and LigsLa;yZr, sTags0,,,°° as well as
Lis_H,CaLa,Nb,0,,°" and Li,_,H,La;Zr,0,,.>> It turned
out that garnets with a lithium content above three Li ions per
formula unit Li;B,C;0;, (B and C elements with oxidation
numbers +3 and +4)"’ are especially prone to the exchange of
Li* ions by H" ions. Apart from this feature, local structures,
chemical compositions, and the choice of doping elements
seem to affect the cation exchange reaction, as has been
reported for Al-doped LLZO,> Li,_La;(Zr, Ta),0,,,* and
LisLa;Nb,0,,.** In another example, Sn-bearin§ tetragonal
Li,_,H,La;Sn,0,, converted into its cubic form™ upon H*
insertion.

The extent of the exchange reaction does not only depend
on the kind of treatment, which is usually performed with acids
as reported in several studies,””*®**>> but does also depend
sensitively on the surface area exposed to, e.g., humid air or
H,0. The latter relationship has been studied by Yow et al."”’
The authors immersed a dense LiggLayZr, ¢Ta,,0,, pellet in
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Figure 2. (a) "Li NMR spin—lattice relaxation rates recorded in both the laboratory frame (116 MHz; 1/T)) and rotating frame of reference (116
MHz, 20 kHz; 1/T),). Data points refer to polycrystalline LLZTO samples treated in either water or glacial acetic acid (gaa). As compared to
untreated LLZTO (see Figure S1), the rate peaks 1/T,(1/T) reveal a light decrease in Li* diffusivity in LLZTO if protons had been incorporated.
The corresponding spin-lock peak of untreated, H-free LLZTO appears at almost the same temperature as that of belonging to H,O-LLZTO (see
Figure S1). Dashed and solid lines show joint fits with BPP-type spectral density functions yielding activation energies (as indicated), Arrhenius
prefactors, and asymmetry parameters (see Tables S1 and S2). (b) While, below approximately 500 K, the corresponding 'H NMR rates 1/T; (300
MHz) follow the same temperature behavior as the "Li NMR rates, the 'H NMR spin-lock rates 1/ T,, (300 MHz, 20 kHz) pass through two
shallow, diffusion-induced rate peaks. Disregarding absolute values, which are expected to be different for the rates 1/T)(,) of the two nuclei, the
peak appearing at lower temperature (30 °C) perfectly agrees with that the "Li NMR rates pass through (26 °C), pointing to the fact that '"H NMR
indirectly senses the "Li spin fluctuations (see text). Importantly, the peak showing up at higher temperature (125 °C) is interpreted to be directly
caused by H* translational jump dynamics. This view is corroborated by our "H NMR line shape analysis.
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water and reached an exchange level of 8.8% after 7 days,
whereas for a powdered sample a value of 54.3% was obtained.
Because the surface-to-bulk ratio plays a significant role, we
used finely ground samples for the exchange reactions.

So far, the effect of Li—H exchange on ion dynamics has
been studied by conductivity measurements*******® yielding,
however, no clear-cut relationship between overall conductivity
and the degree of proton exchange. NMR, on the other hand,
is in principle capable to separately study H* dynamics and Li*
diffusivity, as has been outlined above.

B METHODS

Details of sample preparation and structural characterization
by neutron diffraction of the LislLa;ZrTaO,, single crystals,
which served as starting material for the present study, have
been published elsewhere®” (see also the Supporting
Information). Here, two pieces of LigLa;ZrTaO,, single
crystals were finely ground and immersed for 7 h either in
distilled water (H,0) or in glacial acetic acid (gaa,
CH;COOH). Afterward, the crushed powders were dried in
air and then packed in NMR glass tubes (approximately 3 cm
in length and 4 mm in diameter). An ICP OES (inductively
coupled plasma optical emission spectrometry) study on the
Li—H exchanged samples yields a composition of
LigH La;ZryoTa; ;0;, with x = 0.3. As mentioned above,
structural details of H-LLZTO, especially on the positions
occupied by H in the %arnet structure, have been reported in
the literature recently.’

'"H (spin quantum number I = 1/2) and "Li (I = 3/2)
spectra as well as the corresponding NMR spin—lattice
relaxation rates were recorded in the laboratory frame of
reference (1/T;) as well as in the rotating frame of reference
(Tl,,)ll’58 with a Bruker Avance III NMR spectrometer
operating at a nominal magnetic field of 7.04 T yielding
Larmor frequencies @,/2x of 300 MHz for 'H and 116.59
MHz for "Li. A commercial ceramic probe (Bruker BioSpin)
was used to carry out variable temperature measurements from
173 up to 533 K. For the measurements in the rotating frame
of reference, the locking frequency was adjusted to w,/27 = 20
kHz. We used the classical saturation recovery pulse sequence
to record the 1/T, rates and the spin-lock technique to
measure the rates T, Details of the exact setup can be found
in earlier studies of our group.””*®*” Here, the 90° pulse
lengths varied from 2 to 2.5 ps. Locking pulses at lower power
were chosen such that the whole transients could be measured.
As described elsewhere, we used stretched exponential
functions to parametrize the magnetization curves. ’Li and
"H NMR free induction decays were recorded with a single 90°
pulse and proper recycle delay of at least 5T); Fourier
transformation directly yielded the spectra shown here
focusing, in the case of 7Li NMR on central transitions (x1/
2, F1/2) only. Full 'Li NMR spectra including the quadrupole
satellite transitions of LLZO-type (single-crystalline) samples
are shown elsewhere.®’

B RESULTS AND DISCUSSION

In Figure 2, the results from 'H and "Li NMR spin—lattice
relaxation measurements are shown. At sufficiently high
temperatures, the rates are purely induced by diffusion (diff)
(1/T,(,) = 1/Ty(y),a); any nondiffusive background effects are
completely absent for T > 250 K (T,) and for T > 215 K (1/
Ti(,))- The 'Li NMR rates of the two samples investigated

show the expected behavior for Li self-diffusion in garnets.
While the 1/T,(1/T) peak is sensitive to Li* dynamics with
motional correlation rates 1/7. on the megahertz to gigahertz
time scale, the corresponding spin-lock NMR peak 1/T)(,(1/
T) Li* captures motional processes on the kilohertz time scale.
The lines in Figure 2 represent fits with a so-called modified
BPP-type®*°** spectral density function |
]( ) I/T Cl/ TC
@o(r)) X /() = o T o F
1+ (zwo(l)Tc)/ (1)

that yields the (microscopic) activation energy E, and the
Arrhenius prefactor 7o' included in

Tc_l = TCO_I eXP(_Ea/kBT) (2)

where ky denotes Boltzmann’s constant. E, refers to the slope
of the high-temperature flank of the peaks in Figure 2. In
general, in this T regime @yt < 1 is valid, and NMR
captures many spin fluctuations during a single spin precession,
thus being sensitive to Li" jump processes on a rather longer
length scale as compared to what NMR senses in the low-T
regime (w7, > 1).°** These activation energies, E, o,
extracted directly from the low-T flank are included in Figure 2
as well. Especially for 1/T,(1/T), we see that rather low
activation energies are obtained (0.22 and 0.20 V), which
characterize local ion dynamics®”®* in H-bearing LLZTO. For
con}Earison, in H-free LLZTO single crystals we obtained 0.24
eV,”” which is quite comparable to the values for the Li—H
exchanged samples (see below).

In general, the so-called asymmetry parameter /3 (see eq 1°*)
links E, with E,,, according to

Ea,low = (1 - ﬁ)Ea (3)

B = 2, which is the simple BPP case for uncorrelated motion,
would lead to fully symmetric rate peaks as is indeed seen for
1/Ty,) of gaa-LLZTO (see Figure 2 and below). In general,
characterizes the frequency dependence of the relaxation rate
in the low-T limit (w7, > 1): 1/Ty,) x @by for
comparison, in the limit @q;)7. << 1 we have to deal with 1/
Ty # flwym)) as far as 3D diffusion is considered.”™*> A
detailed discussion and list of the fitting parameters are
provided in the Supporting Information (see Tables S1 and
S2), which also briefly summarizes the basics behind relaxation
NMR based on several textbooks.

As is well documented in the literature by us,”” the ’Li NMR
spin—lattice relaxation rates (1/T;) of untreated, that is, H-
free, single-crystalline LLZTO pass through a rate peak located
at Tp. = 434 K (161 °C, see Figure S1). At T, the
conditions

w,7. & 1 and w7, & 0.5 (4)

are valid, which allow direct access to the motional correlation
rate 1/7.°""7 @y, ~ 1 refers to a single spectral density term J;
taking into account two terms (see the Supporting
Information), in the case of dipolar interactions we have
7, = 0.62. Any shift of the 1/T,) rate peak toward lower or
higher temperatures directly indicates an increase or decrease
of Li" diffusivity. Here, independent of the treatment
procedure, Li—H exchange shifts this peak to higher
temperatures (Tp., = 459 K (186 °C)), indicating that H
incorporation has a slightly detrimental effect on (local) Li
diffusivity (see Figure S1), to which 1/T is primarily sensitive.
It does for sure not increase the already rapid Li" exchange
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Figure 3. (a) Change of the "Li NMR line widths of LLZTO treated either in water (H,O:LLZTO) or in glacial acetic acid (gaa:LLZTO). The
dashed-dotted line illustrates the motional narrowing curve belonging to untreated H-free LLZO. In general, the shift of the inflection point of the
curve toward higher T points to less mobile Li ions. The lines are to guide the eye. (b) "Li NMR lines used to extract the widths shown in (a);
temperatures at which the spectra have been recorded are indicated. The original Gaussian-shaped line changes into a Lorentzian one upon heating.
On the temperature scale, the averaging process sets in a bit earlier for H;O:LLZTO, see also (a). (c) 'H NMR motion-induced line narrowing
curves. For gaa-LLZTO the inflection point of the curve is located at T, ~ 320 K, which is higher than that of the corresponding "Li NMR curve (T;
~ 260 K indicating still faster "Li diffusion in gaa-LLZTO.) The dashed line uses an Abragam fit to guide the eye (see text). (d) '"H NMR lines of

gaa:LLZTO and H,0:LLZTO.

processes involving the sites 24d and 96h.°" As mentioned
above, E, ,,(T;) remains almost unaffected by Li—H exchange.

This situation of having two mobile ionic species resembles
the situation in mixed alkali glasses showing a pronounced
decrease in ionic conductivity®”®* and ionic diffusivity as
probed by NMR, for example,”> upon admixing a foreign
mobile cation. Here, however, such a process is seen on the
angstrom length scale. Though the current decrease is
measurable, it is much less pronounced than in mixed-alkali
glasses. It is even less pronounced if we consider ’Li
translational dynamics probed on longer time scales as revealed
by the variable-temperature spin-lock experiments measuring
1/T,(,)(1/T).

For the corresponding rate peaks 1/T,,(1/T), recorded in
the rotating frame of reference (20 kHz locking frequency), we
observe that the peak referring to LLZTO treated in water T,
= 282 K (9 °C) is within errors and sample-to-sample
variations, comparable to that of the untreated H-free material
for which the peak appears at Ty, = 286 K (13 °C) (see
Figure S1).”” A larger shift in 1/ T,(,)(1/T) is, however, seen
for the sample immersed in glacial acetic acid (T, = 299 K
(26 °C)), revealing a decrease in long-range Li* self-diffusivity
upon H'/Li* exchange (see below). Compared to untreated
LLZO, we also observe a change in shape of the peak (see
Figure S1); the originally asymmetric rate peak of H-free
LLZTO (8 = 1.46) turns into a symmetric one, as is clearly
indicated by the asymmetry parameters B: According to our
analysis with the modified BBP-type relaxation functions (see
eq 1), for H,O-LLZTO and gaa-LLZTO the best fits yield f =
2 for each peak (see Table S2). Interestingly, this counter-
intuitive result is surprising as we would have expected
stronger correlation effects influencing ion dynamics with rates
in the kilohertz regime in systems with two mobile species (see
above).

In Figure 2b the 'H NMR rates 1/ T, are shown, which are
as compared to the corresponding “Li data, shifted toward
lower absolute values because of weaker spin—spin couplings
described by C’ in eq 1. Though shifted, they follow the same
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trend as the 'Li NMR rates; see the dashed line in Figure 2
which runs in parallel to the low-temperature flank of the 1/
T,("Li)(1/T) peak. The flank yields an activation energy of
approximately 0.2 eV, which again characterizes local H* jump
processes in LLZTO. Because of the similarities in activation
energies, we think that longitudinal proton relaxation can be
indirectly induced by rapid Li* spin fluctuations of dipolar
magnetic nature in the direct neighborhood of the 'H spins.

Most importantly, for spin-lock '"H NMR, an additional
feature is observed that is absent in 'Li NMR. Coming from
low temperatures, the rates 1/ Tlp(lH) pass through a shallow
rate peak at 9 = 30 °C. Again, we attribute this low-T peak to
be caused by ’Li spin fluctuations sensed by the 'H spins
located in the direct vicinity of the Li spins. Importantly, the
'H spin-lock NMR rates 1/T),) run through a second rate peak
located at 9 = 125 °C. Such a peak is clearly missing in "Li
NMR. Its high-temperature flank points to an activation energy
of 0.45 eV, which is identified as the barrier that characterizes
long-range proton transport in H-bearing LLZTO. In general,
at temperatures lower than T,,,,, we deal with wy7. > 1, and
short-range ion motions are sampled on the low-T flank of a
given 1/T,(1/T) peak. For T > T, the condition w,7. < 1
holds, and many events are captured during a single spin
precession, enabling access to long-range ion dynamics.**

The rates 1/T,,('H) turned out to be quite similar for the
two samples investigated. To detect any significant differences
the Li—H exchange procedure might have on H* diffusivity, we
recorded '"H NMR line shapes and followed the change of the
central transition as a function of temperature. The results are
together with those for "Li, shown in Figure 3.

At low temperatures, the dipolarly broadened ’Li NMR
central lines can be well described with Gaussian profiles and
reveal a full width at half-height of approximately 8 kHz (see
Figure 3a,b). As soon as diffusive motions of the Li ions reach
correlation rates in the order of this rigid-lattice line width, the
lines start to narrow because dipole—dipole interactions are
increasingly averaged. In general, NMR line narrowing is
sensitive to slower motional processes as those probed by 1/

https://doi.org/10.1021/acs.jpcc.3c02330
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Tlp.34 Moreover, while in relaxation NMR (see above) both
magnetic dipolar and electric qudrupolar interactions” could
determine the rates, dipole—dipole interactions are mainly
responsible for the line narrowing process in ’Li NMR. Upon
heating, this motion-induced averaging yields characteristic
line narrowing curves, which are shown in Figure 3a. The
inflection points of the curves on the temperature scale help
compare the change in Li* diffusivity. For untreated LLZTO
(see the dashed-dotted line), the temperature T, of the
inflection point is below 250 K whereas for H,O-LLZTO we
obtain T; > 250 K; a further shift is seen for gaa-LLZTO.
Undoubtedly, these changes reveal a noticeable decrease in
long-range Li" diffusivity upon Li—H exchange, as has also
been discussed by Aguadero and co-workers on the basis of
impedance measurements.*®

Most importantly, '"H NMR does also reveal a significant
narrowing of the corresponding resonances (see Figure 3c,d).
Because of the rather strong 'H—'H dipolar interactions, the
rigid line width vy turns out to be significantly larger than
that seen in ’Li NMR (8 kHz vs 20 kHz). Hence, in the case of
"H NMR, motional averaging is expected to be slightly shifted
toward higher temperatures as compared to the situation we
met for 'Li NMR. Here, the inflection point of the narrowing
curve of gaa-LLZTO is given by T; &~ 325 K (52 °C), clearly
indicating rapid 'H translational motions. Finally, these
motions can fully average the homonuclear dipole—dipole
interactions to which the 'H spins are mainly exposed. The
regime of extreme narrowing is almost reached at T =~ 450 K.
At higher temperatures the width of the 'H NMR line is simply
determined by the inhomogeneity of the external magnetic
field used to sample the lines. A rather sharp, fully narrowed
'"H NMR line is obtained at 493 K (see Figure 3d). For
H,0:LLZTO the results are quite similar, as already suggested
by the 1/T,, NMR rate measurements (see above). The final
width in the order of 1000 Hz clearly suggests a mechanism
that fully averages the prominent '"H—"H dipolar interactions.
In our opinion, only rapid translational H* dynamics can be
responsible for this observation. These translational dynamics
might also enable long-range proton transfer as dipolar
interactions cannot be effectively averaged by strictly localized
hopping processes.

The tiny signal marked by vertical arrows in Figure 3d, as is
seen for both samples, might point to an impurity phase or to
H" ions residing on a different crystallographic position. As any
coalescence effects are missing, no significant exchange
between these H spins occurs on the NMR time scale. Most
of the H spins are involved in the averaging process described
by the motional curves shown in Figure 3c.

While the “Li NMR motional narrowing curves span a range
of approximately A = 50 K between onset of narrowing and
reaching the extreme narrowing regime (see Figure 3a), in the
case of 'H NMR the averaging process takes place over a large
temperature range of A = 100 K pointing to a broader
distribution of 'H translational correlation rates. This idea is
consistent with the rather broad 1/T,,('H) NMR rate peak
seen in Figure 2b. The dashed line in Figure 3c represents a fit
using the Abragram formalism.”® In the presence of a broad
distribution of motional correlation rates such an analysis does,
however, underestimates the activation energy. Here, the
Abragam analysis yields an activation energy of only 0.2 eV.
For comparison, 0.3 eV is obtained if the Hendrickson—Bray
equation® is used to analyze the change in line width as a

function of temperature, also underestimating E, obtained
from spin-lock NMR probing long-range ion dynamics.
Finally, we can use the '"H NMR 1/T), rate peak assigned to
proton dynamics (see Figure 3b, T, = 125 °C) to estimate
the H diffusion coefficient in H-LLZTO (see Figure 4). At 125
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Figure 4. Comparison of the H* self-diffusion coefficient obtained in
this work with those from Smetaczek et al.®” and Hiebl et al.** on Al-
containing Ligla;Zr,0;, (LLZO); see text for further details. For
comparison, we have included tracer (pulsed field gradient NMR) or
solid-state diffusion coeflicients characterizing proton diffusivity in a
range of other oxides based on, e.g., Ba(ZroX,,)O0;5_5 (X =Y, Gd, In,
Sc) studied by Kreuer and co-workers,”® Ba(Ceg:Y0.16) O35
Ba(Ce0‘9Y0.1)03_5,70 Ba(Ceo'94Gd0,05)O3_5,7] and  Lij;¢Srg,Zn-
(GeO,),.”> We refer to the literature for the exact compositions.
For the sake of completeness, in Kreuer et al.*® also compounds with
even lower H diffusivities are discussed. The solid line referring to the
data point of this work (LLZTO) corresponds to 0.45 eV as deduced
from spin—lattice relaxation NMR. This activation energies are in
excellent agreement with those of the BaZrOs;-based compounds
shown.

°C the '"H motional correlation rate 1/7,, which is expected to
be equal to the jump rate 1/7 within a factor of 2,** is given by
7. & 0.5/w,. As a first approximation, for @, we used the
angular locking frequency (@, = v X 27) instead of the usually
unknown effective frequency”” at the 'H nuclear site. This
effective frequency is, however, expected to be of the same
order of magnitude as w,. In the present case we obtain 1/
7(125 °C) = 2.51 X 10° s~". Assuming a mean jump distance
in the order of 1.7 A, we obtain a self-diffusion coeflicient in
the order of Dy = 1.2 X 107" m? s™" at 125 °C. According to
Figure 2b, the activation energy for H" hopping takes a value of
0.45 eV. The same value is reached by Li" at much lower
temperatures, namely at 30 °C (vide supra).

In addition to evaluating the 'H NMR relaxation rates, also
the motional narrowing curve helps in supporting the Dy value
determined. The estimated jump rate of 1/7 (=~ 1/7.) of 2.51 X
10° s7' refers to approximately 400 K. Indeed, at this
temperature, right at the beginning of the extreme narrowing
regime, the motional narrowing curve of gaa-LLZTO suggests
thezt 1 /1 7 should be equal to or higher than 15 X 27 & 1.25 X
107 s™.

In Figure 4, we compare this H" diffusion behavior with
those of other (ceramic) proton conductors®~7* that are
currently discussed in the literature (see above). The graph
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does also contain (chemical) (inter)diffusion coefficients
describing H dynamics in LLZO, which have been determined
by means of single-crystal X-ray diffraction>” as well as by ICP-
OES; see the work by Fleig and co-workers.”” Especially the
latter coeflicient represents a tracer diffusion coeflicient D
rather than a self-diffusion coeflicient to which NMR relaxation
is sensitive here.

B CONCLUSION

Li—H exchanged LLZTO-based garnets offer a possibility to
create ionic conductors with noticeable H* transport proper-
ties. Here, we used 'H NMR (spin-lock) spin—lattice
relaxation measurements and line shape analyses to verify
proton diffusivity within the rigid oxide host lattice. Though
largely influenced by rapid "Li hopping processes, which is
especially true for 'H NMR spin—lattice relaxation in the
laboratory frame of reference, the spin-lock '"H NMR rates pass
through an additional rate peak at 125 °C which we attribute
to proton translational ion dynamics. This interpretation is
fully corroborated by 'H line shape measurements: we observe
a complete motion-controlled narrowing curve of the NMR
line widths that undoubtedly suggests effective and full
averaging of homo- and heteronuclear dipole—dipole couplings
through translational, that is, hopping, H* ion dynamics.
Finally, the proton self-diffusion coefficient estimated at 125
°C directly from 'H NMR (D = 1.2 X 107 m? s}, 0.45 eV)
is comparable to other values presented in the literature for
garnet-type ceramics but lower than those reported for the
various BaZrO;-based compounds containing protons.
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