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Differences in activation energies of solid ion conductors as measured by different techniques can be either
considered a consequence of experimental uncertainty or a valuable source of information about the local
ion transport mechanism. Here, it is suggested that an in situ combination of solid-state nuclear magnetic
resonance (NMR) and electrochemical impedance spectroscopy (EIS) helps to differentiate these two cases
because the sample preparation and thermal history are then identical for the NMR and EIS measurement.

To this end, an in situ NMR-EIS probe head is developed, calibrated and its performance is tested on the
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Accepted 23rd May 2024 lithium-ion conductor LigSnOg. For validation, the results were compared to carefully conducted ex situ

measurements. The differences in activation energies as observed by NMR and EIS experiments could in
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this case be confirmed and rationalized by comparison to results from nudged elastic band calculation

rsc.li/materials-a using density functional theory under periodic boundary conditions.

Together, these techniques provide a comprehensive
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1 Introduction

The progress of solid-state batteries is strongly correlated to the
discovery of solid ion conductors with high ionic conductivity of
>1072> S em™' at room temperature."* Improving the ion
transport efficiency and capacity retention in solid-state
batteries requires a holistic understanding of the conduction
mechanism, especially concerning ion transport across the
electrolyte/electrode interface.>* Several techniques have been
deployed to characterize the ion transport properties of solid
materials at different length and time scales.”” The commonly
used approaches to determine the ionic conductivity and
diffusion properties of materials are: electrochemical imped-
ance spectroscopy (EIS) which probes long-range charge trans-
port in the bulk and at interfaces,® NMR diffusometry which
probes long-range diffusion,®' line-shape and spin-alignment
echo solid-state nuclear magnetic resonance spectroscopy
probe ionic motion on a short to medium range,” ™ and the
conventional spin-lattice relaxometry solid-state nuclear
magnetic resonance spectroscopy which probes short-range
motion.****
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understanding of the charge and mass transport associated
with ionic motion. The respective activation energies for mass
and charge transport, which are obtained from experiments
conducted at different temperatures, provide an insight into
whether the corresponding motional processes leading to mass
and charge transport are identical. A literature review reveals in
several cases differences in activation energies from impedance
and nuclear magnetic resonance spectroscopy.’>**"” While
there is often a good agreement within error limits, differences
remain a valuable source of information especially when tech-
niques with different inherent time and length scales explore
the complicated energy landscape featuring one or more
barriers of disordered ionic conductors.”® While some of the
differences can be explained by the different length and time
scales of the techniques, even between different NMR tech-
niques used to study macros- and microscopic transport,>*?
differences in activation energy can also just be a consequence
of the experimental conditions (see below). According to
a recent round-robin test' conducted on six reference
compounds in the form of a powder, the measured ionic
conductivity for the same material varies by about one order of
magnitude between eight participating laboratories around the
world. It is not unreasonable to assume that also activation
energies are subject to sizeable errors, especially because vari-
able temperature and pressure conditions used in impedance
spectroscopy can lead to processes modifying the grain
boundaries.”*** Furthermore, some of these changes are not
detectable by certain routine structural characterisation tech-
niques such as X-ray diffraction for after-effect analysis.*
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Discrepancies between activation energies from different
methods are in fact common place. As an example for the fast
Li-ion conductor Li;LazZr,0;,, the reported values are 0.3-
0.34 eV measured by impedance spectroscopy,* 0.53 eV by spin-
alignment echo NMR,* 0.43 eV by line shape NMR and 0.32-
0.48 eV by spin-lattice relaxometry NMR,* while 0.33-0.36 eV
and 0.26 eV were predicted by initio molecular dynamics
simulation,”** and by nudged elastic band calculations,*®
respectively. Another less prominent example is the Li-rich
phase LigSnOg,>*° which will serve as a test case for this
contribution, for which a consistent interpretation of the
different reported activation energies (NMR: 0.31 eV,** EIS:
0.91 eV,** quantum chemistry: 0.43-1.40 eV,* forcefield calcu-
lations: 0.20-1.06 eV (ref. 33)) is still missing. The structure of
LigSnOg is surprisingly complicated in the sense that it features
two different Li sites with an octahedral and a tetrahedral
coordination polyhedron which are a potential source of
dynamic heterogeneity of the Li motion.?*?*%?

One way to overcome the experimental uncertainties related
to the determination of activation energies is to change from ex
situ to in situ NMR-EIS measurements so that differences
cannot be blamed on sample related changes. To the best of our
knowledge, such a setup has not been reported yet, which may
be related to the problems associated with separating the
required electromagnetic waves whose frequencies are only
different by one order of magnitude. Technically much simpler
is the separation of a direct current channel from an NMR
frequency channel, which in the context with batteries is known
as operando NMR. It provides insight into electrode materials
while charging and discharging, so that metastable intermedi-
ates and structural changes could be identified:**** For the
anode it could be shown that the structure of graphite interca-
lation compounds correlated with the charge state.**** Lithium
dendrites, which need to be avoided can be traced in the early
stages.*” Silicon as anode material or as an additive to carbon-
based anodes could be studied*’ to identify intermediates at
different states of charging. In this context, the combination
with ex situ EIS was important* to get a better understanding of
the cell resistance as a function of the charging state of the
battery.

The target of this contribution is to develop an in situ NMR-
EIS setup, evaluate its performance by comparing ex situ and in
situ measurements and demonstrate its advantages on the
example of the compound LigSnOs.

2 Experimental part

2.1 3D printing

All models were designed using FreeCAD v0.20 software, then
sliced with Ultimaker cura v5.1.0 and Intamsuite v3.7.0. The
prototypes were developed using a Creality CR-10s 3D printer,
(Cordol Technology Co., Limited) and the final version was
printed with a high-temperature 3D printer, INTAMSYS FUN-
MAT HT (INTAMSYS). The printers were configured as shown in
(Table S1t). All prototypes were printed with a hardened steel
nozzle with 0.4 mm diameter at 0.1 mm layer height which is
a compromise between printing quality and time. The high
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temperature version was printed with a nozzle with a 0.25 mm
diameter using the same layer height as the prototypes. Parts
with thermoplastic filaments were sintered in an oven at
a temperature of 473 K for 2 hours to increase their thermal
strength. The printed parts were afterwards incorporated into
a home-built static probe head based on a McKay design.

2.2 Sample preparation and characterization

2.2.1 Solid state synthesis. LigSnOs was synthesized via
a solid-state synthesis route using Li,O (Alfa Aesar, 99.95%) and
SnO, (Carl Roth, =99.5%) as starting materials. Li,O was stored
inside the glove box (MBraun) under an argon atmosphere. Li,O
(1002.0 mg, 33.53 mmol) and SnO, (900.0 mg, 5.97 mmol) were
thoroughly mixed and ground using a mortar and pestle
immediately after taking Li,O out of the glove box. The ground
mixture was pressed into a pill and then heated to 1173 K at
a heating rate of 20 K min ™", then annealed at 1173 K for 20
hours and then cooled down to room temperature at a cooling
rate of 10 K min~'. An excess of 40 wt% Li,O was used to
compensate for the lithium loss during the synthesis. The
synthesis of Li; 5Aly 5Ge; 5(PO,); is described in the ESLt

2.2.2 Powder X-ray diffraction. Powder X-ray diffraction
was carried out with a Guinier camera (Huber G621) with Cu
Ko, radiation (A = 1.54056 A). A silicon dioxide standard
(Quarzwerke Dorentrup “alpha SiO, quartz”, a finely ground
standard for XRD, a = 4.9136 A, ¢ = 5.4054 A) was used as
a reference sample. IPreader software** was used for data
extraction and TOPAS academic software package v.4 (ref. 44)
for Rietveld refinement and quantitative phase analysis of the
sample.

2.2.3 Ex situ NMR spectroscopy. The chemical shift values
of “Li are reported on a deshielding scale, relative to the reso-
nance of a solution of LiCl in D,0 (9.7 mol kg™ *). The 'H NMR
resonance of 1% (mass) Si(CHjz), in CDCl; served as an external
secondary reference using the Z values ’Li as reported by the
IUPAC** for solid-state NMR measurements. The 'Li NMR
spin alignment echo and single pulse experiments of a static
powder were measured on a Bruker Avance II spectrometer at
a magnet field of 7.0 T at a resonance frequency of 116.64 MHz.
The sample was kept in an evacuated quartz ampoule with an
outer diameter of 3 mm and a length of 25 mm. 7Li spin
alignment echo experiments were recorded using a Jeener—
Broekaert pulse sequence (90° — ¢, — 45° — t;, —45°)* at an
evolution time ¢, of 15 us as a function of the mixing time 0 =< ¢,
= 512 ms, using an 8-step phase cycle.*® The recycle delay was
set to 577 and the dead time delay tgeadtime Was 15 ps. The decay
curves were fitted using a stretched exponential function,*

S(t) = (1 — So)exp( - (%“)ﬂ> + S

to estimate the lithium ion jump rate 1/7, where S, is the final
state correlation value and 8 is the stretching factor. The spin
alignment echo measurements were conducted at sufficiently
high temperatures to separate the contributions of quadrupolar
spin-lattice relaxation T;q from contributions from individual
jumps of the spins between electrically non-equivalent

This journal is © The Royal Society of Chemistry 2024
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crystallographic orbits. The NMR signals were deconvoluted
and their second moments of the lineshape were determined
using Deconv2DXY v0.7,% while the lithium ion jump rates 1/7
from spin alignment echo decay curves were analysed using
home written python script based on SciPy libraries.>*

2.2.4 Ex situ electrochemical impedance spectroscopy. The
LigSnOs powder sample was thoroughly ground in an agate
mortar and pressed into a cylindrical pellet (diameter = 8 mm)
applying a pressure of 585 MPa for 20 min. It was heated to 873
K at a rate of 5 K min~* and kept there for 3 hours. The thick-
ness of the pellet was measured with an electronic micrometre
screw gauge. The pellets were mounted inside a 3D-printed
sputtering shield and gold was sputtered onto both sides
using a sputter coater (108 Auto, Cressington). Electrochemical
impedance spectroscopy (EIS) measurements were recorded
using NEISYS electrochemical impedance analyser (Novocon-
trol Technologies) in a home-built cell, which was calibrated
before actual measurements based on short/load calibration
standards with 100 Q resistor as the load. The impedance
measurements were recorded in potentiostatic mode, with
a perturbation signal of 35 mV,,,; amplitude, in a frequency
range from 30 mHz to 1 MHz. The temperature was controlled
using a variable temperature and flow controller (NMR Service
GmbH) with a constant nitrogen gas flow. Each temperature
point was held for 10 min to ensure thermal equilibrium with
an accuracy of +0.1 K throughout the EIS measurement. The
data analysis was performed using home-written python scripts
based on the SciPy libraries.*

2.2.5 In situ NMR-EIS experiments. The conditions of the
NMR and EIS experiments of the in situ experiments follow the
procedures and conditions of the corresponding ex situ experi-
ments if not mentioned in the following. To prevent the EIS
circuit from acting as an antenna and introducing noise to the
NMR resonator, low-pass filters were connected to the EIS
channel. Each of the four cables of the EIS channel was passed
through a separate low-pass filter. Because the impedance
spectrometer cannot be positioned close to the NMR magnet,
longer cables of about 5 m length connecting the sample cell to
the impedance spectrometer were used. These modifications
required a recalibration of the in situ EIS setup, which was per-
formed using special short/load standards produced for this cell.

2.3 Quantum chemistry

The plane wave pseudopotential method based on density
functional theory under periodic boundary conditions as
implemented in Quantum Espresso (QE) 6.8 (ref. 52) was uti-
lised to estimate activation energies of the lithium-ion diffusion
pathways in LigSnOg. The crystal structure of LigSnOg in the
space group R3 (hexagonal axes, ICSD collection code 28 131)*°
served as a structure model. The cif file of LigSnOg was con-
verted into an input file using cif2cell 2.0.0 (ref. 53) for the QE
calculations. Vacancy models were generated using a compen-
sating background charge and all fractional coordinates were
allowed to relax. The QE calculations employed pseudopoten-
tials of the GBRV type®*»* and k-point selection followed the
Monkhorst-Pack scheme.*® The presented simulations used

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry A

a 2 x 2 x 3 k-mesh and a supercell containing 180 atoms
(convergence error 0.001 eV). The supercells were optimized to
the most stable configuration by setting up a kinetic energy cut-
off of 480 eV and 60 eV for the charge density cut-off (conver-
gence error ~0.01 eV). Climbing Image-Nudged Elastic Band
(CI-NEB) calculations using QE were performed to calculate the
activation energy of a vacancy moving from one Li position to
a neighbouring one.”” Eight intermediate images were used
along with the first and last images to identify the diffusion
pathway for the Li-ion transport. These calculations provide an
estimate for the saddle-point of the movement of the vacancy
between Li sites, i.e. the minimum energy path in the energy-
hypersurface and thus an estimate for the activation energy.

3 Results and discussion

An in situ NMR-EIS technique (Fig. 1) requires a setup in which
nuclear magnetic resonance and impedance spectroscopy can
be conducted at different temperatures on the same compound.
To show such a setup is functional, in the first two parts of this
chapter.

1. Design, fabrication and calibration of the in situ NMR-EIS
probe head and

2. Validation: ex situ versus in situ measurements on LigSnOg
will be presented. Finally, the experimental results for the
activation energies will be compared to

3. Activation energies for LigSnOg from quantum chemical
calculations.

3.1 In situ NMR-EIS probe head

The design targets for the in situ NMR-EIS probe head can be
described as follows. The probe head needs to separate a high

NVIR (116 MHz)
EIS {1 Witz PB=00B PB=04B
o
o el
- 3
g E
§ CF>50dB § CF>504B
\ NVR (116 MHz) EIS (1 MH2) _/
v=3 pHz - 1 MHz 7LiNMR(7T) vg=118MHZ

Fig. 1 Sketch of the in situ NMR-EIS setup to perform electro-
chemical impedance spectroscopy (EIS) and solid-state nuclear
magnetic resonance (NMR) spectroscopy on the same sample. This
technique requires a sufficient electrical separation of the high-
frequency (HF) channel, operating at the NMR (Larmor) frequency v of
116 MHz in the presented work, and the low-frequency (LF) channel
for EIS operating in a frequency range between 3 uHz and 1 MHz. This
separation requires low-pass and high-pass filters on the opposite
channels to achieve an attenuation of at least 50 dB at the cut-off
frequency while the pass-band remains unattenuated (<0.05 dB) up to
frequencies required for the in situ measurements.

J. Mater. Chem. A, 2024, 12, 15847-15857 | 15849
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(NMR) from a low (EIS) frequency channel, which is achieved by
introducing electrical high and low pass filter elements into the
circuits. The probe head needs to cope with an extended cable
length of about 5 m on the EIS side which is a consequence of
the required distance to the superconducting magnet. The
sample cell must allow variable temperatures, provide a repro-
ducible and stable contact for the EIS electrodes and have
a sufficiently big frequency range to conduct impedance spec-
troscopy measurements. While the design targets may look
similar to the ones of an in situ NMR battery cycler, the prox-
imity of the frequency ranges of the two channels of the in situ
EIS-NMR probe head requires other solutions, including
a different design of the sample cell, calibration and filter
specifications (see below).

By design (Fig. 2), the sample sits in between two metallic
electrodes connected to an impedance spectrometer inside
a solenoid coil. Considering the skin depth associated with
a radio frequency pulse and the magnetic susceptibility differ-
ence of the materials,**® this configuration is expected to have
both an inhomogeneity in the pulse B; and magnetic field B,.

View Article Online
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Additionally, the sample cell design is problematic because
a sensitive NMR resonator with a high filling factor would
typically require a solenoid coil while impedance spectroscopy
would imply the sample is inserted between two electrodes. An
in situ NMR-EIS sample cell was developed with good
mechanical properties for a temperature range from 160 K to
473 K (Fig. 3), which provides a good electrical contact for
impedance measurements and a high filling factor for NMR. To
ensure the in situ sample cell is air-tight and suitable for
moisture-sensitive samples, high-temperature o-rings were
incorporated into the sample cell. The development profited
from rapid prototyping which was possible because the cell was
produced using 3D printing of thermoplastic filaments (i.e.
polyether ether ketone and polyphenylene sulfone). The latter
was especially relevant to optimize gas and temperature flow
within the probe head to achieve low temperature gradients
over the sample and a quick response of the sample tempera-
ture on a temperature change of the flowing N, gas. To this end,
the wall thickness of the sample cell was reduced to only 0.7

Fig. 2 Schematic circuit diagram of ’Li single resonance in situ NMR—-EIS probe with a solenoid coil for the NMR wide-bore magnet. The NMR
circuit was tuned and matched with the help of the variable capacitors Cyne and Ciatch to the resonance frequency of ’Li of 116.64 MHz. Inductor
Lsample represents the sample coil, the resistor Ry represents losses in the coil and remaining circuit, and [ is the length of a transmission line (TL).
The low-pass and high-pass filter circuits (LPF and HPF) are shown with dotted outline, connected to the EIS and NMR channels, respectively. The
circuits' components consist of capacitors C;—Cs, resistors R,—Rs, and inductors L;—Lz. Details about simulation and fabrication of the filters are
in the ESI (Section S2, and Fig. S1(a—f)).T The impedance Z of the in situ NMR-EIS probe circuit was matched to 50 Q.

Cell Cap

Brass Electrode
Sample's space

Connection port

Fig. 3 Photos and diagrams for the in situ NMR—EIS probe head. (a) 3D model of the in situ sample cell, printed with polyether ether ketone
filament. (b) 3D model of the in situ probe head top part, showing the location of the sample cell in the solenoid coil for the detection of the NMR
signal and the top insulation cap for variable-temperature experiments, printed with polyphenylene sulfone filament. (c) Photograph of the
mounted sample cell already connected to the EIS channel.
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mm. The 3D-printed top parts for the variable-temperature
experiment allow temperatures up to 473 K.

The presented in situ NMR-EIS probe head employs McKay
design: a remote tunable single coil transmission line NMR
probe head, similar to other probe heads used in the group
including a symmetrizing capacitor (Fig. 3¢).®° The in situ NMR-
EIS probe head was used only in single channel mode. Because
in the in situ probe head, both channels are connected to the
same sample, a good separation of the high-frequency (NMR:
116.6 MHz) and of the low-frequency (EIS: 1 MHz-30 mHz)
channel is compulsory: Both channels will mutually add noise
and artefacts to the other channel which is not wanted. A simple
solution is to add passive LCR filters which block the unwanted
channel with at least 50 dB attenuation and have a flat passband
(<0.05 dB). In fact losses in the EIS channel are less critical than
ripple in the passband. The filters were realized as passive 3-
element filters and are described in detail in the ESI (low pass-
filter Fig. S1(a), high-pass filter Fig. S1(d)).f Each of the four
cables connecting the impedance spectrometer and the
measurement cell was equipped with a shielded separate filter
box connected via BNC connectors. These cables needed to be
longer (length 5 m) than in the ex situ setup to position the EIS
spectrometer in at sufficient distance from the magnet.

The modifications required for the in situ setup make cali-
bration of the impedance spectrometer compulsory. This was
achieved using a short/load calibration® against standards
fabricated for the developed measurement cell (Fig. S3t). The
validation results of the calibration procedures (Section S37)
confirm that the residual fixtures of the extended measurement
cables and low pass filters were effectively isolated from the
sample's impedance measurement and that the in situ NMR-
EIS probe head was successfully calibrated. We did not succeed
in calibrating the cell with 2-element passive filters but only
with the aforementioned 3-element filters (Fig. S1t). The cali-
bration was further tested using the compound Li; 5Alg -
Ge; 5(PO,)s, for which impedance spectra were obtained with an
ex and in situ cell which only differed by 0.3% (estimate from
five separate measurements, Fig. S4, and Table S27).

Finally, the performance of the new in situ NMR-EIS probe
head (Fig. S51) was experimentally tested on standard parameters
including impedance measurement stability, nutation frequency,
in situ NMR-EIS measurement stability, interference suppres-
sion, operating temperature range (160-473 K) and extended
time thermal stability with good results. A nutation frequency of
19 kHz was estimated from a ’Li NMR nutation curve measure-
ment for LiCl (Fig. S6T). The nutation curve shows a rather fast
decay which is due to a pulse field inhomogeneity as expected
from the use of a metallic electrode necessary for the EIS
measurement. Thermal equilibrium could be achieved within
5 min for variable temperature measurements.

3.2 Ex situ versus in situ EIS-NMR experiments on LigSnOg

The test compound LigSnOg was synthesised via a solid state
synthesis route to demonstrate the in situ EIS-NMR technique
and to validate the setup. The crystalline phase was identified by
X-ray diffraction (Fig. S71). The compound purity is determined

This journal is © The Royal Society of Chemistry 2024
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to be higher than 99% with a side phase of Li,0O, according to
a Rietveld refinement of X-ray diffraction data. Ex situ "Li single
pulse NMR spectra of LigSnOg were recorded in a static mode at
different temperatures (Fig. 4), to monitor the effect of lithium
ion jumps on the “Li spectral lineshape. At low temperatures
below 300 K, the central transition peak is broadened by dipolar
interactions. The central transition of the spectrum in the first
approximation is independent of the quadrupolar interaction
and determined by the dipolar interaction.™ As the temperature
increases, the "Li NMR line shape of the central transition starts
to narrow as a consequence of translational ionic motion. This
motional narrowing effect in the central transition occurs when
the jump rate of the mobile species is of the order of the square
root of the dipolar second moment."” Along with the broad
central transition, satellite transitions from the two different Li
sites are also visible which in principle could allow study of
lithium ion motion on octa- and tetrahedral Li sites indepen-
dently. Because of the limited resolution and only small
changes, we have not further investigated temperature induced
changes in the satellite transitions.

The line-width of the central transitions of the “Li atoms was
estimated from the second moment of the central transition
peak as a function of temperature (Fig. 4b). For LigSnOg a flat
low-temperature plateau is observed, which justifies the
simplified treatment according to Waugh and Fedin,*** who
found that the onset temperature T,,ge¢ Of line-narrowing is
linearly related to the activation energy E, = 1.617 meV
K ! T,nsec with an estimated error of 10%. The in situ NMR line
shape analysis is similar to the ex situ measurements (Fig. 4).
The obtained activation energies from ex situ and in situ line-
shape analysis of LigSnOg agree within error limits (Table 1).

An independent source of information to study Li-motion
are spin-alignment experiments.****** The “Li spin alignment
echo NMR amplitudes S(T¢,,) of LigSnOg were recorded for both
ex situ and in situ at different mixing times ¢, and temperatures
T. The decay curves are not affected by the quadrupolar spin-
lattice relaxation Tiq, but rather solely by lithium ion jumps
between different crystallographic orbits in the LigSnOg.**** The
quadrupolar spin-lattice relaxation induces two-step decay
curves at low temperatures; thus, spin alignment echo
measurements were performed at higher temperatures (Fig. 5a
and c). The lithium ion jump rates 1/t determined from ex situ
and in situ measurements follow an Arrhenius law 7' = 7, !
exp(—E/(kgT)).*>** Here, E, is the estimated activation energy,
7o is the pre-exponential factor and kg is the Boltzmann
constant.

The ex situ activation energy is 0.61(1) eV while the in situ
activation energy is also 0.58(1) eV. The calculated jump rates
7" vary from 196 s~ to 16 667 s " at temperatures from 363 to
463 K, respectively. The pre-exponential factor is consistent with
low diffusion coefficients and the results from impedance
spectroscopy (vide infra). An excellent agreement between the
results from the in situ and the ex situ setup is observed (Fig. 5).

Macroscopic lithium ion conductivities were investigated by
impedance spectroscopy using two ion blocking gold elec-
trodes. The complex impedance spectra (example Fig. 6) exhibit
typical characteristics (with up to two half-circles at sufficiently

J. Mater. Chem. A, 2024, 12, 15847-15857 | 15851
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Fig. 4 ’Li NMR spectra of LigSnOg of static powder samples measured at a frequency of 116.643 MHz (a) using ex situ NMR probe head (c) using
the developed in situ NMR—-EIS probe head at different (selected) temperatures. The second moment M, calculated from the central transition of
a baseline corrected spectrum for temperatures ranging from 203.1 to 473.1 K (b) using an standard NMR probe head for ex situ measurements
and (d) using the developed in situ NMR-EIS probe head. The onset temperatures were estimated from the crossover of the red and blue lines.

Table 1 Onset temperatures Tonset Obtained from lineshape analysis
of the “Li NMR spectra (Fig. 4) of LigSnOg and activation energies Ea
calculated using the Waugh and Fedin®*¢* equation for in situ and ex
situ techniques

NMR line shape

analysis technique Tonset/K ExleV
Ex situ 385 0.62(6)
In situ 388 0.63(6)

low temperature) of an electrically inhomogeneous solid ion
conductor, where the grain boundary resistance dominates the
overall impedance.® The impedance spectra were modelled with
an equivalent circuit (Fig. 6 inset) consisting of a series
connection of two parallel arrangements of a resistor R and
a constant phase element Q, depicting the conductive and
capacitive characteristics of the bulk and grain boundary

15852 | J Mater. Chem. A, 2024, 12, 15847-15857

regions of the solid ion conductor, respectively.® The electrode
polarisation is modelled using additional constant phase element
Q.% The effective capacitance C. of the constant-phase element is
calculated using Brug's formula Ceq = (Q-R® V)% From the
equivalent circuit analysis of the impedance data, the high
frequency arc (Fig. 6) corresponds to a capacitance of 7.61 pF, thus
depicting the bulk region of the sample while the mid-frequency
arc with a capacitance of 0.02 nF corresponds to the grain
boundary region of the material. This analysis is consistent with
the established bricklayer model in terms of the capacitance value
for bulk and grain boundary regions.?

The conductivities of LigSnOg were determined for both ex
situ and in situ impedance measurements (Fig. 7). The ex situ
and in situ impedance results demonstrate consistency within
error limits (Table S3t), and the respective extrapolated overall
conductivities at room temperature (=10"° S cm™') are two
orders of magnitude higher than previously reported

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Results from ’Li spin alignment echo NMR of LigSnOg at a Larmor frequency of 116.643 MHz. The diagrams on the left show ’Li spin-
alignment echo amplitude S(Tt,,) as a function of the mixing time t,, at different temperatures T in the range from 363 to 463 K for the ex situ
(bottom, c) and the in situ setup (top, a). From those measurements, jump rates 1/t were estimated by fitting a stretched exponential (dashed
lines, left column) into the data at individual temperatures. Plots of the resulting jump rate as a function of the inverse temperature are shown on
the right (b and d). The dashed fitted lines on the right correspond to an Arrhenius function (see main text). The pre-exponential factor 10t for
both ex situ and in situ is 5.26(4)-10'° s™* and 3.20(3)-10*° s7%, respectively.
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Fig. 6 Exemplary Nyquist (imaginary part of the impedance against
real part) plot of impedance measurements for the in situ setup con-
ducted on a LigSnOg pellet (diameter = 8 mm, thickness = 2.1 mm) at
a temperature of 393 K. The grey cycles represent the experimental
data while dashed line represents the result of fit using the shown
model. R, and Ry, are the bulk and grain boundary resistance while Qy,
Qqgp and Q. represent the constant phase elements for the bulk, grain
boundary and the electrode polarisation, respectively.

conductivity of 3.7:10""" S em™',** which can be ascribed to

differences in the sample preparation.*
An excellent agreement of results from the ex situ and in situ
setup was observed for impedance spectroscopy, “Li NMR spin-

This journal is © The Royal Society of Chemistry 2024

alignment measurements and ‘Li NMR line-shape analysis
(Tables 2, and S47), which means that the target of the study to
establish a reliable in situ EIS-NMR setup was achieved.

What remains to be done is to give meaning to the different
observations. Qualitatively, spin-alignment echo NMR and
impedance spectroscopy show low jump rates and a rather
disappointingly bulk low ion conductivity. An excellent agree-
ment between the activation energies of about 0.60 eV of these
two techniques is observed, which indicates that the long-range
ion-transport as probed by EIS is limited by the local Li hopping
motion probed by NMR.

3.3 Activation energies for LigSnOg from quantum chemical
calculations

Nudged elastic band (NEB) calculations as implemented in
quantum espresso (QE) were employed to identify and analyse
potential pathways of lithium vacancy migration and to esti-
mate the activation energies of LigSnOg.** Lithium cations are
distributed over repeating units of one octahedral crystallo-
graphic orbit Li,e, and one tetrahedral orbit Li¢e, in the crystal
structure of LigSnOg (Fig. 8). Macroscopic conduction requires
pathways to cover the complete unit cell for example in c¢-
direction (Fig. 8) that is crossing the tetrahedral Li-layer like

J. Mater. Chem. A, 2024, 12, 15847-15857 | 15853
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situ impedance spectroscopy setup (a) and the described in situ NMR-EIS setup (b). The results were obtained from impedance spectra in

temperature range from 413 K to 473 K. Linear fits are indicated by dashed lines. The data points are indicated by grey circles, hexagons and
squares which correspond to bulk, grain boundary and total ionic conductivity values, respectively. The calculated activation energies are shown

in Table S3.+

Table 2 Activation energies £, obtained by ’‘Li NMR and EIS spec-
troscopy using the described ex situ and in situ setups (Fig. 4-6). For
the error analysis, a 10% error margin is associated with the line shape
analysis based on the Waugh-Fedin theory,%>¢* while the errors for
spin-alignment and EIS correspond to the standard errors obtained
from the Arrhenius fit

Technique Ein situjey  pex situjayy
“Li NMR line shape analysis of Tonset 0.63(6) 0.62(6)
Li NMR spin-alignment echo 0.58(1) 0.61(1)
Impedance spectroscopy of bulk conductivity ~ 0.58(3) 0.569(8)

C

a.i>b

E / eV

arrangement and passing the octahedral Li sites, or in a/b-
direction that is either within the tetrahedral layer (Fig. S13(b)¥)
or within the octahedral layer (Fig. S14+).

While the results from the nudged elastic band (NEB)
calculation as implemented in quantum espresso (QE) used in
this work, are consistent with previously obtained activation
energies as implemented in Vienna ab initio simulation package
(VASP)** and classical force field simulations as established in
the general utility lattice program (GULP)* code (Table 3), we
were not able to reconstruct the pathways over a complete unit
cell from the information presented in these articles.

o
PN T O T Y T T B

01— l T |

C B D C

Fig. 8 Potential pathways of vacancy-based Li migration and the associated activation energies determined by Nudged Elastic Band (NEB)
calculations. Left: Li-diffusion transport routes from A — B — C — D through a complete unit cell of LigSnOg. The solid arrows represent the
most favorable long-range Li ion diffusion pathway in the sense of featuring the lowest maximum activation energy. Right: The graph shows the
energy barriers corresponding to the path depicted on the left and the points in the graph correspond to different NEB images along the path.
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Table 3 Calculated activation energy Ex barriers for forward and reverse lithium vacancy migration through different crystallographic orbits via
techniques such as: nudged elastic band (NEB) as implemented in quantum espresso (QE), as implemented in Vienna ab initio simulation package
(VASP) and classical force field simulations as implemented in the general utility lattice program (GULP)

ExleV

Litetra1 = Litetrar Litetraz = Litetraz

Litetrar — Litetra2

Liocta - Litetral Litetraz - Liocta Liocta - Liocta

Techniques Direction C — G” B — E’ B—C A— B C—D F— F’ Reference

NEB-QE Forward  0.72 0.72 0.33 0.06 0.5 0.98 This work
Reverse 0.72 0.72 0.33 0.5 0.06 0.98

NEB-VASP* Forward — — 0.4 — 0.51 0.88 32
Reverse — — 0.43 — 0.04 0.88

GULP Forward 0.6 0.6 0.2 0.59 0.59 1.06 33
Reverse 0.6 0.6 0.2 0.59 0.59 1.06

“ The dashes indicate the data in the corresponding literature are missing. ” The potential pathways of vacancy-based Li vacancy migration and the
associated activation energies determined by Nudged Elastic Band calculations are shown in Fig. S13-S15.

From a comparison of three possible pathways covering
a complete unit cell (Fig. 8, S13, and S147), it can be concluded
that the preferred lithium vacancy diffusion pathway is along
the ¢-direction through Ligeta = Litetrar — Litetraz — Liocta (A —
B — C — D) with a maximum activation energy of 0.50 eV
(Fig. 8), while the next lower activation energy of 0.72 eV
corresponds to diffusion within the layer-like arrangement of
tetrahedrally coordinated Li atoms and the most unlikely
motion is motion only within the layer-like arrangement of
octahedrally coordinated Li atoms (0.98 eV). This conclusion is
only valid if it is assumed that the bottleneck is determined by
the activation energies and not by the attempt frequencies.
Further, it should be noted that the quantum-chemical calcu-
lations are performed at a temperature of 0 K which is far from
the experimental conditions and may explain the observed
differences. Qualitatively, the experimental activation energy of
about 0.60 eV for a macroscopic Li motion is in good agreement
with the activation energy of 0.5 eV found by the NEB
calculations.

4 Conclusions

In this work, a new setup for in situ "Li NMR-EIS spectroscopy is
presented and validated against ex situ experiments. It is shown
in results on LigSnOg and Li; 5Al, 5Ge; 5(PO,); that in situ NMR-
EIS experiments can be conducted to exclude the sample
preparation and thermal history as possible explanations for
differences between different measurement techniques
including NMR line-shape analysis, spin-alignment echo NMR,
impedance spectroscopy and in principle also NMR relaxom-
etry. NMR-EIS spectroscopy was applied to the material LigSnOg
and consistent results for the activation energy were obtained
by three independent experimental techniques. With the help
of nudged elastic band calculations for the first time, a consis-
tent interpretation of obtained activation energies of LigSnOg is
provided. It is anticipated that NMR-EIS spectroscopy will help
to resolve discrepancies based on sample related changes such
as thermally induced irreversible changes or ageing effects in
solid ion conductors. Furthermore, it can be applied to study
metastable intermediaries in solid ion conductors.

This journal is © The Royal Society of Chemistry 2024
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