¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Aluminium ion doping mechanism of lithium
thiophosphate based solid electrolytes revealed
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We investigate the impact of Al incorporation on the structure and dynamics of Al-doped lithium
thiophosphates (Lis_3,AlPS4) based on B-LizPS,. 27Al and °Li magic-angle spinning NMR spectra confirm
that A®* ions occupy octahedral sites in the structure. Quantitative analyses of 2’Al NMR spectra show
that the maximum Al incorporation is x = 0.06 in Liz_3,ALPS4. The ionic conductivity of B-LizPS4 is
enhanced by over a factor 3 due to Al incorporation. Further increase of the Al doping level leads to the
formation of a more complicated material consisting of multiple crystalline and distorted phases as
indicated by *P NMR spectra and powder X-ray diffraction. Consequently, novel Li ion diffusion
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pathways develop leading to a very high ionic conductivity at room temperature. NMR relaxometry
shows that the activation barrier for long-range Li ion diffusion in B-LizPS4 hardly changes upon Al
incorporation, but the onset temperature for motional narrowing comes down significantly due to Al
doping. The activation barrier in the subsequently formed multiphase material decreases significantly,
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1. Introduction

All-solid-state lithium batteries (ASSLBs) are recognized as
promising next generation energy storage systems as they have
the potential to provide higher energy density and assured
safety."” To realize this, a lot of work has been done to develop
high ion-conductive solid electrolytes. A variety of electrolytes
have been investigated, including oxides, sulphides, halides,
etc.>* Among these, thio-LISICON (LIthium Superlonic CON-
ductor) families with a general formula of Lile,yM;.SL;
(M = Ge, Si, Sn, etc. M’ = P, Ga, Al, Zn, etc.) are of great interest
due to their high ionic conductivity, reaching 10~*-10">Sem ™"
at ambient temperature which is comparable, or even superior,
to the performance of liquid electrolytes.>®
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however, indicating a different more efficient Li ion conduction pathway.

Li ion diffusion within solids is usually governed by the
presence of Li defects, i.e. vacancies and/or interstitials. The
number of mobile species and vacancies determines the ionic
conductivity.” Aliovalent substitution is an easy but effective
way to modify certain materials. Ions of the host structure are
replaced by ions of a different valence, introducing additional
vacancies or interstitials elsewhere in the structure to preserve
electroneutrality.® According to this rule, thio-LISICON families
are derived from Li,GeS, via various cation substitutions at the
Ge*" site.>>'° For instance, partial replacement of Ge*" by P°*
(Ge™ + Li* — P*) creates vacancies in the Li sub-lattice and
generates a class of solid ion conductors with extremely high ionic
conductivity: Li, ,Ge; ,P,S; (LGPS), including Lis »5Geg 5P 2554
(2.2 mS em ™" at 25 °C) and Li; 33Geg 33P0.6754 (commonly known as
Li;¢GeP,S15, 12 mS em ™ at 25 °C).%™ Unfortunately, the high cost
and chemical instability of germanium renders the application of
LGPS impractical.">"?

Al doping has been widely used in oxide electrolytes to
stabilize the structure and enhance the Li ionic conductivity
since aluminium is abundant and stable."**® Fig. 1 displays
the crystal structure of B-LizPS, and several building blocks
such as PS;*", P,S¢" ", and P,S,*~ which are commonly observed
in the lithium thiophosphate family.'®*° f-Li;PS, has an orthor-
hombic structure characterized by space group Pnma (No. 62). It
consists of isolated PS,>~ tetrahedra. Li ions are distributed over
3 types of Wyckoff sites, namely, tetrahedral Li1 (8d), octahedral
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Fig. 1 Crystal structure of B-LizPS4 and some common P-S units in Li,S—
P,Ss binary system. The crystal structure is created by VESTA.2® The Li, P,
and S atoms are represented by grey, orange, and yellow spheres,
respectively. The half orange P atoms indicate that only the diagonal P
sites can be occupied simultaneously.

Li2 (4b) and tetrahedral Li3 (4c) with site occupancies of 1.0,
0.66 and 0.34, respectively. Li ion diffusion in B-Li;PS, is highly
anisotropic along the b axis via the 4b-4c sites as these sites are
not fully occupied, i.e. contain many vacancies facilitating Li
hopping.**

Previous studies of amorphous Li-Al-P-S systems showed
that the addition of Al can induce a structural transformation.>*
To the best of our knowledge, the effects of incorporating Al on
the Li ion dynamics and structure of crystalline -Li;PS, has not
been explored in the literature. In this paper, we focus on
understanding the Al ion doping mechanism and Li ion
dynamics using solid-state NMR spectroscopy focussing in
particular on the Al incorporation in B-LizPS, and the structural
development of the samples as a function of Al addition. We
perform ®’Li, >’Al and *'P NMR to explore Al incorporation in
B-LizPS, to establish the relationship between Li ion dynamics
and the structure of the Al-doped materials. It is found that Al
dopants occupy octahedral Li2 (4b) sites, introducing vacancies
at the Li1 (8d) sites which are fully occupied in pristine
B-LizPS,. Therefore, Li ion jumps between bc planes are facili-
tated. Only part of the Al from the Al,S; precursor enters the
B-LizPS, system. We also show that the addition of Al induces
further structural evolution, forming multiphasic material con-
sisting of both crystalline and amorphous components that
substantially facilitate Li ion transport. The electrochemical
characterization of these hetero-nanodomains of Li;_;,AlLPS,
and Li,P3S;; and their grain boundaries and the demonstration
of their effectiveness in solid-state batteries is described in a
separate publication.?®

2. Experimental

2.1. Synthesis of Al-doped LPS samples

All synthesis procedures were carried out in a high purity argon
atmosphere to prevent the material from reacting with moist-
ure and oxygen. The starting materials, Al,S; (MACKLIN,
>99%), P,Ss (MACKLIN, >99%), Li,S (Alfa Aesar, 99.9%), were
mixed in an Ar-filled glovebox with target ratios tabulated in
Table 1. The mixtures were sealed hermetically into a zirconia
jar and ball-milled for 24 h at a speed of 450 rpm using a high
energy planetary ball-milling apparatus (Fritsch, Pulverizette 7).
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After ball-milling, the powders were compressed into pellets
and then transferred into an air-tight tube furnace. The com-
pressed pellets were sintered at 300 °C for 8 h under Ar atmo-
sphere and then cooled down to room temperature. Samples
are identified as LPSXY where X and Y are the percentage of Li,S
and P,S;s in the mixture. The amount of Al incorporated in the
LizPS, structure is expressed as x for the phase with a structure
formula of Li;_3,ALPS,.

2.2. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was conducted
on a Biologic VMP-300 electrochemical workstation over a
frequency range of 7 MHz to 100 mHz with 50 mV voltage
perturbation. The samples for solid-state NMR measurements
were obtained by grinding the pellets from the same batch into
even and fine powders.

2.3. Powder X-ray diffraction measurements

Powder XRD spectra were collected on a Bruker-AXS Micro
diffractometer (D8 ADVANCE) using Cu Ko radiation
(1.5406 A). The scanning speed is 0.02° per step within the
range of 20 = 10°-70°.

2.4. Solid-state NMR spectroscopy

Variable-temperature static "Li solid-state NMR spectra were
recorded on a Varian VNMRS system operating at a magnetic
field strength of 9.4 T (Larmor frequency: 155.46 MHz for “Li)
with a 5 mm Gonio static probe. The sample was packed under
N, atmosphere in a glovebox and sealed air-tightly. Spin-lattice
T, relaxation (SLR) was measured using saturation-recovery
pulse sequence. A locking-field of 38.8 kHz was used for
spin-lattice relaxation measurement in the rotating frame. °Li
MAS NMR measurements were perform at a magnetic field of
9.4 T (58.86 MHz for °Li) using a 4 mm MAS HXY Chemagnetics
probe. The sample was packed into 4 mm zirconia rotors and
spun at 5 kHz. Solid-state >’Al and *'P NMR experiments were
performed using a Varian VNMRS spectrometer operating at
19.96 T (*'P Larmor frequency of 344.09 MHz, *’Al Larmor
frequency of 221.48 MHz). All *’Al and *'P MAS NMR spectra
were collected using a HXY triple resonance probe with 1.6 mm
zirconia MAS rotors. For 2’Al NMR measurements, an “Al-free”
rotor was used. The rotor was spun at 32 kHz and 20 kHz for
*’Al and *'P MAS NMR measurement, respectively. To obtain
quantitative >’Al NMR spectra, a 2.7 us pulse length equivalent
to a 30 degree flip angle with a recycle delay of 30 s was used.
*Ip MAS NMR spectra were recorded using 90° pulse of 3 s
length and a recycle delay of 50 s. >’Al MQMAS spectra were
acquired using a three pulse sequence with a z-filter. The first
two hard pulses for triple quantum coherence excitation and
conversion are 2.5 us and 0.8 ps at an RF strength between 120-
130 kHz, respectively. The third soft detection pulse was 8 ps in
length at an rf field strength of about 10 kHz. *’Al-{*'P}
rotational-echo, double-resonance (REDOR) NMR experiments
were performed at a spin rate of 10 kHz. The spin echo pulse
sequence was applied on *’Al nuclei. Meanwhile, rotor-
synchronized n pulses were applied on the *'P nuclei. Signals
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Table 1 Nomenclature, stoichiometric molar ratio of precursors for
Al-doped LPS samples and their room-temperature ionic conductivities

Sample Li,S P,Ss ALS; o (mScm™ 1)
LPS7525 75 25 0 0.2

LPS7426 74 26 4/3 0.64
LPS7327 73 27 8/3 3.30
LPS7228 72 28 12/3 13.2
LPS7129 71 29 16/3 1.43
LPS7030 70 30 20/3 0.33
LPS6931 69 31 24/3 0.03
LPS6535 65 35 40/3 0.01

with (%) and without (S) *'P irradiation were recorded with
increasing the number (N) of rotor cycles. The signal attenua-
tion is normalized as AS/S° = (S° — S)/S°. Then, the REDOR
build-up curve was obtained through plotting AS/S° as a func-
tion of dipolar recoupling time (N x T, T; is the duration of one
rotor period). ®’Li, >’Al and *'P chemical shifts are respectively
referenced to LiCl solution, AICl; solution and 85% H;PO,. All
spectra are processed using the ssNake processing software.>”

3. Results and discussion
3.1. Ionic conductivity of Al-doped LPS

The ionic conductivities were determined using impedance
spectroscopy (Table 1).>> The pristine LPS7525, i.e. B-Li;PSy,
has an ionic conduectivity of 0.2 mS cm ™" which is comparable
to the values reported in the literature.*’** With increasing Al
content, ionic conductivities rise accordingly. A maximum
value of 13.2 mS cm ' is observed for LPS7228. The ionic
conductivity drops dramatically when the Al content is further
increased, implying that there is an optimal composition for Li
ion transport. The Nyquist plots of all the samples are displayed
in Fig. S1 (ESI}). A typical Nyquist plot consisting of a semi-
circle and a spike is observed for LPS7525. It is hard to separate
bulk and grain boundary conductivity. They are distinguishable
only when Li ion motions in bulk and grain boundary respond
at different frequencies. In our cases, the overall resistance can
be extracted from the EIS measurement. Upon Al incorporation,
the overall resistance is reduced drastically in LPS7426. Further
Al incorporation leads to liquid-like conductivity in LPS7327
and LPS7228. In order to understand the origin of the
enhanced ionic conductivities, we need to gain in-depth
insights into the structure and Li ion dynamics at different
length scale, i.e. at both macroscopic and microscopic level.

3.2. Structural evolutions in Al-doped LPS

The overall crystal structures of the synthesized Al-doped LPS
series were firstly checked with powder X-ray diffraction mea-
surements. The PXRD patterns of LPS samples with different
compositions are presented in Fig. S2 (ESIT). Before the Al’*
ions are introduced into the host framework, a pure B-Li;PS, is
obtained. Upon increasing the AI** content, no obvious changes
are observed in the PXRD patterns of LPS7426. When the AI**
doping level is further increased, several distinct reflections
appear in the 20 range of 20°-25° and 30°-55°, which is indicative
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Fig. 2 (a) Al MAS NMR spectra of Al-doped LPS series, (b) ’Al 3QMAS
spectrum of LPS7228. Spinning sidebands were marked with asterisk.
Through the 2’Al 3QMAS spectrum, we can confirm that the peaks in
region | are the superposition of three peaks.

of the structural changes. The LPS6931 and LPS6535 samples
exhibit a lower crystallinity as evidenced by the significant line
broadening of their diffraction lines.

*'P NMR chemical shifts are used as the indicators to
discriminate different polyanionic frameworks in the materials.
Fig. S3 (ESI%) displays the 1D *'P MAS NMR spectra for samples
LPS7525, LPS7228 and LPS7030. Clearly the LPS system
undergoes structural evolutions. In the spectrum of LPS7525
(B-LizPS,), only isolated PS,*~ polyhedral at 87 ppm are
present.”® When adding Al, P,S,*” units at 91 ppm appear
which are considered to be part of the highly conducting
Li7P3S11 electrolyte.*® The appearance of P,S,*-indicates that
there is an upper limit of the Al solubility in B-LizPS,. It is worth
noting that a substantial amount of P,S¢*~ units (104 and 108
ppm) are found in LPS7030 which could be the reason for the
collapse of ionic conductivity at higher Al doping levels.*’

To study the local environment of Al in the prepared
samples, >’Al MAS NMR spectra were collected as shown in
Fig. 2a. On initial inspection we observe a great number of
(partially) overlapping resonances. For further analyses we
decide to divide the spectrum in 4 spectral regions denoted
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as I, II, III, IV. Firstly, we have to mention that peaks at around
16 ppm in region IV are due to some oxidized impurities and/or
signal from the rotor. Although we used Al-reduced zirconia
rotors, there is still a tiny amount of Al present in the rotor
material. The >’Al NMR spectrum of an empty Al-reduced rotor
is presented in Fig. S4 (ESIt), showing signal at around 16 ppm.
The resonance lines above 100 ppm in region I are attributed to
4-fold coordinated Al in AlS, polyhedra. This region clearly
contains a superposition of several resonances that can be
assigned to AlS, polyhedra in various polymorphs of Al,S;.>"

The signals in region III and III fall in the regimes of
pentahedral and/or octahedral sulphur-coordinated Al sites.****
Based on a comparison with the *’Al NMR spectrum of the
precursor, Al,S, it is concluded that the peaks in region I and
II are due to Al,S; remaining in the sample, however, the typical
reflection peaks for Al,S; are not visible in the XRD patterns. We
do observe a broadening of the diffraction peaks, hinting that the
AlS; is significantly distorted as a result of the ball-milling
procedure. This was verified using 2D *’Al MQMAS spectroscopy
that is able to separate overlapping peaks on the basis of their
difference in chemical shift and/or quadrupolar interaction.
Fig. 2b presents the MQMAS spectrum of the LPS7228 sample.
Obviously, the signals in region I are the summation of multiple
peaks which can be well resolved in the isotropic F1 dimension.
In addition, we acquired 1D >’Al MAS NMR spectra at different
magnetic fields (Fig. S5, ESIT). Going from 14.09 T to 19.96 T, we
observe a decreasing line width for the resonances in region I.
While the line width of signals in region II and III have a similar
line width at both fields indicating that the resonances are
affected by both a distribution in chemical shift and the quad-
rupolar interaction as the chemical shift is proportional to
the magnetic field and the second-order inversely proportional,
the combination of both can add up to give a similar line
width at different fields. The MQMAS spectrum confirms this
interpretation.

To establish which aluminium sites have phosphorus in
their direct vicinity, >’Al-{*'P} REDOR experiments were per-
formed on sample LPS7030. Fig. 3a shows the *’Al REDOR
spectra with varying *'P recoupling time. What can be clearly
seen is that only peaks in region III show signal attenuation due
to the dipolar recoupling, pointing out the proximity of these Al
atoms to P atoms in the structure. Fig. 3b presents the *'P
magnetization dephasing profile. Since the REDOR fraction,
defined as AS/S° =1 — S/S°, approaches 1, all these Al are close
to P.** The REDOR spectra of LPS7228 show similar behaviour
as shown in Fig. S6 (ESIt). It is interesting that only the Al sites
resonating at around 39 ppm are in close proximity to phos-
phorus atoms. Considering the structure of B-Li;PS, containing
isolated PS,>~ polyhedra, the Al ions are most likely substituted
in the vacant sites in B-Li;PS, as the octahedral 4b and the
tetrahedral 4c sites in the crystal structure are not fully occu-
pied. It is worth to note that the chemical shifts of resonances
in region III correspond to aluminium in an octahedral sulphur
coordination.

To gain insight in the substitution mechanism, °Li MAS
NMR experiments were performed on B-Li;PS,;, LPS7426 and

5000 | Phys. Chem. Chem. Phys., 2023, 25, 4997-5006

View Article Online

PCCP
1.2-
(a) (b)
ZTAI NMR 1.0
—— Without recoupling { { *
—— With recoupling ‘20087 H H{{
7 TR BEL
(506 ﬁ* * [ ]
04-
0.2- o
=g
0.0 ——
300 200 100 0 -100 -200 0 2 4 6 8 10
Chemical shift (ppm) NT, (ms)
(© (d) e oot
0.12
—— LPS7525
5Li NMR 010 -
! LPS7426 & N
o 008 s \
z %
: 0.06 /
e /% .....
< 004 s
002 i
0.00
a® A »® N g
50 25 00 Do & @ @ B

-2.5
Chemical shift (ppm) LPS compositions

Fig. 3 (a) 2’Al (**P) REDOR spectra of LPS7030 with increasing rotor
periods (T,), (b) REDOR build-up curve. In 2’Al (*}P) REDOR experiments,
the signal attenuation of the 27Al resonance at 39 ppm is caused by the
dipolar recoupling to nearby 3!P. (c) 6Li MAS NMR spectra measured at
153 K and 133 K, for LPS7525 and LPS7426, respectively. For LPS7525, we
can observe the well-resolved °Li spectrum at 153 K, while for the doped
sample, we have to go lower temperature to freeze out Li ion motions
since the mobility is enhanced by Al incorporation, (d) Al content in the Al-
doped Lis_3,AlPS4.

LPS7228, respectively. Room temperature °Li MAS NMR spectra
of B-Li;PS, and LPS7228 can be found in Fig. 4. Both spectra are
characterized by a single resonance at 0.85 and 0.75 ppm,
respectively. In B-LizPS,, three Li sites occur in the structure,
namely, Lil (8d), Li2 (4b) and Li3 (4c), which should occur at a
ratio of approximately 20:7: 3 based on the site occupancies.”’
Stoffler et al. reported a °Li MAS NMR spectrum of B-LizPS,
showing two separate peaks for different Li sites at room
temperature.”” In the PB-Li;PS, in this study, obtained by
mechanosynthesis, all three Li sites are involved in exchange
at room temperature or even lower temperature, resulting in a
single °Li peak. Due to this fast exchange of Li between these
lattice sites on the NMR time scale, only a single exchange-
averaged resonance is observed at room temperature. Variable
temperature experiments show that site exchange of Li ions
over all sites already starts at 173 K (Fig. 4). The difference in
the °Li MAS NMR spectrum in this study and the work of
Stoffler et al. may be due to the different synthesis procedure.*
In Fig. 3c the low temperature spectrum of B-LizPS,, the
spectrum shows two resonance lines located at 1.14 ppm and
0.56 ppm with an intensity ratio of approximately 2:1 (see
deconvolution in Fig. S7, ESIT), based on this intensity ratio we
assign the 1.14 ppm resonance to Lil whereas the Li2 and Li3
resonances are thought to overlap at 0.56 ppm. The peak at
1.14 ppm reduces in relative intensity upon increasing the Al
content, implying Al incorporation in the lattice leads to a
reduction of Li in the Li1 (8d) sites. Combined with the results
of the *’Al NMR, we postulate that Al atoms occupy vacant
octahedral Li2 (4b) sites, as a result, to maintain charge
balance, vacancies are created in the Li1 (8d) sites, hence the
reduction in relative intensity of the resonance at 1.14 ppm.

This journal is © the Owner Societies 2023
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Fig. 4 Variable-temperature °Li
(b) LPS7228.

MAS spectra of (a)

B-LizsPS4 and

To quantify the incorporation of Al in B-Li;PS,, we go back to
the 1D 2’Al MAS NMR spectra displayed in Fig. 2a. We applied a
short 30° pulse to ensure quantitative excitation of all the Al
sites in the sample. Table S1 (ESIt) summarizes the integrals of
region I, II, III, and IV. Based on that, we can calculate the
amount of Al dopants that are doped into the structure in
Li; ;ALPS, from the relative ratios of different regions
(Fig. 3d). It should be noted again that only Al resonances in
region III are from Al in Li;_3,ALPS,. Based on the intensities
of the different regions in the Al spectrum, the maximum
amount of Al incorporation in B-Li;PS, is found to be around
0.06, which has also been reported for Al-doped Argyrodite
solid electrolytes, probably due to the smaller ionic radius of
AP** (0.535 A) compared to Li* (0.76 A).>® Further increase of Al
content causes the formation of multiple crystalline and dis-
order, which is confirmed in the PXRD patterns and *'P MAS
NMR spectra.”” The formation mechanism of LPS7228 sample
was investigated by in situ XRD, cryo-TEM and DFT calculations
which is described in a separate paper.>® In situ XRD measure-
ments confirms the sequential crystallization process.
Li, gpAlg.06PSs crystallizes initially as the core and Li;P3Sq;
grows on the surface of Lij g,Al0sPSs Which is observed by
TEM. When the Al incorporation level is further increased, in
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LPS7030 and LPS6931 samples, there exist huge amount of
LisP,Se and unreacted Al,S; which cause the collapse in Li ion
conductivity.

3.3. Liion dynamics

Fig. 5a and b display the static "Li spectra of the B-LizPS, and
LPS7426 samples while the spectra for the LPS7327 and
LPS7228 can be found in Fig. S8 (ESIt). At first sight, all of
the spectra display similar characteristics and trends as the
temperature rises. At 143 K, a broad base is seen in the range
from —20 to +20 kHz which originates from the satellite
transitions of the quadrupolar “Li (I = 3/2) nuclear spins. Since
the “Li nucleus is a half-integer spin with relatively small
quadrupolar moment, the energy levels of “Li are only per-
turbed by first-order quadrupolar interactions, i.e. the central
transition is hardly affected by quadrupolar couplings but
broadened by the dipolar interactions with neighbouring spins.
The featureless line shape of the satellite transitions is attrib-
uted to a broad distribution of the electric field gradient over all
7Li sites in the lattice. On top of the satellites, a dipolar
broadened central transition is visible. Upon increasing the
temperature, motional narrowing (MN) sets in; the Li ion
motions, ie. site exchange between Lil and Li2 as well as Li3
sites, speed up and exceed the rigid-lattice linewidth, hence the
lines narrow. At room temperature, clear quadrupolar features
are visible in the line shape for B-Li;PS, corresponding to a
mean quadrupolar coupling constant of ~35 kHz, whereas
these features are smeared out in the doped samples due to the
increased structural disorder leading to a distribution in quad-
rupolar couplings caused by Al incorporation.

The changes in the line shape of the static “Li spectra as a
function of temperature are more or less a universal behaviour
of fast Li ion conductors.?” The linewidth is extracted from the
central line and plotted against temperature. As can be seen in

(@) (© —
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Fig. 5 Selected variable-temperature (VT) static ’Li spectra of (a), B-LisPS,4
and (b), LPS7426. Corresponding linewidth of the central transition
extracted from the ’Li static spectra for (c) B-LisPS, and (d) LPS7426,
respectively.
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Fig. 5c and d, the linewidth reaches a maximum of ~4 kHz in
the rigid-lattice regime where the Li ion mobility is too slow to
affect the linewidth, Av,. As the temperature rises, motional
narrowing is clearly observed until the Li ion hopping rates
exceed the line width 1/t > 27wAv,;. We estimate the onset
temperature (Tonset) Of the motional narrowing from the inflec-
tions in the curve of the linewidth as a function of temperature.
Upon increasing the Al doping, the onset temperature for the
motional narrowing process shifts to lower temperature. For
instance, the motional narrowing process starts at 166 K for
LPS7426, which is attributed to enhanced Li ion exchange
between Lil and Li2/Li3 sites. Then the hopping rates tyn
can be determined at T e Since 1/1pn = 2nAY,. 28! It should
be noted that the motional narrowing process starts at much
lower temperature in LPS7228 than in B-Li3PS,, indicating
enhanced Li ion mobility. Finally, the linewidth reaches a
plateau, where the homonuclear “Li-’Li dipolar interaction is
averaged out due to the fast Li ion hopping. This motional
narrowing process is thermally activated and therefore obeys
the Arrhenius equation: Ty ' = 7o ' exp(—Emn/(ksT)). Empiri-
cally, the linewidth evolution can be fitted by the phenomen-
ological equation proposed by Hendrickson and Bray,** from
which we can obtain the activation energy for motional narrow-
ing and the rigid-lattice linewidth.

Parameters extracted from the fitting are listed in Table 2.
Based on these, the average correlation time for Li ion motions
at 298 K is calculated to be 3.5 x 10~ % s for B-Li;PS;. According
to the Einstein-Smoluchowski equation, the diffusion coeffi-
cient D is related to the jumping distance and jumping rates
using the formula D = a*/2dt, where a is the mean squared
displacement and d is the dimensionality.**** In PB-Li;PS,,
we assume that a is the shortest distance over which the
Li ion can hop (~3.15 A). For 3D diffusion, this would yield a
diffusion coefficient D = 4.7 x 107" m” s '. In general,
the ionic conductivity oxvr can be estimated using the
Nernst-Einstein equation: onyg = (DNpie®)/(ksT),>>*"**> where
Ny = 1.8 x 10°® m™® is the number of Li ions per
unit volume, e = 1.602 x 10~ '° C is the elementary charge,
ks =1.38 x 1072* J K ! is the Boltzmann constant and T is the
temperature in Kelvin. Bringing these values into the formula,
onmr = 0.53 mS cm ' which is much higher than the
experimental value.

Another way of gaining insights into “Li ion mobility is
through spin-lattice relaxation time measurements. Variable
temperature ’Li relaxation rates R, and R,, collected for all
samples are shown in Fig. 6. The temperature dependence of R,

Table 2 Parameters derived for the best-fits of motional narrowing
process

Compositions Enn (eV) Avy (Hz) Tonset (K) o (s

1
B-LizPS, 0.26 4163 £26 176 £ 2 71 x 10
LPS7426 0.22 4200 £ 16 166 £ 2 1.3 x 10!}
LPS7327 0.22 4050 £43 151 +2 5.5 x 10,,
LPS7228 0.23 4050 £ 54 143 £2 3.3 x 10
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Fig. 6 Temperature dependence of ’Li relaxation rates in the laboratory
frame R, (a), and in the rotating frame Ry, (b).

and R;, can be expressed by the BPP theory through the
following equations:*®*”
T 47
)W

R =C
! X (1 +w02‘52+ 1 + 4wy’

61 n 107 n 47 )
1 +4wi2t2 14+ wet? 1+ dwg?t?

Rlp:C2><(

where C; and C, are constants related to the interaction
strength such as dipolar and quadrupolar interactions; w,
and w; are the Larmor frequency and radio frequency field
strength, respectively. 7 is the correlation time that follows the
Arrhenius law 1 = 7, exp(E,/(ksT)). Plots of log(R,), log (R,,,) vs. 1/
T are typically characterized by maxima where w1yt = 0.616
(0.5), which means the average motional rates of ions are at or
close to the Larmor frequency in the lab frame or the rotating
frame. In the low temperature flank, i.e. slow motional regime
with wpyyt > 1. Eqn (1) can be reduced to

oz Ri — lo 2C loat 0.434E, " 1
g = log Y 270 A T
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In the high temperature flank, i.e. fast motional regime with
T < 1, eqn (1) can be simplified to

0.434E, 1
log(R;) = log(5Cy) + log(zp) + Td X =

In this way we can extract the activation energy from the
slope of the log(R;) vs. 1/T curves. Fig. 6a shows the temperature
dependence of log(R,). For B-LizPS, (LPS7525), two relaxation
process are present in the low temperature regime. From 223 K
to room temperature (RT, 298 K), log(R,) increases linearly with
increasing temperature. This process, characterized by an
activation energy of 0.1 eV, is ascribed to very fast local
motions, i.e. vibration of Li ion in the lattice. Above RT, another
relaxation process sets in which can be attributed to the local
hopping of Li ions between adjacent Li sites. In addition, more
Li vacancies and interstitials are formed in this temperature
range. The apparent activation energy in this temperature
range is 0.19 eV which agrees well with the previously reported
values for PB-Li;PS,;.>*** In order to gain insights into the
relaxation mechanisms, the dipolar (R;p) and quadrupolar
(R1q) contributions to the relaxation rates are evaluated using
eqn (1), At the maximum (T = 453 K), wyt = 0.616 holds. The R;p,
and Ryq are calculated to be 0.117 s™" and 1.180 s~ ", respec-
tively. The calculation details can be found in the supplemen-
tary information. The experimental R; is, however, 2.039 s/,
indicating the quadrupolar relaxation dominates the process.
There is a substantial discrepancy between the calculated and
experimental R;. Beyond the experimental error, the ‘“back-
ground” relaxation including paramagnetic impurities induced
relaxation is considered to be responsible for the deviation.*®*°
With increasing Al doping levels, the system relaxes faster,
indicative of faster motional processes. Upon Al doping, the
maxima of log R, are shifted to lower temperature (from 453 K
to 413 K), providing evidence that the ion mobility has been
enhanced. Besides, pronounced changes in relaxation curve
shape are observed. The activation energies from the low
temperature flank are decreased from 0.19 eV to 0.13 eV upon
Al incorporation. For LPS7228, the relaxation rate curves exhibit
very broad maxima, which means multiple motional process
are present in parallel. Since the domain size in LPS7228 is
small, Li ions exchange extremely fast between different
domains, therefore, a single T} is observed at each temperature.
Compared with the SLR data for Li,P;S;; reported in the
literature,”®>" it is possible that the process characterized by
Tmax at lower temperature represents the second spin reservoir
from 7Li spins in Li,P;S;. At least two motional process were
visible in °Li SLR for Li,P;S;, reported by Wilkening group.”®
The LPS7228 sample mainly consists of Li,g,Alp0sPSs and
Li,P;S;; which further broadens the maxima of R; relaxation
curve. It is challenging to resolve different motional process
from ’Li SLR for each component in LPS7228. However, There
is no doubt that all types of Li ion motions in Li, g;Alg 06PSa,
Li;P3S;; and their grain boundaries can contribute to the
relaxation process.
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The R, is employed as a probe of Li ion dynamics in the kHz
range that is associated with long-range Li ion diffusion. The
measured R;, was deconvoluted into a single exponential part
and a stretched exponential part. Fig. 6b displays single expo-
nential part log R;, vs. 1000/T. At first glance, it seems that only
one motional process is present in -Li;PS, with an activation
barrier of 0.13 eV. Similar activation energies are obtained for
LPS7426. It is interesting that a very flat slope appears in
LPS7228. An activation energy of 0.07 eV is obtained which
was reported for Li;P3S,; glass ceramics,® indicating a much
lower barrier for Li ion diffusion in LPS7228. The activation
energy determined by NMR is much smaller than the activation
energy determined by EIS measurement.>® This is typical for
fast ion conductors because NMR probes Li ion motion at
specific frequencies. EIS measurements, on the other hand,
reflect an overall Li ion mobility that includes all types of Li ion
motion. In most cases, activation energies determined by NMR
spin-lattice relaxation are lower than those determined by EIS
measurements. With increasing Al doping, the R, maxima are
shifting towards lower temperature which is in line with the R,
measurements. It should be noted that the maximum of R, for
LPS7228 is not well pronounced, implying multiple Li ion
conduction pathways exist in such multiphasic material.

Li ion diffusion in B-LizPS, occurs preferably along the b axis
through Li2 and Li3 sites. 3D bulk Li ion diffusion is hindered
by the limited ion jump between bc planes.””> When a small
amount of AI** dopants are introduced into the lattice as is the
case for sample LPS7426, vacancies are created at tetrahedral
Li1 sites, facilitating Li ion diffusion through the lattice,
increasing the ionic conductivity is enhanced by up to a factor
of ~ 3. Interestingly the activation barrier for Li hopping in the
pure B-Li;PS, and the doped Liz_3,AlPS, (LPS7426) are similar.

*’Al MAS NMR spectra demonstrate that the maximum
content of Al incorporation in B-Li;PS, is around x = 0.06.
Upon increasing the Al content in the synthesis mixture, the
highest ionic conductivity is obtained for LPS7228 which is very
heterogeneous according to the ’Al and *'P MAS NMR spectra
as well as the PXRD pattern. Several factors have to be taken
into account in interpreting the enhanced ionic conductivities.
On one hand, Al incorporation has introduced more vacancies
in the crystal structure and promoted the bulk Li ion diffusion.
In addition, multiple phases are formed as a result of the
synergistic effects of Al incorporation and a shift in the Li,S/
P,Ss ratio in the synthesis mixture. A detailed study of the
structural evolution of these complicated multiphasic materi-
als, the pathways for the superior Li ion diffusion and their
potential application in all-solid-state batteries is described in a
separate paper.*’

4. Conclusions

In summary, we have investigated the impact of Al incorpora-
tion on B-LizPS, from both the structural and dynamics per-
spective. Based on *’Al and °Li NMR spectra, we conclude that
the Al atoms are embedded into octahedral Li2 (4b) sites while
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the vacancies are formed Lil (8d) sites, facilitating Li ion
jumping between bc plane. It is found that the maximum
incorporation of Al in [-LizPS, system is approximately
0.06. Upon further increase of Al,S; in the synthesis
mixture, multiple phases are formed as confirmed by *'P
NMR spectra; the Li,S-P,S5s-Al,S; system becomes more hetero-
geneous as is corroborated by both the >’Al NMR spectra and
the PXRD experiments. As evidenced by “Li NMR relaxometry,
different efficient Li ion conduction pathway exist as is
explored in ref. 25.
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