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Aliovalent substitution of Li in salts by Mg can generate Li vacancies and thus in principle improve the ionic
conductivity. In fact the influence of substitution on ionic conductivity is far more complex. Here the impact of
Mg substitution on Li ion mobility is studied in the example of Li4P,Se by a combination of nuclear magnetic
resonance experiments on 3P and ’Li at variable temperatures, impedance spectroscopy and X-ray powder
diffraction to elucidate the relationship with structural changes and the effect on mobility on different length
scales. It is found that substituting Li ions with Mg ions in Lis_»yMgP>Sg with 0 < x < 0.2 increases the local Li
ion mobility up to a certain concentration at which a phase transition induces a different structural realignment
of the P,S¢*™ units. The determined activation energies can be assigned to vacancy hopping processes by
comparison with nudged elastic band calculations at the density functional level of theory, which shows not
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Introduction

Lithium-rich non-oxido chalcogenide phosphates have become
relevant as electrode materials in Li ion batteries and as
separator materials in lithium (ion) batteries’ due to their
high lithium ion conductivities,” for example lithium argyro-
dites LigPSsX (X = Cl, Br, I)* or Li;,GeP,S;,." In order to design
a compound with high Li ion conductivity, a compound does
not only need to be rich in lithium, but also needs to feature
high Li ion mobility in two or more dimensions.” There are
mainly two mechanisms for Li ion mobility in ceramic electro-
lytes,> which are a vacancy-based and an interstitial site-based
ion mobility mechanism. Both mechanisms mainly rely on
point defects, such as Frenkel® and Schottky defects.” The
overall Li ion conductivity for a vacancy-based mechanism is
related to the product of the vacancy number density and the
mobility of the defects, i.e. in principle a Li-rich compound
with many vacancies should be ideal from this point of view.
One way to increase Li vacancy concentration of a Li salt is
aliovalent doping,® i.e. replacing an atom with one of different
valence so that additional defects are produced to compensate
for the valence mismatch. Aliovalent substitution of atoms of
an anionic sublattice®'® has been successful for example for Li

University of Siegen, Faculty IV: School of Science and Technology, Department of
Chemistry and Biology, Inorganic materials chemistry and Center of Micro- and
Nanochemistry and Engineering (Cu), Adolf-Reichwein-StrafSe 2, 57068 Siegen,
Germany. E-mail: gunnej@chemie.uni-siegen.de

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3dt02624h

16894 | Dalton Trans., 2023, 52, 16894-16902

only the possibilities but also limitations of substituting Li with Mg.

argyrodites in which a sulfide S>~ is substituted by a halide
anion X". In sum the substitution of Li" and S*~ with a halide
anion X~ and a vacancy O produced fast ion conductors
Li,_,0,PSe_ X (X = Cl, Br, I).>'! For complex anions aliovalent
substitution of atoms of a bigger formal oxidation number has
been successfully applied to different sulfidophosphates by
replacing the center atom of a complex anion as in Li;oMP,S;,
(M = Sn, Ge, Si),%">"® i.e. substitution of M(v) and Li* with
M(v) and a vacancy O. A similar strategy is the substitution of
Li" by a metal atom with higher valence, including Mg>*, Ca*",
Fe”* or AP** as shown for Mg”" doped Li,TisOy,,"*
Lie—y—2yCayPSs_,Clysy,"> Liy_,Fe,PSe,'® or Lis,4Aly,PSsBr."”
Besides the increase in mobility it has been observed that
phase transitions are influenced as in the case of
Li,_,.Fe,PSs'® where by partial substitution of Li* by Fe** the
high temperature modification of Li,PSe was stabilized."®

The test system in this study is lithium hexasulfidohypodi-
phosphate Li P,Ss, for which several crystal structures'® '
have been published on the basis of X-ray and neutron diffrac-
tion data with the motivation to resolve the unsatisfactory dis-
order of P sites in the initially published structure.”* While the
motifs of the different structures — a chain-like arrangement of
the P,S¢*” group and Li atoms on octahedral sites - are found
in all proposed structural models, only the model in the space
group P321 (Z = 3) explains all experimental data including the
presence of minimum three P sites as shown by two-dimen-
sional double-quantum *'P NMR.>* The structural model
suggests a fully ordered unit cell, where Li ion hopping should
involve interstitial sites or vacancies. While for the different
models which are inconsistent with the NMR findings,
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detailed studies*>** including quantum-chemical calculations
have been done to provide estimates for activation energies,
but this is not the case for the model in P321. In the course of
finalizing the manuscript we became aware of a single-crystal
X-ray study in which the authors succeeded to solve the struc-
ture of Li,P,S¢ from twinned crystals,®® in the space group
P3m1 (Z = 3), which is in full agreement with the *'P NMR
results, but reduces the number of crystallographic orbitals for
Li from 4 to 2. In terms of the arrangement of the atoms it
only shows minor deviations from the structure described in
the space group P321 (Z = 3) to which it is a supergroup, so
that both structures converted to the space group P1 produce
the same results in the quantum-chemical calculations shown
below. It is an open question if a phase transition between the
two structures exists. For this reason we have based this contri-
bution on the structure described in P321, which does not
change any of the made conclusions about Li mobility though.

Interestingly several groups have reported electrical conduc-
tivity values for Li,P,S¢ which differ by orders of magnitude in
the conductivity values at room temperature (ogy = 1.6 X
10 S em™ and 4.7 x 107 S em™")*>* and also the reported
activation energies differ significantly (E = 0.29 €V to 0.48 eV).">?°
Aliovalent substitution has been tried with magnesium with the
compositions Li, ,,Mg,P,Ss, with x > 1/2, featuring increased
ionic conductivities*® of up to oy ~ 10°° S em™. For the com-
positions Liz 33Mg33P>S¢ and Li, sMgo 66P2Ss trigonal dis-
ordered crystal structures (both space group P31m)*® were
derived from powder diffraction data which were based on the
initial model of Li,P,Ss which has P sites with 50% occupancy.
Interestingly the high magnesium content phase shows a
layered structure as suggested for Mg,P,S¢>’ in the space group
C2/m meaning that small quantities of Li doped into Mg,P,Ss
cause a phase transition into a phase in the space group P31m.
An open question is whether in the phase diagram of Li,P,Ss
Mg,P,Ss phases exist, which in the low-Mg doping regime
feature an enhanced Li conductivity because of a suppressed
phase transition and whether the expected phase transition has
a positive or a negative effect on the Li ion conductivity.
Furthermore it makes sense to double-check the structural
model of the highly substituted phases Lis_»,Mg,P,Se given that
the structure of Li,P,Se in the space group P321 was not known
at the time.

The purpose of this study is to evaluate which effects aliova-
lent doping/substitution with Mg can have on sulfidopho-
sphates both in terms of structure and ionic conductivity. As a
model system serves the ordered and not highly conductive
crystalline substance Li,P,Se.

Experimental part
Synthesis

All starting materials were stored inside a glove box (MBraun,
Garching, Germany) under an argon atmosphere. All sample
preparations were carried out in the same glove box under the
same conditions.

This journal is © The Royal Society of Chemistry 2023
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Magnesium powder (8.868 mmol, 500.0 mg, Alfa Aesar,
99.9%) was filed off a bar with a rasp and placed in a graphite
boat in a gas flow quartz glass apparatus. The magnesium was
heated in a tube furnace at 590 °C under a H,S atmosphere for
17 h to obtain magnesium sulfide MgS.

Lis_,,Mg,P,Ss was synthesized according to eqn (1). Red
phosphorus (1.115 mmol, 138.1 mg, ACROS Organics,
99.999%), sulfur (1.120 mmol, 287.3 mg, ChemPur, 99.999%),
lithium sulfide Li,S (4.353 mmol, 200.0 mg, Alfa Aesar, 99.9%)
and magnesium sulfide MgS were thoroughly ground and
mixed in an agate mortar and afterwards placed in a graphi-
tized quartz ampoule (8 mm outer diameter). The ampoule
was sealed under vacuum and afterwards heated to 800 °C in a
tube furnace for seven days.

(4 — 2x)LiyS + 2xMgS + Py + Sg>2Lis Mg PsSs (1)

NMR spectroscopy

The chemical shift values of *'P and “Li are reported on a
deshielding scale, relative to 85% H3;PO, and to a solution of
LiCl in D,0 (9.7 mol kg '), respectively. The 'H resonance of
1% Si(CH3), in CDCl; served as an external secondary refer-
ence using the = values for *'P and ’Li as reported by the
IUPAC*®*° for all solid-state NMR measurements. All magic
angle spinning (MAS) rotors (4 mm, ZrO,) were packed under
an argon atmosphere in a glove box. The *'P and “Li MAS
NMR measurements were carried out on a Bruker Avance II
spectrometer at a frequency of 121.50 MHz and 116.64 MHz,
respectively (B, = 7.0 T), with a home-built 4 mm McKay probe
at a sample spinning frequency of v, = 10 kHz. For the *'P
and “Li MAS NMR measurements, a repetition delay of 1 s was
used. The static variable temperature (VT) “Li NMR measure-
ments were carried out on a Bruker Avance II NMR spectro-
meter at a frequency of 116.66 MHz (B, = 7.0 T) with a home-
built static McKay probe in an evacuated quartz ampoule
(d = 3 mm). The analysis and fitting of the spectra were done
with Deconv2Dxy (version 0.7).>° The static “Li spectra were
deconvoluted with multiple Gaussian functions per spectrum
to get a good description of the full lineshape. By using only
Gaussian functions for the deconvolution it is straight-forward
to determine the second moment of the lineshape.*®

X-ray powder diffraction

X-ray powder diffraction (XRD) patterns were recorded using a
STOE STADI P powder diffractometer (Stoe, Darmstadt,
Germany) with Ge(111)-monochromated Cu Ko, radiation
(A = 1.54056 A) in Debye-Scherrer geometry (capillary inner
diameter: 0.48 mm) with a linear position sensitive detector.
A 20 range between 10° and 90° with a step size of 0.01°
was measured, using a counting time of 120 s per step.

Pawley fits and Rietveld analysis

Rietveld refinements were carried out using TOPAS academic
v7.1.*" The Li,P,Se crystal structure®® with the space group
P321 (no. 150) was used as a starting model. In the given
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order, the following parameters were refined: the scale factor
and background coefficients using a Chebyshev function with
10 free parameters, the peak shape using the fundamental
parameter approach, the zero-shift error and the lattice con-
stants. For the atom positions of the P atoms, split positions
were used to determine site preferences of the respective
atoms. The anisotropic displacement parameters were fixed to
1. Mg atoms were not refined due to the lack of scattering con-
trast. Fit indicators of Ry, Rexp, and GOF were used to assess
the quality of the refined structural models.*

Electrochemical impedance spectroscopy

The Liz 74Mgo.13P>S¢ powder sample was thoroughly ground in
an agate mortar and pressed into a cylindrical pellet (diameter
d = 13 mm) by applying a pressure load of 4 tons (equivalent to
p = 295 MPa) for 20 minutes. The thickness of the pellet was
measured with an electronic micrometer screw gauge.
Afterwards, the pellet was brought into contact with silver foil
(thickness: 0.1 mm, R. Gétze GmbH & Co. KG, silver content
935) by pressing silver sheets (diameter d = 13 mm) onto both
sides of the pellet (load of 4 tons, equivalent to p = 295 MPa
for 20 minutes). Samples were handled inside a glove box
(MBraun, Garching, Germany) under an argon atmosphere.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed using an NEISYS electrochemical impe-
dance analyzer (Novocontrol Technologies, Montabaur, Germany).
Short and load calibrations were performed before the impe-
dance measurements with a 100 Q resistor as the load. The
prepared pellet was mounted onto a home-made EIS sample
cell for impedance measurements. A quasi-four-wire measure-
ment setup in the potentiostatic mode was used, with a pertur-
bation signal of 10 mV amplitude, swept through the 50 mHz
to 1 MHz frequency range. The temperature was controlled
using variable temperature and flow controller (NMR Service
GmbH, Erfurt, Germany) with a constant nitrogen gas flow
and a setup with three thermocouples for the sample, the
sample holder and the Dewar containing the sample holder.
Each temperature point was held for 20 min before every EIS
measurement to ensure temperature stability with an accuracy
of +0.1 K throughout the measurement period. The data ana-
lysis was performed using home developed software using
SciPy libraries®® which implement non-linear least squares
fitting and error analysis.

Computational methods

A plane wave (PW) pseudopotential (PP) method based on
density functional theory (DFT) using Quantum Espresso 6.8
(QE)** was employed to calculate the Li-ion diffusion pro-
perties in Li,P,Se.

The cif file of LiyP,S¢ with the space group P321
(ICSD-434755)*" was converted into an input file using cif2cell
2.0.0 % for the QE calculations. All fractional co-ordinates were
allowed to relax using the QE relax calculations under the peri-
odic boundary conditions. Optimised pseudopotentials of
GBRV type®® were used for the simulations with Monkhorst-
Pack scheme®” based optimisation for the selection of auto-
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matic k points. For the final simulations a k-mesh of 4 x 4 x 4
over the Brillouin zone, resulting in 36 k-points including the
gamma point, was employed with an error of convergence of
0.001 eV. A plane wave kinetic energy cut-off of 60 eV and
kinetic energy cut-off for charge density of 525 eV were used
with an error of convergence of 0.027 eV.*®

Climbing Image-Nudged Elastic Band (CI-NEB)*’ calcu-
lations were performed to calculate the activation energy for
the supercell containing a 1 x 1 x 2 unit cell.*” The Li-ion
diffusion was calculated by creating vacancies in the nearest
sites as the first and last images. Eight intermediate images
were used along with the first and last images to identify the
diffusion pathway for the Li-ion transport.*'

Results and discussion

In order to obtain a better understanding of the effect of Mg
doping, in the first part the structural impact is studied by
X-ray diffraction and *'P magic-angle-spinning (MAS) NMR
and in the second part the impact on Li mobility is studied by
7Li NMR, nudged elastic band calculations and impedance
spectroscopy (EIS). Finally, the results are discussed in the
context with earlier work on this system and their implications
on Mg doping in general.

Investigation of structural changes

What is apparent from the previous studies is that the limiting
phases in the phase diagram i.e. Mg,P,S in the space group
C2/m*” and Li,P,S, in the space group P3m1 or P321*' do not
share a structure which allows the formation of a single solid
solution over the complete range because the P,Ss groups do
not have a compatible arrangement relative to each other.
What could be shown convincingly in the previous study>® is
that even a small amount of substitution of Mg for Li causes
a phase transition away from the monoclinic structure of
Mg,P,Se. For this reason, the focus here is on the low-substi-
tution regime. Important for the solution of the structure of
LisP,Se in the space group P321 were three *'P NMR peaks
which could be resolved by 2D *'P single-quantum double-
quantum correlation NMR experiments. Besides, the struc-
tural models need to explain a reflection in the powder diffr-
action at 16.6° >»** which was absent in previously suggested
models. These markers can thus help to identify a phase
transition to a layered structural arrangement of the P,S¢
groups.

The *'P MAS NMR spectra of Liy_,,Mg,P,S, (Fig. 1) contain
two sharp peaks at § = 107.3 and 109.2 ppm with a peak area
ratio of exactly 1.0:2.0 at magnesium contents below x = 0.07.
With higher magnesium concentrations above x > 0.07, the
peak area ratio changes and the signals start to merge and
become broader indicating higher disorder due to structural
changes and defect formation. The *'P MAS NMR spectra over
a wider ppm range are depicted in Fig. S1.} Also, the T, relax-
ation times of the *'P NMR signals decrease with increasing
magnesium content (Fig. S21). *'P MAS NMR, scanning elec-
tron microscopy coupled with energy dispersive X-ray spec-
troscopy and X-ray diffraction (Fig. S10-S13+) give evidence of

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Experimental 3'P MAS NMR spectra of Lis_»,Mg,P,Se at a sample
spinning frequency v,o: of 10 kHz. At low Mg content, the 31p MAS NMR
spectra contain the characteristic signals of Li4P,S¢ with a peak area
ratio of exactly 1.0: 2.0, which merge into one broad signal at Mg con-
centrations of x > 0.06.

a homogeneous compound and do not give evidence for side-
phases.

The broadening of the *'P NMR resonances is expected for
a disordered phase where Li atoms are statistically substituted
by Mg atoms even without a change of the crystal structure.
However, the change in peak area ratio at values of x bigger
than 0.07 is indicative of a structural change, i.e. a change of
the space group and or structure type of Li,_,,Mg,P,Ss. This
can be interpreted as a solubility limit of Mg (x ~ 0.07) in the
structure of pure Li,P,Se. The peak broadening is consistent
with the formation of a solid solution and not a mixture of
ordered phases.

To further analyze the structural changes, Liy_,,Mg,P,Ss
was analyzed with X-ray powder diffraction. Up to the highest
degree of Mg substitution made in this study of x = 0.20, the
XRD patterns only show sharp reflections similar to those of
Li,P,S¢>" (Fig. 2a). However, it should be noted that the 101
reflection at a 20 angle of 16.6° disappears at high substi-
tution levels (Fig. 2b). These results confirm the structural
model proposed for high substitution levels*® in the space
group P31m. Helpful in this context are the previous trials for
solving the structure of Li,P,S¢'***** which have suggested
layered structures and are consistent with the powder diffracto-
gram with a reflection missing at a 2@ angle of 16.6°. The
results confirm the interpretation of Mg-substitution at high
levels by Takada et al. but require a revision in the low-substi-
tution regime, where up to a composition of x = 0.07 a defec-
tive structure of Li,P,Se (Fig. 3 left, a model based on P321) is

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) X-ra owder diffraction patterns (Cu Koy radiation) of

Lis_2xMg,P,Se With increasing Mg?* content. The position of the most
intense diffraction peak of LisP,Se is marked with a red line. All diffrac-
tion patterns only show sharp diffraction peaks of LisP»Se.2* (b) Detailed
comparison of the (101) Miller reflection (at 16.6°) and the (110) Miller
reflection (at 16.9°) of Lis_»,Mg,P,Se with increasing Mgz+ content. The
positions of the two reflections are marked with dashed lines. At higher
Mg?* concentrations the intensity of the (101) Miller reflection decreases
until it completely vanishes at x > 0.07.

undoped - P3m1 | doped - layer like

_2 2o

Y
e
f

Fig. 3 Visualization of a 2 x 2 x 2 supercell of Lis_,,Mg,P,Se. The struc-
tural transformation from the space group P321 (left cells) to a layered
structural model occurs due to an incorporation of Mg?* ions. The
doping process leads to a P31m like layered alignment of the P,S¢*~
units similar to that for Mg,P,Se (space group C2/m) and as expected for
the structural model of Liz33Mdo.s3P-Se (space group P31m).2° The
insets show the coordination environments for the Mg?* ions (orange)
for the different structural models. In the space group P321, the coordi-
nation polyhedra of Mgz" are slightly distorted due to a different align-
ment and thus leads to a different number of PZSG"’ units surrounding
the central atom of the polyhedron.

preferred over the layered arrangement (Fig. 3 right, a model
based on P31m (Z = 1)). The full-scale figure is also depicted in
Fig. S3.t

To understand how the substitution process leads to a
phase transition, it is helpful to compare the limiting struc-
tures. Following the structural models of Liz33Mgg33P,Se
(space group P31m)*® and Mg,P,Ss (space group C2/m),** the
preferred positions for the Mg”* ions are the sites within the
P,S¢*™ layer (Fig. 3 right) while the defects are located in the
interlayer. From the relative arrangement of the P,S¢ groups it
is clear that a solid solution with only gradual changes is
impossible.

This interpretation is further corroborated by the results of
Rietveld refinements carried out using a structural model with
the space group P321 and with extra split positions for the P

Dalton Trans., 2023, 52,16894-16902 | 16897
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atoms with variable occupancy in order to trace the structural
changes. Due to the lack of scattering contrast only the
heavy elements were refined and Mg/Li were not explicitly
determined but their atom positions were fixed to the values
of the undoped compound with the space group P321. The
split position in principle allows for a gradual change of the
arrangement from the P321 structure over to the layered
arrangement.

The shift of the P1 atoms upon increasing Mg>" concen-
tration results in an additional crystallographic site P1b
shifted by half of the lattice constant in the z-direction in con-
trast to the original Pla site (Fig. 4). The occupancy factor of
the P1a site significantly drops at x > 0.05, which is in agree-
ment with the suggested model. An exemplary structural
model is depicted in Fig. 5 for x = 0.13 and Table 1.

Investigation of the Li ion mobility

The questions we wanted to answer are, if in the low Mg substi-
tution regime an increase in Li ion conductivity exists and

1
1] l I L
0.8—: I I L 1 L
306 I e 1 L
© 4 S~
£
§o04] L
02 L
07 T T T T
0 0.05 0.1 0.15 02 0.25
x(Mg)

Fig. 4 Change of the occupancy factor of the Pla site with increasing
Mg?* concentration; the two dashed lines are a guide to the eye. The
occupancy factor is close to 1 at concentrations x < 0.05. At x > 0.05,
the occupancy factor decreases, indicating a site preference for the P1b
site of the structural model.

structural

Fig. 5 Exemplary model of Liz74Mgp13P2Se at room
temperature, obtained from Rietveld refinements of X-ray powder data
(A = 1.54060 A) without refining the Mg?* ions. The Pla and Plb sites
are indicated with different colors to show the shift of the P,S¢*~ ions
upon increasing Mg concentration.
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Table 1 Exemplary crystallographic data (atomic coordinates, Beg,
and occupancy) for the structural model of Lis;4Mgp.13P2Se at room
temperature, obtained from Rietveld refinements of X-ray powder data
(1 = 1.54060 A) and isotropic displacement parameters without refining
the Mg?* ions

Li; 74Mgo 13P,Se structure from X-ray powder diffraction (space group
P321, no. 150);

a=10.5211(2) A; c = 6. 59924 (18) A

Fit residuals (Rup, Rexpy GOF): 10.47, 7.80, 1.34

Atom  Wyckoff site X Y z Occ Be /A
Li1 3e 0.625 0 0 0.935 1
Li2 3f 0.631 0 0.5 0.935 1
Li3 3e 0.317 0 0 0.935 1
Li4 3f 0.329 0 0.5 0.935 1
Pla  2c 0 0 0.17 0.571(8) 1
P1b 2c 0 0 0.663 0.429(8) 1
P2 2d 0.333 0.666 0.663 1 1
P3 2d 0.333 0.666 0.335 1 1
S1 6g 0.104(2) 0.211(1) 0.247(1) 1 1
S2 6g 0.114(1) 0.560(2) 0.251(1) 1 1
S3 6g 0.452(2) 0.227(3) 0.254(1) 1 1

what can be learned about the Li ion motion in the two
different structure types. A critical point in the Mg substitution
strategy is that while the vacancy concentration increases with
increasing Mg content, Mg could act as a “roadblock” in the
pathway of the mobile Li ions because of its higher formal
charge. To this end “Li NMR and nudged elastic-band calcu-
lations were utilized to study microscopic Li mobility and
electrochemical impedance spectroscopy (EIS) to study macro-
scopic Li mobility.

In such a case, moment analysis provides a handy tool for
motion analysis.*>*> The decrease of the second moments M,
of the central transition of the static “Li signals is indicative of
motional narrowing and hence of motional averaging of the
anisotropic terms of the chemical shift tensor. For the static
7Li NMR signals, the second moments M, were calculated to
quantify the change in line broadening (Fig. 6a). The static "Li
NMR signals increase and the room temperature 'Li T; relax-
ation time shows a change of trend for an x value of about
0.07. This is consistent with the postulated phase change at
around the same value as observed by *'P MAS NMR and XRD.
If the “Li quadrupole interaction is assumed to be conserved
upon Mg substitution, then the sharper lineshape can be inter-
preted as a more efficient motional averaging, because of a
faster Li mobility. The room temperature ’Li T; relaxation
times can be interpreted in a similar manner assuming that
the temperature applies to the low-temperature regime of a
plot of relaxation rate versus inverse temperature rate. In that
regime according to BPP theory*® an increase in relaxation rate
1/T; corresponds to a decrease in the correlation time related
to Li mobility, i.e. in a crude approximation, a higher relax-
ation rate is indicative of a higher Li mobility. A consequence
of this interpretation is that there is no fast Li conducting
phase in the low substitution regime and that the layered

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) Second moments M, of the static “Li NMR signals of Lis_»Mg,P»Se. M5 first increases with increasing Mg+ concentration up to x = 0.05.
At x > 0.06, the second moments start to decrease. (b) T, relaxation times of the 7Li NMR signals of Lis_xMg,P>S¢ at 116.66 MHz. The T, relaxation
times decrease with increasing Mg?* concentration. At x > 0.05, the T relaxation time decreases faster until x = 0.07.

structure which is preferred at high substitution levels is ben-
eficial for Li-ion conductivity.

Finally, what remains to be clarified are the activation ener-
gies for a vacancy based ion conduction mechanism. For this
purpose, detailed studies were done on Liz 74Mg, 13P,Se With
the help of static “Li variable temperature (VT) NMR and line
shape analysis as well as electrochemical impedance spec-
troscopy (EIS). In the static 'Li VT NMR spectra (Fig. 7a), a
big change in line shape was noticeable due to motional
narrowing.

The theory devised by Waugh and Fedin**** can be used to
estimate the activation energy for lithium ion motion with an
inaccuracy of 10% using the onset temperature T,nse: Of this
motional process according to eqn (2). Therefore, the onset
points for the motional narrowing for Liz;,Mg,13P>Se and

o o
(9] 0o
P R ST R

o
N
P R

normalized intensity / a.u.

©
N}
P B

07 (it e o

R ——— .
-200 -100 0

6/ ppm

Li,P,S¢ were constructed as an intersection of two linear fits
g(T) and A(T) (eqn (S1) and (S2)t).
IN}

Ey =0.1547————
m

Ol % K X Tonset

(2)

Onset temperatures of Tynger = 342.3 K for Lis 74Mgo.13P,Se
and Topser = 380.6 K for LiyP,Ss were determined, which corres-
pond to activation energies E, of 0.55(5) eV for Liz 74Mg0.13P>Se
and 0.62(6) eV for Li,P,Se, respectively, i.e. a small reduction of
the activation energy is observed which describes the local Li
ion mobility.

Macroscopic motion was studied by EIS in Li,P,S; which
was required because pure LisP,Ss did not get characterized
together with the Mg substituted compounds.*® The Nyquist
plots of both the pure and the Mg substituted compound

b o
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Fig. 7 (a) Normalized static “Li VT NMR spectra of Lis 74Mgq.13P2Se from 173 K (dark blue) to 463 K (red). The static ’Li NMR signals become sharper
with increasing temperature. (b) Second moments M, of the static Li VT NMR signals of Liz74Mgo13P»Se (blue points) and LisP,Se (black squares)
with two fitted lines each. The intersections of two lines for each mark the onset points at the temperature at which the motional narrowing

becomes more intense.

This journal is © The Royal Society of Chemistry 2023

Dalton Trans., 2023, 52,16894-16902 | 16899


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt02624h

Open Access Article. Published on 23 October 2023. Downloaded on 5/9/2026 8:24:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Li; 74Mgo 13P,Ss (Fig. 8) show only one large resistive contri-
bution to the impedance data, depicting the bulk region based
on the effective capacitances obtained from the equivalent
circuit analysis (Table 2). To ensure reproducibility of the
electrochemical impedance spectroscopy measurements, data
from a second heating cycle were also recorded for both com-
pounds, exhibiting the same ionic behavior as the first heating
cycle for both compounds. Hence, both compounds did not
change during the measurement process (Fig. 9).

The room temperature Li ion conductivity o093 x Of
undoped Li,P,Ss reported here is lower than the previously
reported values.'®?>** Also, the activation energy E:S of
LisP,Se is much higher than the ones reported in the litera-

Li,P,S,
o © ° 5 o 324K
2.0 ° % 06 o ® 334K
o o 344K
1.5 ° + 354K
o x 364K
9 4o
= 1 L
' *
054 $% o >"
W Qs
0.0 Qr
0 1 2 3 4 5 6
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0.30 o ° o o 304.2K
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Z'l GQ

Fig. 8 Nyquist plots of the electrochemical impedance spectroscopy
measurements of LisP>S¢ and Liz 74Mgg 13P>Sg measured between 304 K
and 364 K. The plot shows one half cycle per temperature. The inset
shows the circuit configuration used as a fit model for the Nyquist plots
consisting of a resistor Ry, a constant phase element Qt and a constant
phase element for the electrode region Q.

Table 2 Comparison of the activation energies for the Li ion mobility
obtained from EIS EE'S and from NMR ENMR and ionic conductivities of
Li4P,Sg and Liz74Mgp.13P2Se at room temperature o295 i, as well as the
effective capacitances Ceg, 324 k

Li,P,Se Liz 74Mgo 13P,Se  LisP,Se, literature

1.6 x 107 (ref. 20)
4.7 x107° (ref. 25)

Grog /S em™ 1.5(6) x 1072 5%1%x 1071 2.4 %107 (ref. 19)
it 320 /PF 59.6(5) 56.2(6)

EES/ev 0.86(2) 0.72(1) )

E\MRlev 0.62(6) 0.55(5) 0.48,2° 0.39,%° 0.29,"°
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o 1% cycle Li; 7,Mgq.13P,S6
o 2" cycle Lis 7,Mg0.13P2S6
o 1% cycle Li,P,Sq
¢ 2" cycle Li,P,Se

n
10710 - g
] W
28 29 30 31 32 33
1000K/ T

Fig. 9 Arrhenius plot of the logarithmic ion conductivities of LisP,S¢
and Liz74Mgo.13P2Se as a function of the reciprocal temperature and the
linear fits are indicated with dashed lines. The activation energy for the
Li ion motion can be estimated from the slope of a linear fit.

ture. Such deviations are not uncommon and a possible expla-
nation for these deviations can be found in the different prepa-
ration techniques. The reported *'P NMR spectrum of crystal-
line Li4P,S¢ with an ionic conductivity of 1.6 x 107° S em™
shows the presence of side phases of Li;PO, and LizPS,.>° The
reported ionic conductivity of 4.7 x 10 S cm™" resulted from
powder samples produced by mechanical milling and they
show a low degree of crystallinity in the X-ray diffraction pat-
terns.>® The third reported value of 2.4 x 10”7 S cm™" results
from powder samples, which were post processed by a washing
step, ball milling and annealing."® While it is known that the
sample preparation for impedance spectroscopy can lead to
significant uncertainty in the conductivity parameter, we
ascribe the deviations here mostly to purity, morphology and
crystallite sizes of the LiyP,Ss powder samples which have
been investigated.

The results from the EIS measurements presented here
confirm the assumed increase in ionic conductivity (Table 2)
by magnesium substitution.>® Furthermore it is shown that
the overall conductivity of pure Li,P,S¢ is low while the acti-
vation energy agrees reasonably well with those found in pre-
vious studies'®***>> where compounds of good crystallinity and
purity were studied i.e. in ref. 20 (Table 2). It can be concluded
that the Mg substitution leads to both a phase change and
increase of the vacancy concentration which are beneficial for
ionic conductivity.

Finally, quantum chemical calculations using the “nudged
elastic band” concept were employed to estimate activation
energies for individual jump processes which in turn could
help to identify the bottlenecks in Li mobility. Simulations in
former studies'®*° for pure Li,P,Ss suggested that the lithium

This journal is © The Royal Society of Chemistry 2023
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ion motion mainly relies on interstitial transport in the
x-y-plane of the crystal structure with the space group P31 m,
while Li ion diffusion in the z-direction is energetically
unfavourable since it involves Li ion jumps between the P,S¢*~
layers. In order to determine the diffusion pathways for Li,P,Se
in the space group P321, Climbing Image-Nudged Elastic Band
(CI-NEB) calculations were carried out.

For the structure in the space group P321, potential
migration pathways for vacancy mediated diffusion were
identified and the activation energies for the local jumps were
calculated (Fig. 10).

Migration routes which can contribute to macroscopic Li
transport need to cover a complete unit cell. By the simu-
lations it is found that the maximum activation energy which

T

A1 AIQ A3 A4 A|5
Fig. 10 Potential pathways of vacancy-based Li migration and the
associated activation energies determined from Nudged Elastic Band
calculations. (a) Li-ion transport routes along the a-axis A1 - A2 - A3 -
A4 — A5 and along the c-axis A4 — B — A7 within the structure of
Li4P,Se (space group P321). The solid arrows represent the most favor-
able long-range Li ion diffusion pathway in the sense of featuring the
lowest maximum activation energy. (b) The graph shows the energy bar-
riers along the most favorable pathway along the a-axis for transport
over a complete unit cell.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

forms the bottleneck for a migration pathway along the c-axis
with 0.52 eV (Fig. S81) is lower than the corresponding one for
a pathway along the g-axis with 0.57 eV (Fig. 10). Both path-
ways involve more than one elementary hopping process.
Certain direct jumps over the center of the void along the P-P
axis are penalized by a high activation energy of >1.0 eV
(Fig. S97). It can be concluded that the pathway along the
c-axis is preferential and that the Li mobility in Li,P,Se is
slightly anisotropic. The value found by the NEB calculations
is in good agreement with the values found by impedance
spectroscopy. The NEB simulations indicate only a minor dis-
tortion of the P,Se group in the transition state which indicates
that the potential rotation of the PS;-unit around the P-P bond
is decoupled from the Li-motion. The mobility of the Mg>" ion
involves a significantly higher activation energy according to
NEB calculations than that of the Li" ion between the same
two sites (Fig. S71), i.e. 1.0 vs. 0.52 eV, respectively. This finding
is in agreement with the higher formal charge of the Mg”" ion
and means that the Mg®" substitution sites need to be circum-
vented by the mobile Li" ions for macroscopic transport.

Conclusions

While aliovalent Mg substitution in Li,P,S¢ showed a moderate
increase in Li ion conductivity, the overall improvement was
disappointing. The results indicate that among the factors
which explain this observation are the blocking of Li pathways
by Mg ions and maybe even more important changes in the
crystal structure which can occur even at a low substitution
level. For this study it proved beneficial to be able to compare
the activation energies for ionic motion from different sources,
i.e. impedance spectroscopy, NMR and Nudged Elastic Band
calculations.
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