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ABSTRACT: Solid electrolytes that are chemically stable and have a high ionic conductivity would dramatically enhance the
safety and operating lifespan of rechargeable lithium batteries. Here, we apply a multi-technique approach to the Li-ion con-
ducting system (1-z)LiaSiOs—(z)LizPO4 with the aim of developing a solid electrolyte with enhanced ionic conductivity. Previ-
ously unidentified superstructure and immiscibility features in high purity samples are characterized by X-ray and neutron
diffraction across a range of compositions (z = 0.0 to 1.0). lonic conductivities from AC impedance measurements and large-
scale molecular dynamics (MD) simulations are in good agreement, showing very low values in the parent phases (Li4SiO4
and LizP0a), but orders of magnitude higher conductivities (10-3 S/cm at 573 K) in the mixed compositions. The MD simula-
tions reveal new mechanistic insights in the mixed Si/P compositions in which Liion conduction occurs through 3D pathways
and a cooperative interstitial mechanism; such correlated motion is a key factor in promoting high ionic conductivity. Solid
state °Li, ’Li and 3'P NMR experiments reveal enhanced local Li-ion dynamics and atomic disorder in the solid solutions, which
are correlated to the ionic diffusivity. These unique insights will be valuable in developing strategies to optimize the ionic
conductivity in this system and to identify next-generation solid electrolytes.

1. Introduction

The revolution in portable electronic devices has been
powered by rechargeable lithium-ion batteries. Such bat-
teries with liquid electrolytes, however, have cycle life and
safety issues, whereas all-solid-state batteries with inor-
ganic electrolytes may be regarded as a safer long-term so-
lution.’-¢ Many structural families’-'2 have been investi-
gated to identify potential ion-conducting solid electrolytes,
including framework-type materials based on NASICON,
LISICON, thio-LISICON and garnet structures. Recently, a
sulfur-based Li2S-P2Ss glass-ceramic solid electrolyte has
been reported to show an ionic conductivity (1.7 x 10-2
S/cm at room temperature) higher than that of many com-
monly-used liquid electrolytes.!> However, sulfide-based L |
electrolytes are very hydroscopic'* and must be prepared
in a water-free environment. They also operate in limited
voltage windows. Although oxides do not currently have as
high ionic conductivity as sulfides, they exhibit higher sta-
bility and are easier to synthesize and handle. hd

The Li4Si04-LizPO4 solid solution system and the end-
member parent phases have been identified as potential

Figure 1. Schematic representations of the crystal structures of the
end member phases LisSiO4 (subcell) and y-LisPO4. Key: SiOs and PO4 -

solid electrolytes,'5-27 but not all compositions have been
fully characterized. It has been reported that the ionic con-
ductivity can be increased by three orders of magnitude for
Lis-xSi1-xPx04 or y-Lis+SiyP1yO4 compositions, compared
with the two end members, LisSiO4 and y-LizP04.18
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blue and red tetrahedra; lithium - green. Partially occupied Li sites are
represented by partial shading. Unit cells are shown as solid lines.

This drastic enhancement of conductivity is believed to be
caused by the increased concentration of Li-ion vacancies



in Lis-xSi1xPx04 and Li-ion interstitials in Liz+ySiyP1yO4, with
the ionic defects acting as charge carriers. However, an
atomic-scale understanding of the conduction mechanisms
and local structures in this system is still lacking; such de-
tail is important for developing strategies for optimizing
the conductivity, as well as identifying next-generation ma-
terials.

Both Li4SiO4 and y-Li3PO4 are related to the LISICON-
type structure with XO4-based (X=Si or P) tetrahedral units
(Figure 1), and Li-O polyhedra. The crystal structure of
LisSiO4+ was initially reported?® to be monoclinic (space
group P21/m, with f very close to 90°) and to contain six
partially occupied crystallographically independent lithium
sites. All lithium sites are fully occupied, giving rise to a
complex 7-fold superstructure.2® y-LizPO4 crystallizes in a
similar structure to LisSiOs, but with orthorhombic sym-
metry (space group Pnma), as illustrated in Figure 1. The
positions of the Si and P atoms are quite similar, but the re-
spective orientations of the SiO4 and PO4 tetrahedra are dif-
ferent: up-down-up-down for Li4SiOs, and down-down-up-
up for y-LisPO4 (along ap = 2cg;).

However, there have been limited structural studies of
the complete solid solution. Early work of Hu'5 and West30
determined that the LisSiO4-LisPO4 system did notyield one
single continuous solid solution, as both end members do
not possess the same crystal structure, despite being
closely related to each other. More recent work of Arachi et
al.'8 proposed xmax=0.40 for LisxSi1«Px04 and ymax=0.40 for
Liz+ySiyP1y04, while the existence of single-phase
LizsSiosPos04 remains uncertain.

Here, we investigate the crystal chemistry and ion
transport properties of solid solution compositions within
the Li4Si04—Li3PO4 system, using a powerful combination
of experimental and computational techniques. Very high
purity LiaSiOs, Liz.75510.75P0.2504, Liz5Si05P0504,
Liz25Si025P0.7504 and y-LisPO4 samples were obtained and
further investigated by various diffraction (single crystal,
powder X-ray, powder neutron) techniques. Solid-state °Li,
’Li and 3P NMR spectroscopy is used to provide insights
into local structural ordering and Li-ion dynamics. The
crystal structures and ion transport are then investigated
by atomistic molecular dynamics techniques, in which the
relative energies of possible defect arrangements are con-
sidered, as well as large-scale simulations of ion transport
mechanisms.

2. Methods

Synthesis The raw materials used in this work were all
purchased from Sigma-Aldrich, including LiOH-H20 (98%),
SiO2 (fumed, dried at 500°C for 3 hours) and -LizsPO4 pow-
ders. Stoichiometric mixtures of raw materials were dis-
persed in distilled water, the quantity of which was ad-
justed to give an overall concentration of 0.6 mol of Li per
H20 liter. The solution was then slowly heated up to 80°C to
evaporate water. The resulting solid was pulverized and
cold pressed into pellets under 40 MPa. The pellets were
then heated in alumina combustion crucibles at 900°C for
10 hours under Ar flow, followed by slow cooling to room
temperature, and then pulverized. Energy Dispersive X-ray
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analysis (EDX) indicates no contamination of Al from cruci-
ble. SEM shows the synthesized samples have aggregates of
about 100 um in size and smaller individual particles of
about 10 to 50 pum. Since these samples are quite reactive
with CO2,3! they were stored in a glove box. Single crystals
of Li4Si04 were prepared by a similar method, except that
the final heating temperature was set to 1200°C and the
cooling rate was set to 10°C/hour. To produce pure y-LisPOs,
commercially available B-LisP0O4 was heated at 850°C for 10
hours, cooled down to room temperature and pulverized.

Diffraction X-ray powder diffraction (XRPD) patterns
were collected from a Bruker D8 diffractometer (Cu-Ka ra-
diation, 8-8 configuration). High quality diffraction patterns
were recorded overnight between 26 ranges of 10 to 100°,
with a step size 0f 0.009° and a scan rate of 3.8 seconds per
step. For Liz75Si0.75P02504 a neutron powder diffraction ex-
periment was carried out at the SINQ spallation source3? of
the Paul Scherrer Institute (Switzerland) using the high-
resolution diffractometer for neutrons HRPT33 (A = 1.494A).
Neutron powder diffraction patterns were collected for
Liz5SiosP0.504 and Liz25Si0.25P0.7504 using the high-resolution
D2B diffractometer at Institute Laue-Langevin (Grenoble,
France). High quality diffraction patterns were recorded
between 26 ranges of 10 to 160°, with a step size of 0.05°,
accumulated over 6 hours. X-ray single crystal diffraction
measurements were carried out at 293K using a Bruker D8
Venture diffractometer, with Mo Ko radiation (multilayer
optics monochromator). Data collecting conditions, crystal
data and refinement parameters are listed in Supplemen-
tary Information (SI) Table S1.

AC Impedance Spectroscopy For ionic conductivity
measurements, powder of Li4SiOs, LisPO4 and their solid so-
lutions were cold pressed into disk-shaped pellets. In each
case, about 150 mg of powder was placed in a graphite ma-
trix (10 mm in diameter) and cold pressed at 40 MPa. The
pellets were then sintered in a FCT Spark Plasma Sintering
apparatus at 70K min-! up to 700°C for 3 minutes under an
applied force of 8 kN. The resulting dense pellets were pol-
ished and metalized on both sides by gold sputtering using
a Bal-Tec SCD 050. The sintering process and metallization
step were carried out in Ar atmosphere. Pellets were then
dried under primary vacuum at 100°C overnight before
measurements, and immediately transferred into a glove
box. The sample was then introduced into the impedance
measurement cell directly in the glove box to avoid any air
contamination. Impedance measurements were performed
over a frequency range of 0.1 Hz to 200 kHz, between 25
and 300°C, both upon heating and cooling, under static Ar.34

Solid-State NMR Spectroscopy Powder samples of
Li4SiOa, Liz.75Si0.75P0.2504, Liz.5Sio5P0.5s04 and Liz25Si0.25P0.7504,
and LizPOs were packed in 1.3, 4.0, or 7.0 mm ZrO: rotors
(Bruker) and closed with Kel-F or BN caps depending on the
temperature of the experiment. All sample handling was
done under argon atmosphere in a glove box with p(Hz0, 02)
< 0.1 ppm. Ambient and high temperature (320 - 875 K) 7Li
magic angle spinning (MAS) NMR experiments were per-
formed at 9.4 T (Avance I console) using a Bruker double
resonance 7.0 mm MAS probe with laser heating of the sam-
ple. Temperature calibration using KBr was done before



measuring the samples. 7Li NMR signal line shapes were de-
termined by one-pulse experiments with high power pulses
of 2.1 ps (7.0 mm MAS) and 0.9 ps (4.0 mm MAS) and a rep-
etition time of 5.0 s. A saturation recovery pulse sequence
was applied to determine 7Li spin-lattice relaxation time
constants (T1) at variable temperatures. Ambient tempera-
ture °Li MAS NMR experiments were performed at 11.7 T
(Avance III HD console) using a Bruker triple resonance 4.0
mm MAS probe including a temperature calibration on the
207Pb shift in lead nitrate before the actual experiment.35 ¢Li
pulse optimization was done on ¢Li>CO3 and followed by the
NMR signal line shape measurements on Liz75Si0.75P0.2504,
LizsSiosPosOs and Liz2sSio2sPozsO4 using a one-pulse se-
quence with high power pulses of 4.45 ps and a repetition
time of 25 s. The ¢7Li NMR shifts were referenced toa 1 M
LiCl solution in D20.36 Activation energies were derived by
both BPP fits3738 and fitting of the linear regimes in Arrhe-
nius plots (see SI Table S2). Due to the low natural abun-
dance of Li (7.59 % vs. 7Li 92.41 %)3¢ and the significantly
longer relaxation times, we focused on 7Li NMR experi-
ments in this study for the sake of higher sensitivity and
shorter measurement times. 3P MAS NMR experiments
were performed at ambient temperature in a magnetic field
of 16.4 T using a Bruker 1.3 mm triple resonance MAS
probe on an Avance Il console. Pulse optimization was
done using ammonium dihydrogen phosphate (ADP).3° A
one-pulse sequence with high power 1.8 ps pulses and a re-
cycle delay of 3.0 s was applied to acquire the spectra for
the line-shape measurements. The 3P NMR signals were
referenced to 85% H3P04.3

Atomistic modeling Interatomic potentials-based
methods, which are well established and detailed else-
where, were employed.**-#3 The effective potentials de-
scribing the interatomic forces include a long-range Cou-
lomb term, short-range Morse function and repulsive con-
tribution. The parameters were taken from the extensive li-
brary of potentials developed by Pedone et al,** which have
been shown to perform well in molecular dynamics (MD)
simulations of silicates and polyanion-type materials. Fur-
ther details can be found in SI Table S3. Modeling of crystal
structures and different defect ordering schemes was car-
ried out using energy minimization methods (GULP
code*45). For ion diffusion modeling we have used MD
methods (DL_POLY 4 code*?). A time step of 1 fs for MD runs
of up to 5 ns with supercells (60 x 60 x 60 A3 in three di-
mensions) containing 20,000 to 30,000 ions were em-
ployed. Simulations were carried out at several tempera-
tures (300 - 673 K). Each set of calculations was repeated
three times to confirm good statistics. Such computational
methods have been applied successfully to other Li-ion bat-
tery materials.#346-53 To facilitate comparison with experi-
mental data the calculated diffusion coefficients (D) were
used to derive the ionic conductivity o using the Nernst-
Einstein relationship:

o

D=

ng?

—_— 1

- &)

where n is the number of particles per unit volume, q is the
charge of an electron, k is the Boltzmann constant and T is
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the temperature; Hr is the correlation factor (or Haven ra-
tio), defined as the ratio of the tracer diffusion coefficient to
a diffusion coefficient dependent upon the ionic conductiv-
ity. In this work we have used the methods of Morgan and
Madden®* to determine Hr. A Haven ratio of 1.0 suggests un-
correlated ion hopping, whereas high values (> 2) are ob-
served in fast-ion conductors with highly correlated ionic
motion.

3. Results and discussion

3.1 Structures of (1-z)LisSi04 - (z)LisPO4 solid solutions

Our study confirms that the compositions LisSiO4 and
Liz75Sio.75P0.2504 can be indexed in space group P21/m while
Liz5Si0.5P0.504 and Liz.25Si0.25P0.7504 adopt  the
y-LisPO4 structure (Figure 2a). Lattice parameters refined
from powder X-ray diffraction data are collected in Table 1.

Table 1. Cell parameters determined from X-ray powder diffraction
in the (1-z)LiaSiO4-(z)LisPO4 system. (*Subcell parameters of LiaSiO4
are used for ease of comparison.)

oge z025 2050 z=o7s T
S.G. P21/m P21/m Pnma Pnma Pnma
a(d) 5.1504(3) 5.1094(2) 10.5990(7) 10.5356(3) 10.4763(3)
b (A) 6.1012(4) 6.1135(4) 6.1155(4) 6.1169(2) 6.1193(2)
c(d) 5.2998(3) 5.3002(4) 5.0114(3) 4.9697(2) 4.9245(2)
B () 90.321(5) 90.378(4) 90 90 90
V/Z(A%) 83.268(3) 82.777(2) 81.207(2) 80.067(2) 78.924(2)

To obtain deeper insights into the phase stabilities
within the LisSiO4-LisPO4 system, we prepared several (1-
z)LiaSi04—(z)LizPO4 compositions in steps of Az=0.1. We
found that the immiscibility zone is around 0.35 < z < 0.45.
Between the two end members, the a, b and ¢ parameters
vary smoothly except for an abrupt discontinuity between
the a parameter of the P-substituted LisSiOs structure type
and the c-parameter of the Si-substituted LisPO4 phase at z
= 0.4 where two phases coexist (Figure 2b; note that ¢, =
as;)-

The XRD powder pattern of LisSiO4 was indexed and the
lattice parameters refined using the unit-cell proposed by
Véllenkle?® in the monoclinic space group P21/m. Most of
the diffraction peaks of our sample could be indexed but, as
shown in Figure 3, many small intensity contributions re-
mained unidentified. These are signatures of lithium order-
ing within LisSiO4 producing the supercell previously re-
ported from single crystal diffraction work,?° and seen here
for the first time in powder XRD data.

Tranqui et al.?® described the structure of LisSiO4 using
the P21/m space group (a=11.546 A,b=6.090 A, c = 16.645
A, B =99.5° and Z = 14). The structure contains SiOs tetra-
hedra and LiO» (n =4, 5, 6) polyhedra. The 19 fully occupied
crystallographic sites for Li are distributed over 9 4f
Wyckoff positions while the other 10 are at 2e positions:
this results in 56 lithium atoms per unit cell. A similar struc-
ture was proposed by de Jong5>5, using results from single
crystal X-ray diffraction and XPS measurements. Their



structure was basically the same as that in previous work,
with the main difference being the splitting of the Li(51)
and Li(65) sites (using the notation of Tranqui) over two
additional sites. It is noted that these sites in Tranqui’s
work?® had thermal displacement parameters of 4.79 and
4.04 A2, respectively, approximately twice as large as those
for the other Li atoms. All four positions then have an occu-
pancy of 0.5, which introduces a small degree of positional
disorder over the Li sublattice.

\J\__ﬂ_)( Mliapo4 (Pnma)

| “' | AI 2=0.25
| u I I ﬂ Li,Si0, (P2,/m)
I ok *

a)
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1
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Figure 2. a) XRD patterns of powders obtained within the Li4SiOs-
LisPOs system. LisSiOs-based patterns are in blue, LisPOs-based
patterns are in red. Stars (*) indicate superstructure peaks. b) Lattice
parameters variation as a function of z in (1-z) LisSiO4 - (z)LizPOa.

Careful inspection of our LiaSiOs powder revealed that
it contained single crystals of sufficient size (~20 um) for
precise structural determination. Our refined structure
contains 19 independent lithium sites. The corresponding
Li(51) and Li(65) sites display isotropic thermal displace-
ment parameters as high as 6.48 and 3.21 A2, indicating that
these two lithium ions are loosely bound to their ideal po-
sitions. We carried out a second set of refinements by split-
ting the two sites. This resulted in occupancy factors for the
sites split from Li(51) of 0.528(13) and 0.472(13) (and 0.73
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A from each other). The Li(65) was split into two sites, sep-
arated by 0.40 A, with occupancies of 0.520(12) and

N

Li,Sio,
Monoclinic
P2,/m
a=11.608(1) A
b=6.099(6) A
c=16.681(2) A
B =99.49(1)°
V/z=83.1A3

Intensity (a.u.)

20 25 30 35 40 45
o
20(°), A,

Figure 3. Full pattern profile matching of X-ray powder diffraction
pattern of LisSiO4. Red dots: experimental data; black line: profile
matching; blue bar: Bragg positions of the small cell; green bar: Bragg
positions of the 7-fold super cell.

15 50

Within  the  LisSiO4-LisPOs4 system, only the
Liz75Si0.7sPo2504 composition has been previously investi-
gated>® by single crystal X-ray diffraction. The refinement
converged to an overall composition of Liz.43Sio.75P0.2504 af-
ter summation of individual Li site occupancy factors. We
determined the crystal structures of the three solid solution
compositions Liz.75Si0.75P0.2504, Liz5Si0.sPos04 and
Liz25Si0.25P0.7504 through Rietveld refinements of powder
neutron diffraction data. Unlike Li4SiO4, these three compo-
sitions do not exhibit long-range ordering of lithium ions at
room temperature and therefore can be described using the
original unit cells in Table 1.

The published atomic coordinates of each structure
type (LisSiOs4 or y-LisPOs4 (ICSD-77095)57) were used as
starting models for the refinements of Liz75Si0.75P0.2504,
Liz5SiosPos04 and Liz25Sio2sPo7s04 compositions. The main
challenge here was to localize the lithium atomic positions
and occupancy factors. The refinement strategy can be il-
lustrated here using LizsSiosPosOs as an example. y-LisPO4
contains four formula units per unit cell, with one type of
PO4 tetrahedron and two crystallographically independent
Li sites: Li1(8d) and Li2(4c), giving 12 lithium atoms per
unit cell. We first verified that the Lil and LiZ2 sites of LizPO4
were appropriate for describing the structure of
Liz5SiosPos04 by removing one or the other from the list of
atomic coordinates and calculating Fourier transformed
scattering density difference maps (Figure 4). These maps
clearly reveal sharp difference density peaks at the atomic
positions of Lil and Li2, which were then subsequently
used to refine the overall structure, as well as other posi-
tions in the unit cell.
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Figure 4. Fourier-transformed scattering density difference maps (at
z=0.7) from refinements of Liz5SiosPos04 neutron diffraction data. a) in
the absence of Li1; b) in the absence of Li2; c) with both Li1 and Li2.

In order to determine the positions of the last two Li at-
oms in the unit cell, two models were used to refine the
structure. The first straightforward ‘3Li" model was based
on the previous 2Li’ model with a third Li crystallographic
position added where the Fourier-transformed scattering

density difference map had the sharpest peak. A second ‘6Li’

model was used as a starting configuration, based on the
knowledge that the structure of the non-equivalent struc-
ture of Liz.75Sio.7sPo.2504 contains six crystallographically dif-
ferent lithium sites. In both cases, the refinements of cell
parameters, atomic positions and anisotropic thermal fac-
tors (Baniso) of Si, P and O gave reasonable values. The re-
finement of the isotropic thermal factor Biso of Li(3) in the
‘3Li’ model or Li(6) in the ‘6Li" model led to a divergence
attributed to the low occupancy of the sites. Rietveld refine-

ments resulted in a final value of the Bragg R-factor of 6.13%

for the 3L’ model and 4.92% for the ‘6Li’ model. The dif-
fraction pattern and refinement results for the ‘6Li’ model,
finally chosen as the most reliable one, are shown in Figure
5 and SI Table S4.

Similar studies were carried out to determine the crys-
tal structures of Lisz.7sSio.7sPo.2504 and Lis.2sSio.2sPo.7s04 (data
summarized in SI Tables S5 and S6, respectively). All of
these compositions show highly symmetrical XO4 tetrahe-
dra (Si1-zP:04) with very small variation in the X-O bond
lengths and 0-X-0 angles very close to 109.47°. The Baur’s
polyhedral bond length distortion indices>® are 0.5% for z =
0.25,0.2% for z = 0.5 and 0.2% for z = 0.75, which are close
to the usual value of 0.5% found in orthophosphates. The
variation of the average X-O bond length with z in Si1-.P.04
tetrahedra is in excellent agreement with those obtained
from linear interpolation between the average Si-O dis-
tance in LisSiO4 and the average P-O distance in LizPOa4 (SI
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Table S7). This further indicates that the experimental Si/P
stoichiometry of the powders is very close to the nominal
one. A detailed list of Li-O bond lengths can be found in the
SI Table S4. The longer average Li-O distance around Li(6)
(2.25 A) is consistent with its lower occupancy factor (0.14).
LiOn face- and edge-sharing polyhedra are interconnected
so as to generate a 3D conducting network.

I'i?:.SSiO.SPD.SO4
S.G.Pnma
Ryp= 12.9%

Ryrage= 4-92%

(oo msvscsesssmrimois

1Q0 110 120 130 140 150 160

Intensity (a.u.)

4 4 —

LlJ_‘k
\l
1 1 1 1 1 1 1

40 60 80 100 120 140
26(°)

Figure 5. Neutron powder diffraction pattern and Rietveld refinement

of LizsSiosPos0a4.

160

’Li MAS NMR experiments at ambient temperature re-
veal one NMR signal with respective rotational sidebands
for the solid solutions and the end members (see SI Fig-
ure S8). A slight increase of the central transition’s (CT) full
width at half maximum (FWHW) indicates Li disorder in
the solid solution phases. The detection of only one Li signal,
although up to six different crystallographic positions are
presentin the solid solution structures, suggests chemically
similar Li environments on the local atomic scale of NMR.
The 7Li homonuclear coupling and distribution of local en-
vironments prevent resonances from individual crystallo-
graphic sites from being resolved.

Variable temperature (VT) 7Li NMR signal line shapes of
Liz.75Si0.75P0.2504, Liz5SiosPos04 and Liz25Sio.2sP07504 show a
significant change of the broadening and intensity of the ro-
tational sidebands as well as the CT’s FWHM (Figure 6 and
SI Figure S9). Different regimes of Li motion and Li—Li cou-
plings are revealed for different temperatures.

6Li MAS NMR spectra of the mixed compositions show
higher experimental resolution than the 7Li NMR spectra
(SI Figure S10). For Lis7sSio7sPo2504 the spectra contains
four resonances at -0.67, 0.28, 0.67, and 1.58 ppm and is
qualitatively similar to that obtained in previous work on
the lithium orthosilicate.>°-61 The resonances were as-
signed to LiOn environments (from low to high frequencies,
see SI Figure S10). The resolution decreases upon further P
substitution in LizsSiosPos04. The ¢Li NMR signal features
are smeared out and shifted to the frequency range of the
LiOs4 and LiOs environments. The LiO¢ and LiO3 environ-
ments are no longer resolved, which agrees well with the
Li-O distances and the respective LiOn coordination for this
composition (see SI Table S4). Of note, however, is a further



shift of the ¢Li NMR spectra for Liz25Si0.25P0.7504 to lower fre-
quencies while showing higher resolution. At least three
resonances at -0.31, 0.05, and 0.16 ppm are resolved (SI
Figure S10) indicating a different coordination. The °Li
NMR experiments and the respective assignments of LiOn
environments reveal a decrease of the coordination num-
ber with increasing P substitution. This indicates a disperse
distribution of the Li atoms (‘liquid-like’) with a mobile sub-
lattice of the LiOn polyhedra that is highly disordered.
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FWHM values of the CT signals are depicted at the bottom for all
samples.

31P high speed MAS NMR data revealed one signal for
the pure phosphate LizPOs4 with 145 Hz at the FWHM at
8.9(1) ppm, which is in line with the crystal structure (SI
Figure S11). A significant broadening of the line shapes
with FWHM of 656, 626 and 489 Hz for Liz75Si0.75P0.2504,
Liz5SiosPos04 and Liz2sSio2sPo7s04, respectively, indicates

L i
300 400 500 900
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atomic disorder due to the mixed occupancies of the Si/P
sites.

Only slight shift variations with respect to the Si/P oc-
cupancy are found in line with previous 3P NMR measure-
ments.®2 The highest shift and a pronounced asymmetry are
found for LissSiosPosO4, indicating local atomic ordering
that is more complex than the spatial averaged picture de-
rived from diffraction. Slower MAS rates do not influence
the 31P NMR signal line shape and give identical shift values
(see SI Figure S11).

For the atomistic simulations of ionic conduction in
these mixed silicate-phosphates, it is essential to accurately
model their crystal structures. In order to model the Li and
Si/P fractional occupancies numerous (> 10,000) structure
models were first energy minimized using random distri-
butions of Li, Si and P on their respective sites to find low
energy configurations. Calculated and observed structural
parameters are given in Table 2 for the two end member
phases Li4Si04 and Li3PO4, and for LizsSiosPosO4 (data for
Li375Si0.75P0.2504 and Liz25Si0.25P0.7504 are listed in SI Table
S12). The calculated cell parameters and mean bond
lengths deviate from experiment by at most 2%, and in
most cases much less. Overall, the good reproduction of
these complex structures of numerous different composi-
tions gives us confidence that both the structural model and
the interatomic potentials can be used reliably in the MD
calculations.

Table 2: Comparison of calculated structural parameters with diffrac-
tion data for (1-z)LisSi0s—(z)LisPOa.

z=0.0 z=0.5 z=1.0
Expt. Calc. Expt. Calc. Expt. Calc.

a(d) 11.555 11.500 10.589 10.636 10.49 10.563
b (A) 6.099 6.162 6115 6119 6120 6.229
c(A) 16.730 16.932 5.006 5.072 4927 5.020
B (9 99.06 100.84 90 90 90 90
Si/P-0(A) 1.641 1602 1587 1563 1544 1.520
Li-0(A) 2050 2.078 2.080 1974 1968 2.022

3.2 Li-Ion Conductivity and Dynamics

Examination of Li* diffusion rates and conductivity is
important for predicting battery charge/discharge rates,
which we investigate using MD, AC impedance and NMR
spectroscopy. MD techniques are well suited to probing
transport mechanisms at the atomic level, especially coop-
erative or correlated ion motion. Here, MD calculations
over long simulation times of up to 5 ns were carried out
over a temperature range covering typical battery operat-
ing temperatures for all compositions.

First, the mean squared displacements (MSDs), <
r2(t) >, of all lithium ions (Figure 7) show that Li* diffusion
is significantly higher in the mixed P0O4/SiOs+ compositions
than in the two end members. The Li* diffusion coefficient
(D) can be derived from the MSD data according to <
r2(t) >= 6D;t + B;. We calculate Dy values of 2 x 10 and
2x 1012 cm?/s for Li4SiO4 and LisPOs, respectively at 573 K,



with higher values for the mixed compositions (for example,
4 x 108 cm?/s for Liz.75Si0.75P0.2504).
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Figure 7. Mean square displacement (MSD) plot of Li* for the different
compositions at 573 K. Full lines represent end members while dashed
lines represent intermediate compositions.

Calculated ionic conductivities are compared with ex-
perimental values from our AC impedance measurements
in Figure 8; (the AC impedance spectra are shown in SI Fig-
ure S13). The trends and magnitude of the ionic conductiv-
ities of all compositions are highly compatible and show
that the formation of solid solutions helps to increase the
ionic conductivity by 3 to 4 orders of magnitude compared
to the two end members; for example, at 573 K, the three
intermediate compounds have conductivities of about 2.5 x
10-3 S/cm, while the ionic conductivity is 2.5 x 104 S/cm for
Li4Si04 and 1.2 x 107 S/cm for LizPOa.
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Figure 8. Experimental (blue squares) and calculated (red circles)
ionic conductivities for the LisSiO4-LisPO4 system at 573K.

For the intermediate compositions, conductivity values
obtained from MD calculations (red circles in Figure 8)
show good agreement with experimental values. For the
end members, the calculated ionic conductivities are higher
than those observed experimentally, especially for LiaSiOa.
This difference is most likely due to these materials being
poor ionic conductors with very slow lithium-ion diffusion,

7/12

which did not reach the fully equilibrated state during the
long MD simulations. Nevertheless, the trend in ionic con-
ductivities across the composition range is well reproduced.

7Li MAS NMR reveals much smaller spin-lattice-relax-
ation times (71) of 3.60, 2.07 and 1.37 s for Liz.75Si0.75P0.2504,
Liz5SiosPos0s4 and Liz2sSio2sPo7504, respectively, compared
to 42.4 s for LisPOs and 21.2 s for LisSiOs; these results sug-
gest enhanced Li ion dynamics in the solid solutions in
agreement with the impedance and modeling results. 7Li VT
T1 measurements for the solid solution samples show a high
temperature T1 minimum that is in line with literature data
for samples of similar composition (Figure 9 and SI Figure
S$14).37:38 Furthermore, the asymmetry of the slopes below
and above the T1 minima are in agreement with previous
results for fast ion conductors.>® A determination of the re-
spective activation energies via a BPP fit gives 0.18(3),
0.23(2) and 0.21(2) eV for Lis.7sSio.75Po2504, Liz5SiosPosOa
and Liz25Si0.25Po.7504, respectively (Figure 11 and SI Tables
S2 and S15). These values are lower than those from previ-
ous NMR measurements,373859 which is likely due to their
slightly different compositions as well as the alternative

synthesis routes.
1.0

®  Li375Si0.75P0.2504
® Li35SiosPo50s

05| . .
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log(T, /'s)

" L . 1 " ! " 1 " L "
1.0 1.5 2.0 25 3.0 35 4.0

10°K/ T

Figui‘é 9. BPP fits of the T1 data derived from 7Li VT measurements at
9.4 T (MAS 4 kHz, 320 - 875 K).

Activation energies have also been derived from MD
simulations (SI Figure S16) and AC impedance measure-
ments from Arrhenius plots (SI Figure S17); a representa-
tive example is shown in Figure 10. Their values are listed
together with BPP fitted values in supporting information
(SI Table S15) and the results from the three techniques are
summarized in Figure 11. In general, the results for the
mixed compositions from all techniques demonstrate the
same trends with much lower activation energies than the
two end members. The absolute values of the activation en-
ergies, however, are sensitive to different length scales and
degrees of long-range order in each technique. NMR T: data
is highly sensitive to local ion hopping such as the rapid os-
cillation over the low energy barrier between the split Li
sites. In MD this local oscillatory behavior is averaged out
and only long-range ionic transport in the bulk contributes,
whereas AC impedance contains contributions from the en-
tire sample, including grain boundary resistance.
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Figure 10. Arrhenius plot from AC Impedance measurements for
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Figure 11. Activation energies FEax derived from conductivity
(squares), NMR Ti (circles) measurements and MD modelling
(triangles). Data from previous studies373859 are depicted in black. The
scattering of Eac values for LisSiO4 is likely due to differences in the
data derived from impedance (Asai et al.3?, Xu et al>?) and 1D NMR
(Asai et al.37, Xu et al.5°) as well as 2D NMR (Xu et al.%9).

Based on the BPP fit of the VT 7Li NMR data and the
respective correlation times tc at 573 K, we derived aver-
age jump rates for the Li atoms®3 0f 0.76, 1.49, and 1.18 GHz
for the solid solutions Liz75Si0.75P02504, LizsSiosPosO4 and
Liz25Si025P0.7504, respectively. Using the Einstein-Smolu-
chowski equation$3 and the Li—Li jump distance of 1.76 A
(derived via MD hopping analysis) the respective diffusion
coefficients DT (at 573 K) are accessible, resulting in 3.9 x
108, 7.7 x 108, and 6.1 x 108 cm2/s for Liz.75Si0.75P0.2504,
Liz5SiosPos04 and Lis2sSio.2sPo.7504, respectively. These val-
ues are again in line with the data and trends from the MD
simulations.

3.3 Atomistic Conduction Mechanism

Of great interest to our present discussion is the ques-
tion of the underlying atomic-scale mechanism in the solid
solutions that promotes enhanced conductivity. MD density
plots of the accumulated lithium ion trajectories over the
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simulated time scale are a useful means of visualizing the
migration pathways and the regions in the lattice which are
most frequently traversed by the mobile Li ions.

Lithium diffusion density plots are shown in Figure 12
for LisPO4, Li4sSiO4 and LizsSiosPos04 at 573 K. First, it can
be seen that the trajectories in the mixed composition form
a continuous 3D network of conduction pathways; this sug-
gests that there is significantly greater Li* diffusion in the
mixed composition than in the two end members. The 3D
nature is important since the dimensionality of the Li* dif-
fusion can have a major impact on the battery charge/dis-
charge rate. For example, LiFePOs is a 1D conductor and the
presence of blocking defects in the 1D channels can se-
verely impede the diffusion and the capacity.*3 In contrast,
3D diffusion behavior allows lithium access through all sur-
faces of the particles, irrespective of their crystallographic
orientation, and would be less affected by blocking defects.

Figure 12. MD density plots of mobile lithium ions (green) overlaid on
the tetrahedral framework structure (PO4, red; SiO4, blue) of LizPOs,
LizsSiosPos04 and LisSiOs.

In previous studies®#% on the related NasPOs material,
the contribution of tetrahedral rotation to ion conduction
(termed the “paddle wheel” effect) has been discussed. To
examine if such effects also have an influence in the Li4SiOs-
LisPOs system, the movement of oxygen ions in the
Si04/POa tetrahedra during the MD simulation were plotted
(Figure 13); this illustrates that the tetrahedra undergo
only slight displacements, but with no major rotational mo-
tion to aid Li* conduction.

Figure 13. Density plots of oxygen atoms (orange) during the MD

simulation overlaid on the tetrahedral framework structure of
Liz5SiosPos04 (PO4, red; SiO4, blue).

This is in line with the findings of the 3P NMR experi-
ments. During the applied high-speed MAS experiments at
60 kHz using ambient temperature bearing and drive gas
flows the sample temperature is increased up to 70°C.%¢ The
decrease of the MAS speed to 30 kHz (ca. 35°C) and below



does not show any influence on the 3P NMR signal line
shape (SI Figure S11), which indicates no significant move-
ment of the anionic tetrahedra in this temperature regime.

Detailed analysis of ion transport from the MD simula-
tions reveals that Li+ diffusion takes place by a cooperative
interstitialcy or knock-on type mechanism involving the
concerted motion of interstitial and lattice Li* ions. This is
illustrated in Figure 14 for Liz5SiosPos04, where continuous
migration snapshots are presented, and shows the migrat-
ing interstitial Liion displacing an adjacent Liion into an in-
terstitial position within the neighboring polyanion layer.
Such a cooperative mechanism facilitates lithium-ion diffu-
sion and promotes high ionic conductivity in these mixed
Si/P compositions.

Figure 14. MD simulation snapshots of Li-ion positions in
LizsSiosPosO4 showing the cooperative knock-on like mechanism: the
migrating interstitial Li* (green) displaces another Li* (purple) to-
wards a neighbor site which in turn leads to further Li* (blue) migra-
tion (PO4, red; SiO4, blue).

NMR studies®?¢7 have reported lithium site exchange
between different coordination environments, which is
consistent with the mechanism presented here. Previous ab
initio studies®® of off-stoichiometric LizPO4 set up with lith-
ium interstitial defects find a low energy barrier for a Li*
interstitialcy mechanism. Similar cooperative mechanisms
have been suggested in other lithium-ion conductors,*569
and may be important in related framework-structured
materials.”?

As noted earlier, we have also analysed the Haven ratio
values to obtain a more quantitative assessment of the de-
gree of correlated motion. For LisPOs a Haven ratio close to
1.0 at all temperatures is found (SI Figure S18) suggesting
uncorrelated ion motion, and consistent with the observed
low conductivity. For LisSiO4 correlated motion is not found
at low temperatures (373K) with a Haven ratio of 1.03; at
elevated temperatures (473K), as more lithium ions be-
come mobile, some correlated motion is indicated with a
Haven ratio reaching a value of 1.6. Given these results and
the greater Li content of Li4SiO4, a high conductivity may be
expected. However, the observed activation energy for lith-
ium migration in LisSiO4 is as high as 0.84eV (Figure 11) in-
dicating low mobility. For the mixed Si/P compositions we
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find higher Haven ratios in the range 2.3 to 3.6 (at 473K)
indicating significantly more correlated motion than in
Li4Si04, and corresponds to the enhanced ionic conductivity
that is experimentally observed.

Based on these insights we suggest that further conduc-
tivity enhancement may be possible by disordering of the
lithium sublattice via mixing or doping of the polyanion
framework. We are currently exploring such avenues as
well as synthesizing °Li enriched samples of the solid solu-
tion to perform 1D and 2D exchange °Li NMR experiments.

4, Conclusions

This investigation of the LisSi04-LisPOa solid electro-
lyte system has used a powerful multi-technique approach
of diffraction, AC impedance, NMR spectroscopy and atom-
istic modeling to obtain new information concerning the
crystal structures and lithium-ion conduction mechanisms.
Several key features emerge.

(a) An immiscibility zone has been found for (1-z)LisSiO4-
(z)LisPO4 compositions around 0.35 < z < 0.45. Lower z
compositions can be indexed to LisSiOs-like structures
while higher z compositions are y-LizPOas-like. The crystal
structures of the mixed compositions LizsSiosPos04 and
Liz25Si0.25P0.7504 have been determined for the first time,
and can be described as isolated SiO4 or PO4 tetrahedra with
a distribution of lithium atoms on multiple crystallographic
sites. Such a disordered lithium sublattice is supported by
6Li NMR experiments.

(b) Both AC impedance and MD simulation results for the
(1-z)LiaSiO4—(z)Li3PO4 system reveal appreciable ionic con-
ductivities (10-3 S/cm at 573K) in the mixed compositions
(z=0.25, 0.5, 0.75), which are orders of magnitude higher
than those of the end members. ’Li and 3P NMR investiga-
tions on local structure are in line with these findings and
reveal the sensitivity of the activation energies to the local
Li-ion dynamics.

(c) New fundamental understanding of the microscopic
conduction mechanism is found. The MD simulations of the
mixed Si/P compositions reveal Liion conduction pathways
through 3D networks; they also show a cooperative-type
interstitial mechanism, which is supported by Haven ratio
values and the Li ion dynamics from NMR. Such correlated
motion is a key factor in promoting high ionic conductivity.

These insights are of great significance in developing
strategies for optimizing the Li-ion conductivity of this sys-
tem, as well as identifying new solid electrolytes.
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