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ABSTRACT

Lithium thiophosphate glasses and glass ceramics are a promising class of electrolytes for all-solid-state lithium-ion batteries. Heat treatment of completely amor-
phous glasses often leads to a conductivity enhancement, which can be attributed either to the formation of highly conducting crystallites or to fast Li * ion transport
at the interface between amorphous phases and crystallites. Here, we demonstrate a novel conductivity enhancement mechanism in amorphous 0.33 Lil + 0.67
LisPS, glasses during a single annealing step at 180 °C. The combination of electrochemical impedance, “Li NMR, and positron-annihilation lifetime spectroscopy
gives indication for an annealing-induced formation of monovacancies in the bulk amorphous phase, which act as stepping stones for fast Li* ion transport. The
maximum conductivity achieved after annealing was 6.5 mS-cm ™", the highest value observed so far for amorphous thiophosphate-based electrolytes.

1. Introduction

All-solid-state batteries (ASSBs) hold great promise for becoming
the next-generation energy source of electric vehicles [1-3]. As com-
pared to state-of-the-art lithium-ion batteries containing flammable li-
quid electrolytes, ASSBs offer potentially higher energies densities due
to the usage of Li metal as anode material and higher safety due to the
non-flammability of many solid electrolytes. The recent discovery of a
large number of solid Li* electrolytes with ionic conductivities in the
range of 10-25 mS-cm ! [1,4-8] has led to exciting new perspectives
for the development of high-power ASSBs. A large fraction of these solid
Li* electrolytes are thiophosphates with crystal structures favouring
fast Li* ion transport [1,4-10]. However, the total Li ™ ion conductivity
of such crystalline materials may suffer from grain boundary re-
sistances, which can only be reduced by time-consuming annealing
processes at relatively high temperatures [5]. An alternative are lithium
thiophosphate (LPS) glasses, which can often be synthesized in a simple
fashion, e.g. by mechanochemical ball milling [3,11]. The addition of
lithium iodide to LPS glasses improves the ionic conductivity [12-14]
and also the compatibility with metallic lithium anodes [15-19].
However, the best ionic conductivities achieved so far in completely
amorphous lithium thiophosphate — lithium iodide (LPSI) glasses do not
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exceed 1.8 mSem ™! [18].

Heat treatment of such glasses can lead to significant conductivity
enhancements which have been attributed to different origins: (i) The
formation of superionic Li;P3S;; crystals in the amorphous matrix
[3,20-22]. (ii) The formation of a highly conductive thio-LISICON II
phase in the amorphous matrix [14,23]. (iii) Fast ion transport at the
interfaces between crystalline phase and the amorphous phase [24,25].
In all three cases, the enhancement is related to the formation of
crystallites.

In this paper, we demonstrate a novel conductivity enhancement
mechanism during heat treatment of LPSI glasses, which is neither
based on highly conductive crystallites nor on fast interfacial ion
transport, but is caused by faster ion transport in the bulk amorphous
phase. We show that a simple one-step heat treatment of the glass 0.33
LiI + 0.67 Li3PS,4, which was prepared by mechanochemical milling,
leads to a conductivity enhancement from about 0.8 mScm ™! to 6.5
mS-cm ™! without significant crystallization of the glass. To the best of
our knowledge, 6.5 mS-cm ™! is the highest Li*-conductivity obtained
so far in inorganic amorphous Li* ion conductors. By combining elec-
trochemical impedance spectroscopy (EIS), ’Li NMR measurements,
and positron annihilation lifetime (PAL) spectroscopy, we provide
evidence that the Li* conductivity enhancement is caused by the
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annealing-induced formation of monovacancies in the amorphous bulk
phase of the material.

2. Experimental section

The Li,S-P,Ss-Lil glasses were prepared by the means of mechanical
milling using a high energy planetary ball mill (Pulverisette 7, Fritsch,
Idar-Oberstein, Germany). A stoichiometric mixture of reagent grade
Li>S (99.9%, Alfa Aesar, Karlsruhe, Germany), P.Ss (99%, Sigma
Aldrich, Taufkirchen, Germany) and Lil (99.999%, Alfa Aesar,
Karlsruhe, Germany) powders was prepared inside an argon-filled
glovebox (UnilLab, MBraun, Garching, Germany; Xps0 < 1ppm,
Xo2 < 1ppm) and was filled into a zirkonia pot (20 ml volume) with 10
ZrO, balls (10 mm diameter). After closing the pot air-tight, it was re-
moved from the glovebox, and the mixture was milled at a rotational
speed of 500 rpm for about 8 h (5 min milling; 15 min rest; 99 cycles).
Afterwards, the obtained product was removed from the pot inside the
glovebox and was ground in an agate mortar to obtain the final glass-
powder. Each annealing step of the glass comprised heating from 20 °C
to 180 °C in 20 min, holding at 180 °C for 30 min, and cooling from
180 °C to 20 °C in 20 min. All further sample preparation processes were
also carried out inside the glovebox.

For the Li* ion conductivity measurements, the as-prepared pow-
ders were pressed into pellets with a diameter of 6 mm by applying a
pressure of 276 MPa for 30 min at room temperature by means of a
hydraulic press (P/O/Weber, Remshalden, Germany) using polished
stainless steel extrusion dies. The thickness of the pellets was de-
termined by means of a micrometer caliper (Mitutoyo, Neuss,
Germany). To ensure a sufficient electronic contact during the mea-
surements, the pellets were coated with a gold layer on both faces using
a sputter coater (108auto, Cressington, Watford, England). The pellets
were then placed inside a home-built, air-tight sample cell in a two-
electrode arrangement. Impedance measurements were carried out
using an Alpha-AK impedance analyzer (Novocontrol, Montabaur,
Germany) in a frequency range from 1 MHz to 0.1 Hz with an applied
AC voltage of 10 mVgys. The temperature was varied in a range from
—120°C to 180°C using the Novocontrol Quatro Cryosystem. The
maximum temperature offset during the measurements was fixed to a
limit of + 1°C. For the fitting of the obtained spectra, the impedance
analysis software RelaxIS (RHD Instruments, Darmstadt, Germany) was
used.

X-ray diffraction measurements (XRD) were performed using a
powder diffractometer STOE STADI MP (STOE, Darmstadt, Germany)
using Cu-Ka radiation in a Debye-Scherrer geometry. The powder
samples were sealed inside a XRD glass sample tube (Hilgenberg,
Malsfeld, Germany) under argon atmosphere.

For “Li NMR measurements, the powder samples were pressed into
pellets with 3 mm diameter. The pellets were then sealed into NMR
glass tubes (Sigma Aldrich, Taufkirchen, Germany) under vacuum.
During the NMR measurements, the temperature was controlled by a
liquid nitrogen cryostat in a range between —173°C and 27 °C. All
experiments in homogeneous fields were carried out using a home-built
spectrometer operating at a magnetic field of By = 4.6 T, corresponding
to a “Li Larmor frequency of w; = 2 - 63 MHz. Spin-lattice relaxation
(SLR) measurements as well as spectra were recorded with a saturation-
recovery pulse sequence followed by solid-echo detection. In order to
ensure proper excitation of the broad static spectra, the 90° pulse length
was kept at 2.2-2.3 us in all experiments. Correlation functions of the
ion dynamics were measured by applying the stimulated-echo (STE)
pulse sequence for spin 3/2 [26,27]. Diffusion coefficients were mea-
sured using a static field gradient (SFG) magnet with the same magnetic
field strength of By =4.6T and a magnetic field gradient of
g =140Tm'. The STE pulse sequence applied for diffusion mea-
surements can be found in previous work [28]. Due to the identical field
strength, spin-lattice relaxation times for the diffusion measurements
could be resumed from the homogeneous field data.
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Fig. 1. a) Nyquist plot of the complex impedance for the as-prepared 0.33
LiI + 0.67 LizPS, glass (black squares) and for the same sample after a single
annealing step at 180 °C (red circles ), respectively. The spectra were recorded
at a temperature of —120 °C. On the right-hand side, the equivalent circuit used
for fitting the impedance spectra is shown. b) Room-temperature Li* ion con-
ductivity of the LiPSI glass versus the number of annealing steps implying an
overall holding time of 9 h at 180 °C. ¢) Arrhenius plots of the ionic conductivity
of the as-prepared glass (black squares) and of the same sample after a single
annealing step (red circles). The solid lines represent the best linear fit. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

The positron annihilation lifetime (PAL) measurements were per-
formed using a standard temperature-controlled digital positron life-
time spectrometer [29,30] with a time resolution of 228 ps. A 14 uCi
22Na positron source was deposited between two 7.5 um thick Kapton
foils, which were sandwiched between two identical cylindrical as-
prepared glass samples with 10 mm diameter and 1 mm thickness. The
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measurements were carried out at room temperature (RT) under high
vacuum (< 10~ ® mbar). Then the samples were annealed for 30 min at
180°C, cooled down to room temperature, and were characterized
again by PAL measurements. 5 X 10° counts were accumulated in each
positron lifetime spectrum. Si was measured as a reference, which
showed a single lifetime of 218 ps (defect-free bulk lifetime, ;,). After
source and background corrections, the lifetime spectra were decom-
posed two components, n(t) = (I,/z1)e” ™ + (I,/z5)e” 7™, convoluted
with the Gaussian resolution function of the spectrometer using the
lifetime program LT9 [31]. Here, [; and 7; denote the relative intensity
and lifetime, respectively, of component i.

3. Results and discussion

In Fig. 1 a), we show impedance spectra obtained at —120 °C for the
as-prepared glass and for the glass after a single annealing step. Both
spectra were fitted with the equivalent circuit shown in Fig. 1 a). The
semicircle was fitted by a resistance Rg in parallel to a constant phase
element CPEg, while the low-frequency spike due to electrode polar-
ization (double layer formation) was fitted by a constant phase element
CPEp;. The impedance of a constant phase element is given by:
Zepr = Q71 (iw) ™. The capacitance of the semicircle can be calculated
from the Brug formula Cg = (Qg* (Rg)' ~*)'/*) [32]. Capacitance values
of 28 pF-ecm ™2 and 39 pF-cm ™2 were obtained for the as-prepared and
for the annealed glass, respectively, strongly indicating a bulk con-
duction process in both cases [33].

As seen from the figure, the one-step annealing leads to a strong
increase of the bulk ion conductivity of the material. The room tem-
perature ionic conductivity increases from 0.8 mScm™! to 4.6
mScm ™!, see Fig. 1 b). However, longer-term annealing leads to a
strong drop of the conductivity. After 18 annealing steps implying an
overall holding time of 9h at 180 °C, the room-temperature ionic con-
ductivity drops to values of about 1 mS-cm~™*. We found no significant
influence of the holding time at 180 °C (varied between 3 min and
30min) and of the cooling rate (varied between 0.5 Kmin~! and
5Kmin~ 1) on the conductivity enhancement.

Fig. 1 c¢) shows an Arrhenius plot of the ionic conductivity for the as
prepared LiPSI glass (black squares) and for the same sample after the
one-step annealing at 180 °C (red circles), respectively. The highest
room-temperature ionic conductivity achieved by this one-step an-
nealing was 6.5 mS.ecm ™!, which is about eight higher than the con-
ductivity of the as-prepared glass. We note that the maximum con-
ductivity in subsequent experiments varied typically between 4.5
mScm~! and 6.5 mSem™?!, even under nominally identical experi-
mental conditions. The activation energy was lowered from 0.31 eV for
the pristine glass to 0.28 eV for the annealed sample.

In Fig. 2, we show XRD patterns of the as-prepared glass, of a sample
after a single annealing step leading to the maximum conductivity of
6.5 mScm ™, and of a sample after 18 annealing steps (overall 9h
holding time at 180 °C) leading to a drop of the conductivity to 1
mScem™'. The as-prepared sample is completely amorphous. The
sample with the maximum Li™ ion conductivity is mostly amorphous,
but contains a tiny amount of crystalline phase as indicated by the weak
Bragg peak at 19-21°. In contrast, after 18 annealing steps, the sample
exhibits a much higher degree of crystallinity, and the largest Bragg
peaks originate from Li4PS,I crystals, see XRD pattern of crystalline
Li,PS,4I in Fig. 2. Sedlmeyer et al. reported a value of 0.12 mSem ~* for
the ionic conductivity of crystalline Li,PS4I [34]. Since Li4PS4l exhibits
a higher iodide content than the as-prepared glass, we expect the si-
multaneous formation of LizPS,;. The XRD patters obtained after 18
annealing step do not show Bragg peaks originating from crystalline [3-
LisPS4 or y-LisPS, [35]. This indicates the formation of amorphous
LisPS, with a room-temperature ionic conductivity of 0.124 mScm ™!
[36]. Thus after very long time annealing, the conductivity data shown
in Fig. 1 b) should approach a value of about 0.12mS-cm ™ *.

Since the Li4PS,I crystallites and amorphous LisPS, exhibit lower
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Fig. 2. XRD pattern of the as prepared glass (o = 0.8 mS.cm ™ 1), of the sample
after a single annealing step (0 = 6.5 mScm ™), of the sample after 18 an-
nealing steps (0 = 1 mS.em ™), of crystalline Li,PS,I, of crystalline y-LizPS, and
of crystalline B-LizPS,.

ionic conductivity than the as-prepared glass, it is remarkable that a
short annealing step leads to a conductivity enhancement. Conductivity
maxima during annealing close to the crystallization temperature have
also been observed by Adams and Maier [37] for a Ag* ion conducting
glass and by Tsukasaki et al. [24] and by Shiotani et al. [25] for Li ™ ion
conducting glasses. In these studies, the conductivity enhancement was
attributed to fast ion transport at the interfaces between the crystallites
and the amorphous matrix. However, it is important to note that the
maximum conductivity enhancements observed in these studies due to
the interfacial effect was only about 80%, whereas we find a con-
ductivity enhancement of up to 700%. Therefore, the question arises
whether the origin of our conductivity enhancement is different.

In order to characterize the Li ion dynamics in more detail, we
carried out “Li NMR experiments. These experiments probe the quad-
rupolar interactions of the ’Li spins, which reflect the local charge
distribution and, hence, differ at various ionic sites. Temperature-de-
pendent “Li NMR spectra of the as-prepared glass and of a sample after
a single annealing step are shown in Fig. 3 a). As expected for spin-3/2
nuclei [26], the static spectra at low temperatures consist of two
Gaussian lines, which result from the central and satellite transitions
between the Zeeman levels of the spins, respectively. The static width of
the narrower central line amounts to Zcen = 4 kHz for both samples,
whereas that of the broader satellite line changes upon annealing from
Yeat = 50 kHz to X, = 60 kHz. The latter values reflect the fact that
the 7Li spins are subject to broadly distributed quadrupolar interactions
in the studied disordered samples. When the temperature is increased,
the NMR interactions responsible for the line broadening are averaged
by Li motion, leading to line narrowing. At ambient temperatures, the
7Li spectra are dominated by a narrow Lorentzian line, indicating that
correlation times © < 1 ps prevail, but closer inspection reveals that a
broader component still exists and, hence, the line-shape transition is
not yet fully completed. Comparing the motional narrowing of the “Li
spectra for the as-prepared glass and for the annealed samples, we find
quantitative, but no qualitative differences. For a more detailed study,
we show the temperature-dependent linewidth of the central line in
Fig. 3 b). It can be seen that the line-shape transitions have similar
shapes and extend over broad temperature ranges of > 100K, sug-
gesting prominent dynamical heterogeneity in both samples. In the case
of heterogeneous dynamics, the temperature dependence of the line
width depends on both the shift and width of the underlying distribu-
tion of correlation times, hampering straightforward determination of
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a)

b)
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Fig. 3. a) Temperature-dependent “Li NMR spectra of the as prepared glass (left) and of a sample after a single annealing step (right). b) Temperature-dependent
width of the central line in the “Li NMR spectra of the as-prepared glass and of the sample after a single annealing step. The temperature shift between the inflection
points of both curves is about 25K, as indicated by stars. The lines are guides to the eye.

activation energies. However, there is no indication of bimodal dy-
namics for either of the samples, which would result if ionic mobility
was strongly altered in a precipitated phase. The line narrowing profile
of the annealed sample is merely shifted by about 25K to lower tem-
peratures, confirming faster local Li* dynamics in the annealed sample
as compared to the as-prepared glass. Strictly speaking, we expect that a
minority fraction of a bimodal distribution is detectable in our line-
shape analysis, if it amounts to at least 1-2%. In particular, a few
percent of a highly mobile Li species would cause a clearly visible
narrow line on top of the broad spectrum at temperatures just below the
main line-shape transition. Smaller volume fractions of a precipitated
phase could remain unobserved.

7Li STE experiments provide straightforward access to Li ion jump
motion in the milliseconds regime. In more detail, the “Li STE approach
allows us to directly measure the correlation functions Fs(t,)~<sin
[wqp(0)t.] - sin [wop(tm)t.]>, relating the quadrupolar frequencies wqp
during two short and fixed evolution times t, that are separated by a
longer and variable mixing time t,, [26,27,38]. Since the quadrupolar
frequencies depend on the ionic environments, F,(t,) decreases as a
consequence of Li™ jumps to neighbouring sites. Thus, Fy(ty,) is a cor-
relation function describing the depopulation of the Li* sites occupied
at t,, = 0. Fig. 4 shows F,(t,,) for both samples. It is evident that the “Li
STE decay of the as-prepared glass at —133°C and of the annealed
sample at —113°C exhibit very similar characteristics. Interpolation
with stretched exponential functions, exp[ —(t/r)ﬁ], yields correlation
times of T = 0.02s and stretching parameters of § = 0.7. In this ana-
lysis, additional damping of the “Li STE decays due to spin relaxation

Fig. 4. Correlation functions Fo(t,) for the as-prepared glass (measured at
—113°C) and for a sample after a single annealing step (measured at —133 °C
and — 113°C, respectively.) The lines are interpolations with stretched ex-
ponential functions, see text for details.

and spin diffusion [39] is minor. Thus, the observed temperature shift
of 20K further corroborates that annealing leads to an overall speedup
of Li* dynamics. In harmony with the STE results, extrapolation of the
measured electric conductivities, see Fig. 1, to the lower temperatures
of the stimulated-echo study reveals that we expect comparable values
of about 2:10~° mS-cm ! for the as prepared sample at —113°C and
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the annealed one at —133 °C. On the other hand, comparison of the STE
decays at —113°C reveals that annealing speeds up Li ion jumps by
almost an order of magnitude. For both samples, the stretched decays of
Fy(t,,) suggest appreciable dynamical heterogeneity. However, we do
not observe bimodal decays for the annealed sample and, hence, the
data yield no evidence for distinct jump rates in amorphous and crys-
talline regions. In other words, the “Li STE results indicate that all ra-
ther than a fraction of Li ions show enhanced dynamics after the single
annealing step, confirming the results of the above line-shape analysis.

Finally, we use “Li SFG NMR to measure Li* self-diffusion coeffi-
cients. In these experiments, the Li resonance frequencies depend on
the Li position with respect to the applied magnetic field gradient. Thus,
the resonance frequencies are no longer altered by next-neighbour
jumps, but rather by long-range diffusion. To be more precise, our “Li
SFG approach probes translational motion on length scales of about
1 pm. We perform STE experiments with fixed evolution time t, and
variable mixing time t,, to observe the resulting time dependence of the
resonance frequencies. If free diffusion occurs, “Li self-diffusion coef-
ficients D can be obtained by fitting these STE decays to single ex-
ponential functions S(t)~e~ @ ¥ @P where g denotes the field gra-
dient and y the gyromagnetic ratio. Thus, in analogy with the
momentum transfer q in scattering experiments, the product gyt, de-
termines the length scale of the measurement. Fig. 5 shows “Li SFG STE
decays obtained at 330K for the as-prepared glass and for the sample
after a single annealing step. For a given evolution time t,, the decay is
faster by about a factor of two after annealing, indicating that such heat
treatment speeds up Li diffusion. To analyse the validity of the free-
diffusion model, we repeated the experiment for different values of t,.
We observed that the decays shift to shorter times when the evolution
time and, hence, the spatial resolution is increased. Specifically, the
SFG STE results for all used values of t, are consistently described by
global fits with a single diffusion coefficient D, when we consider minor
additional spin-lattice relaxation damping for the shortest evolution
time, t, = 20 ps, which is known from concomitant SLR measurements
and fixed for the interpolation. These observations show that our ap-
proach yields reliable self-diffusion coefficients. At a temperature of
330K, we find D = 1.6-1072 m?-s™ ! for the as-prepared glass and
D =45-10""2 m?-s™! for the annealed sample. The corresponding
Li* ion conductivities at 330 K obtained from impedance spectroscopy
are o+ = 2.5 mS-cm ™! (as prepared) and oy;+ = 7.7 mS-cm ™! (after
single annealing step), respectively. From the mass density of the
samples, p = 2.15 gcm ™3, an overall number density of lithium ions of

Fig. 5. Static-field-gradient diffusion measurements at T = 330K on the as-
prepared sample (full black symbols) and on the annealed sample (open red
symbols). Diffusion coefficients were obtained from STE decays S(t,,) for var-
ious evolution times t,, The solid lines are global fits with the model of free
diffusion, see text for details. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Table 1
Fitting parameters obtained from PAL spectra of 0.33 Lil + 0.67 Li3PS, glass as
prepared and after a single annealing step at 180 °C.

Intensity I; (%) Intensity I, (%) Lifetime z; (ps) Lifetime 7, (ps)

As-prepared
353 + 3.6 64.8 = 3.6 287 + 12 428 + 6

After single annealing step
13.7 = 1.0 86.3 = 1.0 205 = 13 405 = 2

Ny = 2.62-10%' cm ™2 is obtained. Now, we can use the Nernst-Einstein
equation

Ny oe?

Opt = —————=
kB'T'HR (1)

to calculate the Haven ratio Hi. The obtained values of Hz = 0.65 for
the as prepared glass and Hi = 0.6 for the sample after annealing are
reasonable values for solid Li* ion conductors.

Altogether, our ’Li NMR studies in homogeneous and in-
homogeneous magnetic fields reveal that a single annealing step speeds
up both next-neighbour jumps and long-range diffusion, in harmony
with the findings of the above conductivity studies. None of the ”Li
NMR measurements provides evidence for bimodal dynamics in the
annealed sample originating from faster ions in a crystalline phase or at
interfaces and slower ions in the bulk amorphous phase, but the “Li
NMR measurements provides strong evidence that the annealing leads
to faster ion transport in the bulk amorphous phase.

In Table 1, we give the relative intensities and lifetimes obtained for
the two components in the positron-annihilation lifetime (PAL) spectra
of an as-prepared sample and of a sample after a single annealing step.

The main influence of the annealing on the PAL spectra is the
shortening of lifetime 7; from 287 ps to 205 ps and the increase of the
intensity ratio I,/I; from 1.8 to 6.3. Such two-component PAL spectra
can often be interpreted in the framework of a model with positron
capture by a single type of defects [40]. The parameters in such a model
are the annihilation rate of the positrons in a defect-free material A;, the
trapping rate of the positrons by the defects xp, and the positron an-
nihilation rate at the defects Ap,. With these parameters, the lifetimes 7;
and 75 and the intensity ratio I,/I; can be expressed as:

1
T s+ (2
S

P o 3)
L__w

L -1 ()]

Combining these equations, the annihilation rate in a defect-free
material A; can be written as:
ol b,k
B O D 5)
7p is the positron bulk lifetime in the defect-free material. From Eq.
(5), we obtain g = 364 ps for the as-prepared material and 7z = 357 ps
after the one-step annealing. Thus, the bulk lifetime is more or less
unaffected by the annealing. The positron annihilation rate at defects
Ap = 1/75 increases slightly after annealing, but the main effect of the
annealing is the decrease of 7; and the increase of the intensity ratio I,/
I;. Considering Egs. (2) and (4), this points to a strong increase of the
defect trapping rate xp during annealing. From these equations we
obtain an average value of xp = 7.5-10"% ps~! for the as-prepared
sample and xp = 2.1-107 3 ps~' after one-step annealing. Since the
defect trapping rate is proportional to the defect concentration [40],
these results provide evidence for an increase of the defect concentra-
tion by a factor of about 2.8 during annealing. Information on the
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defect type can be obtained from the ratio z/7,, which is 1.17 for the
as-prepared glass and 1.12 for the annealed sample. Such low values
point to monovacancies as defects [40].

Thus, the combination of the electrochemical impedance, “Li NMR,
PAL spectroscopy gives strong indication that the enhancement of the
Li* ion conductivity in the bulk amorphous phase is caused by a strong
increase in the concentration of monovacancies, which act as stepping
stones for the hopping transport of the Li™ ions. Here, it is important to
note that there is no general definition of vacancies in amorphous
materials, in contrast to crystalline material with well-defined lattice
sites. However, MD simulations of Li* ion conducting glasses have
revealed well-defined empty Li* sites in the amorphous structure
[41-43]. The ratio of these empty sites to the sites filled with Li* ions
was found to be about 0.1, i.e. there are only few more Li™* sites than
mobile Li* ions. The low fraction of empty sites should thus be a
limiting factor for the long-range ion transport. Consequently, in-
creasing the number of such empty sites by a factor of 2.8 during the
annealing should indeed lead to a substantial increase of the ionic
conductivity.

4. Conclusions

We have demonstrated that a simple one-step annealing of amor-
phous 0.33 Lil + 0.67 LisPS, at 180 °C increases the Li* ion con-
ductivity from about 0.8 mScm ™! to 6.5 mScm™'. After this single
annealing step, the sample is still mostly amorphous. By combining the
electrochemical impedance, “Li NMR and PAL spectroscopy, we give
evidence that the conductivity enhancement is neither based on highly
conductive crystallites nor on fast interfacial ion transport, but is
caused by an annealing-induced formation of monovacancies in the
bulk amorphous phase, which act as stepping stones for fast Li* ion
transport. This scenario is plausible from a theoretical point of view,
since molecular dynamics simulations of Li* ion conducting glasses
have revealed that the number of empty Li* sites in the amorphous
matrix is much smaller than the number of mobile Li* ions. The low
fraction of empty Li* sites is thus a limiting factor for fast Li* ion
transport, so that an annealing-induced formation of monovacancies,
which are able to accommodate Li* ions, should lead to a significant
conductivity enhancement.
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