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ABSTRACT: Solid-state electrolytes with fast ionic transport properties will play a crucial
role in future energy storage applications that rely on electrochemical reactions. The group
of lithium thiophosphates appears to be especially promising as it includes compounds
such as Li10GeP2S12, already exceeding the conductivity of conventional liquid electrolytes.
Recently, the I-containing thiophosphate, Li4PS4I, belonging also to this group attracted
great interest due to its theoretically high ionic conductivity that is assumed from the
favorable 3D percolation pathways. However, earlier studies showed that ionic
conductivity is lower than expected from these structural considerations. Here, we
reinvestigated both long-range and short-range ion dynamics through nuclear magnetic
resonance (NMR) measurements as well as by conductivity spectroscopy to gain more insights into the conduction mechanism. It
turned out that by changing the morphology of Li4PS4I, that is, by going from the coarse-grained to the nanocrystalline form, a
significant increase in ion dynamics is seen that is accompanied by a change in the Arrhenius prefactor and a clear decrease in
activation energy [0.35 eV (nano) and 0.49 eV (micro)] for ionic conduction. We assume that the smaller energy barrier for the
nanostructured sample, which was prepared by ball milling, originates form the increased number of defects introduced through
mechanical treatment. In line with the reduction in activation energy, we clearly observed an increase in room-temperature
conductivity from 2.9 × 10−2 mS cm−1 (micro) to 0.47 mS cm−1 (nano), that is, by almost two orders of magnitude. Diffusion-
induced spin−lattice relaxation 7Li NMR measurements reveal two distinct Li ion diffusion processes. While the slower process
shows similar activation energies for both micro- and nanocrystalline Li4PS4I, the faster relaxation process displays, however,
activation energies of 0.32 and 0.13 eV for the microcrystalline and the nanocrystalline sample, respectively. Additional spin-lock
NMR measurements sense long-range ion transport (0.34−0.36 eV) and point to anisotropic ion conduction for both samples.
Taken together, the combination of nuclear and non-nuclear methods operating on different time scales help characterize the
relevant diffusion pathways in Li4PS4I finally leading to the superior behavior of nano-Li4PS4I in terms of through-going ionic
conduction.

1. INTRODUCTION

Lithium ion batteries (LIBs) are nowadays considered as one
of the key technologies toward more renewable and less
polluting energy systems.1−4 Today, LIBs are already widely
used in portable electronics as well as in electric vehicles.
Current LIBs rely on liquid electrolytes which pose, however,
several safety risks such as risk of leakage and flammability.5

With the increasing demand for batteries with high energy and
higher power densities, the state-of-the-art systems do slowly
approach their physicochemical limits. Hence, a new
generation of LIBs is urgently needed.2,6−8

All-solid-state batteries are considered to have the potential
to offer high performance at low cost combined with great
safety.9 This technology requires, however, a highly conducting
solid electrolyte material with good electrochemical stabil-
ity.10−14 Not only does the conductivity play an important role,
but it is also crucial that the ion conductor exhibits favorable
mechanical properties, enabling good contact between the

electrolyte and the electrochemically active electrode materi-
al.9,15−17

The group of lithium thiophosphates comprises promising
candidates, including compounds such as Li10GeP2S12 (and its
derivatives),18 argyrodite-type materials Li6PS5X (X = Br,
Cl),19−22 as well as thio-LISICON-based or Li2S-P2S5
compounds23−26 that reach room-temperature conductivities
of up to 10−2 S cm−1. In addition, lithium thiophosphates are
usually synthesized at rather low temperatures (<500 °C),
which is an advantage compared to oxide based ceramics for
which temperatures >1000 °C are needed, which, in addition,
can lead to Li loss by vaporization of the precursors.16,27−29
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Nevertheless, these advantages come along with a non-
negligible disadvantage, namely, a low electrochemical stability
window.30,31 Fortunately, for xLi2S-yP2S5−yLiI, it has been
reported that these materials are indeed capable of forming
stable interfaces with both electrodes.32−36

Earlier studies investigated Li2S-P2S5 compounds with a
molar ratio of 2:1 and an addition of 45 mol % LiI. These
materials are to be characterized by room-temperature
conductivities σ as high as 10−3 S cm−1.37,38 In a more recent
study, samples with a composition of (100 − x)(0.7Li2S-
0.3P2S5)·xLiI were used to study electrochemical stabilities as
well as conductivities of glasses and glass ceramics.39 For a
glass with x = 20, Ujiie et al. reported a conductivity of 5.6 ×
10−4 S cm−1 and a very high electrochemical stability.39

Furthermore, Li2S-P2S5 samples with compositions of 3:1
containing either 35 or 33 mol % LiI (Li7P2S8I) resulted in
materials with high conductivities and promising electro-
chemical stability windows as well.40,41

Hence, these encouraging results make electrolytes based on
xLi2S-yP2S5−yLiI fascinating candidates for future applications
and, therefore, interesting model systems for further research
devoted to analyze the microscopic conduction mechanisms.
In particular, Li4PS4I attracted significant attention due to its
theoretically high conductivity originating from its favorable
3D percolation pathways.42,43 However, so far, experimental
values could not reach the expected range for ionic
conductivities.44

To shed light on this circumstance, Strauss et al.44 used
neutron diffraction measurements to exactly study the crystal
structure of Li4PS4I over a large temperature range. Though
they pointed out that the Li ion site occupation factors change
from ambient conditions down to 10 K,44 no polymorphic
phase transition seems to occur between 295 and 1010 K that
may help in explaining the discrepancy between the measured
and expected transport properties.

Though structural details are already well explored, apart
from a first study by Sedlmaier et al.,42 a more profound
investigation tackling the problem to describe ion dynamics on
a wide time scale is not yet available in the literature. While
Miß et al.45 found indications for fast ion dynamics in
disordered nm-sized Li4PS4I particles that were embedded in a
mixture of different phases, pure nanocrystalline Li4PS4I,
prepared by a top-down synthesis approach such as ball milling
(Figure 1), has not yet been the subject of a larger study.
Sedlmaier et al. used a Li4PS4I sample from a solvent-based
approach to characterize ion dynamics by means of impedance
spectroscopy and static 7Li NMR spin−lattice relaxation
(SLR) measurements.42 Here, we extended this earlier
investigation and employed not only variable-temperature
laboratory-frame but also rotating-frame 7Li SLR NMR
measurements46−48 in combination with high-resolution 31P
and 6Li magic angle spinning (MAS) experiments49 to shed
light on dynamic features and structural details of Li4PS4I in
both its microcrystalline (mc) and nanocrystalline (nc) forms.
The latter has also been touched recently by Miß et al.45

Furthermore, conductivity (and impedance) spectroscopy was
used to study long-range ion transport.50 Most importantly, the
room-temperature ionic conductivity of nc Li4PS4I prepared by
mechanical treatment in a ball mill, see Figure 1, exceeds that
of the mc source material by almost two orders of magnitude.
We assume that defect structures in the bulk and interfacial
effects, possibly including space charge zones,51−53 are
responsible for this increase. Nuclear magnetic resonance

(NMR) and impedance data point to anisotropic Li+ motions,
which could also be rationalized by regarding the crystal
structure in more detail. Our complementary methodological
approach allowed us to identify reduced activation barriers Ea
for nc Li4PS4I that are combined with changes in effective
jump frequencies νeff. The latter does also include the
migration entropy ΔSm as a potentially relevant parameter
that might govern the change in transport properties seen
when going from mc to nc Li4PS4I.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. For this study, two variants of Li4PS4I

were prepared taking advantage of mechanochemical syntheses
approaches. Stoichiometric amounts of Li2S (Sigma-Aldrich,
99.98%), P2S5 (Honeywell Fluka, 99%), and LiI (Sigma-Aldrich,
99.999%) were mixed by hand. Then, the resulting powder was
mechanically milled in a high-energy planetary ball mill (Fritsch
Pulverisette 7 premium line) at a rotation speed of 250 rpm (rounds
per minute) for 2 h (15 min milling, 15 min pause) before increasing
both the rotation speed to 450 rpm and the milling time to 40 h (15
min milling, 15 min pause). Milling was carried out in ZrO2 beakers
filled with 180 balls (ZrO2, 5 mm diameter) and 3 g of overall starting
material. Afterward, the mixture was pressed uniaxially into pellets (5
mm diameter) with a pressure of up to 250 MPa. The cold-pressed
pellets were fire sealed under vacuum in quartz glass tubes and heat-
treated in an oven at 773 K (5 K min−1 heating rate) for 24 h. If not
stated otherwise, the resulting sample will be called mc one. Parts of
this mc sample were again ball milled under rather soft conditions,
that is, for only 30 min at 400 rpm, to obtain the nc variant and to
reduce the amount of amorphous material as much as possible. All
synthesis steps were strictly performed under an inert argon
atmosphere (MBraun glovebox with H2O < 1 ppm, O2 < 1 ppm)
or under vacuum. The starting chemicals were used as received with
no special purification procedures.
2.2. X-ray Powder Diffraction. All X-ray diffraction measure-

ments were carried out using a Rigaku Miniflex 600 diffractometer
(2θ Bragg−Brentano geometry, Cu Kα) with a D/teX Ultra silicon
strip detector. Data were recorded in a 2θ range from 10 to 50° using
a step size of 0.02°. The powder samples were protected from
contamination with air and moisture by using an airtight sample
holder equipped with a Kapton foil window. The diffractograms
recorded were analyzed with Malvern Panalytical X’PertHighScor-
ePlus.
2.3. Impedance Spectroscopy. To carry out broadband

conductivity measurements, the sample pellets were sputter-coated
with Au electrodes (50 nm) on both sides using a Leica EMSCD 050
sputter coater. Impedance measurements were carried out using a
NovoControl Concept 80 broadband dielectric spectrometer, cover-

Figure 1. Schematic illustration of the top-down approach that uses
ball milling to prepare nanocrystalline ceramics. Harsh milling
conditions over a long period will produce amorphous or (nano)-
glassy materials. Here, we used a short milling time and a reduced
rotational speed to prepare nanocrystalline Li4PS4I.
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ing a range from 10 mHz to 10 MHz and temperatures ranging from
173 to 453 K ± 1 K. The sample temperature was controlled by a
QUATRO cryosystem (NovoControl) that uses a stream of freshly
evaporated dinitrogen N2 gas and a heater to automatically adjust the
temperature inside the sample chamber with a Eurotherm controller.
To prevent sample degradation, an in-house-built airtight sample
holder was used. The data were corrected for the resulting (low) cell
stray capacitance of this setup.
2.4. NMR Measurements. So-called time domain 7Li NMR

measurements were carried out after the powder samples were fire
sealed in Duranglass under vacuum. The measurements were
performed using a Bruker AVANCE III spectrometer connected to
a shimmed cryomagnet with a nominal magnetic field of 7 T. Again a
Eurotherm temperature controller was used to vary temperatures
between 193 and 503 K with an accuracy of ±2 K. These static, that
is, non-MAS NMR measurements were performed using a high-
temperature probe (Bruker Biospin) with a ceramic sample chamber.
We used both variable-temperature line shape and SLR NMR
measurements to collect information on Li+ jump rates and activation
energies. While for the 7Li SLR NMR measurements in the laboratory
frame of reference, the classical saturation recovery pulse sequence
was employed54 to monitor the diffusion-induced recovery of
longitudinal magnetization Mz(t), for the analogue measurements in
the rotating frame of reference, the spin-lock technique was used54 to
measure the transversal decay of the magnetization Mρ = M(xy)′(tlock)
in the (xy′) plane of the rotating (′) coordinate system. The spin-
locking frequency was 25 kHz. We used appropriate exponential
functions including stretched ones to parametrize the magnetization
transients and to extract the SLR NMR rates 1/T1 ≡ R1 and 1/T1ρ ≡
R1ρ

<M t t T( ) exp( ( / ) ) with 0 1z( ) 1( ) (1)

+

+ <

M t t T t T

t T

( ) exp( (( / ) ( / ) ))

exp( ( / ) ) with 0 ( , ) 1

z( ) 1( ),1 1( ),2

1( ),1 (2)

In cases where a single exponential proved insufficient, either a
superposition of two exponentials or a function of the latter form was
used to analyze the transient curves. In particular, the convolution
became necessary at low temperatures when the two exponentials
started to overlap.

6Li (73.6 MHz), 31P (202.4 MHz), and 127I (100.1 MHz) MAS
NMR spectra were recorded using a Bruker AVANCE spectrometer
connected to a shimmed magnet with a nominal field of 11 T,
corresponding to a proton Larmor frequency of 500 MHz. The
powder samples were pressed into the MAS NMR rotors (2.5 mm in

diameter) and kept at a rotation speed of 25(1) kHz during the
measurements. The spectra were recorded at slightly elevated
temperatures of 303 K. They were recorded with a single pulse 90°
sequence and a sufficiently long recycle delay between each scan.
Here, we accumulated up to 8000 scans to obtain a satisfactory 127I
NMR signal. LiI and 85% H3PO4 were used as references to
determine the corresponding NMR chemical shifts δiso. Köcher et al.
summarized a number of 6Li chemical shift values; here, if not stated
otherwise, we used δiso(6LiI) = −3.82 ppm as our reference value.55

3. RESULTS
3.1. Structural Properties. While in Figure 2a the crystal

structure of Li4PS4I is shown, in Figure 2b, the powder X-ray
diffraction patterns of both mc and nc Li4PS4I are presented.
For comparison, we also included the positions and heights of
the reflections of a reference pattern [International Crystal
Structure Database (ISCD), no. 432169]. The purity of the
coarse-grained sample was verified by Rietveld refinement,
which revealed that as-prepared mc Li4PS4I is only
contaminated with traces of the binary starting materials
such as Li2S, LiI, and LiI·H2O, see also Figure 2b. Small
amounts of poorly conducting LiI were also detected by 127I
and 6Li MAS NMR, see Figure S1. Rietveld refinement is
consistent with a tetragonal lattice (P4/nmm) with the lattice
parameters a = b = 8.48 Å and c = 5.93 Å, which is in excellent
accordance with results from the literature.42 Crystalline
impurities turn out to be less than 5%.

The structure of Li4PS4I consists of PS4
3− tetrahedra forming

alternating chains providing up to five crystallographically
inequivalent positions for the Li ions. Li(1) and Li(4) are
characterized by a 6-fold coordination to four sulfur anions
(S2−) in plane and two iodine anions (I−) in the axial direction.
A 4-fold (3S + 1I) and 5-fold (4S + 1I) coordination is
observed for the ions residing on the Li(5) and Li(3) positions.
Li+ on Li(2) is tetrahedrally coordinated by two PS4

3− ions
each.42 It has been suggested that Li4PS4I provides fast,
interconnected 3D diffusion pathways involving all available
Li+ sites. While Li+ jumping along the c-axis may take place
using the regularly occupied Li(3) and Li(4) positions, in-
plane hopping is possible via Li(4)−Li(5) exchange
processes.42−44

Figure 2. (a) Crystal structure of Li4PS4I as determined by high-resolution X-ray diffraction, based on the ICSD reference pattern no. 432169. (b)
X-ray powder diffraction patterns of mc (bottom) and nc Li4PS4I (top). Nanostructured Li4PS4I was prepared by ball milling the mc material that
was annealed at high temperatures. Due to the smaller crystallite size in the milled sample, broadening of the reflections is clearly observed. Both
patterns reveal rather pure samples mainly differing only in crystallite size; no mechanochemical reactions took place. For comparison, the positions
of the reflections of the reference pattern are included as vertical bars. Minor impurities such as LiI·H2O (asterisks) and traces of Li2S are indicated,
see the text.
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Turning to the nc Li4PS4I sample, we recognize that the X-
ray powder diffractogram shown in Figure 2b is composed of
broadened reflections. This broadening is a signature of both
small crystallites with mean diameters in the nm range and
stress (or strain) introduced during milling. Here, we used the
method introduced by Williamson and Hall to estimate the
mean diameter of the crystallites and the extent of strain
affecting the X-ray results.56 Since the total width of the
reflections is additionally affected by instrumental broadening,
we chose the mc Li4PS4I sample as a strain-free reference. Due
to the long annealing time used to prepare the mc Li4PS4I
sample, we assume that this sample is mostly unaffected by any
strain effects. The final broadening for the nanostructured
sample is, therefore, assumed to be only caused by size effects
and strain introduced through heavy milling. This first
estimation yielded a mean crystallite size ⟨d⟩ of approximately
30 nm. We repeated our analysis with a well-defined Li2S
standard and achieved a highly comparable mean crystallite
size ⟨d⟩ of 22 nm. It turned out that contributions from strain
ε take an average value of (5 × 10−3) that is very similar to that
found for other nc ceramics prepared by ball milling.57,58 The
broad hump at low diffraction angles, which is also seen for
unmilled Li4PS4I, is caused by instrumental effects. The hump
at intermediate angles might indicate the formation of an
amorphous material. As it is also seen for mc Li4PS4I, we
cannot rule out that it is due to an instrument effect resulting
from our sample holder equipped with Kapton foil, see above.

To collect insights into the structural changes caused by soft
ball milling, we used high-resolution 31P MAS NMR and 6Li
MAS NMR line shape measurements to study the local
magnetic environments at the atomic scale. Figure 3a shows
the 31P MAS NMR spectra of the two samples. Microcrystal-
line Li4PS4I displays a sharp line at 82 pm indicating that
almost all P atoms experience the same magnetic environment.
Comparing the chemical shift δiso with similar compounds, we
notice parallels to Li3PS4, especially if we consider the β-variant
of Li3PS4,

49,59 which displays an almost identical chemical shift

range (84−89 ppm)59 against H3PO4. The NMR resonance of
31P in PS4

3− is expected to appear at approximatively 84 ppm.60

An additional tiny line with an isotropic chemical shift of 89.5
ppm is also seen, which points to another PS4

3− species with a
very low occupancy as the area fraction of this feature is below
2% when referenced to the area under the total NMR signal.
This tiny NMR line is also seen for nc Li4PS4I for which the
main signal appears with reduced intensity. It might indicate a
small amount of γ-Li3PS4, whose chemical shift has been
reported to appear at 88.2 ppm with the corresponding 7Li
NMR signal at 2.8 ppm.59 Most importantly, the main 31P
MAS NMR line of nano-Li3PS4 is asymmetrically broadened,
that is, it shows NMR intensities between 82 and 89.5 ppm.
Such broadening is diagnostic for a wider distribution of
chemical shifts,61 thus directly visualizing the various local
PS4

3− polyhedra distortions. Hence, we conclude that the
milling process does not only reduce the crystallite size but also
introduces a fair amount of (local) disorder into the system
that leads to chemically inequivalent environments for the 31P
nuclei. Milling the material for many hours is expected to
generate a completely amorphous sample62 or, in general,
nanoglassy materials.63 It has been reported that amorphous
Li2S-P2S5-LiI improves overall ion transport in such
systems.62,64 The fact that, when coming from iodine materials
such as Li4PS4I, glassy phases have no detrimental influence on
ionic transport has also been found theoretically.43 On the
other hand, Miß et al. clearly see an increase in ion dynamics
after annealing an amorphous mixture of precursors; they
conclude that a disordered nanoscale Li4PS4I-related phase is
primarily responsible for enhanced ionic conductivity.45 Here,
we expect distorted regions governing the so-called interfacial
regions of the nm-sized Li4PS4I crystallites, that is, structurally
disordered material surrounds the crystallites in the form of a
core−shell structure (see Figure 1). Such a heterogeneous
structure will provide a network of fast diffusion pathways for
the ions. In particular, this network is expected to enhance

Figure 3. (a) 31P MAS NMR and (b) 6Li MAS NMR spectra for mc and ball-milled (nc) Li4PS4I. The NMR spectra were recorded at spinning
rates of 25 kHz and at resonance frequencies of 202.4 MHz (31P) and 73.6 MHz (6Li), respectively. Spectra were referenced to H3PO4 (0 ppm)
and 7LiI (−3.82 ppm vs the chemical shift of solid LiCl); here, we assume no difference in chemical shift between 6Li and 7Li, as the chemical
shielding effect should be independent of the magnetogyric ratio. Spinning side bands are marked with asterisks.
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even long-range ionic conductivity as is indeed probed here,
see the discussion below.

Our 31P MAS NMR lines do not point to huge amounts of
amorphous material rather than to local strain, stress,
distortions introduced when keeping the milling time as
short as possible to generate a sample with nm-sized
crystallites. Distortions and even point defects are expected
to not only determine the interfacial regions of the nano-
crystallites but also to be present in the nm-sized crystalline
bulk regions of Li4PS4I prepared by ball milling. We estimate
that, depending on the deconvolution procedure, approx-
imately 35−50% of the P spins are exposed to these
distortions, as is indicated through the broad foot of the 31P
MAS NMR line of the nc sample. For comparison, such a
broad distribution of resonance lines has also been observed
for glassy Li7P3S11.

65 We believe, however, that huge amounts
of completely amorphous material seem to be absent as we
would expect not only a much broader 31P MAS NMR line but
also lines that span a wider ppm scale, as probed by Seino et
al.66 and partly also by Miß et al.45 For example, while PS4

3−

units in a crystalline matrix show NMR resonances around 88
ppm,67 the polyanions P2S6

4− and P2S7
4− will produce lines at

109 and 97 ppm, respectively.67 The line of PS3
− is reported to

appear at 55 ppm.26,67 These chemical shifts may vary also as a
function of the extent of distortion and disorder.66 The
characteristic chemical shift ranges are roughly indicated in
Figure 3a; a short overview is also given elsewhere.45

6Li MAS NMR spectra are displayed in Figure 3b, which
were referenced to LiI (−3.82 ppm, see above);55 the same
spectra are shown in Figure S1 (Supporting Information) using
a different referencing.68−70 For mc Li4PS4I, we observe a
relatively sharp line at 0.4 ppm that is, most likely, already
influenced by motional narrowing. It is flanked by an
additional line of low intensity at approximately 2.1 ppm.
The corresponding area fractions are 95:5 in favor of the main
line. Again, as these lines do not coalesce under the NMR
conditions, they point to two dynamically distinct Li subsets
with magnetically different local environments. It could be that
the signal at 2.1 ppm represents Li ions that do not take part in

the overall dynamic process governing ionic conductivity at
temperatures slightly above ambient, see below. Coalescence of
the lines might then be expected to occur at higher
temperatures. Such a feature would point to heterogeneous
dynamics in Li4PS4I, see also below. The origin of the very
shallow line at around −1.1 ppm remains unknown so far.
Most likely, it represents an almost negligible impurity. Traces
of LiI, which serve as a reference to determine the chemical
shifts, are seen at −3.82 ppm.55 A 6Li NMR spectrum of
Li4PS4I with a wider ppm scale is shown in Figure S1,
Supporting Information.

For nc Li4PS4I, the situation is similar but the lines are
broader if compared to the mc counterpart. Additionally, the
main NMR resonance experiences a slight shift from 0.4 to 0.7
ppm and reveals a shoulder on the side that is shifted upfield
(approximately 0.5 ppm). From a structural point of view, one
may think about the following possible scenario to understand
this change. We may interpret the shoulder as a signal that
reflects the ions in the inner regions of the nc cores, while the
line appearing at 0.7 ppm could represent the rapid ions in or
near the interfacial regions, which show a larger degree of
disorder. A deconvolution with proper Voigt functions, see
inset, shows that the area under the sharp line amounts to
approximately 48%, which would agree with results from 31P
MAS NMR, see above. A dynamically two-component NMR
line shape is also seen in static 7Li NMR, see below. Note that
127I MAS NMR reveals a slightly increased amount of (partly
X-ray amorphous) poorly conducting LiI, which has been
reformed after ball milling, see Figures S1 and S2, Supporting
Information.
3.2. Conductivity and Impedance Spectroscopy. We

used solid-state broadband conductivity [alternating current
(ac) impedance] spectroscopy covering frequencies from 10−2

to 107 Hz to gain insights into ion dynamics in both the
annealed and structurally disordered Li4PS4I samples. In Figure
4a, the real part σ′ of the complex conductivity is plotted
against the frequency ν for the nc sample; the corresponding
isotherms for mc Li4PS4I are shown in Figure S2 (see Figure
S2, Supporting Information). At low frequencies and high

Figure 4. (a) Conductivity isotherms of nc Li4PS4I recorded at the temperatures indicated. (b) Arrhenius diagram showing the so-called dc
conductivity, plotted as σdcT of mc and nc Li4PS4I vs 1/T. For comparison, the characteristic electrical relaxation frequencies, νmax, deduced from
the modulus peaks M″(ν) are also shown. Values in eV represent the activation energies as obtained from the linear fits (solid and dashed lines).
Interestingly, a discontinuity is seen for the Arrhenius behavior at T ≈ 400 K, which is most pronounced for the ball-milled sample.
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temperatures, electrode polarization (EP) (labeled with I. in
Figure 4a) affects the isotherms σ′(ν) and manifests as a linear
response. Such polarization is caused by charge carrier
accumulation near the ion-blocking Au electrodes.

Toward higher frequencies and temperatures below 273 K,
the dispersive regimes (III, Figure 4a), characteristic for
unsuccessful (localized) jumps, are visible. Commonly, these
regions are approximated by using the Jonscher power law, σ′
= σdc + Aνp.71 While A describes the alternating current
coefficient, p is the power law exponent that ranges from 0.6 to
0.9 for many 3D ionic conductors.71 In general, it may help to
rationalize the dimensionality of the ion conduction process as
Sidebottom remarked that for 1D conduction p < 0.4 is
expected, whereas 2D conduction should result in 0.4 < p <
0.6.72 Here, the isotherms referring to nc Li4PS4I are to be
characterized by p ≈ 0.55, i.e., taking values at the lower 3D
limit and, thus, possibly pointing to anisotropic charge
conduction in our sample. A similar finding has been presented
by Hu and co-workers for Li3PS4 with incorporated LiBr.60

NMR spectroscopy, as discussed below, seems to support this
view as different activation energies for the high temperature
flanks of the T1(1/T) and T1ρ(1/T) peaks are probed. Such
anisotropic character of overall ionic transport would be in
contrast to the earlier studies, suggesting a 3D conduction
mechanism for ion dynamics in Li4PS4I.

42−44

Between the two limits, that is, between EP and the
dispersive regime, the isotherms σ′(ν) pass through a
frequency-independent conductivity plateau (II, Figure 4a),
whose characteristic conductivity σdc is here called the dc
conductivity, as σ′(ν → 0) would be equal to the total
conductivity in the absence of any polarization effects. In
general, σdc represents macroscopic, that is, overall electric
transport and is influenced by contributions from bulk regions,
grain boundaries, or other interfacial processes. For mc
Li4PS4I, we obtain 2.9 × 10−5 S cm−1 at room temperature.
This value is increased to 0.47 × 10−3 S cm−1, i.e., by almost 2
orders of magnitude if we mill the sample. The temperature
dependence of

= ·T E k Texp( /( ))dc 0 a,dc B (3)

kB denotes the Boltzmann constant, is shown in 4b. Linear fits
yield the activation energies Ea,dc of 0.49(1) and 0.35(1) eV for
the mc and the nc samples, respectively. Mechanical treatment
definitely leads to an increase of σdc and reduces the activation
energy by almost 30%. Finally, an enhancement of σdc by more
than two orders of magnitude at the lowest temperature is
measured here. For comparison with the unmilled material,
recent studies of Strauss et al.44 point to an activation energy of
0.45 eV; the authors covered, however, a much smaller
temperature range to investigate ion transport in their mc
Li4PS4I sample. Heating a glassy sample 1.5Li2S−0.5P2S5−LiI
(0.28 eV) led to an activation energy of 0.48 eV for a sample
annealed at 250 °C.64 In line with the suggestions by Strauss et
al.,62,64 the formation of structurally disordered regions always
lead to an enhancement of ionic transport.

Interestingly, we notice that at temperatures higher than 393
K, the Arrhenius lines show a kink-like behavior, see Figure 4b:
the original Arrhenius lines seen at lower temperatures pass
into linear regimes that are characterized by activation energies
Ea,dc of 0.44(6) and 0.17(2) eV, respectively. Particularly for
the nc sample, we observe a significant decrease of the
activation energy in this high-T regime. Such a deviation,
which is also seen for the unmilled sample, could arise from

phase transitions or changes in the conduction mechanism. As
the Arrhenius line belonging to the nc sample is below that of
the nanocrystalline one, a drastic change in Arrhenius prefactor
is observed here. Stabilizing this high-T behavior down to
room temperature would yield conductivity values exceeding
σ′(nano) by another order of magnitude, see the dotted line in
Figure 4b. As pointed out by Strauss et al.,44 in situ XRD does
not show a polymorphic phase transition of Li4PS4I if
temperatures from 295 to 1010 K are considered. Hence, we
rule out that a rigorous change of the crystal lattice takes place
near 400 K, but order−disorder transitions, affecting solely the
Li+ distribution in its substructure, may still serve as an
explanation for such a change.

To understand which spatial region is associated with σdc
and to collect more information on the relevant charge
transport mechanisms in both Li4PS4I samples, Nyquist plots,
i.e., complex plane representations, were constructed, see
Figure 5. The plots show the imaginary part Z″ of the complex

impedance Z as a function of its real part Z′. While the circles
in these plots represent the data measured at 253 K, the dashed
lines show the approximation of the whole location curve with
suitable equivalent circuits, see insets. The separate contribu-
tions from the bulk and any interfacial regions are indicated by
dashed−dotted lines (Figure 5).

In the case of mc Li4PS4I, the full equivalent circuit consists
of a constant phase element (CPE) taking into account EP and
two resistive CPEs (R-CPE), which are needed to satisfactorily
parametrize the data. The capacitance for the first depressed
semicircle, appearing in the high-frequency regime, was
calculated to be C1 = 2.87 pF, which clearly points to an

Figure 5. (a,b) Nyquist plots showing the complex impedances
−Z″(Z′) of mc and nc Li4PS4I, respectively. The location curves,
which were recorded at 253 K, are approximated with the electrical
equivalent circuits shown as insets. Capacitances C1 of a few pF clearly
reveal that the electrical responses reflect intragrain processes. Here,
we obtain 2.7 × 10−6 S cm−1 for the bulk region and 5.3 × 10−6 S
cm−1 characterizing total conductivity including interfacial contribu-
tions, see the text.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.3c02988
Chem. Mater. 2024, 36, 1648−1664

1653

https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02988?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02988?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02988?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02988?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c02988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


electrical process (2.7 × 10−6 S cm−1) that is diagnostic for
dielectric bulk regions.73 The second semicircle is associated
with a capacitance of C2 = 0.06 nF (5.3 × 10−6 S cm−1), which
could originate from electrolyte−electrolyte interfacial effects
or from electrical effects between the electrolyte and the Au
electrode. Even another relaxation process in the bulk regions
might be associated with this response. Its origin is, however,
less clear than that of the semicircle appearing in the high
frequency regime. For the ball-milled sample, only a single R-
CPE unit combined with a CPE unit for the EP region is
needed to reproduce the data very well. The R-CPE unit yields
a capacitance of C1 = 4.08 pF, which indicates that bulk
electrical relaxation dominates the response.73 Hence, three is
no doubt that the dc plateaus of the conductivity isotherms
shown in Figure 4a represent the electrical intragrain
properties of the sample.

To characterize the electrical relaxation processes in the bulk
regions of Li4PS4I further, we analyzed the corresponding
electric modulus data. The imaginary part M″(ν) of the
complex modulus =M 1/ , with being the (complex)
electric permittivity, is shown for nc Li4PS4I in Figure 6. Since

the amplitude of M″ is proportional to 1/C, bulk processes are
pronounced in a semilog plot of M″(ν) vs log(ν/Hz). Peak
maxima appear at ν = νmax with νmax ∝ σdc. Hence, the M″(ν)
peaks shift toward higher ν values with increasing temperature.
While the M″(ν) peaks are shown in Figure 6, the resulting
electrical relaxation frequencies νmax are analyzed in Figure 4a
to directly compare the activation energies Ea,M of the two
samples with those from conductivity spectroscopy Ea,dc. In
both cases, we find that the activation energies Ea,M of the two
samples are lower by 0.06 eV (Figure 4b) as compared to Ea,dc.
This difference might be explained by a slight temperature
dependence of the effective charge carrier concentration63
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Identifying νmax with the hopping frequency νh = ν0,e
exp[−Eh/(kBT)] of the Li ions and using Eh = Ea,M, since for
both mc and nc Li4PS4I, the activation energy Ea,h is lower by
the same additive constant of EN = 0.06 eV, we see that, at any
T, the difference of σdc′ T and νh on the logarithmic scale is
Δlogσdc′ T = Δlogνh (Figure 4b), which yields
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On the log-scale, we obtain Δlogσ0T = Δlogνe,0 = −1.3, that is,
ν0,e,nc is reduced by a factor of 20 as compared to that of mc
Li4PS4I. While the effective, or apparent, attempt frequency is
given by
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for the conductivity prefactor, we have to write

= · = · ·N
e a

k
S
k

S
k

b
S
k

exp exp exp0 0

2 2

B

c

B
0

m

B
0

m

B

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz (7)

Here, N0 is the charge carrier concentration at T → ∞, e is the
elemental charge, γ is a geometric factor taking into account
the dimensionality of the transport process, and a is the jump
distance. Sm and Sc denote the entropies of charge carrier
migration and formation, respectively. According to eq 5, the
change in prefactors, σ0 and ν0,e, have the same origin, which is
given by the product ν0 exp(Sm/kB). We assume that σ0/ν0,e =
b is the same for the two morphologies of Li4PS4I, that is, we
do not expect a significant change in jump distance and/or
potential charge carrier concentration N0. Hence, within this
simple hopping model either ν0, Sm or both parameters change
when going from mc to nc Li4PS4I. Assuming that the
difference ΔS = Sm,nc − Sm,mc is small, only the change in
attempt frequency determines the ratio of the hopping rates.
According to Rice and Roth,74 the attempt frequency, being in
the order of Debye frequencies, is, for an ion that is subject to a
harmonic potential, given by E a m2 /0 h

2 , with m being
the mass of the particle. A reduction in Eh and/or collective
jump processes might indeed lead to a decrease of ν0. In our
case, Eh reduces by 0.14 eV (Figure 4b). Using this value and
assuming a group of three ions taking part in the collective
jump process would lead to a decrease of ν0 by a factor of only
2. A rather large number of collectively jumping ions need to
be considered to justify a decrease of σ0 by a factor of 20. It is
more likely to assume that in a disordered material, a broader
distribution of ν0 could exist; whether such a distribution has a
reduced density at attempt frequencies relevant for the
microscopic hopping process remains to be discussed, see
below. However, whatever the exact origin is that leads to both
a reduction of (i) σ0 and (ii) the true attempt frequency ν0 in
ball-milled Li4PS4I, care has to be taken when interpreting
average values from macroscopic measurements with the help
of microscopic models. Therefore, we used nuclear spin
relaxation measurements (see below) to shed further light on
the change of the diffusion parameters.

Before we do so, we will look at the change of the effective
prefactor from another perspective. Similar arguments can be

Figure 6. Imaginary part of the electric modulus M″ against frequency
ν recorded at temperatures ranging from 173 to 233 K for the mc and
the nc Li4PS4I samples. Lines are drawn to guide the eye. As
compared to the mc sample, the M″(173 K) peak of nc Li4PS4I is
shifted by two orders of magnitude toward higher frequencies. The
corresponding conductivity values σdc change in the same way,
revealing that the increase of σdc is mainly governed by an increase of
the hopping rate when going from mc to nc Li4PS4I. The full width at
half-maximum of the peaks are 1.5 decades on the frequency axis and,
thus, wider than expected for an ideal Debye process (1.14 decades).
See the text for further explanations.
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listed for finding a reduced migration entropy that would also
lead to a reduced prefactor. The fact that, in the present case,
we obtained σ′0,ncT/σ′0,mcT < 1, is in agreement with the so-
called isokinetic rule, colloquially referred to as the Meyer−
Neldel rule.75−77 It predicts that a decrease of Ea will also lead
to a decrease of the prefactor σ0 = f(Sm,c). Such a correlation of
the degrees of freedom of the Arrhenius expression could
indeed be expected for the same dynamic process, particularly
if the measured dynamic range is relatively small. From a
historical point of view, this enthalpy−entropy compensation,
which is known since 1937, is especially seen for materials with
rather high activation energies, i.e., for nonisoentropic
processes. However, the rule seems to break down even at
too high activation energies. In the present case, the Meyer−
Neldel activation energy, Δ0 in σ0 ∝ exp(Ea,dc/Δ0) is given by
47 meV, i.e., we have Δ0 > kBT at T ≈ 300 K. The same value
is obtained if we analyze νh(Ea). With Δ0 > kBT(300 K),
Li4PS4I still belongs to the so-called type-1 Meyer−Neldel
electrolytes.78 In this class of materials, a reduction of Ea,dc
significantly increases σdc at T ≲ 300 K, as is shown in Figure
4b. Here, Δ0 translates into a rather high isokinetic
temperature Tiso = Δ0/kB of 1240 K. For comparison, Δ0 =
47 meV is comparable to that of other Li-bearing phosphates
or vanadates76 but also to garnet-type Li6La3ZrTaO12 (60
meV)79 as well as to Δ0 found in H-bearing amorphous and
crystalline Si.80 Note that in many semiconductors, such as Si,
GaAs, and InP, optical-phonon energies range from 36 to 56
meV.80 Explaining these values quantitatively needs, however,
precise information on the coupling mechanisms behind, likely
considering the electron−phonon interactions in these

materials. In general, for many crystalline alkali ion conductors
and glasses, much higher values ranging from 150 to even 200
meV are obtained.80

Several attempts, which were undertaken to understand the
σ0(Ea) relationship,75,80 tried to estimate entropy contributions

=S k f E n/ ( , , )m,c B h 0 , with 0 and n being characteristic
frequencies and number of excitations that are involved in the
excitation process. Of course, such a change in entropy caused
by a proper statistical consideration of (vibrational) excitation
modes could also serve as a valid argument to explain the
decrease in the apparent prefactors seen. In the multiexcitation
or multiphonon annihilation model of Yelon and Movaghar,80

the entropy term S/kB is approximated by n ln(N/n) ≈ Eh/ε ln
N, if n ≪ N. ε denotes the energy of each phonon quantum
and n is the number of phonons that need to be annihilated in
the excitation. N ≠ f(Eh) represents the number of phonons
that lie within the interaction volume, the energy bath, from
which they can be annihilated. Within this non-isoentropic
approach, which is based on a simple Einstein model of the
phonon spectrum, we obtain Δ0 = ε/ln N that indeed yields
the well-known Meyer−Neldel relationship as follows: using

=S k E/ ( / )B h 0 with α = 1, we obtain
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δ0 = 47 meV leads to the ratio ν0,e,mc/ν0,e,nc ≈ 20. Here, we
obtain ΔSm/kB ≈ 3, which is in the order of entropies of defect
migration.75 However, the value of ν0 from this analysis takes a

Figure 7. Arrhenius plots showing the temperature dependence of the 7Li NMR SLR rates in the laboratory (R1) and rotating frame of reference
(R1ρ) for (a) mc Li4PS4I and (b) nc Li4PS4I obtained after ball milling. While the relaxation rates were recorded at a resonance frequency of 116
MHz, the spin-lock rates refer to a locking frequency of 25 kHz, which does not take into account any contributions from local magnetic fields.
Solid lines show fits according to a BPP-type analysis that uses a combination of two rate peaks to parametrize the whole response. Dashed lines in
(a) and in (b) indicate the individual contributions determining the total responses at high T. The dashed line running through the R1ρ,2 ≡ 1/T1ρ,2
data points is drawn to guide the eye. The same holds for the dotted lines indicating nondiffusive background relaxation seen in R1 ∝ Tκ NMR at
low temperatures. In (b), the location of the curves referring to the mc sample are also indicated.
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value (1010 s−1) that is much lower than expected for phonon
frequencies. It is also lower than those directly seen by NMR >
1012 s−1, see the next section.

In addition, we simply used α = 1; in future studies, it might
be, however, necessary to correct this general expression by
taking into account the exact coupling mechanisms. At least,
we found that specific multiexcitation approaches80 might have
indeed the possibility to account for a decrease of the effective
attempt frequency by approximately 1.5 orders of magnitude.
However, in the special case of ion conductors, we need
detailed models to quantify the exact ion-phonon coupling that
is relevant in solid electrolytes. As announced above, in the
next section, we use microscopic experimental methods to
work out whether such a decrease in prefactor is seen also with
techniques that are sensitive to hopping processes on the
angstrom length scale.
3.3. Nuclear Spin Relaxation. 3.3.1. Microcrystalline

Li4PS4I. Variable-temperature 7Li SLR NMR measurements,
recorded at a Larmor frequency of ω0/2π = 116 MHz, were
used to probe local Li+ jump processes and their associated
activation energies. Figure 7a shows the overall 1/T1 ≡ R1

7Li
NMR relaxation rates of mc Li4PS4I together with the
corresponding spin-lock rates (R1ρ), which will be discussed
below.

The data clearly shows a distinct maximum around Tmax =
500 K with a small shoulder appearing on the low-temperature
flank around Tmax = 380 K. The solid line depicted in Figure 7a
represents a superposition of two R1(1/T) rate peaks following
the model according to Bloembergen, Purcell, and Pound
(BPP).81 Hence, NMR, in contrast to electrical measurements,
reveals the existence of several dynamic processes in Li4PS4I. In
the BPP model, the spectral density function J(ω0) ∝ R1 is
given by a Lorentzian-shaped function as it relies on an
exponential motional correlation function G(t′). Here, we used
the BPP equation in a reduced form that only takes into
account a single term and excludes a second summand, which
considers spin transitions at 2ω0

+
J( )

1 ( )0
c

0 c (9)

An asymmetry of a given R1(1/T) NMR rate peak is taken
into account by the exponent β for which uncorrelated,
isotropic motion yields β = 2. The (microscopic) activation
energy Ea,NMR and the Arrhenius prefactor τc,0

−1 are assumed to
obey Arrhenius behavior
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1
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It should be noted that the R1(1/T) NMR rate peak
showing up at higher T (see dashed line in Figure 7a) turned
out to be fairly symmetric [β = 1.7(7)] with an activation
energy of Ea,NMR = 0.47 eV. This value is, however, fraught with
a large error range as the high-T flank of this peak lies outside
the accessible temperature range of our setup. In contrast, the
shoulder appearing at lower T displays a significantly lower
activation energy of 0.32 eV. Toward even lower temperatures,
the data can no longer be described by the BPP model as
nondiffusive electronic, paramagnetic (via spin diffusion), and
phononic effects start to dominate the relaxation rates.82−84

These so-called background relaxation rates usually follow a R1
∝ Tκ dependence, with the exponent κ taking characteristic
values for, e.g., SLR, purely induced by electronic (κ = 1) or
phononic (κ = 2, Raman-type) spin interactions. While pure
spin diffusion via flip−flop processes is expected to be
temperature-independent (κ = 0), relaxation involving para-
magnetic centers turns out to be more complicated as the
dependence of R ( )1 0 0 (for ω0τc ≫ 1) depends on
whether the polarization transfer is fast or slow and whether it
is based on spin diffusion or particle diffusion. If mediated
through spin diffusion, a temperature-independent process is
again expected in the weaker-than-activated background
relaxation regime. Here, for mc Li4PS4I, we obtain κ =
2.6(1), which shows that the R1 rate in this background regime
is indeed mainly induced by phononic effects.

The corresponding spin-lock R1ρ rates, which are shown in
Figure 7a, do also display two rate peaks as is now expected
from R1 SLR NMR. Each of the R1ρ peaks correspond to one of
the R1 peaks. Our analysis showed that both spin-lock peaks
are symmetric in shape (β high‑T ≈ 1.7, β low‑T ≈ 2), yielding
very similar activation energies Ea,NMRρ of approximately 0.36
and 0.38 eV, respectively. This suggests that the underlying
relaxation mechanisms might differ but need to be
characterized by the same energy barriers, which points toward
a shared relaxation pathway. The deviation of some of the rates
on the high-T flank of peak 1 looks like an additional sharp
maximum. Unfortunately, we cannot confirm the existence of
such a peak with R1 measurements as the corresponding
temperature Tmax lies outside the accessible temperature range.

It is worth mentioning that the high-T flanks belonging to
R1(1/T) and R1ρ(1/T) appearing at higher temperatures do
not coincide, even for Ea,NMR = Ea,NMRρ, as it would be expected

Figure 8. Crystal structure of Li4PS4I shown from different perspectives to better visualize the diffusion pathways. (a) Scheme of the possible Li ion
pathway along the (110) plane using the Li(4) and the thermally activated Li(5) position. (b) Simulation based on soft bond valence calculations
for Li4PS4I showing pathways along the Li(3) and Li(4) positions.
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for a pure 3D (isotropic) ionic conductor. This feature points
to an anisotropic transport process for which ionic diffusion
might be hindered in one direction. Remembering the
electrical measurements (see above), this observation is
supported by the shape of the conductivity isotherms with
their rather low Jonscher exponents also pointing to a
nonisotropic, if not low-dimensional, conduction mechanism
at sufficiently low T. In Figure 8 possible Li+ diffusion
pathways in the ab-plane and along the c-axis are visualized.
Strauss and co-workers mentioned that the occupation of the
Li5 site cannot be observed at temperatures as low as 10 K;44

however, at room temperature, this site becomes thermally
activated. Therefore, we suggest that at ambient conditions, the
path along the c-axis is energetically favored over the in-plane
exchange process, leading to an anisotropic transport
characteristic. Soft BV calculations for Li4PS4I, see Figure 8b,
indeed indicate possible diffusion channels along the Li3 and
Li4 positions. However, no clear pathways in the ab-plane
could be identified. Hence, the energetically favored hopping
path along the c-axis could indeed be the reason for the
observed anomalies in both the conductivity experiments and
in our NMR measurements.
3.3.2. Nanocrystalline Li4PS4I. The R1

7Li SLR NMR
response of the nc Li4PS4I sample is shown in Figure 7b.
Again the longitudinal relaxation rates point to two rate peaks.
Compared to the unmilled sample, these rate peaks are barely
shifted on the temperature scale, that is, Tmax remains almost
the same. However, the peak of nano-Li4PS4I appearing at
lower T, whose low-T flank is accessible here, shows a greatly
reduced activation energy of only 0.13 eV, which points to
faster (localized) Li+ hopping processes in the ball-milled
sample as compared to the situation in the unmilled one. The
value is comparable with that of Sicolo et al. calculated for
ordered Li4PS4I.

43 Admittedly, this low-T NMR flank is,
however, largely affected by the increased nondiffusive
background rates. Here, for nc Li4PS4I, background relaxation
is ten times higher compared to that in the unmilled phase.
Specifically, the NMR background rates of nc and mc Li4PS4I
run in parallel and differ by a factor of 20, which is very similar
to the difference in conductivity prefactors discussed above.
The exponent κ describing R1 ∝ Tκ of the background rates of
nc Li4PS4I turned out to be clearly larger than 2 [κ = 3.3(2)].
This rather large value shows that additional effects from
localized Li+ diffusion processes seem to be responsible for
longitudinal relaxation R1 in the milled sample and that no
pure nondiffusive regime is detected if temperatures down to
180 K are considered, see Figure 7b.

As already touched upon above, the corresponding magnet-
ization transients Mρ(t) of the spin-lock R1ρ NMR experiments
reveal a complex shape leading to the two rates R1ρ,1 and R1ρ,2
also included in Figure 7b. In some cases, the parametrizing of
the transients proved exceedingly difficult; hence, some data
points are excluded from our overall Arrhenius analysis and are
put in parentheses in Figure 7b. Both the R1ρ,1(1/T) main
BPP-type peak and its shoulder, which is also observed for the
unmilled sample, are slightly shifted toward lower temperatures
(243 K), mirroring, at least qualitatively, faster Li+ diffusion in
Li4PS4I. The activation energy, as obtained for the high-T side
[0.34(2) eV], is within error limits the same as that obtained
from conductivity spectroscopy [0.35(1) eV] on nc Li4PS4I.
This excellent agreement shows that in the limit ω1τc ≪ 1,
spin-lock NMR is able, at least for nc Li4PS4I, to probe the
same long-range ion transport process as seen by macroscopic

electrical measurements. At 243 K, we estimate that the mean
jump rate τ−1 is in the order of τ−1 ≈ 2ω1 ≈ 3.1 × 105 s−1. This
value is by a factor of 10 lower than suggested by νmax, clearly
indicating that νmax might be roughly in the order of magnitude
of jump rates but has to be, in general, simply regarded as a
mean characteristic electrical relaxation frequency.

Turning to the rates labeled R1ρ,2, we see that they fairly
follow the temperature behavior that is expected for spin−spin
rather than for (spin-lock) SLR. There might be a shallow
maximum in R1ρ,2 at 243 K. However, we would interpret this
contribution to the overall Mρ(t) transients as being influenced
by spin−spin interactions rather than being truly affected by
spin-lock effects. Importantly and independent of the
interpretation of the rates at low T, the flank seen in the
high temperature regime is characterized by the same
activation energy as found for R1ρ,1. The fact that the two
rates in this temperature regime do not perfectly coincide does
again point to geometrically restricted diffusion in Li4PS4I.
3.4. NMR Line Shape Measurements. In addition to

diffusion-induced SLR NMR, we probed Li ion dynamics in
mc and nc Li4PS4I by recording 7Li NMR line shapes, which
we obtained at different temperatures by Fourier trans-
formation of the free induction decays after a sufficiently
long longitudinal relaxation. In Figure 9 the 7Li NMR lines of
mc Li4PS4I are presented.

At low temperatures, the overall NMR signal is composed of
a quadrupolar powder pattern and a central line. In a first
approximation, the main part of the quadrupole pattern, which
comprises the 90 and 180° singularities, can be approximated
by considering a single axially symmetric electric field gradient
as the separation of the outer singularities on the frequency
scale is exactly twice that of the inner ones, see Figure 9. In
such a case, the distance Δ directly gives the coupling constant
Cq = 57.5 kHz. With increasing temperature, this pattern
changes. Rapid Li+ exchange processes cause the pattern to
average (see below).85−87 While at ambient temperature, the
original pattern can hardly be seen any longer, a motionally
averaged one appears at intermediate temperatures, as will be
discussed below. Careful inspection of the quadrupole pattern
reveals a further pair of outer satellites, marked in Figure 9
(top) by arrows. Most likely, these (90°) singularities represent
another small ensemble of Li spins that is exposed to a much
larger field gradient (Cq ≈ 150 kHz).

Thermally activated Li+ hopping does also affect the central
transition (±1/2 ⇆ ∓1/2). Such line narrowing occurs
because of motion-controlled averaging of dipole−dipole
interactions to which the spins are subjected in Li4PS4I. It is
worth noting that the central line does not undergo a
homogeneous narrowing process, rather it shows heteroge-
neous narrowing resulting in the two-component line shape
shown in the inset of Figure 9. Heterogeneous line narrowing
means that also Li+ self-diffusion in Li4PS4I is of a
heterogeneous nature, that is, we have to deal with a
distribution of hopping rates instead of a single, averaged
motional correlation rate. Such heterogeneous dynamics can
easily be traced back to the complex Li+ substructure presented
above. At 253 K, approximately 1/3 of the Li ions are
responsible for the narrowed line on top of the broader
Gaussian-shaped resonance (see inset of Figure 9) that belongs
to the so-called rigid-lattice regime.

The corresponding 7Li NMR line shapes of nc Li4PS4I are
displayed in Figure 10. While in Figure 10a, the lower part of
the spectra is shown, in Figure 10b, the 7Li NMR central lines
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are compared that have been recorded at different temper-
atures.

Again, in the rigid-lattice regime, we clearly detect a
quadrupole power pattern, which is, however, less distinct as
in the case of the unmilled, fully crystalline sample. Overall,
structural disorder and local site disorder sensitively affect the
electric field gradients at the nuclear sites and, thus, the overall
pattern, as has been observed also for nc LiTaO3 earlier.88

Whereas for well crystalline samples, patterns with sharp
singularities are obtained, for locally disordered samples with
their distorted polyhedra, smeared patterns are observed, see
the two spectra shown in the upper part of Figure 9. For a
completely amorphous sample, a distinct NMR satellite
structure would be completely absent, see the discussion on
the 31P MAS NMR spectra (vide supra). As in the case of mc
Li4PS4I, the quadrupole interactions get averaged with
increasing temperature. For the ball-milled sample, this process
sets in at lower temperatures, corroborating its higher Li+

diffusivity. While at 253 K the quadrupole pattern of the
spectrum belonging to nc Li4PS4I is already largely affected by
Li+ hopping, it still reveals a rather clear structure, though
reduced in height when compared with that of mc Li4PS4I, see
Figures 9 and 10b.

Li+ diffusion also leads to a pronounced motional narrowing
for the NMR lines of nc Li4PS4I. Again, we observe a two-
component line shape, clearly revealing two reservoirs of
dynamically distinct Li ions. Generally, in addition to
heterogeneous dynamics in the bulk, also the structurally
disordered interfacial regions in nc ceramics may constitute
another reservoir of fast Li spins, as has also been observed for
other nc ceramics.89−92 Space charge effects might enhance Li+
diffusion further.51−53 Likely, the two-component line shape
does also lead to the complex decay of the transversal
magnetization transients that we acquired in our spin-lock
NMR experiments. The existence of effective spin-diffusion
effects could serve as an explanation for why the corresponding
1/T1 magnetization transients could be parametrized with a
single but stretched exponential.

Figure 9. 7Li NMR spectra of mc Li4PS4I recorded at the
temperatures indicated. While in the lower part, the scaling puts
emphasis on the quadrupolar intensities flanking the central transition,
the inset shows the heterogeneous narrowing of the central line. In
the upper part, a magnification of the quadrupole powder pattern at
213 K is shown. For comparison, the pattern of the ball-milled sample,
i.e., nc Li4PS4I, is also included. The spectra do almost refer to the
rigid-lattice temperature regime. Δ = Cq/2, as indicated, leads to a
quadrupole coupling constant of 57.5 kHz that characterizes the main
quadrupolar pattern. Arrows point to another set of singularities that
is caused by a another small subset of Li ions.

Figure 10. (a) 7Li NMR central lines of nc Li4PS4I, which was
prepared by ball milling the mc materials; spectra have been recorded
at 116 MHz and at the temperatures indicated. In the inset, a
comparison of the central lines (213 K) of nc and mc Li4PS4I is
shown. While the line belonging to unmilled Li4PS4I is mainly
composed of a single Gaussian line, a two-component line shape is
seen after milling; the narrowed line on top of the broad one reflects
Li ions being mobile on the kHz time scale defined by the NMR
experiment. (b) Magnification of the quadrupole powder pattern of
the 7Li NMR lines of nc Li4PS4I. At 253 K, we observe that electric
quadrupolar interactions are already significantly averaged; this results
is in contrast to that obtained for mc Li4PS4I, see Figure 9.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.3c02988
Chem. Mater. 2024, 36, 1648−1664

1658

https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02988?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02988?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02988?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02988?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02988?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02988?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02988?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02988?fig=fig10&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c02988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Most importantly, as compared to mc Li4PS4I, heteroge-
neous narrowing of the lines belonging to nc Li4PS4I sets in at
much lower temperatures as is illustrated in the inset of Figure
10. This inset compares the NMR lines of mc and nc Li4PS4I,
which we recorded at 213 K. While for the mc sample, the start
of line narrowing can already be divined at this temperature, it
is clearly visible for the nc sample. The latter NMR resonance
is dominated by the superimposed narrowed line.

In Figure 11, the 7Li NMR line shapes of mc are shown
along with those of nc Li4PS4I recorded at higher T, that is, at
temperatures where line narrowing of the central lines is
completed. Figure 11 also shows the change of the overall
fwhm of the central transitions of both samples.

Analyzing the change of the line width in a quantitative way
is possibly by approximating the narrowing curve with the help
of the model introduced by Hendrickson and Bray, which has,
however, originally developed for another purpose.83 In their
model, the NMR line width Δf ν(T) is given by the following
relationship
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ν∞ denotes the final width in the extreme narrowing regime,
Δν0 is the width in the rigid lattice regime, Ea, HB represents
the activation energy, and B is related to the number of
thermally activated spins.83 Here, activation energies of
0.28(3) and 0.17(2) eV for mc and nc Li4PS4I are obtained.
We have to note that for both samples, and especially for nc
Li4PS4I, the narrowing curves are to be regarded as
approximations yielding mean values as the lines are actually
composed of two contributions. Nevertheless, for nc Li4PS4I,
the motion-induced curve is clearly shifted toward lower

temperatures revealing, at least qualitatively, a significantly
higher diffusivity in this sample. It seems that for temperatures
higher than 300 K, the line width of this sample continuously
decreases slightly further until the extreme narrowing regime is
ultimately reached at 400 K. Whether a distinct narrowing step,
see arrow in Figure 11a, does exist remains experimentally
difficult to confirm. Most likely, this continuous decrease for Δf
ν(T) < 1 kHz again reflects a rather wide distribution of jump
rates, which is as such not seen for mc Li4PS4I.

Importantly, the 7Li NMR line shapes of mc Li4PS4I, see
Figure 11b, point to a stepwise activation of diffusion
processes, and, thus, consecutive activation of Li+ diffusion
pathways in the sulfide. Therefore, the NMR lines support the
idea of anisotropic diffusion in Li4PS4I as follows: when
coming from low temperatures the narrowed central line shows
a Lorentzian shape whose lower part is, however, broader than
expected. This lower part represents again a dipolarly
broadened distribution of another set of electric quadrupolar
satellite transitions. The original quadrupolar pattern, see
Figure 9, observed at a very low T is averaged such that a
residual pattern re-emerges at intermediate temperatures,
which is then completely averaged only at higher T, see
below. This process is fully reversible. At intermediate
temperatures, the pattern is characterized by a single mean
quadrupole coupling constant C 10 kHzq . At 333 K, the
pattern is fully developed and its inner (90°) and outer (180°)
singularities, separated by = C 10 kHzq , are best seen, cf.
Figure 11b. This characteristic feature resembles the universal
behavior of solid-state NMR lines of complex crystalline
materials such as other thiophosphates,54,93 thioborates,85−87

and silicates.94

If the temperature is increased further, the reduced pattern
undergoes additional changes (Figure 11b) and is finally

Figure 11. (a) 7Li NMR line width fwhm of mc and nc Li4PS4I. The dashed lines represent fits according to the ad hoc model by Hendrickson and
Bray. (b) Variable-temperature 7Li NMR lines of mc Li4PS4I. Besides the prominent central line of the ±1/2 ⇆ ∓1/2 transition, we observe a
quadrupole powder pattern (1/2 ⇆ 3/2) emerging when coming from a low temperature and disappearing when going to higher T. See the text for
a further discussion of this stepwise activated Li+ dynamic behavior. The inset shows the NMR resonances of the nanostructured, distorted sample
where the distinct satellite intensities are missing.
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completely averaged by Li+ exchange processes that come into
play when T reaches values as high as 360 K. At 393 K, the
spectrum is solely composed of a single central line (Figure
11b). Again, according to our study, we deal with a reversible
change in line shape. Ion dynamics causing this averaging
process proceed on a much longer time scale than those being
responsible for motional narrowing of the original quadrupole
powder pattern and of the central transition (Figure 11). Note
that narrowing of the central line is fully completed at 350 K.
Obviously, the already mobile Li ions in Li4PS4I get (stepwise)
access to further diffusion pathways at temperatures higher
than 300 K. This feature supports our idea about nonisotropic
self-diffusion of Li+ in Li4PS4I, see above. It might be related to
the Li signal appearing at 2.1 ppm, see Figure 3b, which could
mirror Li sites that do not participate in overall Li+ diffusion at
ambient conditions but get involved in rapid exchange
processes only at higher T.

Another explanation of the stepwise changes seen in NMR
electric quadrupolar interactions would be a (reversible)
rearrangement of the Li ions in Li4PS4I occurring at higher
T. In such a scenario, the Li ions would have to occupy sites
with no electric field gradients, which is only expected for a
highly symmetric electric charge distribution at the nuclear
sites. Such a nondynamic scenario is, however, rather unlikely.
We believe that the stepwise reversible appearing and
disappearing of the quadrupolar powder pattern of mc
Li4PS4I reflects a dynamic feature. It excellently agrees with
the deviation of the σdc′T Arrhenius line starting at 370 K and
passing into a new Arrhenius line at 400 K, see the arrows and
the gray area in Figure 4b. Obviously, this change in
conductivity Arrhenius behavior is related to the changes
seen in NMR line shape measurements.

Finally, for nc Li4PS4I, we do not observe a partly averaged
quadrupolar powder pattern re-emerging at intermediate
temperatures. The original electric quadrupolar pattern,
which is seen only at very low T (Figure 10b), is completely
averaged at temperatures above ambient and no new satellites
reappear, see the 7Li NMR lines included in Figure 11b on the
right. Hence, although overall Li+ diffusion is without doubt of
a heterogeneous nature in nc Li4PS4I, as is evidenced by the
two-component central line (Figure 10a), the absence of such
a clear intermediate quadrupolar powder pattern shows that no
large Li subensemble remains immobile on the NMR time
scale in the temperature regime of extreme motional narrowing
(T > 300 K). This finding is in agreement with the significantly
reduced intensity of the 6Li MAS NMR line seen at 2.1 ppm,
cf. see Figure 3b. In other words, the local distortions
introduced through milling ensure that already at temperatures
as low as 300 K (see Figure 11), almost all Li ions participate
in overall translational dynamics.
3.5. Comparing Results from NMR and Conductivity

Measurements. 3.5.1. Longitudinal Relaxation in Li4PS4I.
We believe that the two-component 7Li NMR line shapes seen
for both samples, but more pronounced for nanostructured
Li4PS4I at low temperatures, could easily lead to the
nonexponential magnetization transients and to several
superimposed diffusion-induced NMR rate peaks. Indeed, as
has been discussed above, deviations from pure exponential
behavior has been observed and the 7Li NMR rates R1 of
unmilled Li4PS4I pass through two rate peaks (see Figure 7a).
It is worth mentioning that the peak appearing at higher T is
located in the temperature regime (T > 400 K) where the
conductivity Arrhenius lines have already entered a regime

with another activation energy, as indicated in Figure 4b. This
fact needs to be considered when comparing results from
NMR and conductivity data. Here, the prefactors τc,0

−1 of the
two rate peaks are as follows: for the high-T peak, we obtain
τc,0

−1 = 8 × 1013 s−1 and for the peak showing up at lower T, the
factor is given by τc,0

−1 = 2 × 1013 s−1. We find that a lower
activation energy is combined with a prefactor τc,0

−1 slightly
reduced by a factor of 4. As just mentioned, the two rate peaks
refer to two different Arrhenius regimes as probed by
conductivity spectroscopy and discussed above. Nevertheless,
values in this order of magnitude are highly comparable to
those commonly expected for (Debye-type) phonon frequen-
cies.

The most striking difference when going to nc Li4PS4I is,
however, given by the fact that the peak at low T remains
unshifted on the 1/T scale but is reduced in its low-T
activation energy (see Figure 7b). Hence, localized, correlated
Li+ movements are facilitated in nc Li4PS4I, which might also
trigger long-range ion dynamics as probed by conductivity
spectroscopy. Since we have no direct access to the high-T
NMR flank, the associated prefactor cannot be properly
determined; a rough estimation via the BPP analysis shown in
Figure 7b, which leads to 1013 s−1.
3.5.2. Spin-Lock Relaxation in Li4PS4I. In the case of spin-

lock NMR, the rates belong to the lower temperature regime
(T < 400 K) for which no change in the conductivity
Arrhenius line is seen. Additionally, spin-lock NMR is sensitive
to a time scale that is more comparable to that probed by (dc)
conductivity spectroscopy. The situation for spin-lock NMR is
as follows: the two peaks detected for mc Li4PS4I (see Figure
7a) are to be characterized by τc,0,ρ

−1 = 0.2 × 1012 s−1 (at high
temperatures) and τc,0,ρ

−1 = 6 × 1012 s−1 (at lower temperatures).
These factors differ by a factor of 30 and show a larger
prefactor for the peak appearing at lower T as expected for a
pair of peaks that shift on the 1/T scale but have almost the
same high-T activation energies Ea,NMR (0.36, 0.38 eV). For the
rate peaks of the nc sample (see Figure 7b), we obtain
prefactors increased by 20% but with the same ratio of
approximately 30. Again, an increase in τc,0,ρ

−1 is seen when a
peak with the same shape appears at lower T. Prefactors in the
order of 1012 s−1 are in the lower range of phonon frequencies.
For comparison, at least the two Arrhenius lines νmax(1/T)
point to νe(1/T → 0) rates being in the same order of
magnitude as NMR does. We obtained 1 × 1013 s−1 for mc
Li4PS4I and 2 × 1012 s−1 for the nc sample, see Figure 4b. For
comparison, recent calculations by Albe and co-workers point
to a prefactor in the order of 2 THz for ordered Li4PS4I.

43

Taken together, as compared to the trend that determines
the Arrhenius lines of conductivity and electric modulus
spectroscopy (cf. the discussion of Figure 4), the opposite
change in prefactors is seen by atomic-scale spin-lock NMR.
Here, the shift of the diffusion-induced rate peaks in spin-lock
NMR does lead to a slight increase of τc,0,ρ

−1 rather than to a
decrease. If we assume that τc,0

−1 of NMR is a true attempt
frequency rather than an effective or apparent one, the change
in σ0 and ν0,e has to be looked for in a change of the overall
entropy rather than in a shift of the characteristic frequencies
of the modes to which the jumping ion is subjected. To
conclude, while we definitely see a Meyer−Neldel change in
prefactors when studying macroscopic dc conductivity data in
the T regime below 400 K, a reduction in attempt frequency by
atomic-scale methods, such as spin-lock NMR, can hardly been
recognized. In contrast, in the case of Li4PS4I, we observe even
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a slight increase in attempt frequency rather than a decrease.
As a last remark, if we assume that the above-mentioned ratio
of 30 is related to the change in (effective) attempt frequency,
electric relaxation in mc Li4PS4I could be primarily influenced
by the spin-fluctuations seen by the spin-lock peak at higher T,
while the response of nc Li4PS4I would then be governed by
the fluctuations sensed by the spin-lock peak appearing at
lower T. Such a view might serve as an alternative explanation
for the change in σ0 and ν0,e seen by macroscopic methods.

4. CONCLUSIONS
We studied the effect of local structural disorder on overall ion
dynamics in Li4PS4I. The defect-rich nc form of the
thiophosphate has been prepared by soft ball milling of the
coarse-grained starting materials, which we synthesized by
classical solid-state procedures. As studied by broadband
conductivity spectroscopy, structural disorder leads to an
increase of Li ion conductivity by almost 2 orders of
magnitude, that is, it increased from 2.9 × 10−5 to 0.47 ×
10−3 S cm−1. This increase, which corroborates recent studies
by Strauss et al.,62,64 is accompanied by a significant decrease
of the conductivity activation energy from 0.49 to 0.35 eV. The
migration activation energy, as probed by electric modulus
spectroscopy, changed from 0.43 to 0.29 eV. Here, we have not
only determined activation energies but also tried to
understand the change in apparent attempt frequencies seen
in our macroscopic electrical measurements. Indeed, using the
multiexcitation approach, one may rationalize a decrease of the
(macroscopic) effective attempt frequency by a factor of 20.
NMR relaxation, on the other hand, does not indicate a strong
change in attempt frequencies.

σdc reveals a change in the conduction mechanism at T >
400 K, which is also seen in 7Li NMR quadrupolar spectra.
Stabilization of this process down to room temperature would
boost ionic conductivity at 300 K by another order of
magnitude. The complex diffusion behavior in Li4PS4I is finally
fully revealed in NMR measurements where rapid Li ion
dynamics manifests as a pronounced heterogeneous motional
line narrowing. Averaging and reappearance of quadrupolar
intensities flanking the NMR central line clearly unveils a
stepwise activation of several diffusion pathways in the
thiophosphate. Time-domain NMR relaxation measurements
do also mirror this behavior and point to activation energies
spanning a wide range of values, that is, from 0.13 to 0.34 eV
for Li ion hopping in nc Li4PS4I. These values characterize Li
ion hopping on the various time scales to which NMR is
sensitive, that is, including local [forward and backward (0.13
eV)] as well as successful displacements (0.34 eV). The latter
value, which is deduced from the high-T flank of so-called spin-
lock NMR relaxation measurements, determines long-range
ion hopping and is in excellent agreement with that probed by
electrical spectroscopy (Ea,M = 0.29 eV, Ea,dc = 0.35 eV). We
would, however, explicitly say that in very fast ionic
conductors, the traditional picture of a static barrier seems to
insufficient, as has already been pointed out by Pardee and
Mahan in 1975.95 Rather, a complex interplay between the
mobile species and the lattice, especially in systems with
polyanions, is expected, which might be seen in NMR
relaxation.96,97

Lastly, in conjunction with the stepwise activation of
diffusion pathways, we find indications of anisotropic Li+
conduction in Li4PS4I as evidenced by both ac impedance
data and 7Li NMR relaxation rates. We believe that Li+

hopping is rather rapid along the c-axis and that the Li ions
use the channels formed by the Li4 and Li3 positions to diffuse
through the material. Since the Li5 position becomes
populated at elevated temperatures, we assume that, on the
NMR time scale, this site gets involved in overall Li+ exchange
processes only at higher temperatures. The latter would also be
in agreement with the stepwise appearance and disappearance
of the NMR electric quadrupolar satellite intensities.
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