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Abstract: Developing high-performance all-solid-state batter-
ies is contingent on finding solid electrolyte materials with high
ionic conductivity and ductility. Here we report new halide-rich
solid solution phases in the argyrodite Li6PS5Cl family,
Li6@xPS5@xCl1+x, and combine electrochemical impedance
spectroscopy, neutron diffraction, and 7Li NMR MAS and
PFG spectroscopy to show that increasing the Cl@/S2@ ratio has
a systematic, and remarkable impact on Li-ion diffusivity in
the lattice. The phase at the limit of the solid solution regime,
Li5.5PS4.5Cl1.5, exhibits a cold-pressed conductivity of 9.4:
0.1 mS cm@1 at 298 K (and 12.0: 0.2 mScm@1 on sintering)—
almost four-fold greater than Li6PS5Cl under identical proc-
essing conditions and comparable to metastable superionic
Li7P3S11. Weakened interactions between the mobile Li-ions
and surrounding framework anions incurred by substitution of
divalent S2@ for monovalent Cl@ play a major role in enhancing
Li+-ion diffusivity, along with increased site disorder and
a higher lithium vacancy population.

All-solid-state Li-ion batteries eliminate the flammable
liquid organic electrolyte in Li-ion batteries by implementing
a solid-state electrolyte (SSE), hence potentially increasing
safety and also volumetric energy density by allowing more
efficient packaging. Developing high performance cells is—
amongst many other factors—dependent on the implementa-
tion of SSEs that possess high ionic conductivities at room
temperature, the ability to form good interfaces and which
present scalable synthetic routes to their realisation.[1]

Although a number of sulfide, oxide, and phosphate fast
ion-conducting solids are now known,[2–4] many exhibit draw-
backs such as poor mechanical properties, and difficulty in
their processing. For example, garnets based on Li7La3Zr2O12

are popular owing to their chemical stability and high
conductivity,[5, 6] but they have the detriment of very low
ductility and high-cost precursors. Sulfide-based materials, on
the other hand, exhibit the highest ductility of all the above
candidates, which is important to optimise solid-solid inter-
faces.

Li-argyrodites, Li6PS5X (X = Cl, Br), fall into this latter
family and are easily synthesized using inexpensive precur-
sors. Their cubic crystal structures F(43m

E C
are comprised of

PS4
3@ tetrahedra, with isolated S2@ and X@ ions disordered

over the 4a and 4 c Wyckoff sites in the lattice, and Li+ ion
sites that form cagelike Frank-Kasper polyhedra around the
anions.[7] While room-temperature Li-ion conductivities ini-
tially reported for the Cl (1.9 mS cm@1)[8] and Br phases
(0.7 mS cm@1),[9] were within practical ranges, recent values
are even higher and comparable to those of liquid electro-
lytes. Total ionic conductivities are heavily influenced by the
synthesis method, grain boundary contributions, and methods
used for conductivity measurements, including sintering
cold-pressed pellets.[10] Solution-based Li6PS5X synthesis
routes typically give lower ion conductivities (10@5–
10@4 mScm@1)[11–13] owing to phase impurities although
recent studies using this method report high values for
Li6PS5Cl and mixed anion Li6PS5(Cl,Br) argyrodites of 2.4
and 3.9 mS cm@1, respectively;[14] and 3.1 mScm@1 for
Li6PS5Br.[15] A conductivity of 3.15 mS cm@1 for Li6PS5Cl
was reported prepared by a rapid solid-state route[16] and
a value of 5 mS cm@1 was recently achieved upon long-term
annealing, albeit using pellets pressed at eight tons.[17]

Li6PS5Cl is consequently a promising candidate for all-solid-
state Li-ion batteries.[18–22]

The discovery of new and advanced solid electrolytes has
been hindered by incomplete understanding of the funda-
mental descriptors that dictate ionic mobility. Regarding
Li6PS5X (X = Cl, Br, I) studies of the role of anion polar-
izability[23] and halogen disorder are prominent. Early on, it
was demonstrated that the very low conductivity of Li6PS5I
(& 4 X 10@4 mS cm@1), is due to the ordering of the larger I@

ion on the 4 a site, compared to the disorder of Cl@/Br@ ions
over both the 4 a and 4c crystallographic sites which invokes
high conductivity.[9] Prior studies of Deiseroth et al., also
noted narrowing behaviour in the 7Li NMR line-shapes for
Li6PS5I that suggested a more confined motion.[7] Recent
molecular dynamics (MD) simulations of Li6PS5X defined
three types of Li-ion jumps in the cagelike polyhedra formed
by Li+ in the stable 48h Wyckoff site, and 24g transition site:
short-range 48h-24g-48h “doublet” jumps; short-range 48h-
48h intracage jumps, and long-range intercage jumps.[24] These
studies clearly demonstrated that halide/sulfide disorder is
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advantageous for the intercage jump that is responsible for
long-range Li-ion diffusion. These MD simulations also
probed the effect of introducing more halogens (and hence
more Li vacancies) into the argyrodite to form the theoretical
compositions Li5PS4X2, where the halides occupy all of the 4a
and 4c sites. The conclusions were that increasing the halogen
content does not significantly alter the conductivity for X =

Cl, Br.
The above motivated us to develop halide-rich composi-

tions Li6@xPS5@xCl1+x (x, 0.5) where halide/sulfide disorder is
maintained on the 4a and 4c sites. Here, we elucidate the
structure of the new single-phase Li5.5PS4.5Cl1.5 argyrodite by
neutron diffraction; and examine ion conductivity and
diffusivity in the solid solution series Li6@xPS5@xCl1+x (x< 1)
by a combination of electrical impedance spectroscopy (EIS),
and pulsed field gradient (PFG) NMR. The latter technique is
increasingly more popular as advances in fast ion conduction
have made it more accessible to the rates of motion probed by
the PFG experiment.[25–28] The most halide-rich composition,
Li5.5PS4.5Cl1.5, exhibits the highest Li+ conductivity of 9.4:
0.1 mS cm@1 at 25 88C—which is about four-fold above that
Li6PS5Cl prepared under identical processing conditions—
and a low activation energy (Ea) of 0.29 eV. Sintering results
in even higher conductivity of 12: 0.2 mScm@1. 7Li PFG
NMR spectroscopy and fast magic-angle spinning (MAS)
NMR studies shed light on the underlying chemistry. These
reveal heightened Li+ diffusivity and weakened interactions
of the Li+ cation with the Li6@xPS5@xCl1+x framework owing to
the substitution of the divalent sulfide for the monovalent
halide, and correlated diffusive motion of the cations.

Targeted argyrodite compositions Li6@xPS5@xCl1+x (x = 0,
0.25, 0.375, 0.5, 0.55, 0.6) were synthesized. Figure 1 shows the
neutron diffraction pattern and Rietveld refinement of the

most highly ionically conductive material, Li5.5PS4.5Cl1.5 (see
Supporting Information for details). Both the refinement and
energy dispersive X-ray analysis (Figure S1 and Table S1 in
the Supporting Information) reveal a composition in excellent
accord with the targeted value. Only the 48h site is occupied
by Li (see Table 1); S and Cl share the 4 a and 4c sites, with the

additional Cl@ (vis a vis Li6PS5Cl) being distributed evenly
over both sites (Figure 2). Naturally, the higher ratio of Cl@

ions to S2@ ions results in a greater fraction of Li vacancies
compared to Li6PS5Cl, evidenced by the lower Li occupancy
on the 48h site. The large atomic displacement parameter for
the Li site (0.075 c2) suggests high mobility of the Li-ion as
discussed below. The other members of the series
Li6@xPS5@xCl1+x (0< x< 0.5) were also essentially single-
phase based on their XRD patterns (Figure S2). The cubic
lattice parameters obtained by full-profile fitting of that data
shows a solid solution is adopted over this range (Figure 3a).
The lattice volume shrinks monotonically with x, evidenced
by a small decrease in a = 9.8598(4) c for Li6PS5Cl to a =

9.8061(1) c for Li5.5PS4.5Cl1.5. This owes in most part to the Li+

vacancies, since S2@ and Cl@ have similar ionic radii (170 and
167 pm, respectively). Attempts to introduce additional
chlorine into the structure caused significant exsolvation of
LiCl at x> 0.5 (Figure S2) which is detrimental to ionic
conductivity. The solvation limit may be dictated by thermo-
dynamic instability of the lattice at high vacancy content.
Thus, while Li5PS4Cl2 was proposed to be a stable composition
on the basis of theory,[24] Li5.5PS4.5Cl1.5 is, in fact, the end
member in the argyrodite structure. Analogous attempts to
increase the Br@/S2@ ratio in Li6@xPS5@xBr1+x showed a signifi-
cant LiBr fraction even at x = 0.25, indicating solution
behaviour is not adopted due to the larger radius of Br@

(182 pm). Formation of the theoretically anticipated iodide
Li6@xPS5@xI1+x phases[24] would also not likely be possible.

Ionic conductivity for Li6@xPS5@xCl1+x (0, x, 0.6) was
determined by EIS at variable temperature. Selected complex
impedance plots at 298 K are shown in Figure 3b for x = 0,
0.25 and 0.5 and the resultant data is summarized in Table 2.
At 298 K, the CPE/R falls beyond the range of the impedance
analyzer and the tail of the blocking electrodes was fit to
obtain the total conductivity values. EIS was also performed
at 195 K for Li5.5PS4.5Cl1.5 (Figure 3c, inset, see Tables S2, S3,
Supporting Information for details) but bulk and grain

Figure 1. Rietveld fit of Li5.5PS4.5Cl1.5, refined against time-of-flight
(TOF) neutron powder diffraction data collected at 298 K (GOF=3.37,
Rwp =4.88%). The black circles denote the observed pattern, the red
solid line indicates the calculated pattern, and the difference map is in
blue. Calculated positions of the Bragg reflections are represented by
the vertical tick marks in green, and the ticks for the minority LiCl
phase (1.7 wt%) are shown in magenta.

Table 1: Atomic coordinates, occupation factor and isotropic displace-
ment parameters of Li5.5PS4.5Cl1.5 obtained from Rietveld refinement of
neutron TOF data (space group F(43m), a =9.8061(1) b at 25 88C. The
composition from the fit is Li5.47PS4.55Cl1.45, very close to the nominal.

Atom Wyckoff
Site

x y z SOF Uiso [b2]

Li 48h 0.3173(7) 0.3173 @0.0201(9) 0.456(16) 0.075(4)
P 4b 1/2 1/2 1/2 1 0.030(2)
Cl1 4a 0 0 0 0.615(17) 0.029(1)
S1 4a 0 0 0 0.385(17) 0.029(1)
Cl2 4 c 1/4 1/4 1/4 0.834(16) 0.037(1)
S2 4 c 1/4 1/4 1/4 0.166(16) 0.037(1)
S3 16e 0.1188 @0.1188 0.6188 1 0.050(1)
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boundary contributions could not be deconvoluted,[23] and
hence the conductivity represents the total. While Li6PS5Cl
exhibits a conductivity of si = 2.5 mScm@1 at 298 K, consistent
with the literature (1.1–3.15 mScm@1),[8,14, 16] substitution of
S2@ for Cl@ results in an almost exponential increase with
x (Figure 3d). The highest ionic conductivity of 9.4:
0.1 mS cm@1 is reached for Li5.5PS4.5Cl1.5, almost a four-fold
increase vis a vis Li6PS5Cl. For comparison, pellets annealed

at 550 88C for 10 min (i.e., sintered)
showed an even higher value of
12.0: 0.2 mScm@1 as a conse-
quence of optimizing grain boun-
dary conductivity. The low elec-
tronic conductivity of Li5.5PS4.5Cl1.5

(& 3 X 10@9 S cm@1; (Figure S3) is
practically important in determin-
ing a transference number close to
one.

Activation energies for Li-ion
mobility in Li6@xPS5@xCl1+x were
determined from both EIS and
PFG NMR temperature-depen-
dent measurements (Table 2).
Although comparison of these
two values implies consideration
of the bulk conductivity from EIS,
the ideality of the semicircle and
capacitance in Figure 3c corre-
spond to bulk transport,[29] and it
is safe to assume that grain boun-
dary contributions do not signifi-
cantly affect the observed trend in
Figure 3c. Li5.5PS4.5Cl1.5 exhibits an
activation energy of 0.29 eV, which
is much lower than that of Li6PS5Cl
(0.34 eV; Figure 3d). The activa-
tion energies obtained from EIS
(Figure S4) follow an inverse cor-
relation with conductivity (Fig-
ure 3 d). The increase in the site
disorder (defined as the total frac-
tion of Cl@ on the S2@ site) from

61% for Li6PS5Cl to 83 % for Li5.5PS4.5Cl1.5 plays a role in
decreasing Ea as discussed below. The effect of this halogen
disorder and its interplay with ionic transport is illustrated in
Figure 4, which shows the results of 7Li PFG NMR diffusivity
measurements from 270–340 K. Figure 4a shows the marked
increase on diffusivity with increasing x in Li6@xPS5@xCl1+x.
Arrhenius plots of diffusivity and conductivity from both PFG
and EIS measurements, respectively for x = 0 and x = 0.5

Figure 2. Crystal structure of Li5.5PS4.5Cl1.5 showing the PS4
3@ tetrahedra, the cagelike polyhedra formed by Li+ ions, free S2@/Cl@ anions, and

comparison of occupancies (SOF) on the 4a and 4c sites between Li6PS5Cl (from ref. [23]) and Li5.5PS4.5Cl1.5.

Figure 3. a) Lattice parameter of Li6@xPS5@xCl1+x vs. x showing that Vegard’s law is obeyed; b) complex
impedance plots at 298 K of the cold-pressed pellets of Li6PS5Cl, Li5.75PS4.75Cl1.25, Li5.5PS4.5Cl1.5, and
a sintered pellet of Li5.5PS4.5Cl1.5 (550 88C for 10 min). Inset= magnified view at high frequencies, where
the impedance is normalized to the respective pellet thickness (d) for better comparison; c) Arrhenius
plot for Li5.5PS4.5Cl1.5 and corresponding Nyquist plot at 195 K (inset). The apex frequency is
1.11 W 105 Hz, which corresponds to a capacitance of 1.7 W 10@9 F; the a-value is about 0.9, indicating
the ideality of the CPE; d) conductivity and Ea for Li6@xPS5@xCl1+x (x =0, 0.25, 0.375 and 0.5).
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phases are compared in Figure 4b (see Figure S4 for x = 0.25
and 0.375). Li5.5PS4.5Cl1.5 exhibits a diffusion coefficient of
1.01 X 10@11 m2 s@1 at 300 K (see attenuation curve, Figure S5),
which is remarkably high compared to that reported from
PFG NMR measurements of benchmark Li10GeP2S12, of 2.2 X
10@12 m2 s@1,[25] or 3.5 X 10@12 m2 s@1 for ultrafast Li11Si2PS12.

[30]

Figure 5a shows the 7Li MAS NMR data for
Li6@xPS5@xCl1+x ; x = 0, 0.25, 0.375, 0.50. As expected, one
main resonance is observed, with the small broad resonance
at @1.18 ppm corresponding to the LiCl impurity used for
internal shift referencing (see Supporting Information).
Increasing the halogen substitution shifts the isotropic
resonance to much lower frequency. The substitution of Cl@

withdraws electron density from the Li environments relative
to S2@, decreasing the paramagnetic component of the

chemical shift. This is in accord with the principle
that the lower ionic charge of the halogen will
decrease the electrostatic attraction of the mobile Li
ions to the rigid framework. Alternately, the shift can
be viewed as a gradual progression toward a more
ionic, “LiCl-like” environment with increasing x,
since as noted above, LiCl resonates at a much lower
frequency than the parent-phase. However, this
effect is not linear with the value of x ; in particular
the change from x = 0.375 to x = 0.5 is much lessened.
Moreover, the symmetric, Gaussian character of the
resonances for x = 0 and x = 0.25 gives way to a line
shape with much more pronounced chemical shift
asymmetry, which is a symptom of the greater
halogen disorder. The fact that this shift trend is
not linear in x points toward a decreased interaction
with the anion framework, and therefore cannot be
attributed to the changing statistical distribution of
the anions alone. This region also shows the most
pronounced decrease in Ea with increasing halogen
substitution between x = 0.375 and x = 0.5 (Fig-
ure 5b).

Here, the increase in Li vacancy content is
demonstrated through the Haven ratio, HR = D*/
Ds, in Figure 5b where D* is the self-diffusivity of
the mobile ions measured via PFG and Ds is defined
by rescaling the ionic conductivity measured by EIS,
sLi, into diffusivity via the Nernst–Einstein equa-
tion[31] (see SI for details):[32]

Ds ¼ sLi
kBT
cq2 ð1Þ

The Haven ratio is relatively insensitive to
temperature (Figure S6),[33] but is known to be
primarily influenced by the concentration of mobile
charge carriers.[34] A temperature-independent
Haven ratio implies that there is no change in the
diffusion mechanism over the investigated temper-
ature range.[35] For all phases, HR clusters around 0.3,
similar to the Li-ion conductors Li6.5La3Zr1.5Ta0.5O12

and Li10SnP2S12—studies that also employed EIS
and PFG measurements.[28,36] Molecular dynamics
simulations also point to values of HR of this
magnitude for superionic conductors: 0.3–0.4 for

Li10GeP2S12,
[37, 38] and 0.43 for LLZO.[37] While the Haven ratio

is relatively unchanged from x = 0 to x = 0.25, it decreases
slightly thereafter, reaching 0.23 at x = 0.5. A Haven ratio
HR = 1 corresponds to purely random ion motion, and is only
realizable in extremely dilute systems, while lower values of
HR indicate strong correlation of the ion hops via cooperative
mechanisms mediated by the presence of vacancies,[34] an
effect that has also been directly observed in other sys-
tems.[39,40] In the more extreme case of the fluoride ion
conductor LaF3, only one site is mobile and the transport is
entirely vacancy-mediated, yielding HR& 0.1.[41]

As noted above, the onset of the decrease in HR (Fig-
ure 5b) is coincident with the largest decrease in the Ea, and
also with the smallest change in the isotropic chemical shift.

Table 2: Summary of the ionic conductivity (si, for pellets cold-pressed at 2 tons) at
298 K and Ea values obtained from EIS and PFG Arrhenius plots for the synthesized
Li-argyrodites. Error in the ionic conductivities is determined from the span in the
measurements for multiple samples of the same composition (extracted values of
the impedance analyses are tabulated in Table S2 of the Supporting Information).

Li6@xPS5@xCl1+x si(tot) [mScm@1] Ea (EIS) [eV] :0.01 Ea (PFG) [eV]

Li6PS5Cl 2.5(1) 0.34 0.35(1)
Li5.75PS4.75Cl1.25 4.2(2) 0.33 0.343(9)
Li5.625PS4.625Cl1.375 5.6(2) 0.31 0.320(3)
Li5.5PS4.5Cl1.5 9.4(1) 0.29 0.29(1)
Li5.5PS4.5Cl1.5, sintered 12.0(2) – –
Li5.45PS4.45Cl1.55 5.9(2) N/A
Li5.4PS4.4Cl1.6 3.3(1) N/A

Figure 4. a) Li+-ion diffusivity in Li6@xPS5@xCl1+x obtained from 7Li PFG NMR
measurements for x = 0, 0.25 and 0.5; b) Arrhenius plots of the diffusivity and
conductivity values for x = 0 and x = 0.5 from PFG and EIS. The value for x =0 is
in accord with that reported in the literature which ranges between 0.33–0.37 eV[4]

(where values are extracted from lnsT vs. T@1).
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This points toward a synergy in the complementary effects of
performing Cl@/S2@ substitution: namely for relatively low
substitution levels, the most pronounced effect on the ionic
transport is likely from the reduced electrostatic interaction
with the framework, while at greater substitution levels the
much higher vacancy content (and hence more correlated ion
mobility)[42] further drives the increased diffusivity. Statisti-
cally, there will be a greater chance of an empty Li site in the
cage near the Cl@ ions that will facilitate intercage jumps.
Furthermore, the decrease in the intercage jump distance
from 2.88 c (x = 0) to 2.81 c (x = 0.5) owing to the shrinkage
of the unit cell will also favour higher jump rates. However,
we expect this effect to be small.[23]

Stability of a solid-state electrolyte at its anodic and
cathodic limits is an important consideration. Conflicting
reports regarding the stability of Li6PS5Cl with lithium metal
suggest that while excellent stability is claimed[16]—presum-
ably due to formation of a nanometre-thin passivating
interphase[43]—slowly increasing interfacial resistance has
been observed on prolonged stripping/plating in symmetric
cells.[17] We observe comparable, or slightly better stability of
Li5.5PS4.5Cl1.5 using even higher stripping/plating currents
(0.25 mA cm@2) and capacity (1.0 mAh cm@2), Figure S8.
Cyclic voltammetry (CV) performed in a SS jLi5.5PS4.5Cl1.5 j
Li cell shows the current response of Li5.5PS4.5Cl1.5 is
significantly higher than the x = 0 phase owing to its higher
ionic conductivity (Figure S9a,b). Furthermore, while a very
small anodic current on the first CV scan for Li5.5PS4.5Cl1.5 is
observed—likely corresponding to oxidation of lattice sulfide
to insulating sulfur—this diminishes to virtually zero on the
second cycle (Figure S10a). In contrast, the anodic current for
Li6PS5Cl is initially higher (Figure S10b), and is still meas-

urable on the second sweep. Thus, Li5.5PS4.5Cl1.5

exhibits better anodic stability due to its lower
sulfide content, but studies in cells with active
cathode materials need to be conducted to fully
evaluate stability as CV studies can be misleading.

In summary, our studies of a new halide-rich
solid solution series Li6@xPS5@xCl1+x that employ
neutron diffraction and variable temperature EIS,
in conjunction with 7Li PFG and MAS NMR, reveal
the changes to ionic transport that halide substitu-
tion incurs. Increasing Cl and Li vacancy content
triggers a significant and systematic lowering of the
activation barrier and increase in Li-ion diffusivity.
This coincides with increase of the Cl@/S2@ disorder,
and marks the influence of the monovalent anion.
The limit of the solid solution range, Li5.5PS4.5Cl1.5,
exhibits particularly high Li-ion diffusivity and
quadrupled ionic conductivity of 9.4: 0.1 mScm@1

at room temperature (up to 12 mScm@1 for sintered
materials, approaching the best benchmarks). Its
relatively good stability to lithium metal owing to
the lack of easily reduced metals such as Ge and Sn,
and low-cost elements, suggest this material is
a good prospect as a solid-state electrolyte. Our
findings demonstrate that increasing the halide
content of thiophosphate-based materials to
weaken interactions between the mobile Li-ions

and surrounding framework, while increasing site disorder
and lithium cation vacancy population to alter the energy
landscape, is an important strategy to increase lithium ion
mobility in the accelerated search for new solid-state ion
conductors.
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