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Abstract: Next-generation batteries based on more sustain-
able working ions could offer improved performance, safety,
and capacity over lithium-ion batteries, while also decreasing
the cost. Development of next-generation battery technol-
ogy using "beyond-Li" mobile ions is limited, in part, due to a
lack of understanding of solid state conduction of these ions.
Next-generation mobile ions tend to have relatively low mo-
bility in solids due to: (1) larger ionic radii (Na+, K+, Ca2+),
which limit the accessible migration pathways, and/or (2)
higher charge densities (Mg2+, Zn2+, Al3+), which result in
strong electrostatic interactions within the solid. Here, we in-
troduce ligand-coordinated ions into MPS3-based solid host
crystals (M = Mn, Cd) to simultaneously increase the size
of the bottlenecks within the migration pathway and screen
the charge-dense ions. We employ X-ray diffraction, thermo-
gravimetric analysis, inductively coupled plasma mass spec-
trometry, scanning electron microscopy, energy dispersive X-
ray spectroscopy, solid state magic angle spinning nuclear
magnetic resonance spectroscopy, pulsed field gradient nu-
clear magnetic resonance spectroscopy, density functional
theory quantum mechanics, and electrochemical impedance
spectroscopy to probe the ionic mobility, structural and chem-
ical changes in the MPS3 materials after ion exchange.

We show that the inclusion of coordinating ligands en-
ables ambient temperature superionic conductivity of various
next-generation mobile ions in an electronically-insulating
MPS3-based solid. These ion-intercalated MPS3-based
frameworks not only enable deeper understanding of ligand-
coordination in solid state ionic conduction, but could poten-
tially serve as a universal solid state electrolyte for various
next-generation battery chemistries.

Introduction
The landscape of modern battery technology has been dominated
by lithium-ion batteries (LIBs). However, material availability,
scalability, cost, and escalating global energy demands, 1–3 motivate
development of alternative battery chemistries. "Next-generation"
mobile ions, such as Na+, K+, Mg2+, Ca2+, Zn2+, and Al3+,

represent a promising frontier in battery technology due to their
abundance and potential for high volumetric capacities. 4 However,
one of the major challenges in developing battery technology based
on next-generation mobile ions is the difficulty in achieving solid
state conduction of those ions. Solid state conduction is crucial
for ion transport in electrodes, interphases, and solid electrolytes.
The larger size of ions like Na+, K+, Ca2+ restrict their movement
through the typically rigid migration pathways available in solid
materials. Additionally, the mobility of ions with higher charge
densities, such as Mg2+, Zn2+, Al3+, is impeded by the strong
electrostatic interactions between these mobile ions and other ions
within the solid. These challenges are outlined in detail in our re-
cent perspective. 4 Difficulties with solid state ionic conduction are
less pronounced in Li-based systems due to the relatively small size
and low charge density of Li+.

Solid state conduction of larger cations has typically been
achieved in structures based on open frameworks with large migra-
tion bottlenecks, like Prussian blue analogues, 5–7 β-Alumina, 8–11

or NASICON phases. 12–14 Whereas, solid state conduction of
charge-dense ions has been mostly limited to electronically-
conductive materials. In systems like Mo6S8, thiospinel Ti2S4,
and MgSc2S4, the mobile electrons are hypothesized to facili-
tate ionic mobility by screening the charge-dense ions, decreas-
ing the strength of electrostatic interactions within the solid. 15–19

For electronically-insulating materials, such as solid electrolytes
or interphases, there is an absence of mobile electrons to screen
the charge of the targeted ions. Only a handful of electronically-
insulating inorganic solids have been shown to conduct charge-
dense ions, such as Zn2+ in ZnPS3, 20 or Mg2+ in borohy-
drides, 21–26 but each have their own challenges associated with low
room temperature conductivities (σRT ) or high activation energy
(Ea).

One path to enable the conduction of large or charge-dense
cations in electronic insulators is to introduce ligands, like H2O,
that can coordinate to the targeted cations within the host crys-
tal. Solid state mobility of ligand-coordinated ions was extensively
studied in mica clays such as vermiculite and montmorillonite. 27–31

However, in clays the σ is generally < 0.1 mS cm−1. In battery
systems, the addition of H2O to increase multivalent ionic conduc-
tion has been primarily attempted for cathode materials, such as
MnO2 and V2O5. 32–35 Recently, this concept has been extended
to electronically-insulating inorganic solids, like Li2Sn2S5

36 and
ZnPS3, 37 as well as various MOFs and COFs, 38–42 for solid state
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Figure 1. A schematic of the ion and ligand exchange used in the present study. In an aqueous KCl solution, CdPS3 intercalates hydrated K+ ions into the
van der Waals gap and maintains charge neutrality by losing Cd2+ ions from the metal layer. After K0.5Cd0.75PS3 is formed one can perform either: (1) a
second ion exchange to introduce desired monovalent or multivalent mobile ions, or (2) a ligand exchange to replace H2O in the system.

electrolyte applications.
Here, we leverage coordinated ligand molecules within solid

frameworks based on MPS3 materials (M = Mn, Cd) to achieve
two primary goals: (1) increasing the size of the bottlenecks in mi-
gration pathways and (2) screening charge-dense ions to decrease
electrostatic interactions within the lattice. By combining the ad-
vantages of large bottlenecks and charge screening we can devise
a universal framework for ambient temperature superionic conduc-
tion of various ions within an inorganic, electronically-insulating
solid.

CdPS3 and MnPS3 exhibit a peculiar mechanism for the inter-
calation of hydrated cations into the van der Waals gap. 43 Un-
like the redox-based intercalation in common battery electrodes in
which incorporation of a cation coincides with a Faradaic reduc-
tion of the host, 44 when cations are intercalated into MPS3 materi-
als, charge balance is maintained by M2+ loss in an ion exchange
mechanism. 43,45,46 This mechanism is similar to that observed in
clays. 27,28,47,48 CdPS3 and MnPS3 form as monoclinic (C2/m) lay-
ered compounds with a slightly distorted hexagonal network of
edge-sharing Cd2+ or Mn2+ octahedra. The Cd2+ or Mn2+ are co-
ordinated by [P2S6]4 – polyanions. The layers stack along the c-axis
separated by a van der Waals gap of ∼ 3.5 Å. 49 The basal spacing
(d(001)) of CdPS3 is slightly larger than that of MnPS3 (6.55 vs.
6.49 Å) due to the larger size of Cd2+ over Mn2+ (0.95 vs. 0.83
Å). 50

Here, we exploit the ability of CdPS3 and MnPS3 to host cations
within the van der Waals gap to generate materials that contain var-
ious ions of interest through a sequential ion exchange strategy that
is illustrated in Figure 1. First, a cation with a small hydrated ra-
dius (e.g. K+) is intercalated into the van der Waals gap of an MPS3

material. 45 Charge neutrality is maintained through the loss of the
labile metal (Cd2+ or Mn2+) from the metal layer (Equation 3),
resulting in negatively charged sheets of MPS3 sandwiching posi-
tively charged, hydrated ions. The hydrated K+ ions can be further
exchanged to introduce a larger hydrated cation (A), like Li+ , Na+

, Mg2+ , Ca2+, Zn2+, Al3+ (Equation 2). Direct insertion of large

hydrated cations is kinetically limited, as such this sequential ex-
change method is preferred.

MPS3 + KCl(aq) −−→ K2xM1−xPS3 · yH2O + MCl2(aq) (1)

K2xM1−xPS3 · yH2O + ACln(aq) −−→ A2x/nM1−xPS3 · zH2O

+ KCl(aq)
(2)

Additionally, we demonstrate that the H2O molecules can be ex-
changed for aprotic ligands, e.g. acetonitrile (MeCN), and tetrahy-
drofuran (THF). The ligand exchange serves several purposes: (1)
to probe the effect of different ligand molecules on ionic mobili-
ties, (2) to demonstrate that the mobile ions conduct in the absence
of H+, and (3) to broaden the applicability of these frameworks to
H2O-incompatible systems.

The ability of MPS3 materials to intercalate a wide variety
of guest ions and molecules has been useful for diverse appli-
cations. The areas of research span from non-linear optics, 51,52

photoluminescence, 53 hosts for biomolecules 54 or polymers, 55,56

and superconducting magnets. 57 However, the ionic conductivity
of these materials has been less rigorously explored. Some studies
have investigated the mobility of hydrated Na+, K+, and Cs+ in
CdPS3. 58–61 These studies concluded that Na+ was slightly mo-
bile (10−5 S cm−1) but K+ and Cs+ were immobile. Another
study investigated the conductivity of trivalent cations in MPS3

in the dried state, finding no significant ionic conduction (10−8

– 10−10 S cm−1). 62 Notably, nanosheet-based membranes using
Cd0.85PS3Li0.15H0.15 were found to have exceedingly high 2D
H+ conductivity (300 mS cm−1at RT and 98 % relative humidity
(RH)). 63

Recently, Yu & Ren reported on CdPS3-based nanosheet mem-
branes with various intercalated cations. 64 The membranes boasted
impressive 2D ionic conductivity but importantly, the conduc-
tivity was similar irrespective of the intercalated cation (170–
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Table 1. The stochiometry of each A2x/nMyPS3 compound, x and y are measured by ICP-MS and normalized to P, which is assumed to be
constant. The H2O content of each compound, which is determined with a combination of TGA and measured mass pre- and post-drying using
an analytical balance. The amount of H2O per intercalated ion in each material, and the nominal formula of each compound based on the
measured cation content.

Compound x y H2O/f.u. H2O/A Nominal Formula

KxCdyPS3 0.50 ± 0.02 0.79 ± 0.02 1.0 ± 0.1 2 K0.5Cd0.75PS3 · H2O
LixCdyPS3 0.47 ± 0.01 0.85 ± 0.03 2.0 ± 0.7 4.4 Li0.5Cd0.75PS3 · 2 H2O
NaxCdyPS3 0.51 ± 0.02 0.81 ± 0.02 2.0 ± 0.5 3.9 Na0.5Cd0.75PS3 · 2 H2O
MgxCdyPS3 0.24 ± 0.01 0.78 ± 0.05 1.9 ± 0.0 7.9 Mg0.25Cd0.75PS3 · 1.9 H2O
CaxCdyPS3 0.24 ± 0.02 0.81 ± 0.02 2.0 ± 0.5 8.3 Ca0.25Cd0.75PS3 · 2 H2O
ZnxCdyPS3 0.41 ± 0.09 0.76 ± 0.24 0.25 0.63 Zn0.4Cd0.6PS3 · 0.25 H2O
AlxCdyPS3 0.13 ± 0.01 0.81 ± 0.08 2.5 ± 0.6 14.5 Al0.17Cd0.75PS3 · 2.3 H2O

KxMnyPS3 0.40 ± 0.05 0.80 ± 0.03 0.8 ± 0.2 2.1 K0.4Mn0.8PS3 · 0.8 H2O
LixMnyPS3 0.34 ± 0.03 0.84 ± 0.03 1.4 ± 0.2 4.0 Li0.4Mn0.8PS3 · 1.4 H2O
NaxMnyPS3 0.59 ± 0.08 0.71 ± 0.04 1.7 ± 0.6 2.7 Na0.6Mn0.7PS3 · 1.7 H2O
MgxMnyPS3 0.19 ± 0.01 0.82 ± 0.01 1.8 ± 0.1 9.5 Mg0.2Mn0.8PS3 · 1.8 H2O
CaxMnyPS3 0.25 ± 0.02 0.76 ± 0.02 1.5 ± 0.1 6 Ca0.25Mn0.75PS3 · 1.5 H2O
ZnxMnyPS3 0.46 ± 0.06 0.62 ± 0.06 1.6 ± 0.1 2.6 Zn0.4Mn0.6PS3 · 1.6 H2O
AlxMnyPS3 0.12 ± 0.00 0.84 ± 0.01 2.4 ± 0.4 16 Al0.13Mn0.8PS3 · 2.2 H2O

330 mS cm−1 at RT and 98 % RH). In fact, the ion-intercalated
membranes also displayed similar behavior in regards to layer ex-
pansion and activation energy. This is likely due to excess H2O
content within the restacked membranes which could lead to signif-
icant contribution from H+ conduction through a Grotthus mech-
anism, 63,65 or direct diffusion of solvated ions in a confined liquid
electrolyte. Such a mechanism is distinct to conduction of ligand-
coordinated ions within a host crystal. The transition from ligand-
coordinated solid state conduction to the conduction of solvated
ions within a confined liquid in the solid framework at excess lig-
and/solvent concentrations has been noted in previous studies of
hydrated Li2Sn2S5, MOFs, and clays. 36,66–68

To minimize contributions from H+ conduction and to reveal
inherent structure-property relationships that can be drowned out
in the presence of excess H2O, here we investigate bulk, ion-
intercalated CdPS3 and MnPS3 materials primarily at ambient RH
(∼ 40–55 %), and with coordinating ligands that range from H2O to
aprotic, neutral solvent molecules. This allows us to understand the
nuanced differences between the effects of various frameworks, in-
tercalated ions, and coordinating ligands on the ionics thereby deep-
ening our understanding of ionic conduction in solids. Additionally,
the 3D bulk conduction pathways in polycrystalline samples in this
study are directly applicable to practical battery applications. We
also introduce MnPS3 as an environmental friendly alternative with
comparable performance, and demonstrate non-aqueous analogues
that would be more compatible with desirable electrode materials.

We employ several characterization techniques to study the
structural and chemical changes after ion exchange, as well as the
resulting ionic mobility. These techniques include: electrochemical
impedance spectroscopy (EIS), X-ray diffraction (XRD), thermo-
gravimetric analysis (TGA), inductively coupled plasma mass spec-
trometry (ICP-MS), scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDS), quantum mechanics simula-
tions, solid state magic angle spinning nuclear magnetic resonance
spectroscopy (MAS NMR), and pulsed field gradient nuclear mag-
netic resonance spectroscopy (PFG NMR). At ambient tempera-
ture and RH, all of the H2O-coordinated interlayer cations, bar-
ring Al3+-intercalated MnPS3, exhibit "superionic", or practically
useful, bulk conductivity (> 0.1 mS cm−1) and relatively low Ea.
Notably, in the polycrystalline samples studied here both σRT and
Ea vary significantly depending on the identity of the intercalated
cation. The ligand exchange to aprotic molecules generally results
in decreased σRT and increased Ea, but achieving practically useful

conductivity is still possible using ligands like MeCN.

Results and Discussion

Chemical and Structural Char-
acterization After Ion Exchange
Elemental Analysis
MPS3 materials can undergo ion exchange processes as outlined in
Equations 3 and 2. The ion exchanges have been well characterized
in previous reports. 45,52 However, the amount of M that is replaced
by A, described by ‘x’ in Equations 3 and 2, differs between var-
ious studies – ranging from 0.1 ≤ x ≤ 0.25. 43,52,60,64 Intuitively, x
can be controlled by varying the MPS3:ACln(aq) ratio, as illustrated
in Figure S1. Here, we aimed for high A content (x ' 0.25 for
CdPS3-based samples and' 0.20 for MnPS3-based samples) to in-
corporate the largest number of charge carriers, which we hypothe-
size will lead to optimal conductivity. Table 1 shows the results of
elemental analysis on the ion-intercalated MPS3 compounds. The
amount of A intercalated (x) and remaining M (y) are determined
using ICP-MS and are normalized to the measured P content. The
measured S content is inaccurate due to H2S evolution during the
sample digestion process, but it is also presumed to stay constant.
The standard deviations for the ICP-MS data are representative of
a minimum of five different synthesis batches per material. Due to
synthesis and measurement inaccuracies the precise stoichiometry
of the A2x/nCd1−xPS3 compounds sometimes contains ≤10% ex-
cess Cd, however a comparison of "ideal" batches and those with
excess Cd shows that there is no noticeable impact on the σRT and
Ea (Figure S2). The H2O content is determined by a combination
of TGA (Figure S3) and changes in pellet masses pre- and post-
drying, measured using an analytical balance. For the rest of this
manuscript, the compounds are referred to by their nominal for-
mula for simplicity. The differences in the degree of ion exchange
that occurs, both for different ions within a given framework and
between the frameworks (CdPS3 vs. MnPS3), is discussed in Sup-
plementary Note 1.
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Figure 2. Characterization of the A2x/nM1−xPS3 · y H2O materials using powder XRD. XRD patterns of (a) CdPS3-based and (b) MnPS3-based com-
pounds. (c) d(001) spacing of A2x/nM1−xPS3 · y H2O. The error bars reflect the standard deviation of several XRD measurements, the differences are due
to the range of ambient humidity (≈ 40-55%). The gray regions highlight materials with a monolayer of H2O and the purple regions highlight materials with
a bilayer of H2O. Note, the pattern of Zn0.4Mn0.6PS3 · 1.6 H2O is collected using Cu Kα radiation because the sample inadvertently dehydrated during
preparation for the synchrotron measurement.

Experimental Structural Investigation
The changes to the crystal structure of the MPS3 materials after ion
exchange is investigated using XRD. Figure 2a and b show the low
Q regions of representative XRD patterns of ion-exchanged CdPS3-
based and MnPS3-based compounds, respectively, to highlight the
layer spacing. Full XRD patterns are shown in Figure S4. After ion
exchange, all of the materials are vacuum filtered until dry and then
equilibrated at ambient RH before XRD is taken. Previous work
has confirmed that the structure within the metal layers is main-
tained upon ion exchange. 52,58,69 Raman spectra are measured for
the CdPS3-based compounds to confirm that the polyanion remains
intact and its environment in the metal layer is largely unchanged
(Figure S5).

Figure 2c shows the extracted d(001) values for all compounds.
Error bars are shown to reflect the deviation associated with fluc-
tuating RH at the time of replicate measurements. The original
(001) reflection of the pristine MPS3 phase occurs at Q = 0.95 and
0.97 for M = Cd and Mn, respectively. The expanded (001) reflec-
tion of the ion-exchanged materials appears between Q = 0.49 and
0.67 Å and the subsequent (002) reflections can be seen around Q
' 1.05 Å. Layer expansion suggests incorporation of the ions into
the van der Waals gap and SEM confirms that the layered platelet
morphology of the particles is maintained. EDS confirms that the
intercalated ions are homogeneously dispersed within the particles
(Figure S6).

It is clear from Figure 2c that the d(001) spacing after ion ex-
change can be grouped into two main categories. The layer spacing
of the hydrated structures increases by either ∼ 2.8 Å or ∼ 5.6 Å.
These expansions correspond to the van der Waals radius of one or
two H2O molecules, respectively. Therefore, the layer spacing in-
crease is likely due to the formation of either a monolayer or bilayer

of H2O around the intercalated cations in the van der Waals gap,
rather than following the expected hydrated cation radii of the in-
serted ions. The formation of hydrated MPS3 materials containing
mono or bilayer H2O has been noted in previous works on monova-
lent cation intercalated MPS3 materials. 45,52,60 However, to the best
of our knowledge, the hydrated structure of MPS3 phases contain-
ing other ions has not been explored.

The occurrence of mono or bilayer H2O structures with the other
ions is similar to the results in clays, transition metal dichalco-
genides (MS2), or MXenes, which also exhibit hydrated structures
containing mono or bilayer H2O with a wide range of interlayer
cations. 28,67,70–73

Whittingham, in addition to Lerf and Schöllhorn, independently
investigated the hydration of interlayer ions in MS2 compounds, (M
= Ti, Nb, Ta). 71,72 These studies showed that the resulting struc-
ture of the hydrated compounds is governed by the cation-ligand
interaction. Specifically, the ability of the cation-ligand interaction
to offset the loss in electrostatic lattice energy incurred by separat-
ing the cations from the anionic sulfide layers. Lerf and Schöll-
horn found that this behavior can be described empirically by the
charge/radius ratio (e/r) of the interlayer cations, which is corre-
lated with the hydration energy. These rules translated well to other
layered hydrated structures, like MXenes. 73 Cations for which e/r
< 1 (large and low charge, e.g. K+) can only stabilize a monolayer
of H2O, whereas if e/r > 1 (small and high charge, e.g. Li+ and
multivalents) then a bilayer of H2O can be stabilized. In Figure 2c,
we show the e/r value for each mobile ion and confirm the rela-
tionship between e/r and the layer spacing in the ion-intercalated
MPS3 materials. The e/r of Na+ is ' 1, suggesting that it can sta-
bilize either a monolayer or bilayer of H2O. Indeed, isolated forms
of monolayer or bilayer H2O, or even a mixture of both, can be
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Figure 3. Computationally relaxed structures of (a) K0.5Mn0.75PS3 · H2O and (b) Na0.5Mn0.75PS3 · 2 H2O. The left images show the view down the c
axis after removing the metal layer above the hydrated interlayer cations, the metal layer below is made partially transparent for clarity. The right images show
the view down the a axis. Hydrogen bonds between H2O molecules are shown as dotted black lines. The H2O molecules are inaccurately depicted as being
smaller than the interlayer cation for clarity.

achieved when A = Na+ depending on the RH (Figure S7). Fur-
thermore, the TGA and derivative thermogravimetry (DTG) results
(Figure S3) show that Na0.5Cd0.75PS3 · 2 H2O is the only CdPS3-
based compound with two distinct H2O loss events, correspond-
ing to the transition between the stable monolayer and bilayer H2O
structures. The H2O content of materials containing multivalents,
e.g. Ca0.25Mn0.75PS3, changes as the RH is varied but a phase transi-
tion to a structure with monolayer H2O is not observed for multiva-
lent intercalated compounds at any RH due to the higher hydration
energies of the multivalent ions. The solvation shells of multivalent
ions are likely incomplete at low RH, but the overall bilayer struc-
ture is maintained (Figure S8). This also agrees with the findings of
Lerf and Schöllhorn for MS2 compounds. 71 Notably, in contrast to
the structure observed by Yu et al. in CdPS3-based membranes, 64

bulk K0.5Cd0.75PS3 could not be forced into a bilayer H2O struc-
ture even at 96 % RH (Figure S9), perhaps due to the more rigid
constraints of the polycrystalline powders.

Structural Effects Associated with the Mobile Ion

Next, we consider the structural effects associated with (1) the iden-
tity of the mobile ion and (2) the CdPS3 vs. the MnPS3 host struc-
ture. First, we consider the structure of a given MPS3 framework
with different ions. As outlined above, of the ions selected for this

study only K+ stabilizes a hydrated structure with a monolayer of
H2O, while the other ions stabilize a bilayer at ambient RH in both
MPS3-based frameworks. Although two main categories of layer
spacings exist as the mobile ion is changed, there is a measurable
deviation of the layer spacing within the bilayer regime depend-
ing on the intercalated cation. We plot the charge density of the
mobile ion for structures that reside in the bilayer regime vs. the
d(001) layer spacing (shown in Figure S10) and find that the layer
spacing is inversely related to the charge density of the interca-
lated ions. More charge-dense ions, such as Mg2+, interact more
strongly with the H2O ligands, creating shorter bonds and there-
fore, a smaller total diameter of the hydrated cation complex. Al3+

is an outlier in this trend likely because the very high charge density
of the cation attracts more H2O which expands the layer. In fact,
the Al-containing material contains more mol equivalents of H2O
(∼16:1 H2O:Al) then can be accommodated in a first shell coordi-
nation environment. However, the H2O does not behave as "free"
water as evidenced by 1H NMR (vide infra).

Ion exchange with Zn2+ in both structures behaves differently
compared to most of the other ions. In both host materials, reflec-
tions associated with the pristine MPS3 phase dominate the diffrac-
tion patterns, though a small peak associated with an expanded
lattice is observed for the MnPS3 framework. We note that Zn

5
https://doi.org/10.26434/chemrxiv-2024-7k052 ORCID: https://orcid.org/0000-0002-0133-9693 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-7k052
https://orcid.org/0000-0002-0133-9693
https://creativecommons.org/licenses/by-nc-nd/4.0/


is indeed incorporated into the materials (see Table 1). For the
CdPS3-based material, we interpret these data to mean that most
of the Zn2+ prefers to occupy the vacancies in the metal layer,
which would suggest that the material does not contain substan-
tial ligand-coordinated Zn2+. Indeed, the Zn0.4Cd0.6PS3 mate-
rial does not contain a significant amount of H2O (Table 1). The
Zn0.6Mn0.4PS3, which shows a small expanded reflection, does
contain some water due to the small ligand-coordinated Zn2+ con-
tent. Zn2+ is thermodynamically stable in the metal layer as evi-
denced by the ZnPS3, which is a stable endmember that is isostruc-
tural to CdPS3 and MnPS3. ?

The Difference in Structural Changes Between Frameworks

Next, we discuss trends between CdPS3 and MnPS3 frameworks.
A comparison of the two frameworks reveals that generally the
CdPS3-based compounds have a larger d(001) than the MnPS3-
based compounds, which is consistent with the pristine materials
(Figure 2c). However, Mg0.2Mn0.8PS3 · 1.8 H2O has a larger basal
spacing than Mg0.25Cd0.75PS3 · 1.9 H2O. At this time, we do not
know why this is. Na0.6Mn0.7PS3 · 1.6 H2O forms a two phase mix-
ture of mono and bilayer H2O at ambient RH while only the bilayer
is formed with the CdPS3 host at ambient RH. Even though the Mn
analogue has more intercalated Na+, it absorbs less H2O at a given
RH. This is likely because the smaller lattice of MnPS3 demands a
larger energy cost for expansion, therefore a higher driving force for
H2O absorption (i.e. higher RH) is required to stabilize the bilayer
structure.

Density Functional Theory (DFT) Sim-
ulations
The stable monolayer hydrated structure of K0.5Mn0.75PS3 · H2O
and bilayer hydrated structure of Na0.5Mn0.75PS3 · 2 H2O are in-
vestigated using DFT simulations to gain further insight into the
organization of H2O molecules and interlayer cations. Such infor-
mation is difficult to obtain experimentally due to the lack of long
range order of the interlayer cations and ligated H2O – no super-
structure peaks are observed in the diffraction. Figure 3a shows the
relaxed structure of K0.5Mn0.75PS3 · H2O and 3b shows the re-
laxed structure of Na0.5Mn0.75PS3 · 2 H2O. The interlayer cation
and H2O organization is highlighted viewed down the c axis and
down the a axis. In K0.5Mn0.75PS3 · H2O, some of the H2O is
bridging between two K+ ions, while the others are more isolated
to one K+ ion. The isolated H2O ligands are hydrogen bonded
to neighbors and located approximately within the same ab plane,
supporting the experimentally measured d(001) spacing that sug-
gests roughly a monolayer of H2O. Many other configurations of
K0.5Mn0.75PS3 · H2O are similarly stable and are shown and dis-
cussed in Figure S11. The variety of possible structures explains the
lack of K ordering in the experimental data with multiple possible
configurations likely coexisting at room temperature.

On the other hand, the structure of Na0.5Mn0.75PS3 · 2 H2O
contains no bridging H2O ligands. The H2O coordinates to Na+

and participates in hydrogen bonding with nearby H2O ligands.
The higher density of H2O molecules in Na0.5Mn0.75PS3 · 2 H2O
forces the H2O to distort in the c direction and results in roughly
a bilayer structure in the ab plane, again supporting the experi-
mentally observed d(001) spacing that suggests bilayer H2O in the
interlayer when two H2O per formula unit are introduced. The
d(001) spacing of the monolayer and bilayer relaxed structures are
8.9 Å and 10.3 Å respectively, which are smaller than the XRD
measured values of 9.3 Å and 12.0 Å for K0.5Mn0.75PS3 · H2O

and Na0.5Mn0.75PS3 · 2 H2O, respectively, likely due to thermal
expansion at room temperature compared to the calculated struc-
ture at 0 K.

Electrochemical Characteriza-
tion of the Ionic Mobility
The elemental and structural analysis provides evidence that the in-
tercalated ions are introduced into MPS3 frameworks and occupy
the interlayer space. These results are consistent with previous
work on alkali metal ion-intercalated MPS3 materials, 43,45,52,58 and
show that the concept is extendable to many other ions. Due to the
increased bottleneck size in the migration pathway, as well as the
screened Coulombic interactions between the interlayer cation and
anion framework, we hypothesize that the intercalated ions should
exhibit enhanced mobility.

To probe the ionics of the materials, the ionic conductivity and
activation energy of all compounds is measured using EIS on cold-
pressed pellets with a 6 mm diameter. The pellets are assembled
in PTFE Swagelok cells with symmetric ion-blocking electrodes.
For each material, EIS is measured at a range of temperatures from
room temperature (RT) to 70 ° C. Representative Nyquist plots for
all compounds are shown in Figure S13 and S14, and an exam-
ple of a fit using an equivalent circuit model for a sample where
the high frequency semicircle can be resolved is shown in Figure
S15. The Ea is determined using the well-established Arrhenius-
type relationship that governs the thermally activated ionic conduc-
tion process. 4,74 Figure S16 and S17 show average Arrhenius-type
plots of ln(σT) vs. T−1 for all studied ion-exchanged compounds.
The σRT values and Ea for all studied compounds are plotted in
Figure 4a and b, respectively. Figure 4a and b show the mean and
standard deviations obtained from at least three replicate cells, each
from a different synthesis batch, and these values are also listed in
Table S1. In general, all of the compounds containing solvated ions
in the interlayer show high total ionic conductivities at RT, and by
70 ° C all exhibit practically useful conductivities > 0.1 mS cm−1.

Detailed analysis of the dataset enabled by this modular frame-
work facilitates the development structure-property relationships
for ligand-coordinated ion conduction in rigid solids.

The Mobility of Various Ions in a Given
Framework
The differences in performance between various ions in a given
framework elucidates the effect of charge density and bottleneck
size on mobility. It is evident that the ions with higher charge
density generally exhibit a lower σRT and a higher Ea. Thus,
the charge density of the mobile ion is a strong factor in deter-
mining its mobility, suggesting that the coordinating H2O is not
completely screening the charge. In an aqueous solution, ions with
greater charge density attract more H2O molecules to screen the
charge. However, within a rigid solid framework, there is a limit
to the number of H2O molecules that can surround the ion due to
spatial constraints. For example, Mg0.25Cd0.75PS3 · 1.9 H2O and
Ca0.25Cd0.75PS3 · 2 H2O both contain bilayer H2O and both have
∼ 8 H2O per cation. If the mobile ions migrate with the bound
H2O via a "vehicular mechanism" (discussed in detail later), the
mobile complex to be considered is the An+ · y H2O species. In
this case, assuming each H2O molecule provides the same degree
of charge screening, the mobile complex Mg2+ · 8 H2O is more
charge-dense than the Ca2+ · 8 H2O complex. Alternatively, if
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Figure 4. (a) The room temperature ionic conductivity (σRT ) and (b)
activation energy (Ea) of all ion-intercalated materials at ambient RH.
Zn0.4Cd0.6PS3 · 0.25 H2O is not shown here because the σRT is too low
(10−9 S cm−1).

the mobile ions conduct via a hopping mechanism between H2O
molecules the charge density differences between the cations must
still be considered.

Furthermore, the charge density of the intercalated ion will af-
fect the size of the hydrated complex and therefore also change the
interlayer spacing. The migration bottleneck in these materials is
essentially the interlayer spacing, which is directly related to the
change in d(001). Mg2+– OH2 bonds are stronger than the Ca2+–
OH2 bonds, as indicated by the higher peak mass loss temperature
observed in TGA and DTG analyses (Figure S3). The stronger bond
in the Mg2+ · 8 H2O complex pulls the H2O molecules closer to the
cation, leading to less layer expansion and thus a more narrow bot-
tleneck in Mg0.25Cd0.75PS3 · 1.9 H2O compared to Ca0.25Cd0.75PS3

· 2 H2O. Again Al3+ is the outlier to this trend due to the excess
water absorption, as discussed previously.

The combination of the higher charge density of the mobile com-
plex and a narrower bottleneck explains the lower mobility of the
charge-dense ions. These trends hold when comparing Na+ and
K+ in the monolayer structures as well (Figure S18).

The Ionic Mobility Differences Between
Frameworks
In most cases, the performance of a given ion between frameworks
is similar (K+, Li+, Mg2+, and Al3+). In these cases, slight
differences in performance between the two frameworks can be
understood in the context of bottleneck size. The MnPS3-based
Zn-intercalated compound exhibits significantly better performance
than the CdPS3 analogue, while the MnPS3-based compounds for
Na+ and Ca2+ ions both perform notably worse than the CdPS3

analogue. Exploring these pronounced differences between frame-
works allows us to highlight the impact of ligand-coordinated inter-
layer ions, the hydration state, and the charge screening by coordi-
nated ligands.

The Effect of Diffusion Bottleneck Size. In the cases where

the frameworks have similar performance for a given ion, K+, Li+,
Na+, Mg2+, and Al3+, the subtle differences can be explained by
considering the bottleneck size. In the framework with the wider
bottleneck, the σRT is slightly higher and Ea is slightly lower.
As discussed previously, typically the CdPS3-based framework has
the larger bottleneck and thus we observe that most ion-exchanged
CdPS3 phases have higher σRT and lower Ea than the MnPS3 ana-
logues. The exception is again the Mg2+ intercalated compounds,
which show the opposite trend in d(001) spacing. This is reflected
in the higher σRT and lower Ea for the MnPS3 host compared to
CdPS3. The observed trend in performance highlights the impact of
bottleneck size on ion mobility, with larger bottlenecks facilitating
improved ion transport.

The Effect of Ligand-Coordinated Interlayer Ions. The σRT
of Zn0.4Cd0.6PS3 is on the order of 10−9 S cm−1 (not shown in
Figure 4), which is four orders of magnitude lower than that of
Zn0.6Mn0.4PS3. The superior performance of Zn0.6Mn0.4PS3 is due
to the presence of some hydrated Zn2+ ions in the van der Waals
gap, whereas in Zn0.4Cd0.6PS3 the Zn2+ ions are immobilized in the
metal-layer lattice sites. This illustrates that the solvated interlayer
cations are crucial to achieve high ionic conductivity.

The Effect of Hydration State. The disparity in Na+ perfor-
mance can be explained by the fact that Na0.6Mn0.7PS3 · 1.6 H2O is
a two phase mixture of the monolayer and bilayer hydrated struc-
tures. The monolayer structure will have a much lower Na+ mo-
bility than the bilayer structure due to the decreased bottleneck size
and less effective charge screening (this is discussed in detail in
the SI). The performance of Na0.6Mn0.7PS3 · 1.6 H2O reflects the
combined properties of both hydration states. By equilibrating the
material at 75 % RH, the bilayer structure (Na0.6Mn0.7PS3 · 2 H2O)
can be isolated. Na0.6Mn0.7PS3 · 2 H2O exhibits a conductivity
more similar to that of Na0.5Cd0.75PS3 · 2 H2O as expected (Figure
S18).

The Effect of Charge Screening with Ligand Molecules. Sim-
ilarly to the Na-containing frameworks, Ca0.25Mn0.75PS3 · 1.5 H2O
absorbs less H2O than Ca0.25Cd0.75PS3 · 2 H2O at ambient RH.
However, despite the lower H2O content, the layer spacing as-
sociated with the bilayer phase is maintained and does not col-
lapse to the monolayer structure. Instead, we assume the solva-
tion shells around the Ca2+ ions in the MnPS3 host are incom-
plete relative to the CdPS3 host at ambient RH. The maintenance
of a bilayer H2O structure despite H2O loss allows us to isolate
the effect of charge screening from the impact of bottleneck size.
Clearly, the difference in H2O content and solvation significantly
impacts the ionic conduction, as evidenced by the 25% higher Ea in
Ca0.25Mn0.75PS3 · 1.5 H2O (362 meV) compared to Ca0.25Cd0.75PS3

· 2 H2O (287 meV). Notably, the Ca0.25Mn0.75PS3 · 1.5 H2O also
contains 25% less water compared to Ca0.25Cd0.75PS3 · 2 H2O.
Therefore, the Ea increase and corresponding σRT decrease in the
Mn-based framework is attributed to the less effective screening of
Ca2+ in Ca0.25Mn0.75PS3 · 1.5 H2O due to the lower H2O per cation.
This highlights the crucial role of charge screening in facilitating
high ionic mobility in MPS3 frameworks.

Identification of the Mobile Ion
Though we can draw several structure-property relationships using
the range of materials discussed above while assuming the charge
carriers are primarily the hydrated cations, the use of H2O as the
coordinating ligand introduces the possibility of H+ conduction.
It has long been debated whether the ionic conductivity of ion-
intercalated hydrated clays is a result of primarily H+ conduction
or migration of the intercalated ions. 28–30,68 Therefore, care must
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be taken to identify the majority charge carrier in A2x/nM1−xPS3 ·
y H2O materials.

Mobile H+ in A2x/nM1−xPS3 · y H2O could potentially arise
through either surface acidity, 75 or hydrolysis of H2O bound to in-
tercalated cations that act as Lewis bases. 29,30 Since S-based ma-
terials tend to adsorb less surface H2O than O-based materials,
due to weaker hydrogen bonds between H2O and S, surface acidity
likely plays a less significant role in MPS3-based frameworks than
in clays. To estimate the contribution of H+ from surface acidity to
the total conductivity, we investigate the ionic conductivity of pure
MPS3 phases under ambient relative humidity (the EIS results are
shown in Figure S19). The σRT of MnPS3 and CdPS3 are 3× 10−9

and 4× 10−10 S cm−1, respectively, which is four or five orders of
magnitude lower than that of the worst performing A2x/nM1−xPS3

· y H2O compounds. Therefore, the observed ionic conductivity in
A2x/nM1−xPS3 · y H2O materials is likely either due to mobile H+

from the acidity of the ion-solvating H2O or due to the conduction
of the interlayer cations themselves.

Several characteristics of A2x/nM1−xPS3 · y H2O suggest that
the intercalated cations are the majority charge carriers. The fact
that the ions are able to be inserted and removed by ion exchange
in an aqueous solution indicates their inherent mobility within the
structure. Additionally, the absence of superstructure peaks at low
Q regions of the XRD patterns suggests that the intercalated ions
are not ordered and thus points to the ions’ high mobility. 72 Fur-
thermore, the strong correlation between the Ea and σRT with the
identity of the intercalated ion underscores the importance of these
ions on charge transport. The Ea for H+ conduction through a Grot-
thuss type mechanism, where H+ are being exchanged by neigh-
boring H2O molecules, is typically < 400 meV. 63,65 The variation
in Ea measured in the materials reported here is between 216 and
622 meV, which is more consistent with the conduction of mobile
complexes of different charge densities, as discussed above. The
observed trends in σRT also do not align with H+ being the major-
ity charge carrier. The H+ concentration would depend on the acid-
ity of the absorbed H2O, which is influenced by the charge density
of the intercalated cation. Therefore, the trend in pKa of the hy-
drated cations can be used to predict the trend in H+ concentration
in A2x/nM1−xPS3 · y H2O. In general, the more charge-dense the
cation, the more acidic the bound H2O will be due to A–O bond
strength. The pKa trend of the intercalated ions is overlaid onto
the σRT data in Figure S20. The A2x/nM1−xPS3 · y H2O com-
pounds with more acidic interlayer ions (e.g. Mg2+, Zn2+, Al3+)
should have the highest H+ concentration but show the lowest mea-
sured ionic conductivities. Thus the observed electrochemical per-
formance is not adequately explained by assuming H+ is the ma-
jority charge carrier.

Ionic Mobility Characterization with MAS NMR

We employ MAS NMR to directly probe the ionic mobility in
A2x/nCd1−xPS3 · y H2O. Performing MAS NMR measurements
on MnPS3-based compounds is challenging due to the presence of
paramagnetic Mn2+, however, we anticipate that the results of the
CdPS3-based compounds can be extended to the MnPS3-based ana-
logues.

Figure 5a shows 1H MAS NMR spectra of all A2x/nCd1−xPS3

· y H2O materials to explore the dynamics of H2O or H+. The
chemical shifts of the central band are provided next to the corre-
sponding spectra, and are listed in Table S2 along with the FWHM
of the spectra.

For the A2x/nCd1−xPS3 · y H2O compounds, the 1H NMR spec-
tra all contain a single resonance appearing within a very nar-
row range of resonant frequencies, indicating a single 1H environ-

Figure 5. MAS NMR study of A2x/nCd1−xPS3 · y H2O materials.
(a) 1H MAS NMR spectra of A2x/nCd1−xPS3 · y H2O compounds and
0.52 H2O/ZnPS3 for comparison. (b) 7Li spectra of Li0.5Cd0.75PS3 ·
2 H2O, (c) 23Na spectra of Na0.5Cd0.75PS3 · 2 H2O, and (d) 27Al MAS
NMR spectra of Al0.17Cd0.75PS3 · 2.3 H2O. The metal MAS NMR spectra
are collected on the materials at ambient RH (hydrated), and after drying
under vacuum at 200 ° C for ≈ 10 hours (dried). * marks the spinning side-
bands.

ment or that all 1H environments are exchanging faster than the
NMR timescale in each compound. The observed chemical shifts
are within the range expected for H in H2O molecules (around
5 ppm), 76–79 but are noticeably shifted and broader than the sig-
nal of "bulk" free H2O, which is characterized by a sharp peak at
∼ 4.75 ppm. 80,81 The 1H chemical shift values trend with the charge
density of the intercalated cation. Cations with higher charge den-
sity experience stronger interactions with the O in H2O and are thus
stronger bases, resulting in more deshielded hydrogen nuclei. Even
though Al0.17Cd0.75PS3 · 2.3 H2O has more H2O than can fit di-
rectly around each Al3+ ion in the bilayer structure, the NMR spec-
trum suggests that this excess water is not free. There is potentially
a second "shell" of H2O around the Al3+ ions in the interlayer.
Exchange of the H2O in the first and second shell could result in
averaging of the H environments into the broad signal that we ob-
serve in Figure 5a. In general, these results indicate that the H2O
molecules in A2x/nCd1−xPS3 · y H2O are bound to the intercalated
cations, in agreement with the TGA results.

Additionally, narrow line widths are typically indicative of high
H+ mobility in inorganic solid materials that contain H2O; 37,78,79,82

however, all A2x/nCd1−xPS3 · y H2O materials exhibit relatively
broad line widths. A relevant material to compare the line widths
to is H2O-exposed ZnPS3, which is denoted as 0.52 H2O/ZnPS3

in Figure 5a. When ZnPS3 is exposed to humid air, the H2O ad-
sorbs at the grain boundaries resulting in solvation of Zn2+ into
confined water environments yielding mobile Zn2+, however, the
H+ are also mobile and account for roughly 50% of the charge car-
riers. 37 Notably, the line widths measured for the A2x/nCd1−xPS3

· y H2O materials are much broader suggesting less mobile H+.
Additionally, the appearance of spinning sidebands in the 1H NMR
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spectra of A2x/nCd1−xPS3 · y H2O materials further underlines that
the H+/H2O molecules are bound to the cations and exhibit limited
mobility.

We can additionally evaluate the mobility of the intercalated
cations for NMR-active nuclei. Figure 5b, c, and d show 7Li,
23Na, and 27Al MAS NMR spectra, respectively, in both hydrated
and dehydrated states in order to probe the mobility of the interca-
lated cations with and without H2O ligands. The comparison be-
tween the hydrated and dehydrated materials can be found in the
next subsection. The 7Li and 23Na MAS NMR spectra of the re-
spective hydrated ion-intercalated CdPS3 samples both show nar-
row line widths and an absence of spinning sidebands, suggesting
that the cations are sufficiently mobile to average out anisotropic
interactions. The chemical shifts for Li and Na are 0.1 ppm and
1.34 ppm, respectively, which are consistent with previous reports
of interlayer ions in bilayer H2O-containing hydrated structures of
Li2Sn2S5 and Na-containing mica clays. 36,83,84 The 23Na spectrum
of the hydrated phase is consistent with previous 23Na MAS NMR
studies on Na0.50Cd0.75PS3 · 2 H2O, 58,60 which postulated that the
Na+ ions likely conduct with the bound H2O molecules in the in-
terlayer.

In the case of Al0.17Cd0.75PS3 · 2.3 H2O, the 27Al MAS
NMR spectrum contains a single resonance at -1.5 ppm which
is consistent with Al3+ that is octahedrally coordinated by H2O
(∼0 ppm). 85,86 The broader line width is consistent with the lower
mobility of Al3+ but could also be related to quadrupolar effects
due to the potential asymmetry of the coordination environment in
the interlayer.

The observed correlation between electrochemical properties
and the intercalated ions strongly suggests that the ionic mobility
observed in all of these compounds is predominantly due to the in-
tercalated ions. Furthermore, this claim is supported by the lack of
evidence for rapid H+ exchange, along with the clear indications of
metal ion mobility from our NMR studies of the selected ions (7Li,
23Na, and 27Al). Note, conducting metal cation NMR analyses on
the K+, Mg2+, Ca2+ and Zn2+ materials is prohibitively challeng-
ing due to the low natural abundance of their NMR-active isotopes
and quadrupolar effects.

Mechanistic Investigation of Ionic Conduction with PFG NMR

To determine if the ionic conduction mechanism is associated with
a hopping vs. vehicular mechanism, we use 7Li and 1H PFG
NMR to directly measure the diffusivity and Ea of Li and H in
Li0.5Cd0.75PS3 · 2 H2O. The normalized echo signal attenuation
data obtained by PFG NMR are best fit to a biexponential for both
7Li and 1H (Figure S21). The Tanner-Stejskal equation 87,88 used
to analyze the results assumes an isotropic diffusion process, which
is justified here given the polycrystalline nature and morphology
of the particles, and presumable lack of preferred orientation of in-
dividual crystallites. Hence, we rule out the possibility of having
two different diffusing species/pathways in the ab plane, or differ-
ent in-plane diffusivity (in the ab plane) compared to the out-of-
plane diffusivity (c direction), and instead suggest that the presence
of two 1H/7Li diffusing components results from nuclei primarily
diffusing within a grain, or at or across a grain boundary during
the measurement. A two component model also best captured the
behavior observed in a PFG NMR study of hydrated Li2Sn2S5 by
Joos et al.. 36 In that study, the authors suggested it was likely due to
in-plane vs. out-of-plane diffusion in hydrated Li2Sn2S5, but also
did not rule out grain boundary contributions.

Figure 6 shows Arrehnius-type plots of ln(D) vs. 1000/T for both
the Li- and H-containing species, where D is the diffusivity of the
diffusing components. The room temperature diffusivities of the Li

components are 1.62 × 10−10 and 3.09 × 10−11 m2 s−1, which
is associated with 57% and 43% of the Li species measured, re-
spectively. The diffusivities of the H species are 1.13 × 10−12 and
1.55 × 10−14 m2 s−1, which is associated with 18% and 82% of
the H species, respectively. The second, low diffusivity component
is not shown in Figure 6b. Since the Li diffusivity is a few orders
of magnitude higher than that of H, we can deduce that Li are the
majority charge carriers and that the Li+ conduct through a hop-
ping mechanism between H2O molecules, instead of a vehicular
mechanism in which Li+ conducts with its solvation shell. Inter-
estingly, this mechanism is in contrast to that suggested in case of
hydrated Li2Sn2S5 in which the Li and H diffusivities were com-
parable leading to the conclusion of a vehicular ionic conduction
mechanism. 36

The Ea can be obtained from the Arrehnius-type plots in Fig-
ure 6. The PFG NMR determined Ea for Li diffusion are 180 and
150 meV for component one and two, respectively. These Ea val-
ues are consistent to that measured by EIS (217 ± 14 meV). The
Ea measured for the H-containing component is even lower than
the Li components at 120 meV, though we note this value is more
of an estimate due to the low measured diffusivity. Though the Ea
for the H-containing component is low, the much lower diffusivity
suggests that the majority charge carrier measured with EIS is Li.

Figure 6. Arrhenius-type relationships of the diffusivity (D) measured
with (a) 7Li and (b) 1H PFG NMR. The second component of associated
with the H-containing species is not shown due to the low diffusivity.

Structural and Electrochemical Char-
acterization of Dried A2x/nCd1−xPS3

Although the primary charge carriers are likely the intercalated ions
rather than mobile H+, the H2O ligands play a critical role in en-
abling the high conductivity. We use MAS NMR and XRD to in-
vestigate the local and long-range structural changes that occur after
drying in a vacuum oven at T ≥ 100 ° C for at least 10 hours, and
EIS to probe the electrochemical performance.

The XRD patterns of A2x/nCd1−xPS3 pre- and post-drying are
shown in Figure S22. Lattice contraction is observed after dry-
ing all samples. For the majority of the dry samples, the basal
spacing resembles that of the pristine CdPS3 phase. Only dried
K0.5Cd0.75PS3 and Na0.5Cd0.75PS3 materials display a larger basal
spacing than the pristine CdPS3 material.

The removal of the majority of water in the dried A2x/nCd1−xPS3
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· y H2O compounds is confirmed by the significant reduction of the
1H signal (an example is shown in Figure S23).

Without H2O, the intercalated cations are destabilized within the
van der Waals gap, causing them to occupy the vacant M sites. This
has been shown previously for Li+-intercalated MnPS3, 52 as well
as A3+-ion intercalated CdPS3. 89 For monovalent ions, there are
twice as many intercalated ions as there are vacancies in the metal
layer, therefore at least half of the ions may remain trapped in the
van der Waals gap. In the case of K-intercalated MPS3, the K+ is
too large to occupy the vacant sites in the metal layer, and therefore
all of the K+ likely remains in the van der Waals gap. This is ev-
idenced by the lack of a reflection resembling the pristine material
lattice spacing in dried K0.5Cd0.75PS3, and is supported by DFT
structural calculations discussed in the Supporting Information. In
the case of dried Na0.5Cd0.75PS3, the XRD pattern shows a reflec-
tion corresponding to the spacing of pristine CdPS3 in addition to
a reflection indicating a slightly expanded lattice. The 23Na MAS
NMR of dried Na0.5Cd0.75PS3, shown in Figure 5c, contains two
distinctive resonances which could be assigned to even distributions
of Na in two different chemical environments. The 23Na spectrum
of dried Na0.5Cd0.75PS3 strongly resembles the 23Na spectrum of
Na4P2S6. 90 The -0.7 ppm resonance likely corresponds to the inter-
layer Na+ and the 27.7 ppm resonance is attributed to the Na+ that
occupies the metal layer. These values are slightly different than
Na4P2S6 (5.6 ppm and 18.2 ppm respectively) due to the structural
and chemical changes imparted by the Cd ions in Na0.5Cd0.75PS3.

Although 0.25 equivalents of Li+ likely remains in the van der
Waals gap in dried Li0.5Cd0.75PS3, 52 layer expansion is not observed
because Li is small enough to occupy the interlayer without expand-
ing the d(001) spacing, as is the case in Li4P2S6. However, typically
7Li MAS NMR does not permit differentiation between the differ-
ent chemical environments. 91–93

For multivalent ion intercalated samples, no layer expansion is
observed in the dried materials because the number of intercalated
ions is less than or equal to the number of vacancies, so all of the
ions occupy the metal layer. As evidenced in Figure 5d, after dry-
ing, the 27Al resonance shifts to 36 ppm, which is more reminiscent
of Al octahedrally coordinated by S. 86

The dried multivalent-intercalated compounds do not exhibit
any meaningful ionic conductivity (< 10−9 S cm−1), however
the remnant interlayer monovalent ions in the dried monovalent-
intercalated compounds enable the study of metal cation mobility
in MPS3 frameworks in the absence of solvating ligands. Notably,
the 7Li and 23Na MAS NMR spectra show broadening of the sig-
nals and emergence of spinning sidebands after drying, indicating
reduced mobility.

Figure 7a shows the basal spacing of A2x/nCd1−xPS3 (A = Li,
Na, K) pre- and post-drying. In contrast to the hydrated phases,
where the basal spacing is determined firstly by the amount of H2O
absorbed and secondly by the charge density of the ion and by ex-
tension the size of the hydrated complex, the d(001) spacing of the
dried phases trends with the intercalated ionic radius. In the ab-
sence of the bottleneck expansion and charge screening, the σRT
drops by up to six orders of magnitude, and the Ea increases up
to three-fold. In this case, the trend in electrochemical behavior is
in line with what is expected of traditional solid state electrolytes.
Li0.5Cd0.75PS3 exhibits the highest conductivity, due to the inherent
mobility of the small, low charge density Li+ cation.

Figure 7. (a) The d(001) spacing of monovalent-ion intercalated CdPS3

in the hydrated and dried state, and (b) σRT and Ea of dried monovalent
ion-intercalated CdPS3.

Ligand Exchange of A2x/nM1−xPS3

· y H2O
The absorbed H2O ligands are vital for enabling high ionic mobil-
ity. However, in many battery systems, H2O can cause undesired
side reactions that impair performance. To extend the applicability
of these materials to non-aqueous systems, the H2O can be replaced
with more stable organic molecules. Further, the ligand exchange
helps to elucidate the effect of the ligands on ionic conduction,
specifically by comparing the impact of opening the diffusion bot-
tleneck and the degree of charge screening. As a proof of concept
we exchange H2O ligands for other solvent molecules that are fre-
quently used in next-generation battery liquid electrolytes: MeCN
and THF. These molecules cover a range of dielectric constants, as
shown in Figure 8a, allowing us to further probe the effect of charge
screening.

Figure 8. (a) A bar chart showing the reported dielectric constants of H2O,
MeCN, and THF, and comparisons of (b) d(001), (c) σRT , and (d) Ea of
K0.5Cd0.75PS3 · Z (Z = H2O, MeCN, or THF).
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The solvent exchange is done by first exposing K0.5Cd0.75PS3 to
vacuum to at least partially dry the material followed by stirring the
K0.5Cd0.75PS3 in dried solvent in a glovebox for 1 h. To confirm
that the organic solvent is incorporated, Raman is measured on the
resulting materials. In all cases, the Raman modes associated with
the new ligand are observed (Figure S23). To further confirm ligand
exchange, we analyze the basal spacing after the exchange which
is shown in Figure 8b (XRD patterns available in Figure S24). The
basal spacing increases in the order of H2O < MeCN < THF, corre-
lating with the size of the ligand molecules. The increase in basal
spacing with THF (4.5 Å) approximately matches the radius of a
flat THF molecule (4.2 Å). 94 Figure 8c and d show the σRT and
Ea, respectively, of K0.5Cd0.75PS3 · Z (Z = H2O, MeCN, THF). Re-
placing H2O with MeCN or THF decreases the σRT by one or three
orders of magnitude and increases the Ea by∼ 70 meV or 200 meV,
respectively. Given that the framework and mobile ion remain con-
stant, the variation in mobility is attributed to the interplay between
an increase in bottleneck size and decrease in the extent of charge
screening. Despite THF creating the largest diffusion bottleneck
as evidenced by the basal spacing, the THF-containing compounds
show low σRT and high Ea due to either ineffective charge screen-
ing by THF or a bottleneck that is effectively too large. However,
the conductivity with absorbed THF is still two orders of magni-
tude higher than dried K0.5Cd0.75PS3. Although MeCN absorption
results in a smaller bottleneck than THF, its superiority in terms
of screening the mobile ion charge leads to a significantly higher
σRT and lower Ea. The variation in dielectric constant of the se-
lected ligands (53 % decrease for MeCN, 90 % decrease for THF)
is larger than the resulting variation in bottleneck size (5 % increase
for MeCN, 18 % increase for THF). Therefore, the variation in
screening ability plays the dominant role in governing the mobility.
Consequently, K0.5Cd0.75PS3 ·MeCN exhibits a high ionic conduc-
tivity of 0.18 mS cm−1 in the absence of H2O, enabling potential
application in non-aqueous systems. In addition, achieving high
ionic conductivity with an aprotic ligand provides further evidence
that the majority charge carriers are the interlayer cations and not
H+. Future work will explore the integration of aprotic solvents
with high dielectric constants into MPS3 frameworks with various
next-generation mobile ions.

Ionic Conduction in A2x/nM1−xPS3

Compared to Previous Reports
Now that we have discussed in-depth the structure-property rela-
tionships associated with ionic conduction in the A2x/nM1−xPS3

materials, we will next discuss our work in the context of similar
studies.

In the late 90s, Jeevanandam et al. measured ionic conductiv-
ity using admittance measurements of K0.5Cd0.75PS3 · H2O and
Na0.5Cd0.75PS3 · 2 H2O. 58,59 The studies concluded that Na+ is
mobile while K+ is not. However, the EIS analysis presented
here conclusively shows very high ionic conductivity for K+ in
K0.5Cd0.75PS3 ·H2O (Nyquist plots can be seen in Figure S13). Ad-
ditionally, we find that the σRT of Na0.5Cd0.75PS3 · 2 H2O is two
orders of magnitude higher than in their previous reports. These
discrepancies may arise from sample preparation or EIS measure-
ment errors, but it is difficult to pinpoint the exact cause using the
experimental conditions that were reported.

The recent study by Yu and Ren, in which exceedingly high 2D
ionic conductivity was observed in CdPS3-based membranes, pro-
vides an opportunity to compare solvent-assisted ionic conductivity
to confined liquid electrolytes. In the study by Yu and Ren, there

is no discussion of the quantity of H2O present in each membrane.
However, since the basal spacing, σRT , and Ea are largely uncorre-
lated to the identity of the intercalated ion, reminiscent of a confined
liquid electrolyte we speculate that the membranes likely contain
excess amounts of H2O. In the case of ligand-assisted ionic con-
duction in bulk A2x/nM1−xPS3 materials, although the intercalated
ions are screened they still interact with the framework, explain-
ing the strong dependence of the electrochemical performance on
intercalated ion identity. A comparison of the results of their 2D
σRT and Ea with the finding of this study is shown in Figure S26.
The measured conductivity of CdPS3-based membranes is between
two and four orders of magnitude higher than the bulk polycrys-
talline A2x/nM1−xPS3 samples reported here. This is logical be-
cause the inherent conduction pathways in this structure are 2D,
bulk 3D conduction is achieved in polycrystalline pellets through
a series of 2D conduction processes within randomly oriented par-
ticles. However, particularly for energy storage applications con-
sidering general materials processing and cell assembly steps, the
bulk 3D measurement is more representative of materials perfor-
mance. Furthermore, operating within the ligand-assisted regime
combines the benefits of high ionic mobility with the advantages
of using a solid state electrolyte. Additionally, there is limited free
H2O in the material, which minimizes H2O-related undesired side
reactions, and limits the impact of H+ conduction. However, in the
confined liquid electrolyte regime the materials may become softer
and sticky due to excess H2O, 36 and the free H2O can lead to unde-
sired reactivity and increased H+ conduction in battery systems.

Conclusions
The introduction of ligand molecules into solids can drastically in-
crease the ionic mobility of both larger cations (Na+, K+, Ca2+)
and charge-dense cations (Mg2+, Zn2+, Al3+) by expanding the
diffusion bottlenecks and screening charge-dense mobile ions. In
MPS3-based materials (M = Mn, Cd), ion-intercalated compounds
of the form A2x/nM1−xPS3 · y H2O can be obtained containing
hydrated interlayer A cations. These intercalated structures con-
tain either a monolayer H2O, K+ and Na+ (at low RH); or bilayer
H2O: Li+, Na+, Mg2+, Zn2+, Ca2+, and Al3+, depending on the
hydration energy of the intercalated cation. All A2x/nM1−xPS3 ·
y H2O materials show exceptionally high bulk conductivity (gen-
erally > 0.1 mS cm−1) at RT and ambient RH. Therefore, lever-
aging ligand-assisted ionic conduction in solid state electrolytes
is a promising avenue to achieving high ionic mobility of next-
generation mobile ions, which has historically been very challeng-
ing. 36,38,39,95,96 Furthermore, A2x/nM1−xPS3 · y H2O materials dis-
play the highest reported bulk conductivity of any electronically-
insulating inorganic solid for K+, Mg2+, Ca2+, Al3+ ions, and is
among the highest for Li+ and Na+. Notably, these compounds
exhibit higher conductivities than other reported solids containing
solvated ions (e.g. clays and MOFs), due in part to the more po-
larizable S-based anion framework in MPS3-based materials. Em-
ploying ligand-assisted ionic conduction seems to be more effective
for achieving exceedingly high conductivity for less charge-dense
ions, like Li+, Na+, K+, and Ca2+, but still provides suitable re-
sults for charge-dense ions.

This work highlights the impact of expanding the diffusion bot-
tleneck, by showing that with identical ions and ligands the frame-
work with the larger bottleneck has a higher σRT and lower Ea.
Furthermore, the impact of charge screening is illustrated by the
systematic increase in Ea and decrease in σRT for similar struc-
tures when some of the solvating H2O ligands are removed.

Since the introduction of H2O introduces the possibility of H+
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conduction, we provide strong evidence that the intercalated cations
are the majority carriers. The observed electrochemical behavior is
much more adequately explained by mobile intercalated ions than
mobile H+. Additionally, MAS NMR demonstrates absence of H+

exchange and high mobility of Li+ and Na+. PFG NMR demon-
strates that in the case of Li0.5Cd0.75PS3 · 2 H2O the Li diffusivity
is two to four orders of magnitude higher than that of H. This result
further suggests that the intercalated cation is the majority charge
carrier and that the conduction occurs through a hopping mecha-
nism, where the cations are moving between H2O molecules, in-
stead of a vehicular mechanism.

Although H+ are likely not the mobile ions, the drastically in-
ferior performance of the dried phases emphasizes that H2O lig-
ands are crucial for the high mobility of the intercalated ions. Fi-
nally, exchanging H2O for aprotic ligands like MeCN and THF in
K0.5Cd0.75PS3 · H2O provides further evidence that H+ is not the
majority carrier. The ionic mobility of the intercalated cations with
these ligands depends on the interplay between bottleneck expan-
sion and the effective charge screening. Specifically, K0.5Cd0.75PS3

· MeCN exhibits a high ionic conductivity demonstrating the po-
tential application of A2x/nM1−xPS3 to non-aqueous systems.

A2x/nM1−xPS3 materials represent a modular system in which
we can change the mobile ion, the framework (M = Cd for slightly
higher performance vs. Mn for environmental friendliness), or
the ligand molecules to tailor the performance for specific appli-
cations. Fundamentally, this modular framework allows us to de-
velop structure property relationships to better understand solid
state ionic conduction of next-generation mobile ions, particularly
solvent-assisted ionic conduction. Additionally, the high perfor-
mance of A2x/nM1−xPS3 materials suggests that these, or similar
compounds, could be used as a "universal" solid electrolyte for a
variety of battery chemistries with different mobile ions.

Experimental Methods
Material Preparation
Synthesis

The MPS3 (M = Mn, Cd) materials were prepared using traditional
solid state methods from Mn (Alfa Aesar, 99.3%) or Cd (Thermo
Scientific, 99.99%) metal powder, respectively, elemental S (Acros
Organics, >99.5%), and 10% excess P2S5 (Acros Organics, >98%)
in an Ar-filled glovebox without further purification.

The M, P2S5, and S8 were combined in a 2:1.1:1/8 molar ratio
and ground thoroughly using a mortar and pestle. The reactants
were then pressed into pellets with an Arbor press and sealed in
a vitreous silica ampule under vacuum (<10 mtorr). The reaction
vessel was placed in a box furnace, heated to 650 °C at a rate of 1 °C
min−1) (K min−1) and allowed to react at 650 °C for 24 h. After
the reaction was complete, the tube was allowed to cool to ambient
temperature inside of the furnace. The resulting green (MnPS3) or
off-white (CdPS3) powder was collected and handled in an Ar filled
glovebox.

Ion-Exchange Reaction

The ion-exchange reactions were conducted by stirring powder
MPS3 samples in aqueous solution of the appropriate metal chlo-
ride. A typical K-exchange reaction involved stirring 400 mg of
MnPS3 or 500 mg of CdPS3 in 10 ml of a 3 M or 2 M solution,
respectively, of aqueous KCl at room temperature for three hours.
For CdPS3, 0.1 M EDTA, in a 1 M K2CO3/KHCO3 buffer solution,

is added as a complexing agent. After the reaction was complete,
the mixture was filtered using a fritted glass vacuum filter, washed
three times with water and once with ethanol and allowed to dry
for at least 30 minutes. The second ion exchanges were conducted
on the material obtained from the first exchange. In this case, 100-
150 mg of K-exchanged MPS3 was added to 10 ml of 1 M solutions
of the relevant metal chloride, no complexing agents were added.
The drying and washing procedures were the same as the first ex-
change. The Li-exchanged samples were allowed to dry overnight.
After the ion exchanges were complete the samples were stored in
vials at ambient conditions. A hygrometer was used to measure the
ambient RH, if there was a period in which the humidity was < 40%,
the materials were stored in a humidity chamber maintained at 53%
RH using super saturated solutions of magnesium nitrate.

Ligand-Exchange Reaction

The ligand exchange was carried out in a dry N2-filled glove box.
Samples of K0.5Cd0.75PS3 ·H2O were partially dried through three
10-minute vacuum-backfill cycles in the glovebox antechamber.
MeCN (99.9%,Fisher Scientific) and THF (99.9%, Fischer Sci-
entific) were dried on a solvent purification system (Pure Process
Technology) and transferred into the glovebox, without exposure
to air, and stored over 3 Å molecular sieves. Before use, the mea-
sured a water content of both solvents was less than 20 ppm via
KF titration. In the glovebox, K0.5Cd0.75PS3 was added to 5 mL
of the solvent in a scintillation vial and mixed on a magnetic stir
plate for one hour. The mixture was vacuum filtered over a fritted
glass filter for a couple seconds until the material visibly changed
from it’s dark gray "wet" state to the drier light gray state. Quickly,
the material was scraped off the filter and put into Swagelok cells
for impedance characterization or an empty scintillation vial for ab-
sorbed solvent characterization.

Absorbed solvent was characterized by mass loss measurements.
An initial mass was obtained from the sample immediately follow-
ing removal from the filter. This sample was then allowed to pas-
sively lose solvent to the dry atmosphere.

Dried Sample

To prepare dried ion-exchanged materials for structural and elec-
trochemical characterization, the powders were transferred into a
Ar-filled glovebox and placed in a vacuum oven at 120 ° C for 10
hours.

Pelletization

Between 15-30 mg of powder was pressed into a pellet in ambient
atmosphere using a 12 ton hydraulic press from Carver (unit 3912).
The powder was pressed using a 6 mm stainless steel die set at 2
tons for 5 minutes. The resulting pellets were between 0.2-0.6 mm
thick. In most cases the pellets were sputtered with Au at 40 mA
for 60 s on both flat surfaces using a Ted Pella 108 Auto Sputter
Coater in an Ar filled glovebox. Then removed from the glovebox
and allowed to re-equilibrate at ambient RH for at least 2 days.

Material Characterization
Powder X-ray Diffraction

High-resolution synchrotron powder x-ray diffraction patterns were
collected on samples sealed in 1.0 mm (o.d) glass capillaries (to
prevent changes in RH). The samples were measured on beamline
28-ID-1 (λ = 0.1665 Å) at the National Synchrotron Light Source
II at Brookhaven National Laboratory.
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Additional XRD data were collected using a Rigaku SmartLab
diffractometer (CuKα). The hydrated samples were placed on a
glass slide sample holder at ambient RH, while the dried samples
were prepared in a glovebox and measured in a Rigaku air free
sample holder. All patterns were collected from 5-60° 2θ as a step
size of 0.03 ° and 5 ° per minute.

Raman Spectroscopy

Raman spectroscopy was measured using a Horiba Instruments
XplorRA PLUS Raman Spectrometer equipped with 532 nm laser.
The sample was mounted on a glass microscope slide. The signal
was averaged over 200 acquisitions lasting 1 s each with a 50 µm
slit and 500 µm hole. The laser power used was either 1 or 10% to
prevent local heating and sample degradation.

Thermogravimetric Analysis

TGA was performed using a TA Instruments TGA 550. Pow-
der samples (5-30 mg) were loaded into a tared high-temperature
pan composed of an Inconel coated bail wire and platinum pan as
a flat, evenly distributed layer and heated under a nitrogen flow
(25 mL/min) at 5 ° C/min from room temperature (19-25 ° C) to
200 ° C, at which it was held constant for 1 min. The instrument
was calibrated using a nickel Curie temperature standard as per the
manufacturer’s directions.

Inductively Coupled Plasma Mass Spectrometry

ICP-MS was performed on Agilent 8800. About 2 mg of each syn-
thesized batch of material was digested in 2 ml of 70% nitic acid
at 80 ° C for 4 hours. After the initial digestion, the solutions were
diluted twice in 5% nitric acid to reach x2500 dilution. Five dif-
ferent concentrations of standard solutions were made from stock
solutions of Cd, Mn, P, S, Li, Na, Mg, Ca, Zn, and Al to generate a
calibration curve.

Scanning Electron Microscopy & Energy Dispersive X-ray
Spectroscopy

SEM was performed on select materials using a ZEISS 1550VP
field emission SEM with an acceleration voltage of 10 kV at 5kX,
10kX, and 30kX magnification. Before SEM was performed the
materials were sputtered with Pt for 5 s at 40 mA to avoid charging
during the measurement. EDS data were collected using an Oxford
X-MAX SSD system with an acceleration voltage of 10 kV or 20
kV.

Electrochemical Impedance Spectroscopy

EIS measurements were collected using a Bio-Logic VSP300 mul-
tichannel potentiostat with ultralow current probes. Typically, sym-
metric cells were assembled with Au-sputtered, in 0.25 i.d. PTFE
spring-loaded Swagelok cells. EIS was measured at different tem-
peratures, controlled by a convection oven. The cell temperature
was allowed to equilibrate for 30 minutes at each temperature. The
temperature series were terminated at 70 ° C. The EIS spectra were
collected using a sinusoidal voltage amplitude of 50 mV in a fre-
quency range of 3 MHz to 1 Hz and averaged over 10 measure-
ments. At least three successive measurements were taken to ensure
that the response was stable. Equivalent results were obtained with-
out pelletization, by making a pellet in situ in the PTFE Swagelok
cell by applying at least 3 kN of force with a vice. In this case, either
polished Au foil or the stainless steel plungers were used as elec-
trodes. This method was primarily utilized for the Al-exchanged

samples, which took a long time to re-equilibrate after pelletiza-
tion, it was also used for replicates of other samples to ensure con-
sistency. Since for the vast majority of samples the high frequency
semi circle in the Nyquist plot could not be resolved even at RT,
the x intercept of the Nyquist plot is taken as a "worst case" ap-
proximation for the total impedance for all samples, which we con-
servatively approximate as the electrolyte impedance. For the few
samples where a high frequency semi-circle could be resolved, the
data were fit to an equivalent circuit using ZFit in the EC-Lab soft-
ware, e.g. Figure S15, to ensure that the capacitance of this fea-
ture corresponded with that expected for bulk ionic conductivity in
solids.

Solid State Magic Angle Spinning Nuclear Magnetic Resonance
Spectroscopy

Multinuclear MAS NMR experiments were performed using a
Bruker Avance I-500 MHz spectrometer and using a Bruker 4mm
MAS NMR probe. A powder sample was packed into a zirco-
nia (ZrO2) rotor at the ambient condition, and spun at 10 kHz.
1H NMR (500.2 MHz) spectra were acquired after 4 µs-90 de-
gree pulse. NMR signal of metal ions (quadrupole nuclei) were
recorded after applying short tip angle rf pulses (1/12π for I=3/2
nuclei (7Li and 23Na) or 1/18π pulse for 27Al) and strong 1H de-
coupling pulse. Chemical shifts were externally calibrated to TMS
for 1H, 1 M aqueous solution of LiCl, NaCl, and Al(NO3) for 7Li,
23Na, and 27Al nuclei, respectively. For NMR measurements af-
ter dehydration, a 4 mm rotor containing packed powder sample
was inserted into a 80 mm long-5 mm glass NMR tube, and the
glass NMR tube was attached to a 1/4"-Cajon-VCR-T fitting and
the side arm was connected to a vacuum manifold for high temper-
ature evacuation overnight. In this special setup, a glass rod with
sealing kel-F rotor cap at the end was attached at the top of the 1/4"-
Cajon-VCR-T. The rod was able to slide down, closing the 4 mm
rotor with a tightly fit o-ring. The rotor underwent heating in an 10
mm-cylinder furnace with evacuation. The setup was filled with Ar
gas before sealing, resulting in complete avoidance of exposure to
air for the dried powder sample.

Pulsed Field Gradient Nuclear Magnetic Resonance Spec-
troscopy

Li0.5Cd0.5PS3 · 2 H2O sample was packed and sealed inside a
4 mm ZrO2 rotor, which was itself placed in an airtight 5 mm NMR
tube. 1H and 7Li PFG-NMR measurements were conducted on a
7.05 T (1H, 300 MHz) Bruker Avance III super wide-bore NMR
spectrometer equipped with a Diff50 probe under static condition.
Diffusion measurements were performed from low (25 °C) to high
temperature (60 °C) after a 30 minute equilibration period at each
temperature, and the temperature was regulated by a heater and us-
ing N2 gas flowing at a rate of 800 L/h. The sample temperature was
calibrated using dry ethylene glycol solution. Self-diffusion coef-
ficients were measured using a stimulated echo pulse sequence 87

with variable magnetic field gradient pulses. Self-diffusion coeffi-
cients,Di, of all the nuclei were determined by fitting the integrated
signal intensity, Ii, as a function of the variable gradient strength ,
g, using the Stejskal-Tanner equation. 88,97

I = I0 exp

(
−Di (γδg)2

(
∆− δ

3

))
= I0 exp (−DiB)

where B = (γδg)2
(

∆− δ

3

) (3)

I0 is the initial signal intensity, δ is the gradient duration, and
∆ is the diffusion time. The δ, ∆, and g values were selected to
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ensure sufficient decay window. The NMR data were processed
with TOPSPIN 4.3.0 and fitted using Origin software.

Theoretical Methods
Structure Relaxations

We used density functional theory implemented in the Vienna
Ab Initio Simulation Package (VASP 6.4.2) 98–100 along with Pro-
jector Augmented Wave (PAW) 101,102 pseudopotentials to deter-
mine the lowest energy configurations of dehydrated and hydrated
K0.5Mn0.75PS3 and Na0.5Mn0.75PS3. The stoichiometries were
rounded to the stated values for computational simplicity. PAW po-
tentials were used with valence configurations of 3s23p64s1 for K,
2s22p4 for O, 3s23p3 for P, 3s23p4 for S, 4s13d6 for Mn and 1s1

for H to describe the valence electrons. Our calculations employed
the Perdew-Burke-Ernzerhof (PBE) 103 Generalized Gradient Ap-
proximation (GGA) and included vdW corrected DFT-D3 (Becke-
Johnson) 104,105 along with empirical dispersion corrections. To en-
sure accuracy, we included all plane waves of energy up to 650 eV
and set electronic minimization energy criteria to 10−6 eV. Ionic
relaxation was stopped when the norms of all Hellmann-Feynman
forces were less than 10−2/Å, and we utilized a 4x2x4 Γ-centered
k-mesh for Brillouin zone integration within the unit cells so that a
k-spacing of less than 0.2 Å−1 was sufficient for the required accu-
racy for electronic energy minimization.

The structures in Figure 3 were obtained through a heating and
cooling approach using Ab initio Molecular Dynamics (AIMD)
and the Nosé and Hoover NVT ensemble in VASP 6.4.2. 106–109

The structures were brought from 20K to 300K, held at 300K then
cooled back to 20K and were relaxed with DFT minimization from
there. Initial estimate structures were optimized with the param-
eters described above. All AIMD simulations were run with 1 fs
time steps, a fixed cell shape and volume, and the same param-
eters above except as noted. The heating and cooling were both
performed over 2 ps with a 1x1x1 Γ-centered k-mesh. Between
these steps the simulation was held at 300 K over 5 ps with a 2x1x2
Γ-centered k-mesh.

Supporting Information
Details on the differences in the degree of ion exchange that occurs,
both for different ions within a given framework and between the
frameworks; additional details of the ligand exchange procedure,
challenges, and results; additional XRD, EIS, arrhenius relation-
ships, TGA, DTG, Raman, SEM, EDS of MPS3-based intercalated
compounds; XRD of select compounds at different RH; additional
computational structural investigations of K0.5Mn0.75PS3 · H2O;
EIS of pristine MPS3 materials; XRD of dried MPS3-based ion ex-
changed compounds; MAS NMR of select compounds in hydrated
and dried states; XRD and Raman of compounds after ligand ex-
change; a comparison between electrochemical results of ligand-
assisted ionic conduction and a confined liquid electrolyte; Tables
containing the electrochemical properties of each sample and the
chemical shifts and FWHM from MAS NMR.
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Cho, Y. W.; Černý, R.; Hammer, B.; Jensen, T. R. The Mechanism of
Mg2+ Conduction in Ammine Magnesium Borohydride Promoted by a
Neutral Molecule. Phys. Chem. Chem. Phys. 2020, 22, 9204–9209.

(24) Le Ruyet, R.; Fleutot, B.; Berthelot, R.; Benabed, Y.; Hautier, G.; Fil-
inchuk, Y.; Janot, R. Mg3(BH4) 4(NH2)2 as Inorganic Solid Electrolyte
with High Mg2+ Ionic Conductivity. ACS Appl. Energy Mater. 2020, 3,
6093–6097.

(25) Kisu, K.; Kim, S.; Inukai, M.; Oguchi, H.; Takagi, S.; Orimo, S.-i. Mag-
nesium Borohydride Ammonia Borane as a Magnesium Ionic Conductor.
ACS Appl. Energy Mater. 2020, 3, 3174–3179.

14
https://doi.org/10.26434/chemrxiv-2024-7k052 ORCID: https://orcid.org/0000-0002-0133-9693 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-7k052
https://orcid.org/0000-0002-0133-9693
https://creativecommons.org/licenses/by-nc-nd/4.0/


(26) Roedern, E.; Kühnel, R.-S.; Remhof, A.; Battaglia, C. Magnesium
Ethylenediamine Borohydride as Solid-State Electrolyte for Magnesium
Batteries. Sci Rep 2017, 7, 46189.

(27) Whittingham, S. Transport Properties of the Mineral Vermiculite. Solid
State Ionics 1989, 32–33, 344–349.

(28) Whittingham, M. Sodium Ion Conduction in Single Crystal Vermiculite.
Solid State Ionics 1987, 25, 295–300.

(29) Maraqah, H.; Li, J.; Whittingham, M. S. Ion Transport in Single Crys-
tals of the Clay-Like Aluminosilicate, Vermiculite. MRS Proc. 1990, 210,
351.

(30) Slade, R. Conduction and Diffusion in Exchanged Montmorillonite
Clays. Solid State Ionics 1987, 24, 289–295.

(31) Ruiz-Hitzky, E.; Casal, B. Crown Ether Intercalations with Phyllosili-
cates. Nature 1978, 276, 596–597.

(32) Nam, K. W. et al. The High Performance of Crystal Water Contain-
ing Manganese Birnessite Cathodes for Magnesium Batteries. Nano Lett.
2015, 15, 4071–4079.

(33) Novák, P.; Desilvestro, J. Electrochemical Insertion of Magnesium in
Metal Oxides and Sulfides from Aprotic Electrolytes. J. Electrochem.
Soc. 1993, 140, 140–144.

(34) Song, J.; Noked, M.; Gillette, E.; Duay, J.; Rubloff, G.; Lee, S. B. Ac-
tivation of a MnO2 Cathode by Water-Stimulated Mg2+ Insertion for a
Magnesium Ion Battery. Phys. Chem. Chem. Phys. 2015, 17, 5256–5264.

(35) Kundu, D.; Adams, B. D.; Duffort, V.; Vajargah, S. H.; Nazar, L. F. A
High-Capacity and Long-Life Aqueous Rechargeable Zinc Battery Using
a Metal Oxide Intercalation Cathode. Nat Energy 2016, 1, 16119.

(36) Joos, M.; Schneider, C.; Münchinger, A.; Moudrakovski, I.; Usiskin, R.;
Maier, J.; Lotsch, B. V. Impact of Hydration on Ion Transport in
Li2Sn2S5·xH2O. J. Mater. Chem. A 2021, 9, 16532–16544.

(37) Iton, Z. W. B.; Lee, B. C.; Jiang, A. Y.; Kim, S. S.; Brady, M. J.;
Shaker, S.; See, K. A. Water Vapor Induced Superionic Conductivity in
ZnPS 3. J. Am. Chem. Soc. 2023, 145, 13312–13325.

(38) Yoshida, Y.; Yamada, T.; Jing, Y.; Toyao, T.; Shimizu, K.-i.; Sadakiyo, M.
Super Mg2+ Conductivity around 10–3 Scm–1 Observed in a Porous
Metal–Organic Framework. J. Am. Chem. Soc. 2022, 144, 8669–8675.

(39) Yoshida, Y.; Kato, K.; Sadakiyo, M. Vapor-Induced Superionic Conduc-
tion of Magnesium Ions in a Metal–Organic Framework. J. Phys. Chem.
C 2021, 125, 21124–21130.

(40) Park, S.; Kristanto, I.; Jung, G. Y.; Ahn, D. B.; Jeong, K.; Kwak, S. K.;
Lee, S.-Y. A Single-Ion Conducting Covalent Organic Framework for
Aqueous Rechargeable Zn-ion Batteries. Chem. Sci. 2020, 11, 11692–
11698.
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