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ABSTRACT: Mg rechargeable batteries (MgRBs) represent a safe
and high-energy battery technology but suﬀer from the lack of suitable
cathode materials due to the slow solid-state diﬀusion of the highly
polarizing divalent Mg ion. Previous methods improve performance at
the cost of incompatibility with anode/electrolyte and drastic decrease
in volumetric energy density. Herein we report interlayer expansion as
a general and eﬀective atomic-level lattice engineering approach to
transform inactive intercalation hosts into eﬃcient Mg storage
materials without introducing adverse side eﬀects. As a proof-ofconcept we have combined theory, synthesis, electrochemical
measurement, and kinetic analysis to improve Mg diﬀusion behavior
in MoS2, which is a poor Mg transporting material in its pristine form.
First-principles simulations suggest that expanded interlayer spacing allows for fast Mg diﬀusion because of weakened Mg−host
interactions. Experimentally, the expansion was realized by inserting a controlled amount of poly(ethylene oxide) into the lattice
of MoS2 to increase the interlayer distance from 0.62 nm to up to 1.45 nm. The expansion boosts Mg diﬀusivity by 2 orders of
magnitude, eﬀectively enabling the otherwise barely active MoS2 to approach its theoretical storage capacity as well as to achieve
one of the highest rate capabilities among Mg-intercalation materials. The interlayer expansion approach can be leveraged to a
wide range of host materials for the storage of various ions, leading to novel intercalation chemistry and opening up new
opportunities for the development of advanced materials for next-generation energy storage.
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A x MPO y and A x MSiO y , 15−17 and spinel A x MO y 18 are
established cathode materials for Li and Na storage but all
suﬀer from low capacity and/or poor electrode kinetics when
used with Mg. An unusually high energy barrier for cation
diﬀusion, the result of strong interaction between the highly
polarizing Mg ion and the negatively charged host lattice, is
cited to be responsible for the inferior electrode performance.7,19 Introduced as early as 2000, the Chevrel phase Mo6S8
featuring a unique charge-delocalizing Mo6 cluster is still the
only material to allow for reversible Mg intercalation at a
reasonable rate, but its energy density of <150 Wh/kg (based
on the weight of active materials only) represents by no means
the theoretical optimum for MgRBs.5 The trial-and-error search
for electrode materials that allow for fast Mg transport has

he development of high-energy and low-cost rechargeable
batteries is a central requirement for electric transportation and grid energy storage.1−4 Mg rechargeable batteries
(MgRBs) stand out as a promising choice due to the attractive
properties of Mg metal anodes, such as dendrite-free deposition
behavior for improved device safety, resource abundance, high
volumetric capacity (3833 mAh cm−3), and relatively low
electrode potential (0.67 V versus Li+/Li).5,6 Compared with
monovalent metals, the bivalent Mg ion transfers more
electrons with the intercalation of less cations into a host
material and could induce less undesirable structural changes,
better reversibility, and higher working potential.7,8 Many
advantages of MgRBs originate from the divalent nature and
small ionic size of Mg ions; nevertheless, these properties also
render the cation too polarizing to diﬀuse smoothly in most
ion-intercalation materials.9 Typical intercalation hosts such as
layered chalcogenides MX2 (M = transition metals; X = S,
Se),10,11 oxides AxMOy (A = guest metals),12−14 polyanionic
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Figure 1. Schematic illustration of approaches to enhance Mg diﬀusion kinetics. Layered intercalation hosts in general are represented by MoS2. Mg
and Li ions have similar ionic size, but Mg2+ has a much higher polarization strength, which is represented in the ﬁgure with radial spikes at the atom.
(a) In the pristine host, the interlayer spacing is limited and Mg2+ interacts strongly with both the top and bottom layer of S atoms, resulting in
considerably slower ion diﬀusion than that for the less polarizing Li+. (b) Drastic particle downsizing increases the apparent Mg diﬀusivity by
shortening the diﬀusion path, but the low packing density of ultrasmall particles leads to low volumetric energy density. (c) Inclusion of dipole
molecules such as water in the lattice converts Mg2+ to less polarizing solvated cations, thus increasing ion diﬀusivity, but dipole molecules are
incompatible with Mg anode and Mg-deposition electrolytes. (d) Interlayer expansion proposed in this work increases the intrinsic Mg diﬀusivity by
modifying the lattice structure and weakening the interaction between Mg2+ and the host without introducing adverse side eﬀects.

Figure 2. Theoretical simulation of Mg diﬀusion in MoS2 with diﬀerent interlayer distances. (a) Calculated Mg diﬀusion path in MoS2 (valid for the
entire range of interlayer distances examined in this work). (b) The energy barrier for Mg diﬀusion continuously decreases as the interlayer distance
of MoS2 increases. (c) Potential energy diagram for Mg migration at interlayer spacings of d = 0.65, 0.80, and 0.90 nm. As the interlayer distance
increases from 0.65 nm (d) to 0.80 nm (e) and then 0.90 nm (f), the bond between Mg and MoS2 lengthens and ﬁnally is broken on one side.

proved problematic, but recent eﬀorts in high-throughput
computational material screening are promising to open up
new opportunities for materials discovery.20
In order to adapt intercalation hosts with low Mg diﬀusivity
into adequate Mg storage materials, two approaches were
employed throughout the last two decades: (1) drastically
down-sizing the particles to the 10 nm scale so that the Mg

diﬀusion length is short enough to ensure a decent apparent
Mg diﬀusivity (Figure 1b);13,15,18,21 and (2) introducing dipole
molecules (e.g., H2O) in the electrolyte or host lattice to
transform Mg2+ into much less polarizing solvated ions, thereby
alleviating the host−guest interaction and increasing the ion
diﬀusivity (Figure 1c).22−24 Both approaches eﬀectively
improve Mg transport and have enriched Mg intercalation
B
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a small interlayer spacing of d = 0.65 nm, the total energy
increases steeply as Mg diﬀuses from the Oh-site toward the Thsite; in contrast, at a large spacing of d = 0.9 nm only a small
amount of energy is needed for Mg to migrate away from the
Oh-site and then no additional energy barrier is present for the
remainder of the diﬀusion path. The reason behind the
decrease in energy barrier is the gradually weaker bonding
between Mg and MoS2 as the interlayer spacing increases. For
interlayer distances within 0.65−0.80 nm, Mg coordinates to S
atoms from both the upper and bottom MoS2 layers with about
equal bonding strength, but the Mg−S bond length increases
from 0.251 to 0.302 nm as the spacing gets larger (Figure 2d,e).
With a large spacing of d = 0.90 nm, Mg no longer stays in the
middle of two layers; the Mg−S bond with a length of 0.302
nm only retains with one MoS2 layer while the distance
between Mg and the other layer is too long for the formation of
eﬀective bonding (Figure 2f). This situation is very similar to
Mg adsorption on single-layered MoS2, where Mg only bonds
to one layer of MoS2, thereby reﬂecting the success of our
attempt to imitate the single-layer-like Mg-intercalation
environment with a multilayer structure. These simulations
strongly suggest that interlayer expansion is a powerful
technique to improve the diﬀusion kinetics of multivalent
cations in layer-structured hosts.
We note that while the interlayer expansion of layered
materials facilitating the intercalation/diﬀusion of alkaline ions
(Li+ and Na+) is not unknown, these monovalent cations diﬀer
from Mg ions in terms of their much smaller polarizing strength
(Supporting Information Table S1). As a result, intercalation of
alkaline ions into pristine MoS2 readily occurs,26,27 and a slight
enlargement in interlayer distance from 0.62 nm to 0.63−0.69
nm, usually achieved by disordering the stacking of MoS2
layers, is enough for a considerable performance enhancement.28−30 In the case of Mg, however, our calculation shows
that even with the interlayer distance being as large as 0.69 nm,
the diﬀusion barrier is at a high level of ∼0.97 eV. This barrier
translates to a 108-time slower ion diﬀusion rate than that of Li
in bulk MoS2 (d = 0.618 nm with Ea = 0.49 eV).31 Our
calculations indicate that in order to bring the Mg diﬀusion
barrier down to the same value of 0.49 eV, a minimum spacing
of d = 0.772 nm, or a 25% increase from the original value, is
necessary. This extent of enlargement could not be achieved
with the common disordering methods, by which only up to
10% of spacing increase is possible. Instead, we utilized hybrid
intercalation compounds derived from MoS2, where host layers
and pillars form layer-by-layer sandwiched structures. The
interlayer distance of these nanocomposites is widely tunable
by controlling the structure and amount of pillar species,
thereby providing a perfect means of atomic-level lattice
manipulation. The preparation and structure of these nanocomposites are well documented, but they are rarely examined
as electrode materials.32,33
Synthesis of Interlayer-Expanded MoS2 Nanocomposites.
PEO was uniquely chosen as the pillar species to form
intercalation compounds with MoS2 for this study because (1)
it is electrochemically inert and does not obscure the properties
of MoS2 itself, and (2) it is ionically conducting and does not
block the diﬀusion path of intercalating ions. MoS2−PEO
nanocomposites with increased interlayer distance were
synthesized by a modiﬁed chemical delamination−reassembly
method carried out in three steps, namely eq i lithiation, eq ii
delamination, and eq iii restacking (Figure 3a)34

chemistry, but they also come with the following insurmountable limitations: (1) heavily down-sized materials have low
density and restrict energy density; (2) dipole molecules are
not compatible with the Mg−metal anode and state-of-the-art
Mg-deposition electrolytes. Fundamentally diﬀerent material
engineering approaches are necessary for the development of
practical Mg storage materials.
In this work we introduce interlayer expansion as a general
and eﬀective approach to increase the intrinsic Mg diﬀusivity of
layer-structured intercalation hosts without causing low density
and incompatibility issues (Figure 1d). As a proof-of-concept,
the layered chalcogenide MoS2 with its widely tunable
interlayer distance is chosen as a model compound. We were
inspired by a recent theoretical study of Mg transport in MoS2,
where the use of single-layered MoS2 instead of the bulk form
was found to decrease the Mg diﬀusion energy barrier from
2.61 to 0.48 eV, or a 1036-time enhancement in diﬀusion
kinetics.25 While single-layered structures may not make
practical electrode materials due to synthetic complexity and
low density, this result implies that even hosts with originally
poor Mg diﬀusivity would allow fast Mg diﬀusion as long as the
atomic level ion−host interaction is rationally manipulated. We
imitate the single-layerlike environment by increasing the
interlayer distance of MoS2 to the point where Mg2+ is
restricted to mainly coordinate to atoms from only one side of
the host (as in single-layered structure) rather than both sides
(as in bulk). A combination of theoretical modeling, material
engineering, and electrochemical analysis was employed to
investigate the impact of the interlayer expansion on the Mgintercalation chemistry. First, ab initio density functional theory
(DFT) simulations were performed to validate this approach
and guide the material design. The calculation evidenced a stark
decrease of Mg diﬀusion energy barrier upon suﬃcient increase
of the interlayer distance. The desired increase was
experimentally achieved by synthesizing MoS2−poly(ethylene
oxide) (PEO) nanocomposites with tunable interlayer distance.
As the interlayer distance of MoS2 increases from 0.615 to 1.45
nm, improvements of 200% in speciﬁc capacity and 100-time in
Mg mobility were observed. The origin of the improvement
was investigated in detail with the aid of various spectroscopic
material characterization and electrochemical analysis. Finally,
we propose leveraging this new design space as a universal
strategy for the design of electrode materials with improved
performance and broad-ranging applications beyond Mg
intercalation.
Results. Theoretical Simulation of Mg Diﬀusion and
Rationale of Material Design. To validate our approach and
obtain guidance for material design, we used DFT to calculate
the diﬀusion behavior of Mg in MoS2 with varying interlayer
distances. For the whole range of interlayer distance examined,
the octahedral site (Oh-site) is most energetically favorable for
Mg intercalation. At the Oh-site, Mg coordinates to three S
atoms in each of the upper and lower layers of MoS2
(Supporting Information Figure S1). Mg was found to migrate
from one Oh-site to another via the metastable tetrahedral site
(Th-site) regardless of the interlayer distance (Figure 2a). This
diﬀusion path is in agreement with previous observations with
bulk MoS2.25 As the interlayer spacing (d) increases from 0.65
to 0.9 nm, the diﬀusion energy barrier continuously decreases
from 1.12 to 0.22 eV as shown in Figure 2b. Assuming the
standard Arrhenius expression (D ∝ e−Ea/RT) this barrier
decrease is equivalent to 1015 times faster Mg diﬀusion. Figure
2c visualizes the potential energy diagram for Mg migration. At
C
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Figure 3. Synthesis of interlayer expanded MoS2 composites. (a) Commercially available com-MoS2 is chemically lithiated to LiMoS2, which is then
delaminated into single-layered structures in aqueous PEO solutions. Depending on the amount of PEO in the solution, three composites are
obtained: simply restacked res-MoS2 with H2O molecules trapped within layers (nMoS2/nPEO 1:0), peo1-MoS2 containing a small amount of PEO
(nMoS2/nPEO 1:0.5), and peo2-MoS2 containing a larger amount of PEO (nMoS2/nPEO 1:1). (b,c,d,e) TEM images of com-MoS2, res-MoS2, peo1- MoS2,
and peo2-MoS2, respectively.

Figure 4. Structural characterization of the MoS2 nanocomposites. (a) XRD patterns and the cor-responding interlayer distance calculated using
Bragg equation. (b) Raman spectra highlighting the shift of the E12g and A1g mode.

C4 H 9Li + MoS2 → LixMoS2 + 0.5C8H18

in the next step. The lithiated product was hydrolyzed in water
to form a quasi-stable suspension of single-layered MoS2 sheets
stabilized by hydroxide ions that were also formed during the
hydrolysis. A controlled amount of PEO was added to the
suspension that adsorbs onto the surface of MoS2 sheets. The
mixture was centrifuged, washed, and dried during which the
single layers reassembled to aﬀord the MoS2−PEO nanocomposites. In contrary to the literature where the delamination−restacking steps were reported to be carried out under
argon protection,34,36 we found that the presence of oxygen is
actually essential to get any PEO intercalated in the product. By

(i)

LiMoS2 + H 2O → MoS2 (colloid) + 0.5H 2 + LiOH
(ii)

MoS2 (colloid) + yPEO → MoS2 (PEO)y

(iii)

First, commercially available MoS2 (com-MoS2) was lithiated
to LixMoS2 by reaction with n-butyllithium in hexane. This
process was usually criticized for harsh reaction conditions such
as reﬂuxing for days35 but we found that a room-temperature
immersion for hours was suﬃcient for complete delamination
D
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Figure 5. Performance of Li and Mg cells with the MoS2 samples as working electrode. (a) Discharge−charge proﬁle of Li cells with 1 M LiClO4 in
THF as electrolyte and Li metal as counter and reference electrodes cycled at 16.7 mA g −1. (b) Discharge−charge proﬁle of Mg cells with 0.25 M
all-phenyl complex (APC) electrolyte and Mg metal as counter and reference electrodes cycled at 5 mA g −1 within 0.2−2.0 V versus Mg2+/Mg,
which is equivalent to the 1.0−2.8 V versus Li+/Li used for Li cells. (c) Cycling stability at higher current densities. (d) Normalization and
comparison of the capacity retention at diﬀerent current densities.

using MoS2−PEO molar ratios of 4:1 and 1:1, two composites
with small (peo1-MoS2) and large (peo2-MoS2) interlayer
distances were obtained, corresponding to what were usually
proposed to contain one and two layers of PEO between two
slabs of MoS2, respectively.36 For comparison, simply restacked
MoS2 (res-MoS2) was also synthesized with the same method
but in the absence of PEO.
The interlayer distance of com-, res-, peo1-, and peo2-MoS2
were studied with X-ray diﬀractometry (XRD). As shown in
Figure 4a, the diﬀraction peak corresponding to the interlayer
spacing shifts to lower angles after the delamination−
reassembly and more so as the amount of intercalated PEO
increases. This shift indicates a gradually increased interlayer
distance according to Bragg’s formula (d = 0.5λ/sin(θ)). The
interlayer distance of pristine MoS2 (com-MoS2) is calculated
to be 0.615 nm. After delamination−reassembly, the resulted
res-MoS2 shows a broadened diﬀraction peak that is indicative
of less ordered structure and a slightly increased spacing of
0.633 nm. Upon intercalation of PEO, the spacing further
increases to 1.19 nm (peo1-MoS2) and 1.45 nm (peo2-MoS2),
corresponding to 93 and 136% of increase, respectively. The
calculated spacing values are cross-validated by TEM
observation, where the interlayer distances of com-, res-,
peo1-, and peo2-MoS2 are measured to be 0.61, 0.62, 1.22, and
1.41 nm, respectively (Figure 3b−e). According to our
simulation, the Mg diﬀusion kinetics continually increases in
this range of interlayer spacing. Therefore, the as-synthesized
composites are perfect tools to demonstrate the eﬀect of
interlayer expansion on multivalent-ion diﬀusion.
Further characterizations give insights into the chemical
composition and structural properties of the composites.
Infrared spectroscopy has conﬁrmed the presence of PEO in

peo1- and peo2-MoS2 with the C−H stretching absorption at
2880 cm−1 (Supporting Information Figure S2). Strong O−H
stretching is observed at 3300 cm−1 only for res-MoS2,
indicating the presence of water in the simply restacked
composite. Thermogravimetric analysis of res-MoS2 reveals two
steps of weight loss (Supporting Information Figure S3); the
9.4 wt % loss above 300 °C is indicative of 1 equiv of tightly
bound structural water, which is presumably located between
MoS2 layers. Elemental analysis quantiﬁes the molar ratio of
MoS2−PEO to be 2:1 and 1:1 for peo1- and peo2-MoS2,
respectively. In agreement with infrared analysis, the two PEOintercalated nanocomposites are again found to not contain
trapped water (Supporting Information Table S2). The
property change of MoS2 by the insertion of pillars (H2O
and PEO) is probed by Raman spectroscopy. After the
delamination-restacking modiﬁcation, the frequency diﬀerence
between the E12g and A1g vibration mode of res-, peo1-, and
peo2-MoS2 gets 1.5−1.8 cm−1 smaller than that of com-MoS2
(Figure 4b). Similar phenomena were observed for few-layer
MoS2 and were attributed to weakened interlayer interaction.37
Electrochemical Activity Evaluation. Before the evaluation
of Mg intercalation, we ﬁrst investigated the change in the
electrochemical activity of MoS2 after the modiﬁcation process.
For this purpose, Li cells with Li metal as the counter and
reference electrodes and a Li salt-based electrolyte were
assembled and the typical discharge−charge proﬁles are
shown in Figure 5a. Note that the discharge cutoﬀ has to be
set at 1.0 V versus Li+/Li because irreversible conversion
reaction will occur beyond this potential, under which
condition MoS2 does not remain layer-structured.27,38,39 It
turns out that all three composites show the same speciﬁc
capacity of ∼145 mAh g−1 (calculated based on the weight of
E
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Figure 6. Kinetic analysis and stability measurement. (a) The Mg diﬀusivity in MoS2 measured with GITT as a function of the concentration of
intercalated Mg. (b) Voltage proﬁles of peo2-MoS2 cycled at diﬀerent current densities. (c) The intercalation potential, calculated as the average of
median charge/discharge potential, gets higher as the current density increases. (d) Stability of peo2-MoS2 under deep discharge−charge at 5 mA g−1.

res-MoS2 is still low. It is the PEO-inserted composites with
signiﬁcantly increased interlayer distance that bring the capacity
to practical level. The capacity for peo1-MoS2 is 51 mAh g−1,
more than two times as high as that of com-MoS2. The
“shielding eﬀect” of PEO, if any, is expected to be less
important than that of H2O (see Discussions) and of minor
importance for the dramatic increase in capacity. Instead, the
almost doubled interlayer distance (1.19 versus 0.633 nm) is
mainly responsible for the improvement. Further increase of
the interlayer distance to 1.45 nm with the peo2-MoS2 boosts
the capacity to 75 mAh g−1, or over 3.4 times as much as that of
com-MoS2. This trend agrees with our simulation results that as
the interlayer spacing continues to increase, the Mg diﬀusion
energy barrier decreases, albeit at a gradually slowing rate.
The Mg storage capacity obtained by peo2-MoS2 should not
be directly compared with the 145 mAh g−1 observed in Li
cells. Computational studies have predicted the composition of
maximally magnesiated single-layered MoS2 to be Mg2/3MoS2
based on a double-sided Mg adsorption model, corresponding
to a theoretical capacity of 223.2 mAh g−1.25 For multilayered
structures like the composites reported herein, each layer of
MoS2 corresponds to only one layer of Mg atoms instead of
two as in the single-layered structure, hence a halved
magnesiation extent shall be expected. On the basis of the
formula Mg1/3MoS2, the theoretical capacity of multilayered
MoS2 for Mg storage is 111.6 mAh g−1. Therefore, the atomiclevel PEO modiﬁcation has increased the capacity utilization
from the paltry 20% with com-MoS2 to the practical 67% with
peo2-MoS2.
Figure 5c compares the rate capability of the composites.
Under all current densities examined, the capacity goes in the
same sequence peo2-MoS2 > peo1-MoS2 > res-MoS2 > comMoS2. All materials show stable cycling behavior even at high
current densities. Figure 5d provides a closer look at the
capacity−rate dependence. At 1C-rate (∼70 mA g−1), 60% of

MoS2) as that of commercial MoS2, reﬂecting that the number
of available intercalation sites is unchanged after the insertion of
H2O and PEO between the MoS2 layers. The average
discharge−charge potentials of the synthesized composites are
∼0.2 V lower than that of the commercial sample. A similar
decrease in potential was predicted when bilayer MoS2 with an
enlarged interlayer spacing was compared with bulk MoS2 for
Li storage.31 The charge−discharge for the composites are not
well-deﬁned due to the lack of order in the restacked structures.
Overall, the intrinsic ion-storage capability of MoS2 is largely
preserved after the pillaring process.
Mg intercalation was then investigated with cells comprising
MoS2 composite cathodes, Mg metal counter and reference
electrodes, and a [Mg2Cl3]+[AlCl2Ph2]−/tetrahydrofuran
(THF) electrolyte (Figure 5b). Again the discharge cutoﬀ
was controlled at 0.2 V versus Mg2+/Mg (equivalent to 1.0 V
versus Li+/Li) to avoid conversion reactions. The speciﬁc
capacity obtained with com-MoS2 is merely 22 mAh g−1,
agreeing with previous reports that Mg intercalation into
unmodiﬁed MoS2 is very diﬃcult. The use of res-MoS2
increases the capacity to 37 mAh g−1. Considering that the
interlayer distance of res-MoS2 is only slightly larger than that
of com-MoS2 (0.633 versus 0.615 nm), the enlarged spacing
cannot fully justify the 68% capacity increase. It is well
documented that for vanadium oxides the inclusion of H2O
between host layers facilitates Mg intercalation because H2O
molecules coordinate to Mg2+ and “shield” the positive charge
with their large dipole moment, hence weakening cation−host
interaction.22,23 Likewise, we believe the inserted H2O
molecules in res-MoS2 have played a major role in enhancing
Mg intercalation. Compared with the oxygen atoms in
vanadium oxides, the sulfur atoms in MoS2 are more polarizable
and subject to stronger interaction with cations. While Mg
storage in vanadium oxides sees high capacity utilization with
the aid of inserted H2O, the capacity with the H2O-modiﬁed
F
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the capacity obtained at C/14 (5 mA g−1) or 40% of the
theoretical capacity was retained. This represents the best rate
capability among all Mg-intercalation materials investigated in
nonaqueous MgRBs with the only exception of modiﬁed
nanosized Chevrel phase Mo6X8 (X = S and Se) (for a
comparison of rate performance with state-of-the-art Mgintercalation materials, see Supporting Information Table S3).
It is also the only material that delivers meaningful performance
in the form of microsized particles. All three composites show
similar extent of capacity reduction as the current density
increases (Figure 5d), implying that their electrode performance is kinetically restricted by the same mechanism.
To scrutinize the origin of the kinetic restriction on the Mg
storage capacity for MoS2, the solid-state ion diﬀusion kinetics
was studied with galvanostatic intermittent titration technique
(GITT). The GITT method determines ion diﬀusivity as a
function of depth-of-discharge hence can provide insight into
the composition-dependent electrode kinetics.40 The average
Mg diﬀusivity over the entire intercalation process is 2.1 ×
10−12 and 4.4 × 10−12 cm2 s−1 for res- and peo2-MoS2,
respectively (Figure 6a), which is at the same level of that for
Chevrel phase Mo6S8.41 For both res- and peo2-MoS2, the Mg
diﬀusivity is initially high at the 10−11 cm2 s−1 level but
decreases when more Mg is intercalated. The intercalation
reaches an end as the diﬀusivity approaches 10−13 cm2 s−1,
when ion diﬀusion is too slow to sustain further intercalation.
For comparison, the Mg diﬀusivity in commercial MoS2 hits the
10−13 cm2 s−1 region immediately as Mg intercalation begins,
hence the poor activity for Mg storage. This dependence of
capacity on Mg diﬀusivity is conﬁrmed by rate-capability
measurements. Figure 6b,c shows that the intercalation
potential of peo2-MoS2, calculated as the average of median
charge and discharge potentials, becomes higher as the current
density increases. This is because the low-potential capacity
comes with low Mg diﬀusivity and could not be utilized at fast
charge−discharge. On the basis of these results, the key to highcapacity Mg storage is to maintain a high Mg diﬀusivity even
when the Mg concentration in the host is high. The synthesized
MoS2 composites with enlarged interlayer distance bring down
the Mg diﬀusion barrier, increase Mg diﬀusivity, and thereby
achieve high capacity.
The Mg storage stability/reversibility of PEO-pillared MoS2
was investigated with deep intercalation/deintercalation at a
small current density of 5 mA g−1. After 30 cycles, 94% of the
initial capacity was preserved (Figure 6d). Because the Mg
storage capacity, Mg diﬀusion kinetics, and the interlayer
distance of MoS2 are intimately related, the high capacity
retention reﬂects good structural stability of the composite
during the Mg intercalation−deintercalation process. Therefore, the interlayer expansion approach for layered intercalation
hosts is a reliable approach to access stable and highperformance electrode materials. The Coulombic eﬃciency
stays at ∼91% for all cycles, but the capacity does not decrease
with the relatively low eﬃciency. At higher current densities,
the eﬃciency approaches 100% (Figure 6b). According to these
observations, we conclude that there is side reaction that is not
related to the MoS2 electrode material but more likely due to
insuﬃcient stability of the electrolyte. Further optimization
with the use of more stable electrolytes and current collectors
should be beneﬁcial for higher eﬃciency.42,43
Discussions. For two decades the modiﬁcation of
intercalation hosts into Mg storage materials has been relying
on either inclusion of dipole molecules (e.g., H2O) or drastic

reduction of particle size or a combination of both. Our
interlayer expansion approach rivals the existing approaches
with its unique advantages. First, the absence of dipole
molecules in the material excludes possible side-reactions
related to Mg-deposition electrolytes and Mg metal. The pillar
PEO used in this work even seems to help prevent the
absorption of water into MoS2: the self-restacked res-MoS2
contains a considerable amount of inclusion water while the
PEO-intercalated peo1- and peo2-MoS2 do not. Second, these
atomically modiﬁed materials have intrinsically high ionic
conductivity and therefore do not necessarily need excessive
particle downsizing to shorten the ion diﬀusion length. All
composites reported herein were synthesized as large
agglomerates, the sizes of which are at least 1 order of
magnitude larger than that of the starting material com-MoS2
(Supporting Information Figure S4). The small surface area of
the composites indicates that they are solid, rather than porous,
particles (Supporting Information Table S4). The plausibility to
directly use large primary particles instead of highly porous
ones (e.g., aerogel) means the interlayer-expanded electrode
materials can have high packing density and the volumetric
energy density is not compromised in the pursuit of
performance.
The interlayer expansion approach also turns out to be more
eﬀective than others in boosting electrode performance. Simple
particle-downsizing of MoS2 is known to be not suﬃcient to
facilitate Mg storage.11 Thorough exfoliation of the layer
structure into graphene-like single layers greatly increases Mg
storage capacity at the cost of low density, and the storage
mechanism is changed from intercalation to surface adsorption.21 With the interlayer expansion approach, performance is
improved without a reduction of particle size or increase of
surface area (Supporting Information Figure S4 and Table S4).
Also, comparison between peo-MoS2 and res-MoS2 gives direct
evidence that interlayer expansion is more eﬀective than lattice
water inclusion when it comes to Mg storage in MoS2. We
clarify that in the peo-MoS2 composites, the increased
interlayer distance rather than the possible shielding eﬀect of
PEO should be mainly responsible for the improvement. Note
that the so-called charge-shielding eﬀect observed with water
inclusion is the result of cation solvation by polar molecules.
The solvation capability and polarity of a solvent are
determined by the donor number and dielectric constant,
respectively.44 Although both parameters are not precisely
available for polymers like PEO whose molecular weight and
orientation vary from case to case, they are assumed to be
similar to molecular solvents with same functional groups and
analogous structures. For PEO ((C2H4O)n), a good analogy
would be tetraglyme (CH3O(C2H4O)4CH3). Compared with
water, tetraglyme has both a smaller donor number (16.6 versus
18) and a much lower dielectric constant (7.7 versus 80.1).
Therefore, the shielding eﬀect of PEO, if any, should be less
inﬂuential than that of water. Plus, the molar content of
inserted PEO in peo-MoS2 composites (0.49 and 1.00 for peo1MoS2 and peo2-MoS2 respectively) is not higher than the
structural H2O in res-MoS2 (0.98). Taking all these into
consideration, the fact that the peo-MoS2 composites perform
better than res-MoS2 should validate that it is the increased
interlayer distance rather than the mere introduction of PEO
that improves the Mg-storage behavior of MoS2.
The success in transforming the almost inactive MoS2 into an
eﬃcient Mg storage material leads us to think that many
intercalation hosts that were previously found to be unsuitable
G
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electrode materials for multivalent ion-based batteries might
have been overlooked. A systematic re-evaluation would end up
fruitful by extending the interlayer expansion approach to other
layered materials that were attempted for Mg storage but did
not give encouraging results. Before doing so, a few points are
noted. First, the modiﬁcation of MoS2 into interlayer-expanded
composites slightly lowers the redox potential of MoS2 as
observed in the Li-intercalation experiments. The decrease in
potential can be compensated by using a material with higher
intrinsic redox potential and therefore should not be seen as an
issue, but it could be an important factor to consider when
designing materials with stringently required potentials. Also,
the delamination−restacking procedure performed herein
induces structural disorder, and the resulted products do not
show well-deﬁned discharge−charge plateaus. A possible way to
prevent the disordering would be to adopt less destructive
interlayer-expansion methods that do not include a delamination step.32 Finally, the inﬂuence of pillar species on Mg
diﬀusion kinetics is yet to be investigated. Our experiment
diﬀers from theoretical simulation in that there is PEO instead
of vacuum between MoS2 layers. This is likely to be the reason
why the capacity of peo2-MoS2 is restricted by Mg diﬀusivity
even though the interlayer spacing (d = 1.45 nm) exceeds what
is theoretically predicted (d = 0.772 nm) to be necessary for
fast Mg diﬀusion. Overly expanded spacing is not desirable
because it brings down volumetric density though not nearly as
signiﬁcant as highly porous materials do. To pursue even higher
diﬀusivity with less expansion, alternative pillar species that has
higher cationic conductivity are actively explored in our lab.
In conclusion, an interlayer expansion approach is introduced
as a general method to transform layered intercalation hosts
into eﬃcient Mg storage materials. As a proof of concept, MoS2
with increased interlayer distance was both computationally and
experimentally demonstrated to signiﬁcantly enhance Mg
diﬀusion kinetics. As a result, the capacity of the almost
inactive MoS2 increases by 200%, approaching the theoretically
predicted maximum, alongside with one of the highest rate
capability known for Mg-intercalation materials. Compared
with previous material enhancement approaches such as dipole
inclusion and drastic particle downsizing, our approach induces
more eﬀective performance improvement without compromising compatibility with electrolyte/anode and volumetric energy
density and is therefore superior in terms of stability and energy
density at the battery level. This approach can be readily
extended to a wide range of host materials for the storage of
various ions and establishes a new design space in intercalation
chemistry. This knowledge creates new opportunities for the
development of eﬃcient energy storage materials for the use in
not only the challenging multivalent ion-based scenarios, but
also the more established alkaline-ion batteries.
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Experimental methods
Computational methods. Total energy calculations were performed within the framework of
DFT as implemented in the Vienna ab initio simulation package (VASP).1-4 The vdW-DF
functional was adopted to treat the exchange and correlation potential including a self-consistent
van der Waals (vdW) correction to account for dispersion interaction.5-6 A cutoff energy of 540
eV is employed for the plane wave expansion of the wave functions. To study the effect of
interlayer spacing of MoS2 on Mg binding and diffusion, a 3×3×1 supercell containing 18 Mo
atoms and 36 S atoms was constructed. Experimental lattice constants for the bulk trigonal
prismatic MoS2 phase (a = 0.3160 nm, c = 1.2294 nm, α = 90°, and γ = 120°) were used for all
calculations.7 The good agreement between the computationally optimized lattice constants (a =
0.315 nm, c = 1.206 nm) and the experimental reference values confirms the applicability of the
chosen computational setup. To preserve a regular interlayer distance during geometry
optimizations, one Mo atom in each of the two MoS2 layers was fixed, while all other atoms
were left fully relaxed. Integration over the Brillouin zone uses a 4×4×1 Monkhorst-Pack special
k point mesh8 and convergence with respect to k points was confirmed. The Mg diffusion
process in MoS2 was studied using the climbing image nudged elastic band method9 using five
intermediate images to sample the diffusion pathway between the stable Oh and Th sites.
Material synthesis and characterizations. The PEO-intercalated MoS2 composites were
synthesized by following the method of Lerner et al. with some modification.10 MoS2 powder
(Aldrich) was soaked in the solution of an excess of 2.5 M n-butyllithium in hexane (Aldrich) for
8 h to form lithiated LixMoS2. The lithiated product was delaminated in water to form a quasistable suspension of single-layered MoS2 sheets. A controlled amount of PEO (0, 0.25, and 1 eq.

3"
"

relative to MoS2) was added to the suspension. The mixture was centrifuged, washed with water,
and dried at 50 °C in vacuum to afford the PEO-intercalated MoS2 composites with different
interlayer distances. The res-MoS2 was synthesized with the same method without the addition
of PEO and dried at a higher temperature of 150 °C to remove loosely adsorbed water. The
composition of the synthesized composites res-, peo1-, and peo2-MoS2 were determined to be
Li0.21MoS2(H2O)1.0, Li0.16MoS2(PEO)0.49, and Li0.13MoS2(PEO)0.98, respectively. The samples
were characterized by XRD (Rigaku MiniFlex 600) using Cu Kα radiation (λ = 1.5406 Å),
Additional characterizations include fourier transform infrared spectroscopy (Thermo Scientific
Nicolet iS5), elemental analysis (Midwest Micro Lab), thermogravimetric analysis (TA
instruments Q50), inductively coupled plasma optical emission spectrometry (Agilent 725 ICPOES), scanning electron microscopy (SEM; Gemini LEO 1525), and physisorption analysis
(Micromeritics ASAP 2020) using N2. Transmission electron microscopy was performed in the
TEAM 0.5 microscope of the NCEM-LBNL at 80 kV and in low dose conditions. The dose rate
in use (15 e Å 2 s 1) allows taking 40 images at different defoci and an exit wave reconstruction
−

−

procedure was performed in order to obtain phase and amplitude images with atomic resolution.
Electrochemical characterizations. The electrochemical performances of MoS2 composites as
intercalation host materials for Mg were measured with three-electrode cells. A slurry of the
desired MoS2 composite (70 wt.%), Super-P carbon (20 wt.%), and polyvinylidene fluoride (10
wt.%) dispersed in N-methyl-2-pyrrolidone was spread on a piece of carbon cloth (for Mg-ion
experiment; Carbon Cloth Plain untreated, Fuel Cell Earth LLC) or stainless steel mesh (for Liion experiment) and dried as the working electrodes with a mass loading of ~1 mg cm 2. Freshly
−

polished magnesium foil was used as both the counter and reference electrodes. A solution of
0.25 M [Mg2Cl3]+[AlPh2Cl2] in THF was prepared following the method reported by Aurbach et
−
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al.11 served as the electrolyte. Li-ion intercalation experiments were performed with 1 M LiClO4
in THF as the electrolyte and Li foil as the counter and reference electrodes. THF was used in Liion cell in order to keep the same solvent used in the Mg-cells for fair comparison. Cells were
measured using a potentiostat (Biologic VMP-3). The electrodes were operated within 0.2–2.0 V
vs Mg2+/Mg, which is equivalent to 1.0–2.8 V vs Li+/Li as used for Li-cells. The specific
capacity was calculated based on the weight of MoS2. GITT measurements were carried out
following a method reported by Weppner and Huggins.12
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Figure S1. Illustr ation of Mg coor dination in MoS2. Two stable sites for Mg intercalation in
the MoS2 structure were considered: (a

c) the octahedral site (Oh-site) where a Mg atom coor-

dinates to three S atoms from both each of the upper and lower MoS2 triple layers and (d

f) the

tetrahedral site (Th-site) where a Mg atom coordinates to three S atoms from one layer and one S
atom from the other layer. Figures a & d, b & e, c & f show the top, side, and bird’s view of the
structure, respectively.
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Figure S2. Compositional characterization with infrared spectra. The presence of PEO in peo1and peo2-MoS2 can be confirmed by the absorption at 2880 cm 1 corresponding to C−H stretch.
−

A strong absorption peak characteristic of water is found for res-MoS2.
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Figure S3. Thermogravimetric analysis result of res-MoS2. The weight loss of res-MoS2 dried at
50 °C is shown. The 6.6% weight loss corresponds to removal of loosely adsorbed water, which
was removed by drying at 150 °C in vacuum prior to further characterization and electrochemical
measurements. The 9.4% weight loss above 300 °C indicates the presence of 1 equiv of tightlybound water, which most likely exists between MoS2 layers.
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Figure S4. Morphology characterization of MoS2 and MoS2-PEO nanocomposites. SEM images
reveal the particle size (a−d) and layer thickness (e−h) of (a&e) com-, (b&f) res-, (c&g) peo1-,
and (d&h) peo2-MoS2. The starting material com-MoS2 is aggregates of nanoflakes; the diameter
of the aggregates is 1−2 µm and the thickness of the primary nanoflakes is roughly estimated to
be < 20 nm. The simply restacked res-MoS2 is large wavy flakes with diameters at the 20 µm
level and thickness of ~0.3 µm. Upon the inclusion of PEO, both the area and thickness of the
flakes continue to grow. The thickness of peo1-MoS2 is over 0.7 µm, and that of peo2-MoS2 is
well beyond 1 µm. PEO seems to act as a polymer binder to glue delaminated flakes into large
aggregates.

9"
"

Table S1. Comparison of properties of Mg and Li.
Magnesium

Lithium

Sodium

Gravimetric capacity (mAh g 1)

2205

3861

1166

Volumetric capacity (mAh cm 3)

3833

2066

1128

−2.372

−3.04

−2.71

Global production (kg yr 1)

6.3×109 (high)

2.5×107 (very low)

1010 (high)

Price (carbonate; $ ton 1)

600

5000

200

0.065

0.068

0.095

4.73

2.16

1.11

−

−

Potential (V vs NHE)
(more negative is better)
−

−

Mn+ radius (nm)
(smaller is better)
Polarization strength (104 pm 2)a
−

(lower is better)
a

Polarization strength (P) is calculated as P = q⋅r 2, where n is the charge number of the cation
−

and r is the ion radius.
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Table S2. Chemical composition analysis of the synthesized MoS2-PEO nanocomposites.
ICP-OES (ppm)a

Elemental analysis (wt.%)

Li

Mo

C

H

nH/nCb

1.107

72.82

-

1.11

-

Li0.21MoS2(H2O)0.98

peo1-MoS2 1.389

118.6

6.97

1.09

1.86

Li0.16MoS2(PEO)0.49

peo2-MoS2 1.103

113.0

12.67

1.98

1.86

Li0.13MoS2(PEO)0.98

res-MoS2c

Derived formula

a

Sample solutions were prepared with the concentration of Li+ fixed at ~1 ppm.

b

The measured values are close to the theoretical value of 2.0. If 1 eq. of H2O was contained in
the PEO-intercalated MoS2 composites, the nH/nC ratio would be 6.0 and 4.0 for peo1- and
peo2-MoS2, respectively. Therefore, the H2O content in these composites, if any, is too low to
be measured.

c

Sample dried at 150 °C prior to measurement.
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Table S3. Comparison of the rate performance of Mg-storage materials in non-aqueous
MgRBs.
Capacity

Mg-storage

Material

Morphology

MoS2

Microflakes

60% (1C)

Intercalation

This work

TiS2

Nanotubes (φ ~40 nm)

59% (C/6)

Intercalation

[13]

40% (C/2)

Intercalation

[14]

Mg1.03Mn0.97SiO4

Nanoparticles (~90 nm)
supported on MWCNTs

retention

a

mechanism

Reference

Li4Ti5O12

Nanoparticles (7−8 nm)

41% (C/1.2)

Intercalation

[15]

Mo6S8

N/A (likely ~200 nm)b

67% (1C)

Intercalation

[16]

Intercalation

[17]

73% (C/2)

Unknownd

[18]

82% (2C)

Unknowne

[19]

Mo6S8
MoS2
C60
a

Nanoparticles (~200 nm)
nanosheets supported on
reduced graphene oxide
Nanoparticles (~1 nm)

51% (1C)

c

Defined as the preserved capacity at a relatively high rate (usually 1C; where there is no data
for 1C, the data recorded at the closest rate is used) relative to that measured at the lowest rate
employed in the same work. The definition of 1C is given by the original paper; where there is
no such definition, the current density required to discharge the capacity obtained at the lowest
rate in one hour is considered as 1C.

b

The size of particles was not mentioned in the paper; based on our own experience, the
synthesis method employed in this work typically yields nanoparticles with a diameter of ~200
nm.

c
d

Measurement performed at 15 °C; all other examples were measured at room temperature.
The material was discharged to a low potential where conversion reaction could possibly occur;
evidence for exclusion of this possibility was not available.

e

Mg storage mechanism was not discussed.
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Table S4. Surface area measured by physisorption.
Surface area
(m2 g 1)
−

com-MoS2

9.4

exf-MoS2

4.3

peo1-MoS2

11.4

peo2-MoS2

7.0
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