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ABSTRACT: Rechargeable multivalent-ion batteries are of significant
interest due to the high specific capacities and earth abundance of their
metal anodes, though few cathode materials permit multivalent ions to
electrochemically intercalate within them. The crystalline chevrel phases
are among the few cathode materials known to reversibly intercalate
multivalent cations. However, to date, no multivalent-ion intercalation
electrodes can match their reversibility and stability, in part due to the
lack of design rules that guide how ion intercalation and electron charge
transfer are coupled up from the atomic scale. Here, we elucidate the
electronic charge storage mechanism that occurs in chevrel phase
(Mo6Se8, Mo6S8) electrodes upon the electrochemical intercalation of
multivalent cations (Al3+, Zn2+), using solid-state nuclear magnetic
resonance spectroscopy, synchrotron X-ray absorption near edge structure measurements, operando synchrotron diffraction, and
density functional theory calculations. Upon cation intercalation, electrons are transferred selectively to the anionic chalcogen
framework, while the transition metal octahedra are redox inactive. This reversible electrochemical anionic redox, which occurs
without breaking or forming chemical bonds, is a fundamentally different charge storage mechanism than that occurring in most
transition metal-containing intercalation electrodes using anionic redox to enhance energy density. The results suggest material
design principles aimed at realizing new intercalation electrodes that enable the facile electrochemical intercalation of multivalent
cations.

■ INTRODUCTION
Lithium-ion batteries revolutionized portable electronics, but
critical improvements are required in energy density, cycle life,
safety, and cost to electrify transportation and integrate
renewable energy sources into the electric grid on a global
scale.1−3 Batteries that use multivalent cations (e.g., Mg2+,
Ca2+, Zn2+, and Al3+) as the electroactive species transfer
multiple electrons per ion, resulting in high specific
capacities.3,4 Their corresponding metal anodes (Mg, Ca, Zn,
and Al) are earth-abundant, low-cost, energy-dense metals,
some of which are intrinsically safe (Zn, Al).5 Unlike lithium
cations, the electrodeposition of multivalent cations is often
relatively uniform, mitigating dendrite formation.2,6 Due to
their smaller size compared to monovalent ions, multivalent-
ion intercalation into crystalline compounds results in minimal
volume expansion, a key factor in long-cycle life batteries.7

However, reversible multivalent-ion intercalation into crystal-
line electrode materials is challenging due to high ionic charge
densities, resulting in slow solid-state ionic diffusion within the
host crystal structure.8−12 Furthermore, desolvation of these
highly charged ions adds higher energetic penalties at the
electrode−electrolyte interface, requiring unique ion−solvent
coordination structures that have thus far limited the number

of compatible electrolytes for multivalent-ion battery sys-
tems.3,5 Widespread use of multivalent battery chemistry has
remained elusive, in part due to limited understanding and
control of the complex electronic, chemical, and structural
changes that the electrodes and their interfaces undergo upon
ion intercalation.
The chevrel phases Mo6X8 (X = S, Se, or Te) are among the

few materials known to electrochemically intercalate divalent
(e.g., Mg2+, Zn2+, etc.)6,12 and trivalent (Al3+) cations.8,13−15

Discovered by Chevrel in 197116 and introduced by Aurbach
et al.6 in 2000 as a positive electrode material for magnesium
batteries, chevrel Mo6S8 has since acted as the quintessential
Mg-ion intercalation electrode. The remarkable chevrel unit
cell is composed of a Mo6 octahedron caged within an X8
chalcogen cube, which crystallizes into a structure with large
cavities and an electronically polarizable framework that
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enables fast ion diffusion.17,18 Other unique chalcogen clusters
have been reported that can electrochemically intercalate
cations; for example, organometallic rhenium(III) chalcoge-
nide clusters [Re6Q8 (Q = S, Se)] have also been synthesized
and have successfully shown lithium cation insertion.19,20

While numerous studies have investigated ion intercalation
mechanisms into chevrel-phase electrodes and their structural
ramifications over the last two decades, particularly for Mg2+
cations, the electron charge transfer process is not well
understood. The few studies investigating the electron charge
transfer mechanism in Mg−Mo6S8 batteries have reported
conflicting results. Using X-ray photoelectron spectroscopy,
Richard et al.21 reported that the additional electronic charge
upon Mg2+ cation intercalation is distributed over both the
Mo6 clusters and S8 (i.e., chalcogen) cubes in a two-step charge
transfer process. On the contrary, Thole et al.22 and Wan et
al.23 studied the charge transfer process theoretically and using
ex situ X-ray absorption near edge structure (XANES)
measurements, indicating that only the sulfur framework
takes part in the electron charge transfer upon Mg2+
insertion.19,20 A decisive understanding of the electron charge
transfer and storage mechanism is a missing link, one that
could help researchers better understand why the chevrel phase
remains the dominant intercalation electrode for multivalent
ions batteries while leading to material design principles aimed
at new multivalent intercalation electrodes with improved
electrochemical properties. Furthermore, regarding the ion
charge storage mechanism, it has been shown that multivalent
ions intercalate into chevrel Mo6S8 differently depending on
their charge density, as shown for Mg2+ ions15,24,25 and Al3+
ions,15,24,25 though the consequences on the electron charge
storage mechanism remain unclear.
In parallel, researchers have been striving to increase the

energy density of Li-ion battery cathodes by leveraging anionic
redox, particularly in lithium-rich transition metal oxides and
chalcogenides. In most traditional Li-ion batteries using
transition metal oxides (e.g., NMC) as electrode materials,
the electrons are stored and distributed over the d-orbitals of
the transition metals, which are redox active.26 However,
oxygen anionic redox has been the subject of intense
investigation, which has been observed at higher potentials
in Li or Na-rich transition metal oxides such as Li-rich NMC
(Li1+xNiyCozMn(1−x−y−z)O2) and Ru-containing layered oxide
compounds (Li2Ru1−ySnyO3).

27−30 This electrochemical
anionic redox enhances the energy density due to additional
specific capacity at higher voltage; however, oxygen anionic
redox typically leads to structural instabilities and side
reactions that result in capacity fade. Interestingly, anionic
redox has been demonstrated in lithium-rich chalcogenides,
including lithium-rich titanium sulfides (LiTiS2−Li2TiS3
family),31 lithium-rich iron sulfides Li2FeS2 and LiNaFeS2,

32

and the solid solution Li2FeS2−ySey.
33 These electrode systems

function by coupling the cationic redox of the transition metals
with the anionic redox of the chalcogen atoms. Notably, all of
the above materials contain an excess of lithium, where
transition metal redox activity alone is not sufficient to charge
balance the excess Li inserted. Thus, researchers have been
searching for unique electron storage mechanisms, including
anionic redox processes, that can be used in rechargeable
battery electrodes to enhance energy density without affecting
electrode stability and electrochemical reversibility.
Here, we elucidate that chevrel-phase electrodes undergo

reversible electrochemical anionic redox upon the intercalation

of multivalent cations, which occurs without breaking or
forming chemical bonds. While the chalcogen framework is
redox active, the transition metal octahedra are redox inactive.
We study trivalent Al3+ cation intercalation into chevrel
Mo6Se8 for the first time using electrochemical, spectroscopic,
diffraction, and computational methods, comparing its electro-
chemical, structural, and electronic properties to chevrel
Mo6S8. The anionic electron charge transfer mechanism is
shown to be general, occurring also for divalent Zn2+ cation
intercalation into chevrel Mo6Se8. The results suggest that
anionic redox may be incorporated as a molecular-level
material design principles aimed at realizing new multivalent-
ion battery intercalation electrodes with enhanced ion
intercalation and diffusion properties.

■ METHODS
Chevrel Phase Synthesis. Cu2Mo6S8 and Cu2Mo6Se8 were

synthesized via a solid-state synthesis in a procedure similar to the one
used by Saha et al.34 In a typical synthesis, 1.2 g of molybdenum
powder (Mo, Alfa Aesar, 99.9%), 0.8 g of copper sulfide or 1.18 g of
copper selenide (CuS/CuSe, Alfa Aesar, 99.9%), and 2.0 g of
molybdenum disulfide or 3.17 g of molybdenum diselenide (MoS2/
MoSe2, Alfa Aesar, 99.9%) were ball-milled for 3 h. The solid mixture
was then placed in a tube furnace at 1000 °C for 7 h under an ultra-
high purity argon atmosphere to form crystalline Cu2Mo6X8 (X = Se,
Se). The solid powder of Cu2Mo6X8 was then mixed with a 6 M HCl
solution for 8 h at room temperature under constant air bubbling,
which leaches the copper into solution, forming crystalline Mo6S8 or
Mo6Se8. The resulting precipitate was filtered from the solution,
rinsed twice with ethanol and once with water, and then dried under
vacuum at 90 °C overnight.

Composite Electrode Preparation. To prepare the chevrel-
phase composite electrode, chevrel (80 wt. % of the composite
electrode) and carbon black (10 wt. %) (Super P, Alfa Aesar, 99%)
were ball-milled in the glovebox for 1 h. In a glass vial, polyvinylidene
fluoride (PVDF, Sigma-Aldrich, average molecular weight 534,000 g/
mol) binder (10 wt. %) was dissolved in N-methyl-2-pyrrolidone
(NMP), and the ball-milled chevrel-carbon mixture was added to the
solution. The mixture was ultra-sonicated for 30 s and mixed well to
form an electrode slurry, which was then cast on Mo foil (Alfa Aesar,
99.95%, 0.025-mm thick, used for Al-chevrel cells) or stainless-steel
foil (McMaster-Carr, 0.1-mm thick, used for Zn-chevrel cells) using
an MTI film coater and doctor blade. The casted sheet was dried in a
vacuum oven at 120 °C overnight to evaporate the NMP solvent. The
final electrode thickness was ca. 120 μm.

Electrochemical Cell Assembly. Rechargeable Al-chevrel cells
were constructed in an argon-filled glovebox (<1 ppm O2 and H2O).
Polytetrafluorethylene (PTFE) Swagelok unions with a diameter of
either 1/4-in or 1/2-in were used to assemble airtight cells.
Molybdenum rods were used as current collectors for both electrodes.
Aluminum foil (MTI, 99.99%, 0.1-mm thick) was used as an anode.
Circular electrodes of 6-mm or 11-mm diameter were used in 1/4-in
or 1/2-in Swagelok cells, respectively. A glass microfiber filter (GF/D,
Whatman) was used as a separator. Aluminum chloride:1-ethyl-3-
methylimidazolium chloride (Iolitec, AlCl3:[EMIm]Cl, molar ratio
1.5:1) ionic liquid was used as an electrolyte (40 μL or 120 μL for 1/
4-in or 1/2-in Swagelok cells, respectively). The electrodes, separator,
and electrolyte were compressed by the current collector rods on both
sides. Rechargeable Zn-chevrel cells were assembled using a similar
process, except: (i) zinc foil (Alfa-Aesar, 99.98%, 0.25-mm thick) was
used as the anode, (ii) 1 M aqueous Zn(SO4)2 solution was used as
the electrolyte, (iii) the composite chevrel electrodes were cast on
stainless steel, while stainless steel current collector rods were used
with PTFE Swagelok unions.

Electrochemical Measurements. Galvanostatic cycling and
cyclic voltammetry (CV) were performed on an Arbin LBT battery
tester and Metrohm Autolab potentiostat (PGSTAT302N), respec-
tively. The higher temperature (50 °C) electrochemical measure-
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ments were performed in a Thermo Scientific Heratherm Oven. For
Al−Mo6Se8 and Zn−Mo6Se8 batteries, the upper cut-off potentials
were 1.20 and 0.80 V, respectively, while the lower cut-off potentials
were 0.05 and 0.30 V. For CV experiments, a scan rate of 20 μV/s or
50 μV/s was used for Al-chevrel or Zn-chevrel cells, respectively.
Sample Preparation for NMR Spectroscopy. All Al-chevrel

cells were disassembled inside an argon-filled glovebox (<1 ppm O2
and H2O). The Al-chevrel electrodes were rinsed three times in
anhydrous methanol and dried in the glovebox. The samples were
then stripped from the current collector foil, crushed using a mortar
and pestle, and packed into a 1.6-mm diameter zirconia rotor inside
the glovebox. All Zn-chevrel cells were disassembled under ambient
conditions. The Zn chevrel electrodes were rinsed three times with
deionized water, dried under vacuum at 60 °C, and then packed
within the 1.6-mm zirconia rotors.
Solid-State NMR Spectroscopy. Solid-state 77Se, 95Mo, and 27Al

nuclear magnetic resonance (NMR) spectra were acquired on a
Bruker AVANCE III HD 600 MHz NMR spectrometer with a 14.1 T
narrow-bore superconducting magnet operating at 114.45, 39.11, and
156.39 MHz, respectively. A PhoenixNMR 1.6-mm HXY magic-angle-
spinning (MAS) probehead was used, where samples were rotated at
MAS rates of 20 kHz. For 95Mo measurements, a separate low-gamma
accessory was used to tune to the 95Mo frequency. Air at a
temperature of 293.2 K was pumped through the probehead at 600 L/
h to mitigate sample heating due to MAS. 77Se, 95Mo, and 27Al shifts
were referenced to selenous acid (H2SeO3, Alfa Aesar, 97%) at 1290
ppm, 2 M aqueous Na2MoO4 (Sigma-Aldrich, 99%) at 0 ppm, and 1
M aqueous Al(NO3)3 (Sigma-Aldrich, 99.997%) at 0 ppm,
respectively.

For solid-state 77Se and 95Mo NMR spectra, spin-echo experiments
were acquired to minimize acoustic ring-down effects. Solid-state 77Se
spin-echo experiments were acquired using an initial short rf pulse of
1.2 μs with a 52.1 kHz rf field strength to excite the broad 77Se
spectral range of Mo6Se8. Solid-state 95Mo spin-echo NMR experi-
ments were conducted with a π/2 pulse of 5 μs, calibrated with
respect to 2 M aqueous Na2MoO4 (π/2 pulse of 5 μs, 50 kHz rf field
strength). Solid-state 27Al single-pulse experiments were conducted
using a short π/12 pulse of 0.31 μs, calibrated with respect to 1 M
aqueous Al(NO3)3 (π/2 pulse of 1.9 μs, 125 kHz rf field strength).
Recycle delays of 0.05, 0.01, and 0.01 s were used for 77Se, 95Mo, and
27Al NMR experiments, during which all spins relaxed to thermal
equilibrium (d1 > 5*T1). Spectra were deconvoluted using the DMFit
program.35

DFT Calculations. Density functional theory (DFT) calculations
were carried out with the Vienna Ab initio Simulation Package
(VASP),36−38 utilizing the projector-augmented-wave (PAW) meth-
od39 and the SCAN functional.40 The energy sufficiently converged to
<1 meV/atom for the AlMo6X8 unit cell, where X = S, Se, when
setting the kinetic energy cutoff to 650 eV and the Γ-centered k-mesh
to 5 × 5 × 5. For computational efficiency, this criterion was reduced
for the 2 × 2 × 2 supercells; an energy cutoff of 450 eV and Γ-
centered k-mesh of 1 × 1 × 1 was determined to be adequate. Spin
polarization was not included in our calculations, as it was determined
to not be necessary in our previous DFT study of chevrel Mo6S8
electrodes.14

Full structural and ionic relaxations were performed for bulk Al
metal and AlMMo6X8′, where X = S, Se and M = 0 to 4/3. All chevrel
phase structures are based on the MgMo6Se8 as studied by Levi et
al.,17,41 changing only the type of chalcogen or intercalant, not the
position. For a battery consisting of a pure Al metal anode and a
chevrel-phase cathode, the full cell electrochemical reaction is
described by

+Al Mo X Al Mo XM M6 8 6 8 (1)

From the electronic structure calculations, the voltage can be
calculated as the difference in total energies between the products and
the reactants, normalized by the number of electrons transferred,
according to

=
i
k
jjjjj

y
{
zzzzzV

E E E
N

(AlMo X ) (Mo X ) (Al)6 8 6 8

electrons (2)

where E(AlMo6X8) is the energy of the intercalated chevrel-phase
cathode, E(Mo6X8) is the energy of the empty chevrel-phase cathode,
E(Al) is the energy per atom of the Al metal anode, and Nelectrons is the
number of electrons transferred with the cation.42 Note that the
voltage calculated by eq 2 is an approximation. The exact voltage
calculation is dependent upon the Gibbs free energy rather than the
change in internal energy. However, including changes in volume and
entropy would result in a less than 0.1 V correction from the approach
used here; therefore, the impact of doing so is negligible.43

Voltage profiles were calculated by expanding the unit cell to a 2 ×
2 × 2 supercell. We performed a full ionic and structural relaxation for
each of the possible AlMMo6X8 configurations; the lowest energy
structure was taken as the preferred configuration. Voltages were
calculated according to eq 2, though here we compare the energy of
the structure to the energy of the relaxed structure with one less
intercalated Al ion [e.g., with n ions vs (n − 1) Al ions].

EDXRD. Operando synchrotron energy dispersive X-ray diffraction
(EDXRD) measurements were performed at beamline 6-BM-A at the
Advanced Photon Source (APS) at Argonne National Laboratory.
Diffraction data were collected on hermetically sealed gold-plated
stainless-steel CR2032 coin cells without transparent windows or
other modifications. This setup was possible because the incident
white beam had an energy range from approximately 20−200 keV,
sufficient to penetrate the cell. For this reason, there was no
opportunity for oxidation or contamination of the chevrel electrode
during extraction from the cell. Crystallographic data for Al-ion and
Zn-ion batteries with both Mo6S8 and Mo6Se8 electrodes were
collected as the cells were discharged on a low-profile hotplate at 60
°C. A MACCOR battery cycler was used to cycle the batteries at C/
10.7 (12 mA/g) during EDXRD measurements at a constant angle of
2θ = 3°. The diffracted beam intensity was measured using a high-
resolution germanium detector, while calibration from the detector
channel to photon energy was performed using an α-Al2O3 standard.
The diffraction gauge volume was 40 μm tall. The chevrel electrodes
were profiled spatially; however, no inhomogeneity in the electro-
chemical intercalation reaction was observed in any cell. Thus, the
data were taken from the centers of the electrode, which was
representative of the cell. The data collection time per diffraction
pattern was 60 s. EDXRD data are reported as a function of photon
energy in keV, which can be converted to d-spacing by Bragg’s law

=d hc
E2 sin EDXRD (3)

where E is photon energy, θEDXRD is the diffraction angle, h is Planck’s
constant, and c is the speed of light.

XANES. Synchrotron XANES measurements were performed at
NSLS-II beamline 7-BM (QAS). All measurements were performed in
fluorescence mode, scanning the Mo K-edge.

■ RESULTS AND DISCUSSION
Electrochemical Al3+ Ion Intercalation into Chevrel

Phase Electrodes. To experimentally measure the electron
charge transfer to chevrel phase frameworks, we first
electrochemically intercalated trivalent Al3+ cations into
chevrel Mo6Se8. The selenium chalcogen frameworks enable
solid-state 77Se NMR measurements, which are highly sensitive
to the local electronic environments of the Se8 cubes. Note that
solid-state 33S NMR is challenging due to the very low natural
abundance (0.76%), low gyromagnetic ratio (Larmor fre-
quency of 46.08 MHz at 14.1 T), and quadrupolar nature (spin
= 3/2) of 33S nuclear spins. Solid-state 77Se is more sensitive
due to its higher natural abundance (7.63%), higher
gyromagnetic ratio (Larmor frequency of 114.48 MHz at
14.1 T), and non-quadrupolar nature (spin = 1/2).
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We thus prepared rechargeable Al−Mo6Se8 cells for the first
time, analyzed their electrochemical properties, and compared
them to Al−Mo6S8 cells (Figures 1 and S1). Galvanostatic
cycling shows two distinct discharge plateaus where theoretical
capacities of 88 and 128 mA h/g were achieved upon the
second discharge for Mo6Se8 and Mo6S8 electrodes,
respectively, corresponding to four electron transfers per
Mo6X8 unit (Figure 1a). Additional capacities observed during
the first cycles are associated with decomposition of the ionic
liquid electrolyte and the formation of a surface layer upon
desolvation of Al3+ from the chloroaluminate anions.8,13,15 Al3+
cations electrochemically intercalate into Mo6Se8 at lower
potentials compared to Mo6S8, consistent with our DFT
calculations described below, as well as Levi and Aurbach’s
work on Mg2+ cation intercalation into Mo6Se8 and Mo6S8
electrodes.18,44 CV reveals two distinct reduction peaks (0.34
and 0.25 V) for Mo6Se8 as opposed to three peaks for Mo6S8
(0.48, 0.38, and 0.33 V) (Figure 1b), all of which are due to
Al3+ intercalation into the chevrel electrode.
Using quantitative solid-state 27Al NMR measurements, we

previously established that Al3+ cations intercalate “simulta-
neously” into cavities 1 and 2 of chevrel Mo6S8,

15 as opposed
to sequentially as observed for Mg2+ cations,25 consistent with
XRD analyses of Geng et al.24 Al3+ cations intercalate into
cavity 1, but due to strong Coulombic repulsions among them,
the ions “hop” into cavity 2 before cavity 1 is filled. This
movement of ions is due to strong cation−cation repulsion and
results in an additional CV peak with reduced overpotential, as
discussed previously.15 However, in chevrel Mo6Se8, only two
CV reduction peaks are observed, while the length of the first
galvanostatic discharge plateau is ∼75% of the total specific
capacity, suggesting that Al3+ cations intercalate sequentially
into cavities 1 and 2 during the first and second discharge
plateaus, respectively. This Al-ion intercalation mechanism is
consistent with reduced cation−cation repulsions among
intercalated Al3+ cations, which are screened by the larger Se
atoms, as well as the more facile diffusion of Al3+ cations within
the chevrel Mo6Se8. In addition, the potential differences ΔE
between the first CV reduction peak (0.34 V) and its
corresponding coupled oxidation peak (0.47 V) are much
less in Mo6Se8 (0.13 V) compared to Mo6S8 (0.22 V), further
suggesting a lower activation barrier for ion diffusion.
To measure the solid-state diffusion of Al3+ cations within

the chevrel frameworks and the equilibrium potentials at which

intercalation occurs, galvanostatic intermittent titration techni-
que (GITT) measurements were performed on Al−Mo6Se8
and Al−Mo6S8 cells (Figure 1c). Al3+ cation diffusion
coefficients during the first discharge plateau, which occurs
at an equlibrium potential of 0.60 V for Mo6S8 and 0.40 V for
Mo6Se8, were on the order of 10−19 and 10−17 cm2/s,
respectively (Text S1, Supporting Information). Al3+ cation
diffusion within Mo6Se8 is approximately two orders-of-
magnitude faster compared to Mo6S8 during the first discharge
voltage plateau. Faster cation diffusion is attributed to (i) the
higher electronic polarizability of the anionic selenium
framework18 and (ii) the larger size of Se, which reduces
cation−cation interactions between intercalated Al3+ and the
Mo6 octahedra, resulting in lower activation energies for ion
hopping between cavities. Note that a similar trend has also
been observed in other transition metal chalcogenides, such as
the magnesium spinels MgX2Z4 (Z = S, Se; X = In, Y, Sc)45

and the rare earth spinels MgLn2X4 (Ln = lanthanide; X = S,
Se),46 where the higher electronic polarizability of the
chalcogen network reduces the activation energy for cation
migration.47

The thermodynamic intercalation potentials computed using
strongly constrained and appropriately normed semilocal
(SCAN) density functionals40 (Figure 1c) match well with
the experimental potentials. Note that the DFT-predicted
voltage represents the average potentials for Al intercalation,
resulting in the step-like nature of the calculated voltage curve.

Electron Charge Transfer Mechanism. Solid-state NMR
spectroscopy is highly sensitive to electronic environments at
the atomic scale; thus, the electrochemical reduction of the
chevrel framework, i.e., the addition of electrons required to
charge balance Al3+ cation insertion, is expected to result in
observable NMR shifts. To measure changes in the electronic
structure of the chevrel framework, solid-state 77Se and 95Mo
NMR spectra were acquired on pristine Mo6Se8 and
electrochemically discharged Al4/3Mo6Se8 electrodes. Solid-
state 77Se MAS NMR measurements performed on pristine
Mo6Se8 revealed two Knight-shifted48,49 77Se signals with
isotropic shifts of 3565 and 2739 ppm and broad spinning-
side-band manifolds (Figure 2a). Spectral deconvolutions of
both the 77Se MAS and static NMR spectra (Figure 2b)
enabled the relative populations of selenium atoms in each site
to be quantified and their 77Se NMR parameters to be
determined, including isotropic shifts and shift anisotropy

Figure 1. Electrochemical intercalation of Al3+ cations into chevrel phases with different anionic chalcogen frameworks. (a) Galvanostatic cycling
(10 mA/g) of chevrel Mo6S8 (red) and chevrel Mo6Se8 (black) electrodes. Theoretical capacities were achieved upon second discharge (128 mA h/
g for Mo6S8 and 88 mA h/g for Mo6Se8). (b) CV (20 μV/s, scan 2) on Al−Mo6S8 (red) and Al−Mo6Se8 (black) cells. (c) GITT measurements of
Al−Mo6S8 and Al−Mo6Se8 cells with DFT-predicted potentials (SCAN functional). All electrochemical measurements were performed at 50 °C.
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tensorial parameters associated with the atomic-level electronic
environment (Table S1), enabling 77Se signal assignments. The
77Se signal with an isotropic shift of 3565 ppm is attributed to
selenium atoms in the six “peripheral” 4-coordinated Se1

crystallographic sites, consistent with their 75% relative
population and anisotropy (asymmetry parameter η of 0.75).
The 77Se signal with an isotropic shift at 2739 ppm
corresponds to selenium atoms in the two “axial” 3-
coordinated Se2 crystallographic sites, consistent with their
25% population and axial asymmetry (η of 0).50,51 The large
77Se NMR shifts and anisotropies are dominated by NMR
Knight shift effects, which are observed due to the metallic
nature of the chevrel phase44,48,50 and arise from hyperfine
couplings between electron spins in the conduction band and
nuclear spins. The Knight shift K is described by

=K P(8 /3) p F (4)

where χp is the Pauli spin susceptibility per atom and PF is the
average value of the s-electron probability density at the Fermi
energy EF.

48,50 Nuclear spins are thus indirect probes of
electron spin density within the conduction band.50 Con-
sequently, the addition of electrons upon electrochemical
reduction is expected to result in an increase in the NMR
Knight shift and hence the NMR frequency. Note that the
Knight shift is a larger interaction than the chemical shift,
which is a diamagnetic effect wherein additional electron
density increases nuclear shielding and thus decreases the
chemical shift and NMR frequency.
Solid-state 77Se MAS NMR measurements were performed

on pristine Mo6Se8 and discharged Al4/3Mo6Se8 electrodes to
measure electronic changes upon electrochemical Al-ion
intercalation (Figure 2b). Notably, the isotropic 77Se shift
associated with Se1 sites increased by 46 ppm upon Al3+
intercalation and concomitant reduction of the chevrel
framework, a result of an enhanced Knight shift due to

Figure 2. Experimental observation of the electron charge storage mechanism. (a) Solid-state 77Se MAS NMR measurements acquired on pristine
Mo6Se8 (black) with deconvolutions of crystallographic Se1 (blue) and Se2 (red) sites. Inset: molecular structure of Mo6Se8 (Se1: blue, Se2: red,
Mo: purple). The experimental and simulated static 77Se NMR spectra of pristine Mo6Se8 are shown below the MAS spectrum. (b) Solid-state 77Se
NMR spectra of pristine Mo6Se8 and discharged Al4/3Mo6Se8 electrodes, highlighting the Se1 region (left, blue) and Se2 region (right, red). (c)
Solid-state 95Mo NMR on pristine Mo6Se8 and discharged Al4/3Mo6Se8 electrodes. Inset: region with isotropic 95Mo shift. (d) Synchrotron XANES
measurement of the Mo K-edge for pristine Mo6Se8 and discharged Al4/3Mo6Se8 electrodes. (e) Solid-state 27Al NMR spectra for discharged
Al4/3Mo6S8, discharged Al4/3Mo6Se8. Asterisks (*) denote insoluble surface species. All NMR measurements were performed at 20 kHz MAS and
14.1 T. (f) Schematic of electrochemical intercalation of Al3+ cations and electron transfer.
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increased electron density (eq 4) in the anionic chalcogen
framework. The 77Se shift associated with Se2 sites shifted by 8
ppm, indicating a modest increase in electron density. Note
that volume expansion and distortion of the Mo6Se8 unit cells
also occur upon Al-ion intercalation. The electrochemical
intercalation of Al3+ into Mo6Se8 alters its electronic structure
significantly, as manifested experimentally by the large
reduction in drive pressure (ca. 1 bar) needed to spin
Al4/3Mo6Se8 at 20 kHz MAS and 14.1 T compared to pristine
Mo6Se8. Because a conducting sample experiences strong eddy
currents when rotated in a magnetic field, resulting in
additional forces,52 this observation is consistent with a
decrease in the electrical conductivity of Mo6Se8 upon Al3+
intercalation.
To measure changes in the electronic structure of the

transition metal Mo6 clusters upon Al-ion intercalation, both
solid-state 95Mo MAS NMR and synchrotron Mo K-edge
XANES measurements were performed on Mo6Se8 and
discharged Al4/3Mo6Se8 electrodes. The solid-state single-
pulse 95Mo NMR spectra establish one Knight-shifted signal
with an isotropic 95Mo shift of 1859 ppm associated with the
Mo6 octahedral clusters, which notably do not shift upon Al3+
cation intercalation (Figure 2c). Note that 95Mo is an
insensitive nucleus due to its low gyromagnetic ratio and
quadrupolar nature (spin = 5/2). Synchrotron Mo K-edge
XANES measurements at pristine and discharged states were

essentially identical, further establishing no change in the
oxidation state of the Mo6 clusters upon Al3+ intercalation into
chevrel phase Mo6Se8 (Figure 2d). Remarkably, the solid-state
NMR and XANES measurements establish that the Mo6
clusters remain relatively electronically isolated upon Al3+
cation intercalation. Thus, upon electrochemical Al3+ inter-
calation, electrons are transferred directly to the redox active
chalcogen frameworks, while the transition metal clusters are
redox inactive, establishing that the chevrel phases store charge
by reversible electrochemical anionic redox.
To investigate the Al-ion intercalation mechanism, solid-

state 27Al single-pulse MAS NMR measurements were acquired
under quantitative conditions on the fully intercalated chevrel
phase Al4/3Mo6Se8 and compared with Al4/3Mo6S8, revealing
inherent differences in their structural and electronic properties
(Figure 2e). In Al4/3Mo6Se8, two 27Al signals with shifts of 38
ppm and −10 ppm are associated Al ions within cavities 1 and
2, respectively. The relative populations of Al in cavities 1 and
2, determined by the relative integrated signal intensities, are
74 and 26%, respectively, consistent with the expected
compositions. In Al4/3Mo6S8, the 27Al shifts of 62 and 38
ppm, associated with tetrahedral aluminum environments,
exhibit relative populations of 78 and 22% for cavity 1 and
cavity 2, respectively. However, in Al4/3Mo6Se8, the 27Al NMR
shift of −10 ppm indicates that the intercalated Al3+ cation in
cavity 2 is in an octahedral environment, as opposed to the

Figure 3. Operando synchrotron EDXRD of Al-chevrel batteries. EDXRD patterns of (a) Al−Mo6S8 and (b) Al−Mo6Se8 cells during first
galvanostatic discharge using specific currents of 12 and 8.3 mA/g, respectively. Photon energies and, consequently, 1/d values are shown on the
bottom and top horizontal axes, respectively.
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tetrahedral environments observed for cavity 1 or for both
cavities in Mo6S8, which was proposed as a possible
intercalation site for Mg2+ by Levi and Aurbach.18 Also, the
27Al signals associated with intercalated Al3+ cations in cavities
1 and 2 for Al4/3Mo6Se8 are broader than those for Al4/3Mo6S8.
The Al3+ ions “hop” between the six energetically crystallo-
graphic sites within each cavity of the chevrel phases, resulting
in fast electric quadrupolar relaxation (5 times T2* <400 μs).
Circular ion hopping within a cavity is expected to be faster for
Mo6Se8 compared to Mo6S8, based on the GITT diffusion
measurements above. Such faster motions would manifest
themselves in faster transverse NMR relaxation times and
hence broader 27Al linewidths, as measured here. In addition,
solid-state 27Al NMR measurements on the charged Mo6Se8
electrode revealed the majority of the aluminum is removed
upon de-intercalation with minimal Al-ion trapping (<4%,
compared with <7% for Mo6S8),

15 highlighting the reversibility
of Al-ion intercalation into chevrel Mo6Se8.
Crystal Structure Evolution. Operando synchrotron

EDXRD measurements were performed to measure how the
chevrel Mo6Se8 and Mo6S8 crystalline structures evolved
during electrochemical Al3+ intercalation (Figure 3).53,54

Diffraction data were collected using batteries constructed in
hermetically sealed gold-plated CR2032 coin cells without
transparent windows or other modifications. As previously
reported, the electrochemically intercalated chevrel phases are
very sensitive to air;21 thus, operando characterization was
performed to prevent undesired side reactions. In the EDXRD
pattern of Al−Mo6S8 cells (Figure 3a), the 90 and 103 keV
peaks, previously indexed to (−132) and (−240) reflections by
Lee et al.,13 shifted to lower energies during discharge,
corresponding to larger d-spacings. Rather than a continuous
change in d-spacing, the transition was discontinuous. This
shift to lower energies reveals the expansion of the chevrel R3̅
unit cell due to the electrochemical intercalation of Al3+
cations. These results agreed with Lee et al.,13 where there
was no transformation in crystal structure as Mo6S8 maintained
its R3̅ space group during Al3+ cation insertion. Assuming a
final intercalated (discharged) state of Al4/3Mo6S8, the final
calculated discharge product corresponded to AlxMo6S8 with x

= 1.43, indicating that electrolyte decomposition during the
initial part of the galvanostatic discharge accounted for the
remaining capacity (x = 0.1, indicated as an arrow on the
discharge curve).
In contrast, the EDXRD pattern of Al−Mo6Se8 cells (Figure

3b) resulted in a triclinic distortion upon the electrochemical
intercalation of Al3+ cations and consequently an altered
diffraction pattern. Levi et al. have shown that upon
electrochemical insertion of Mg2+ into Mo6Se8, the rhombohe-
dral R3̅ structure is distorted to triclinic P1̅.17,18 This result is
supported by solid-state 27Al NMR measurements (Figure 2e),
wherein cavity 1 of Al4/3Mo6Se8 is in an octahedral
environment, while for Al4/3Mo6S8, Al3+ cations in both
cavities are tetrahedrally coordinated. For Al4/3Mo6Se8, the
fully discharged diffraction pattern was not indexed but is
similar to patterns reported for MgxMo6Se8 (x = 1, 2) reported
by Levi et al.,17 which exhibit a series of prominent reflections
from 110 to 120 keV. Interestingly, several prominent
reflections in the discharged material form only in the final
moments of discharge, whereupon the final intercalated
(discharged) state of Al4/3Mo6Se8 is obtained. Overall, the
synchrotron diffraction results establish that the bonding
structure and topology of the crystalline chevrel frameworks
are preserved upon electrochemical cycling. Critically, the
chevrel phase undergoes reversible anionic redox without the
breaking or forming of chemical bonds, unlike some oxygen
anionic redox processes that can occur in transition metal
oxides, which explains its high electrochemical reversibility.

Calculated Electron Charge Distributions. The electron
charge transfer mechanism was further investigated theoret-
ically by DFT calculations (Figure 4). Bader charge analysis
(Figure 4a) was performed on Mo6S8, Mo6Se8, AlMo6S8, and
AlMo6Se8 unit cell structures to evaluate the spatial
distributions of electrons around each atom before and after
Al3+ cation intercalation (see Table S2 for average charge
values for each type of atom). The charge differences between
the intercalated and unintercalated chevrel phases establish
that electrons are primarily transferred to the anionic
chalcogen framework, as opposed to the transition metals.
This result corroborates the anionic redox electron charge

Figure 4. Electron charge transfer mechanism revealed by DFT calculations. (a) Bader charge analysis performed on chevrel Mo6S8, Mo6Se8,
AlMo6S8, and AlMo6Se8 unit cell structures. Note that all color bars feature a unique range. The charge difference between the Al-ion intercalated
and unintercalated chevrel phases is also shown. (b) Total DOS and PDOS for the chevrel systems.
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transfer mechanism measured experimentally by solid-state
NMR spectroscopy and XANES. The DFT results show that
two characteristic types of chalcogen atoms exist, consistent
with the Se1 and Se2 measured by solid-state 77Se NMR
(Figure 2a). Crucially, the DFT results also indicate that the
electron charge transfer mechanism observed experimentally
for chevrel Mo6Se8 also pertains to chevrel Mo6S8, which was
challenging to characterize experimentally using analogous
spectroscopic methods. Thus, the anionic redox mechanism
observed in the chevrel phases does not appear to be
dependent upon the type of chalcogen atom present within
the anionic framework.
The total density of states (DOS) was also calculated for the

chevrel systems (Figure 4b, black; see Figure S2 for overlayed
spectra). The results indicate that all materials are metallic,
based on their states being present at the Fermi level (EF).
Chevrel Mo6Se8 systems maintained a larger bandgap than
chevrel Mo6S8 systems, independent of Al3+ cation insertion.
Additionally, the projected DOSs (PDOS) are shown for the
Mo 4d orbitals (Figure 4b, red) and the S or Se 3p orbitals
(Figure 4b, blue). The unoccupied states accept the electrons
upon electrochemical reduction and Al3+ cation intercalation,
causing the PDOS spectra to shift to lower energies. This
calculation is consistent with the change in Knight shift
observed in solid-state 77Se NMR measurements (Figure 2b),
as well as the indirect observation of the change in conductivity
of the chevrel samples upon Al3+ intercalation, as discussed
above.
Generality of the Electron Charge Storage Mecha-

nism. To further probe the generality of the electron charge
storage mechanism, divalent Zn2+ cations were electrochemi-
cally intercalated into Mo6Se8 electrodes for the first time, and
similar spectroscopic measurements were performed to

elucidate changes in electronic structure (Figure 5). Zinc
metal was used as the anode and aqueous 1 M Zn(SO4) was
used as the electrolyte. Galvanostatic cycling (Figure 5a) of the
Zn−Mo6Se8 cell, with Zn−Mo6S8 cells shown for comparison,
reveals two distinct discharge plateaus that achieve the
theoretical capacities of 88 and 128 mA h/g upon full
discharge, respectively, corresponding to Zn2Mo6Se8 and
Zn2Mo6S8. CV (Figure 5b) reveals two distinct reduction
peaks at 0.35 and 0.31 V for Mo6Se8 and 0.49 and 0.31 V for
Mo6S8. Synchrotron XANES measurements of the Mo K-edge
of pristine Mo6Se8 and discharged Zn2Mo6Se8 states (Figure
5c) were identical, indicating that the transition metal Mo6
octahedra are redox inactive. Solid-state 77Se NMR experi-
ments (Figure 5d) reveal that the isotropic 77Se NMR signals
shift to more positive frequencies upon electrochemical
intercalation of Zn2+ cations, consistent with increased electron
density as per the Knight shift effect (eq 4). As upon Al3+
intercalation, the majority of electrons are transferred
specifically to the 4-coordinated Se1 atoms (77Se shift of 36
ppm) upon Zn2+ intercalation, with a more modest quantity
transferred to the 3-coordinated Se2 atoms (77Se shift of 7
ppm). Thus, an identical anionic redox electron charge transfer
mechanism occurs when multivalent cations with different
valences and coulombic charge densities (Al3+, Zn2+) electro-
chemically intercalate within the chevrel Mo6Se8 framework. In
aggregate, these results are also consistent and build upon with
the work of Thole et al.22 and Wan et al.,23 whose work
indicates that in chevrel Mo6S8 only the sulfur framework
participates in electron charge transfer upon divalent Mg2+
cation insertion.
Operando synchrotron EDXRD patterns of Zn−Mo6S8 and

Zn−Mo6Se8 cells (Figure S3) revealed that intermediate
ZnMo6S8 and ZnMo6Se8 phases formed during discharge,

Figure 5. Generalization of the electron charge storage mechanism to the aqueous Zn-chevrel battery system: (a) Galvanostatic cycling (10 mA/g)
and (b) CV (50 μV/s, scan 2) of Zn−Mo6S8 (red) and Zn−Mo6Se8 (black) cells performed at 25 °C. (c) Synchrotron XANES measurements of
the Mo K-edge of pristine Mo6Se8 and discharged Zn2Mo6Se8 electrodes. (d) Solid-state 77Se MAS NMR spectra of pristine Mo6Se8 and discharged
Zn2Mo6Se8 electrodes, highlighting the Se1 region (left, blue) and Se2 region (right, red).
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respectively, ending in distinct Zn2Mo6S8 and Zn2Mo6Se8
phases. The Zn−Mo6S8 cell showed a well-defined transition
from Mo6S8 to a ZnMo6S8 phase at ZnxMo6S8 with x = 0.98 (x
≈ 1), where coexistence of both phases appeared over a range
of x-values and an equivalence between the two phases
occurred at x = 0.53. A similar conversion of the ZnMo6S8
phase to the Zn2Mo6S8 phase occurs with an equivalence
between phases occurring at x = 1.66. A comparison of the
operando synchrotron EDXRD patterns of the Zn−Mo6S8 and
Al−Mo6S8 cells (Figure S4) highlights that the ZnxMo6S8
system has three distinct phases, compared to only two for
the AlxMo6S8 system, a consequence of the different ion
valences and quantities intercalated (2 for Zn2+ vs 4/3 and
Al3+) per Mo6S8 unit. Overall, as with Al3+ cation intercalation,
the bonding structure and topology of the crystalline chevrel
frameworks were preserved upon Zn2+ cation intercalation.

■ CONCLUSIONS
Using the electrochemical intercalation of Al3+ and Zn2+
cations into chevrel Mo6Se8 and Mo6S8 electrodes as model
battery systems, we elucidate experimentally and theoretically
that the chevrel phase undergoes reversible electrochemical
anionic redox as an electronic charge storage mechanism. The
anionic redox occurs without breaking or forming chemical
bonds, preserving the crystal structure and explaining the high
degree of electrochemical reversibility. In contrast, the
transition metal octahedra are redox inactive. This electronic
charge storage mechanism is fundamentally different than that
observed for the majority of intercalation battery electrodes,
wherein the transition metals are redox active. In addition, the
nature of the anionic redox phenomenon is different than that
observed in lithium-rich transition metal oxides and
chalcogenides, which couple cationic and anionic redox
processes, are a result of excess lithium, and often result in
electrode instabilities and capacity fade. The results also yield
insights into how cation-framework and cation−cation
interactions affect the intercalation mechanism of multivalent
ions within chevrel-phase electrodes.
We propose that reversible electrochemical anionic redox

may be incorporated as a potential material design principle for
future multivalent intercalation electrodes, which must not
only electrochemically intercalate multivalent cations but also
enable those high-charge-density cations to diffuse through
their structures. With regards to ion diffusion, the chevrel
phases not only have large 3D cavities, but also their
electroactive and electronically polarizable anionic frameworks
are in close molecular proximity to the intercalated cations and
their diffusional transition states between cavities. While
chevrel-phase electrodes cannot provide the energy densities
necessary for demanding technological applications, computa-
tional materials discovery methods using similar anionic redox
principles to those elucidated here are worth considering in the
search for a multivalent intercalation electrode that is “beyond
chevrel”. Overall, we hope that this research provides new
strategies into the molecular-level design of novel intercalation
electrodes for rechargeable multivalent-ion batteries.
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