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Abstract

Controlling properties within a given functional inorganic material structure type

is often accomplished through tuning the electronic occupation, which is in turn dic-

tated by the elemental composition determined at the time of material preparation. We

employ electrochemical control of the lithium content, with associated electronic occu-

pancy control, to vary the magnetic properties of a material where a kagome-derived

network of Mo3 triangles carry the spin. In this case, Li is electrochemically inserted

into LiScMo3O8, a layered compound containing a breathing Mo kagome network. Up

to two additional Li can be inserted into LiScMo3O8, transforming it into Li3ScMo3O8.

Li2ScMo3O8 prepared by electrochemical lithiation is compared to the quantum spin

liquid candidate compound Li2ScMo3O8 prepared through high-temperature solid-

state methods, that has a slightly different structural stacking sequence but a similar

kagome-derived network. Magnetic measurements are supported by first-principles

calculations, showing that electrons remain localized on the Mo clusters throughout

the doping series. As x is varied in LixScMo3O8, the measurements and calculations

reveal the evolution from a diamagnetic band insulator at x = 1 to a geometrically

frustrated magnet at x = 2, back to a diamagnetic insulator at x = 3. These re-

sults indicate a likelihood of strong coupling between the degree of Li disorder and

charge/magnetic ordering over the Mo3 clusters.
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Introduction

While superficially appearing to comprise disjoint domains of investigation, magnetic ma-

terials and materials for electrochemical energy storage share a mutual reliance on the in-

terplay between crystal and electronic structure, and oxidation state. Furthermore, these

are often centered around d-block metals. A powerful example of this symbiosis is demon-

strated by LiCoO2, which was originally studied for its magnetic properties,1 before it

emerged much later to become the iconic cathode material.2 Magnetic studies have con-

tinued to inform on the nature of several oxide cathode and anode materials.

In particular, magnetic studies have greatly impacted our understanding of com-

plex mechanisms in a host of different material systems by probing electron spin.3

Detailed study of the electronic phase diagram of LixCoO2
4, Li1−xFexMn1−xPO4

5, and

LiNi0.8Mn0.1Co0.1O2
6 using magnetometry has illuminated the sensitive influence of Li con-

tent on the complex electronic property evolution in these materials. In some members of

the Wadsley-Roth family of fast-charging anode materials, magnetic measurements have

been instrumental in supporting a hypothesized insulator to metal transition during cy-

cling.7,8 Advances in operando magnetometry have additionally revealed important in-

sights towards design strategies in Sn-based alloy anodes.9 On the device side, magnetic

sensing has been shown to be a highly sensitive and quantitative technique for ascertaining

cell health.10

Here we describe an electrode system based on a compound that can display geometric

magnetic frustration and is closely related to candidate quantum spin liquid compounds,

where electrochemical lithium insertion dramatically impacts magnetic properties. Geo-

metrically frustrated networks, where all magnetic exchange pathways cannot be satisfied

simultaneously, often give rise to complex and unconventional magnetic ground states.

Ising spins on a triangular lattice lead to a large number of degenerate ground states.11

This degeneracy has proved to be a defining characteristic of frustrated magnets,12 leading

to a wide variety of behaviors such as quantum spin liquid states,13 and possible super-
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conductivity.14,15 Kagome networks are the maximally frustrated structures in 2D, and can

be found in a variety of crystal structures. Characterized by corner-sharing triangles, the

kagome network can be comprised of a wide variety of transition metals, such as Cu,16

Mo,17 Sn,18 and V19.

Figure 1: (a) Crystal structure of LiScMo3O8 (space group is P3m1, No. 156, O1 stack-
ing) contains alternating layers of triangular clusters of metal-metal bonded Mo (green)
atoms and Li+ (grey)/Sc (blue). Li+ is tetrahedrally coordinated. (b) Crystal structure
of Li2ScMo3O8 (h.t.) (space group is P63mc, No. 186, O2 stacking) contains slightly
offset layers of triangular clusters of metal-metal bonded Mo atoms and Li+/Sc. Li+ is
tetrahedrally coordinated.(c) Top view of two Mo-based breathing kagome-derived layers,
indicated by the corner-connected smaller and larger triangles from LiScMo3O8, that is
common to both structures.

Mott insulator phases in the (AnBm)Mo3O8, with two-dimensional slabs of a breathing

Mo3 kagome network, serve as a useful platform to study and understand quantum cluster

magnets [Figure 1]. Kagome nets are defined by fully corner-connected equilateral trian-

gles, and the term “breathing” here implies that alternate triangles are larger and smaller.

The bonding scheme of these kagome networks allows for unpaired electrons to delocalize

across clusters, as opposed to individual transition metals, and can serve as a structural

platform to study exotic magnetism in extended solids. These Mo-based breathing kagome

networks showcase notable diversity in magnetic behavior, even with seemingly minor
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variations in composition and structure.20,21 LiZn2Mo3O8 is a cluster magnet that displays

magnetic behavior17 that is as-yet not well-understood. It has been postulated that the

magnetic behavior may show features of a resonating valence-bond state,22,23 dimeriza-

tion,24, or plaquette charge order.25,26

Recently, we showed that the breathing kagome-network compound LiScMo3O8, [Fig-

ure 1(a)] a diamagnetic insulator because of complete localization of two d electrons per

Mo within Mo–Mo bonds, is an effective anode material for Li-ion batteries.27 The related

compound Li2ScMo3O8, [Figure 1(b)] with an extra d electron for every 3 Mo also pos-

sesses a Mo-based breathing kagome network, shown in Figure 1(c), and is reported to

be a frustrated cluster magnet,28 with little sign of long range magnetic order down to

T = 0.5 K. Li2In1−xScxMo3O8 in contrast, where Sc is replaced by the smaller, isoelectronic

In, has been noted to show antiferromagnetic long-range order through muon spin rotation

experiments.29

Here, we have prepared the series of samples LixScMo3O8 in x = 1.0 to 2.85 by elec-

trochemical insertion, and studied the evolution of magnetic properties ex-situ, across

the series. Low temperature data show unusual behavior in electrochemically lithiated

Li2ScMo3O8 (e.c.) compared to high temperature Li2ScMo3O8 (h.t.) phase, which has a

distinctly different structure. Notably, the layer stacking in Li2ScMo3O8 (e.c.) is O1 like the

parent compound LiScMo3O8 [Figure 1(b)], while the layer stacking in Li2ScMo3O8 (h.t.)

is O2. In neither case is the Li expected to be stable in prismatic coordination.30 Density

function theory-based electronic structure calculations have been carried out that aid in

the interpretation of the magnetic moment evolution. Through electrochemistry we can

realize magnetic states that we otherwise would not be able to access through conventional

synthetic routes, with the potential to lead to discovery of more applied functionality in

the future.31
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Methods

Preparation of LiScMo3O8 and Li2ScMo3O8

Pristine LiScMo3O8 was prepared through a conventional high-temperature solid state re-

action of precursor oxide powders in a sealed vitreous silica tube. Trace quantities of MoO2

were removed with a dilute nitric acid wash to produce the pure target compound. A more

detailed procedure can be found elsewhere.27 Li2ScMo3O8 was prepared in a similar man-

ner using identical precursor oxide powders in the appropriate stoichiometry. For this

composition, the nitric acid wash was not necessary. Both materials were black powders.

Structural studies of the pristine compounds LiScMo3O8 and Li2ScMo3O8 were carried out

using neutron powder diffraction on the NOMAD beamline at Oak Ridge National Labora-

tory.

Electrochemical lithation of LiScMo3O8

A wide range of electrochemically lithiated samples were prepared using LiScMo3O8 as the

starting material. Swagelok cells were used to prepare large quantities of lithiated mate-

rial LixScMo3O8 in precise 0.25 Li increments. It is customary to prepare battery cells with

additives such as binder and conductive carbons to improve transport and performance.

For this study, all additives were omitted to maximize signal and avoid possible undesired

magnetic contributions. Therefore, approximately 80 mg of pure starting LiScMo3O8 ma-

terial was pressed in a 10 mm die to 4 tons to create a fragile, but thin and compact disk

pellet. This pellet was delicately placed into a half assembled Swagelok cell. A glass fiber

separator (Whatman GF/D) was gently placed on top of the pellet. This assembly was

then pumped into an Ar-filled glovebox to complete the cell fabrication. Electrolyte (1

M LiPF6 in ethylene carbonate/dimethyl carbonate (EC/DMC) 50/50 v/v Sigma Aldrich)

was evenly dispersed on top of the separator. The quantity varied slightly, but enough

electrolyte was used to just soak the separator. Polished Li foil was used as the counter
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electrode and only light pressure was used to close the cell to avoid pellet disintegration.

The cells were then discharged to insert Li at very slow rates, ranging from C/80 (80 hour

discharge) to C/130 (130 hour discharge). The C rate was determined assuming 2 Li in-

sert into the structure. Cells were discharged using a VMP3 BioLogic potentiostat. Each

electrochemically lithiated composition was prepared in a different Swagelok cell.

Samples for the low temperature neutron study on the WAND2 beamline at ORNL were

prepared in a very similar manner. There were two main differences. Importantly, the

sample size was increased from approximately 80 mg in small Swagelok cells to upwards

of 300 mg using larger custom Swagelok cells. The custom larger Swagelok cell design

is identical to the smaller Swagelok, except for the body diameter. The smaller typical

Swagelok cells have a diameter of 13 mm and the larger Swagelok cells used in this study

have a diameter of 20 mm. The pellet preparation is identical for both cells in terms of

diameter and mass of the pellet. The advantage for the larger cell comes because only

one 80 mg pellet can fit in the normal Swagelok while it is possible to fit approximately

three of those same pellets in the large Swagelok. With this design, we can retain similar

experimental parameters, but get larger yields of ex-situ powder. Second, instead of natural

Li as the counter electrode, isotopically enriched 7Li was used to increase scattering quality.

An overlay of representative discharge curves can be found in the Supporting Information

(SI).

Following completion of electrochemical Li insertion, the cells were then pumped back

into an Ar-filled glovebox and kept strictly air-free for preparation, storage, and all charac-

terization techniques to avoid any possible sample decomposition. The cells were carefully

taken apart and the lithiated pellets were removed and left to dry overnight. Then they

were crushed and lightly ground, moved into a centrifuge tube, and washed in EC:DMC

to remove any residual surface salts. The effluent was poured off and the powders were

vacuum dried for 2 hr to 3 hr, followed by gentle grinding in an agate mortar and pestle,

resulting in a fine, black powder. These electrochemically lithiated powders were the basis
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of all future measurements.

Diffraction data collection and reduction

Structural studies of the pristine compounds LiScMo3O8 and Li2ScMo3O8 were carried out

by collecting neutron total scattering data on the NOMAD beamline at Oak Ridge National

Laboratory. For the current experiment, about 100 mg powder samples were loaded into

3 mm thin-walled quartz capillaries.32,33 Two 24 min scans (at 290 K) were collected for

each sample and then summed together to improve the statistics of the data. Scattering

signal from the empty quartz capillaries measurements was subtracted as background from

the sample measurement and data were normalized by the scattering intensity from a

6 mm vanadium rod to account for incident spectrum profile and detector efficiencies.

Rietveld refinements to the previously published structures34 were carried out in the

TOPAS v6 software.35 Time-of-flight (TOF) data were converted to d-spacing data using

the conventional second order polynomial TOF = ZERO + DIFC×d + DIFA×d2, where the

parameters ZERO and DIFC were determined from refinement of a standard NIST Si-640e

data set and held fixed, while the parameter DIFA was allowed to vary during refinements

to account for sample displacement. A back-to-back exponential function convoluted with

a Pseudo-Voigt function was used to describe the peak profile.36 Lorentz factor is corrected

by multiplying d4.37

Structural studies of the lithiated Li2ScMo3O8 (e.c) material were carried out on the

WAND2 HB-2C beamline at HFIR at Oak Ridge National Laboratory. Electrochemically

lithiated powder at this composition was pressed into a 6 mm pellet and placed in a sealed

vanadium can inside of a glovebox. The sample was measured in field-cooled warming

conditions at a field of H = 3 T at temperatures ranging from T = 2 K to T = 30 K.

Measurement time at each condition was correlated to the number of counts to ensure

comparable data sets. Order parameters were calculated by integrating the intensity of

each peak at every measured temperature.
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Operando powder diffraction measurements were carried out at beamline 11-BM at the

Advanced Photon Source at Argonne National Laboratory. All measurements were per-

formed in an AMPIX cell38 at room temperature in transmission geometry at wavelength

(λ = 0.458924 Å). Pressed pellet electrodes were made in a 6:2:2 (active: SuperP: PTFE)

mass ratio. The electrode weighed 21.1 mg and was 10 mm in diameter. The AMPIX

cell was assembled in an argon glovebox using lithium metal as the counter electrode,

a glass fiber seperator (Whatman), and 1.0 M LiPF6 dissolved in 1:1 v/v ethylene car-

bonate/diethyl carbonate (EC/DEC). The cell was cycled at a C/15 rate. The diffraction

patterns for Li2ScMo3O8 (e.c.) and Li3ScMo3O8 (e.c.) were extracted from this data set

and background subtracted from a blank AMPIX cell. Rietveld refinements were performed

using the calculated Li2ScMo3O8 (e.c.) and Li3ScMo3O8 (e.c.) ground state structures. All

visualization involving crystal structures was carried out using VESTA.39

Characterization

Magnetic measurements were carried out on a Quantum Design MPMS3 SQUID magne-

tometer. Powder masses of approximately 5 mg were measured in polypropylene capsules.

All samples were packed in an Ar-filled glovebox and kept in a vacuumed transfer con-

tainer until just prior to MPMS loading. DC susceptibility measurements were collected in

both field-cooled warming (FCW) and zero-field-cooled warming (ZFCW) conditions with

applied magnetic fields H ranging from H = 0.01 T to H = 5 T in the temperature range

T = 2 K to T = 400 K. Heat capacity measurements were carried out on a Quantum Design

PPMS. The electrochemically lithiated powder was pressed inside of an Ar-filled glovebox

to form a small pellet. This pellet was kept in a vacuumed transfer container until just

before loading onto the heat capacity puck outside of the glovebox. The material was ex-

posed to air for less than 1 min before PPMS measurement. Sintered pellets of LiScMo3O8

and Li2ScMo3O8 (h.t.) were used to measure electrical resistivity in a Quantum Design

PPMS. Gold wires were attached to the samples using silver paint to perform a four-point
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measurement.

Computational Methodology

Electronic structure calculations using density functional theory (DFT) were performed

with the Vienna ab initio Simulation Package (VASP).40–43 The Li sv, Sc sv, Mo sv, and

O projector augmented wave (PAW) pseudopotentials44,45 were used with a plane-wave

energy cutoff of 650 eV. Γ-centered Monkhorst-Pack k-meshes46 were automatically gen-

erated with a density of 40 Å and integrated using the linear tetrahedron method.47 The

SCAN meta-GGA functional48,49 was employed to approximate the exchange-correlation

energy.

Results and discussion

Electronic structure

The crystal structure of LiScMo3O8 serves as the model platform for this study. LiScMo3O8

is a layered structure, with alternating layers of Mo and Li/Sc, as shown in Figure 1(a).

The Mo layer is comprised of a Mo kagome network, built of metal-metal bonded MoO3

clusters. In the alternating layer, Sc is octahedrally coordinated and Li is tetrahedrally

coordinated. Bond valence sum mapping has shown that the Li/Sc layer has channels

that allow for low-energy two dimensional Li diffusion pathways. It has also been shown

recently that Li insertion into the structure is highly stable and reversible, with minimal

changes or expansion of the network.27 The starting oxidation state of Mo in this structure

is Mo4+, and previous electrochemistry of the compound shows that up to two additional

Li can be inserted to achieve a total Li content of Li3ScMo3O8. The parent structure is very

similar to the more studied Li2ScMo3O8 (h.t.) in Figure 1(b). Li2ScMo3O8 is an established

quantum spin liquid candidate with one unpaired e− per Mo3 cluster.21,28,29,50 Compared to
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LiScMo3O8, the Mo layers in this structure are slightly offset from each other and the Li oc-

cupy both sublattices of tetrahedral sites, rather than just one. The Mo layer of LiScMo3O8

is shown in Figure 1(c) with oxygen connectivity.

Figure 2: Spin-polarized density of states of LixScMo3O8 in either the electrochemical or
high temperature structure at (a) x = 1, (b,c) x = 2, and (d) x = 3.

To better understand the relationship between the crystal structure and electronic struc-

ture of LixScMo3O8, DFT-based electronic structure calculations are used to provide quali-

tative insight about this material at different Li, or doping, levels. The density of states for

pristine LiScMo3O8 is shown in Figure 2(a), annotated with the corresponding energy lev-

els. The density of states shows filled Mo d-states just below the Fermi level, a large band

gap, and no unpaired e−, indicative of an insulator. If one additional Li is inserted into the

structure, the nominal composition becomes Li2ScMo3O8 and results in one unpaired e−

according to the energy level diagram displayed in Figure 3. The density of states for this

composition is displayed in Figure 2(b) and shows that the spins become polarized. The

states remain very localized, however, and the small dispersion indicates it is unlikely this

material would be a good conductor.

Figure 2(c) shows the analogous density of states for the solid state preparation of

Li2ScMo3O8 (h.t.). Globally, the features in the density of states between Li2ScMo3O8 (e.c.)
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prepared electrochemically and Li2ScMo3O8 (h.t.) prepared through solid state methods

are close in semblance. If two additional Li are inserted into LiScMo3O8 to get a compo-

sition of Li3ScMo3O8, the a1 energy level fills and the electrons pair up. The density of

states in Figure 2(d) shows that the gap between filled and unfilled states is much smaller

than the pristine material, but a localized and insulating state is still expected. Electrical

resistivity measurements (shown in the SI) on LiScMo3O8 and Li2ScMo3O8 (h.t.) indeed

show that LiScMo3O8 is orders of magnitude more resistive than Li2ScMo3O8 (h.t.), and

that Li2ScMo3O8 (h.t.) displays not metallic, but semiconducting behavior. The electronic

structure calculations and energy level diagram will be an important point of reference as

we experimentally explore electrochemical doping of the LiScMo3O8 structure.

Figure 3: Left: Orbital energy level diagram for a single Mo3 cluster, with black arrows
showing the electron filling at x = 1 ([Mo3]12+) and gray arrows showing the additional
electrons at x = 3 ([Mo3]10+). Right: Partial charge densities corresponding to the lower
and upper a1 and e states of a Mo3 cluster in LiScMo3O8.

Figure 3 illustrates the partial charge densities corresponding to the lower and upper

a1 and e states of a Mo3 cluster in LiScMo3O8. Parent material LiScMo3O8 begins with the

lower a1 and e states completely filled. The charge density for these states is localized

on the Mo3 cluster, distributed along their shared oxygen bonds and metal-metal bonds,

12



respectively. As Li and electrons are inserted and fill the upper a1 state, the charge density

localizes on the individual Mo atoms.

Diffraction and Electrochemistry

Both the starting material LiScMo3O8 and Li2ScMo3O8 (h.t.) were characterized with neu-

tron powder diffraction at the NOMAD beamline located at Oak Ridge National Laboratory.

Rietveld refinements of both materials show good agreement with the accepted structures

and can be found in the SI. An operando cycling experiment was performed at beamline

11-BM at Argonne National Laboratory to understand the structural evolution of the mate-

rial LiScMo3O8 with lithium insertion and deinsertion. Figure 4 shows the electrochemisty

and corresponding diffraction data over two complete galvanostatic cycles. As lithium is

inserted, diffraction data indicate that the structure experiences minimal changes. The

slight shifts and emergence of new peaks are both reversible and consistent with phase-

coexistence regions. Although these features agree well with a previous operando lab pow-

der x-ray diffraction experiment,27 higher resolution synchrotron data allows for Rietveld

refinements to the calculated ground state structures.

The black arrows in Figure 4 indicate the diffraction data that was extracted from

the operando cycling experiment, corresponding to compositions Li2ScMo3O8 (e.c.) and

Li3ScMo3O8 (e.c.). Figure 5 shows the Rietveld refinements for both materials using their

respective ground state structures determined from ab-initio calculations. Refinement of

Li2ScMo3O8 (e.c.) is displayed in Figure 5 (a) and Figure 5 (b) shows the refinement of

Li3ScMo3O8 (e.c.), close to the maximum lithiation amount. Comparison of these indi-

vidual diffraction traces more clearly highlights the emergence of additional diffraction

peaks at low Q. Agreement between the experimental and calculated structures confirms

the nuanced differences in the crystal structures at different lithiation levels.

The crystal structures of the thermally prepared compounds LiScMo3O8 and

Li2ScMo3O8 (h.t.) are shown in Figure 6 (a) and Figure 6 (b), respectively. The intralayer
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Figure 4: Operando synchrotron X-ray diffraction collected at 11-BM at APS of LiScMo3O8

during the first two galvanostatic discharge/charge cycles at a C/15 cycling rate. The
electrochemistry is shown in the left panel. Arrows indicate the traces that were extracted
from the data set and refined in Figure 5.

view of these structures again showcases the differences in layer stacking, with offset Mo

layers in the Li2ScMo3O8 (h.t.) material. Refined crystal structures of electrochemically

prepared compounds Li2ScMo3O8 (e.c.) [Figure 6 (c)] and Li3ScMo3O8 (e.c.) [Figure 6 (d)]

from the data shown in Figure 5 are shown below the thermally prepared compounds.

While Li2ScMo3O8 (h.t.) has offset Mo layers, Li2ScMo3O8 (e.c.) and Li3ScMo3O8 (e.c.)

retain the same layer stacking as parent material LiScMo3O8.

Figure 7 shows an analogous comparison of the breathing kagome networks of these

materials. Notably, the Mo layers in LiScMo3O8 [Figure 7 (a)] are aligned, while the offset

Mo layers of Li2ScMo3O8 (h.t.) [Figure 7 (b)] with O2 stacking is prominent. Electro-

chemically prepared Li2ScMo3O8 [Figure 7 (c)] and Li3ScMo3O8 (e.c.)[Figure 7 (d)] have

very similar breathing kagome networks as the parent material. A “breathing ratio” can

be calculated to better understand bond distances and connectivity in this type of kagome

network, defined by the bond distance of the larger triangles divided by the bond distance

of the smaller triangles, λ = d5/d4. The λ for the starting material LiScMo3O8 is 1.27

14



Figure 5: Rietveld refinements of (a) Li2ScMo3O8 (e.c.) and (b) Li3ScMo3O8 (e.c.) of
operando synchrotron powder diffraction data collected at 11-BM at APS. These diffraction
patterns were extracted from the operando AMPIX experiment and fit to the calculated
ground state structures. The backgrounds were fit and only the lattice parameters and
transition metal sites were allowed to refine. The refined crystallographic parameters can
be found in the SI.
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Figure 6: Diagram comparing the intralayer view of the discussed crystal structures. The
top compounds (a) LiScMo3O8 and (b) Li2ScMo3O8 (h.t.) are prepared through con-
ventional high temperature methods and the compounds (c) Li2ScMo3O8 (e.c.) and (d)
Li3ScMo3O8 (e.c.) are prepared electrochemically. Li2ScMo3O8 (h.t.) shown in (b) has off-
set Mo layers with O2 stacking, while LiScMo3O8 in (a), and electrochemically prepared
materials (c) Li2ScMo3O8 (e.c.) and (d) Li3ScMo3O8 (e.c.) have O1 stacking.

and the λ for Li2ScMo3O8 (h.t.) is 1.28. From this standpoint, the kagome networks of

these two materials are very similar and close to previous reports.29 We find that electro-

chemical insertion of Li does not significantly alter λ. Li2ScMo3O8 (e.c.) has a λ of 1.27,

while Li3ScMo3O8 (e.c.) has a λ of 1.24 . The slightly lower value of λ indicates that this

material is closer to an ideal kagome network, where the bond lengths would all be equal.

As Li is inserted, electrons begin to populate the antibonding a1 states, as discussed in the

next section.

Magnetic properties

It is possible to directly insert additional Li into LiScMo3O8 by using Li metal as the counter

electrode while discharging a battery cell. Samples were prepared by electrochemically in-

serting Li into LiScMo3O8 in x = 0.25 increments. As opposed to more traditional coin cells

that handle cast electrodes with a low material loading (up to 10 mg cm−2), Swagelok cells
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Figure 7: Diagram comparing the breathing kagome networks of the discussed crystal
structures. Compounds (a) LiScMo3O8 and (b) Li2ScMo3O8 (h.t.) are prepared through
conventional high temperature methods and compounds (c) Li2ScMo3O8 (e.c.) and (d)
Li3ScMo3O8 (e.c.) are prepared electrochemically. In (b), the two distinct layers of Mo3

triangles are displayed with one of the layers being shaded. Average Mo–Mo bond dis-
tances are similar between the compounds.

Figure 8: Electrochemical insertion of Li into LiScMo3O8 in a Swagelok cell. No binder
or carbon was used for the electrochemistry. Each point on the discharge curve repre-
sents a single battery that was stopped in x = 0.25 increments. Galvanostatic cycling was
performed at slow rates of C/80.
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are amenable to much higher loading (up to 80 mg cm−2) and can be disassembled in a

glovebox to recover ex-situ material. The SI carries a depiction of an actual Swagelok cell,

with a scheme of a typical internal battery stack. Galvanostatic cycling was used to apply

a constant current until the specified Li content was reached. Figure 8 shows an actual

discharge curve of pure active material at a slow cycling rate. Each point on the curve rep-

resents an individual battery cell and the shapes of all of the experimental voltage curves

match the expected electrochemistry for this material, including the characteristic 1.5 V

plateau.27 The cells were brought back into the glovebox, disassembled, and prepared for

subsequent characterization.

Figure 9: Summary of spin-only moment and Curie-Weiss temperatures extracted from
Curie-Weiss fits as a function of x. Individual fits can be found in the SI. Colored points
represent electrochemically lithiated LiScMo3O8 (e.c.) samples and the square black points
represent the high temperature Li2ScMo3O8 (h.t.) sample. (a) µs gives insight into the
number of unpaired e− in the system. µs increases until approximately x = 2.0 and then
collapses back to original value. The grey dashed line represents the calculated spin only
magnetic moment for one unpaired e−. (b) Curie-Weiss temperature (θCW) as a function
of x shows increasing AFM exchange strength towards x = 2, decreasing past this point.

Combining the results of the Curie-Weiss fits with the calculated charge densities pro-
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vides a comprehensive picture of electron filling and localization for this Mo-based cluster

magnet. SQUID magnetometry was used to measure the susceptibility of each electro-

chemically prepared sample at H = 0.1 T between T = 2 K and T = 300 K. An overlay of

these susceptibility curves (shown in the SI) show clear evolution with varying Li content.

At room temperature, the susceptibility is negative, consistent with diamagnetic behavior.

As the Li content is increased, the susceptibility gradually increases until approximately

x = 2.0. After this point, the susceptibility decreases, collapsing near the value of the orig-

inal un-lithiated material. This is in qualitative agreement with the proposed energy level

diagram.

Curie-Weiss fits to the susceptibility measurements can additionally provide more quan-

titative insight. Figure 9 summarizes the spin-only moments (µs) and Curie-Weiss temper-

atures (θCW) as a function of Li content. The trend visualized in the raw susceptibility data

is reflected in the Curie-Weiss spin-only moments shown in Figure 9(a). As Li is inserted

into LiScMo3O8, µs increases, maximizing around x = 2.0. Upon further lithiation, µs de-

creases back down. This trend fairly accurately tracks with the calculated spin only mag-

netic moment for one unpaired e−. Experimental agreement with the calculated moment

definitively confirms an electronic picture in which inserted electrons remain localized on

the Mo3 clusters. We note that the µs value of the Li2ScMo3O8 (e.c.), a colored point, and

Li2ScMo3O8 (h.t.), a black square, are similar, indicating that the overall Li and electron

counts for both compounds are very close.

Figure 9(b) shows that the Curie-Weiss temperatures also show a decisive trend. For

the entire series, θCW is negative and decreases further with additional lithiation. The

maxima in µs correlates to a minima in θCW, at values near x = 2.0. θCW becomes less

negative past this point. Negative θCW values indicate that the exchange in this system is

dominated by AFM interactions that get stronger as the number of unpaired e− maximizes.

Unlike the close agreement between the Li2ScMo3O8 (e.c.) and Li2ScMo3O8 (h.t.) samples

for µs, there is a notable difference in θCW. This likely stems from key differences between
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the two compounds relating to a combination of Li and charge ordering which will be

discussed later.

Low-temperature magnetic properties

We observe notable low-temperature magnetic behavior in electrochemically lithiated

LiScMo3O8. As demonstrated previously, we observe high-temperature behavior consistent

with electron localization. However, at low temperatures, intermediate Li compositions

(x = 1.25 – 2.50 in LixScMo3O8) all display a prominent feature at 12 K in susceptibility

measurements, namely an abrupt change in slope. All of the temperature-dependent sus-

ceptibility traces, offset along the y-axis for clarity, are displayed in the SI. As more Li and

electrons are introduced into the system, the slope change becomes steeper and the feature

onset subtly increases until approximately x = 2.0. This suggests a possible correlation of

the feature with both the maxima in µs and minima in θCW. Both the slope and onset

temperature decrease until maximum lithiation at x = 2.85, when the upper a1 state is

nominally filled and the low-temperature feature disappears.

To gain more understanding related to the origin of this feature we compare elec-

trochemically lithiated Li2ScMo3O8 (e.c.) to high-temperature Li2ScMo3O8 (h.t.). Fig-

ure 10(a) compares the low-temperature susceptibility of both compounds. Li2ScMo3O8

(h.t.) shows no signs of long-range magnetic order to 2 K, consistent with literature on

this quantum spin liquid candidate.28 Conversely, Li2ScMo3O8 (e.c.) displays a sharp slope

change at 12 K. To confirm that the feature is a bulk property, heat capacity measure-

ments in Figure 10(b) show a relatively broad peak that begins at the same temperature

as the slope change in susceptibility. The heat capacity of the parent material LiScMo3O8

is smooth down to 2 K. The heat capacity data of Li2ScMo3O8 (e.c.) were fit to a double-

Debye function from 120 K and extrapolated down to 0 K from the equation in Fortes et

al.51 The peak feature was excluded from the range. The parameters resulting from the fit

of this function to Cp are; θAD = 717 K, θBD = 227 K, X = 0.89, and Y = 0.09. The magnetic
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Figure 10: (a) Comparison of susceptibility measurements at H = 0.1 T between
the Li2ScMo3O8 system prepared electrochemically (e.c.) and prepared through high-
temperature solid state routes (h.t.). The h.t. sample is a reported quantum spin liquid
and shows no long range magnetic order down to 2 K while the e.c. sample shows a fea-
ture, namely a prominent change in slope, at 12 K. (b) Heat capacity in zero applied field
of the parent material LiScMo3O8 and Li2ScMo3O8 (e.c.) shows a broad low temperature
peak in the electrochemically lithiated sample. The dashed line is the fit of a model to a
double-Debye function with two characteristic Debye temperatures. (c) Heat map of the
integrated intensity of the (311̄) diffraction peak shows negligible changes in intensity in
the temperature region of interest for the Li2ScMo3O8 (e.c.) sample.

21



heat capacity was calculated by subtracting out the feature from the double-Debye fit. The

integrated entropy as a function of temperature was found to be Sm = 3.3 J mol−1 K−1

(figure displayed in the SI). For non-interacting spins that can be in one of two discrete

states, the configurational entropy per mole would be Sm = Rln(2). This is an upper

bound for the configurational entropy for discrete degrees of freedom. Even with a 20%

error related to an undermeasurement of the sample mass, the integrated intensity would

be Sm = 4.3 J mol−1 K−1 , still considerably lower than the upper bound. Although this

experimental value of Sm = 3.3 J mol−1 K−1 is lower compared to the expected value of

Sm = Rln(2) = 5.76 J mol−1 K−1 for a spin 1/2 system, the relative order of magnitude

of the experimental magnetic entropy is consistent with a bulk property of this system.

There are a number of possible reasons for a lower value, including spin-orbit coupling

effects. With one e− distributed over three Mo atoms, any type of ordering in this system

will be extremely subtle and difficult to fully establish. However, the heat capacity data

qualitatively indicate a bulk transition, rather than possible impurity spins.

Despite the difficulty involved with the measurements and data interpretation, we turn

to low-temperature neutron measurements in an effort to shed more light on a possible

mechanism. There are no new magnetic peaks that appear below the feature temperature.

A heat map of the integrated intensity of the (311̄) peak in Figure 10(c) shows negligible

changes in intensity over the measured temperature range. The intensity changes for all

peaks can be found in the SI. We find that the integrated intensity of the diffraction peaks

remain constant where there are clear features found in susceptibility and heat capacity.

We have established that nominally, the composition, structure, and density of states for

both compounds are closely related. This raises the question of what is driving a low

temperature feature in the electrochemically prepared material but not in the material

prepared at high temperatures.
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Figure 11: Full and simplified structure of a low-energy row ordering of Li at x = 2.5, anno-
tated with the spin, formal oxidation state, and number of faces shared with Li octahedra
(above and below) for each distinct Mo3 cluster.

Coupling between charge, spin, and Li ordering

Previously we established a comprehensive picture of Li ordering in LixScMo3O8, in which

the Li ions occupy only tetrahedral sites at x = 1, only octahedral sites at x = 3, and a

mixture at intermediate x.27 We also confirmed a preference for AFM coupling of the Mo3

cluster moments at intermediate Li compositions (1 < x < 3), which in some cases even

emerges when they are initialized ferromagnetically in DFT. At off-stoichiometric compo-

sitions, we expect electrons to remain localized and for there to be a mixture of oxidation

states of the Mo3 clusters. Indeed, analyzing the low-energy configurations considered pre-

viously reveals clear charge ordering, which can be inferred from both the average Mo-Mo

bond length and total magnetic moment of each cluster.27

One such configuration at x = 2.5, shown in Figure 11, serves as an example of the

coupling between charge, spin, and Li ordering in this system. The Li are arranged in a

row ordering, with rows of tetrahedrally coordinated Li between regions of octahedrally

coordinated Li. Of the four unique Mo3 clusters, two have an oxidation state of 10+ and

two have an oxidation state of 11+. The latter are arranged directly next to one another

and carry magnetic spins which are antiparallel (along one direction of the supercell),
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consistent with AFM coupling. Finally, counting the number of shared faces between Mo

and Li octahedra reveals that the [Mo3]11+ clusters each share fewer Li faces than do the

[Mo3]10+ clusters. This coupling serves to reduce the electrostatic energy penalty associ-

ated with face-sharing, as the clusters with higher oxidation state have fewer shared faces.

While this particular configuration is not expected to be a ground state of the true sys-

tem, it illustrates the complex interplay between the different degrees of freedom. Even in

the absence of long-range Li ordering, we expect that short-range Li ordering may couple

to charge and spin ordering in a similar way. The role of Li ordering may explain differ-

ences in the magnetic behavior of the solid state and electrochemically prepared structures,

since the two structures have different topologies of Li sites despite being composed of the

same Mo3 building blocks. In the Li2ScMo3O8 (h.t.) structure, Li occupies only tetrahe-

dral sites (which do not share faces with Mo octahedra) and each Mo has an identical

environment. In the Li2ScMo3O8 (e.c.) structure, due to the mixed tetrahedral/octahedral

Li occupancy, some Mo share more faces with Li than others, spurring charge ordering at

slightly off-stoichiometric x. Our results indicate that it is highly likely that this low temper-

ature feature must be related to spin-spin correlations induced locally by Li ordering into

[Mo3]11+ clusters. Electrochemical lithiation makes it difficult to deconvolute the effects

of intrinsic Li ordering versus inhomogeneous lithiation, but regardless, Li ordering low-

ers the symmetry of the structure, lifts degeneracy, and can relieve magnetic frustration.

The lifting of degeneracy due to Li ordering is reminiscent of spin-Jahn-Teller−ordering in

geometrically frustrated magnetic oxide spinels.52

Conclusion

We demonstrate the utility of electrochemistry to precisely control the electron filling in

a magnetic material. LiScMo3O8 has a Mo-based kagome network and serves as an ef-

fective platform for this study because this material is both a good lithium ion conductor
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and is closely related to quantum spin liquid candidate Li2ScMo3O8. Here, lithium was

electrochemically inserted into the parent structure LixScMo3O8 from x = 1.25 to x = 2.85

by discharging a Swagelok cell versus Li metal. The resulting materials were character-

ized with magnetic measurements and showed that doped electrons remain localized on

the Mo3 clusters and agree with the proposed energy level diagram. DFT-based electronic

structure calculations confirm localized partial charge densities and small dispersion for

filled states. We find that metallicity cannot be induced through doping of a Mo kagome

network and that it is unlikely to be realized in related systems. Low-temperature mea-

surements indicate a spin correlation feature in electrochemically lithiated Li2ScMo3O8

(e.c.) not present in high temperature Li2ScMo3O8 (h.t.). This work indicates a likely

coupling between charge, spin, and Li ordering due to electrochemical Li insertion. This

study showcases how electrochemistry can serve as an avenue to tune the electronic struc-

ture in a frustrated magnetic material and provides additional understanding in the role

of disorder in Mo-based kagome cluster magnets.

Supporting Information

The Supporting Information is available free of charge at [] with further details of the elec-

trochemical Swagelok cell, diffraction, magnetic measurements, resistivity measurements,

heat capacity measurements, and integrated intensity of neutron diffraction experiments.
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(44) Blöchl, P. E. Projector Augmented-Wave Method. Phys. Rev. B 1994, 50, 17953–

17979.

(45) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the Projector Augmented-

Wave Method. Phys. Rev. B 1999, 59, 1758–1775.

(46) Monkhorst, H. J.; Pack, J. D. Special Points for Brillouin-Zone Integrations. Phys. Rev.

B 1976, 13, 5188–5192.
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Figure 1: Diagram showing a picture of an experimental swagelok cell on the right and
a corresponding schematic of the internal components on the left. For electrochemical
lithiation, one electrode of the cell is Li metal and the other electrode is a pressed pellet
of LiScMo3O8. The electrodes are separated with a glass fiber separator saturated in elec-
trolyte and the entire stack is kept under light pressure with a metal spring The current
collectors are made of stainless steel.
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Figure 2: Overlay of electrochemical discharge curves comparing pressed pellets of pure
active material cycled in both small and large Swagelok cells, compared to a typical com-
posite cast electrode. There is slight overpotential introduced by omitting binder and con-
ductive carbon. Additionally, the structure of the discharge curves smooth with increasing
sample size.
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Figure 3: Neutron powder Bragg diffraction data and refinements for (a) LiScMo3O8 (Ri-
etveld refinement on NOMAD data to P3m1 space group), (b) Li2ScMo3O8 (e.c.) (Pawley
refinement on WAND2 data to C2 space group), and (c) Li2ScMo3O8 (h.t.) (Rietveld re-
finement on NOMAD data to P63mc space group) shows single phases for all materials.
Refinement statistics can be found in the following tables.

The starting material LiScMo3O8 was characterized with neutron powder diffraction

at the NOMAD beamline located at Oak Ridge National Laboratory. Rietveld refinement

of LiScMo3O8 in Figure 3(a) shows good agreement with the expected structure. Electro-

chemically prepared Li2ScMo3O8 (e.c.) was characterized with neutron powder diffraction

at the WAND2 HB-2C beamline at Oak Ridge National Laboratory and shows a single phase

from a Pawley refinement to an indexed space group that is closely related to the parent

structure. Previous experiments show that the Li2ScMo3O8 (e.c.) material stays highly

crystalline and the broad peaks shown here are due to the momentum resolution on the

WAND2 HB-2C beamline. High-temperature Li2ScMo3O8 (h.t.) was also characterized

with neutron powder diffraction at the NOMAD beamline and shows good agreement with

the accepted structure. Atomic positions can be found in the included CIF files for these

refinements.
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Table 1: Summary of refinement parameters from Figure 3 (a) in the Supporting Informa-
tion from a Rietveld refinement on NOMAD data bank 5 for LiScMo3O8.

LiScMo3O8

parameter value

lattice constant
a = 5.72358(9) Å
c = 4.94235(9) Å

space group P3m1

Rwp 8.75
Rexp 0.72
GOF = Rwp/Rexp 12.15

Table 2: Summary of refinement parameters from Figure 3 (b) in the Supporting Informa-
tion from a Pawley refinement on WAND2 data for Li2ScMo3O8 (e.c.).

Li2ScMo3O8 (e.c.)
parameter value

lattice constant
a = 10.37199(8) Å
b = 9.90785(8) Å
c = 3.04370(8) Å

space group C2

Rwp 1.81
Rexp 20.01
GOF = Rwp/Rexp 0.09

5



Table 3: Summary of refinement parameters from Figure 3 (c) in the Supporting Informa-
tion from a Rietveld refinement on NOMAD data bank 5 for Li2ScMo3O8 (h.t.).

Li2ScMo3O8 (h.t.)
parameter value

lattice constant
a = 5.77107(7) Å
c = 10.29286(3) Å

space group P63mc

Rwp 9.51
Rexp 0.60
GOF = Rwp/Rexp 15.85
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Table 4: Summary of refinement parameters from Figure 5 (a) in the main text from a
Rietveld refinement on Li2ScMo3O8 (e.c.). The Rwp is 12.53, the Rexp is 8.86, and the GOF
is 2.14. The space group is P1.

a 5.7224(5)
b 7.5748(8)
c 7.576(1)

α 81.733(8)◦

β 67.77(1)◦

γ 67.795(7)◦

site x y z occ
Li1 0.998973 0.181235 0.819429 1
Li2 0.833318 0.819686 0.514381 1
Li3 0.319834 0.570296 0.266863 1
Li4 0.842511 0.571096 0.266899 1
Mo1 0.82(1) 0.30(1) 0.51(1) 1
Mo2 0.82(1) 0.81(1) 0.00(1) 1
Mo3 0.37(1) 0.31(1) 0.50(1) 1
Mo4 0.82(1) 0.58(1) 0.80(1) 1
Mo5 0.82(1) 0.09(1) 0.28(1) 1
Mo6 0.37(1) 0.82(1) 0.01(1) 1
O1 0.161375 0.368118 0.792542 1
O2 0.160129 0.128359 0.551021 1
O3 0.159852 0.866374 0.295562 1
O4 0.661441 0.599414 0.077696 1
O5 0.670963 0.090764 0.567302 1
O6 0.502138 0.027209 0.968808 1
O7 0.503866 0.528719 0.463267 1
O8 0.995221 0.287411 0.221486 1
O9 0.995775 0.777433 0.716441 1
O10 0.677749 0.368280 0.792407 1
O11 0.678310 0.866258 0.295568 1
O12 0.161290 0.623571 0.053998 1
O13 0.510649 0.777398 0.716385 1
O14 0.495931 0.287302 0.221520 1
O15 0.001795 0.000515 0.996074 1
O16 0.000104 0.507315 0.492484 1
Sc1 0.32(1) 0.83(2) 0.53(1) 1
Sc2 0.34(1) 0.33(2) 0.97(1) 1
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Table 5: Summary of refinement parameters from Figure 5 (b) in the main text from a
Rietveld refinement on Li3ScMo3O8 (e.c.). The Rwp is 8.70, the Rexp is 5.98, and the GOF
is 1.45. The space group is P1.

a 5.1514(1)
b 5.70220(6)
c 5.70220(6)

α 120◦

β 90◦

γ 90◦

site x y z occ
Li1 0.305400 0.159078 0.318156 1
Li2 0.305400 0.681844 0.840922 1
Li3 0.305400 0.159078 0.840922 1
Mo1 0.837(1) 0.156(1) 0.335(1) 1
Mo2 0.837(1) 0.591(2) 0.793(1) 1
Mo3 0.837(1) 0.155(1) 0.792(1) 1
O1 0.565219 0.840652 0.681304 1
O2 0.565219 0.318696 0.159348 1
O3 0.080746 0.012449 0.506225 1
O4 0.080746 0.493775 0.987551 1
O5 0.525212 0.333333 0.666667 1
O6 0.565219 0.840652 0.159348 1
O7 0.080746 0.493775 0.506225 1
O8 0.016381 0.000000 0.000000 1
Sc1 0.257(3) 0.666667 0.333333 1
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Figure 4: Rietveld refinements of (a) Li2ScMo3O8 (e.c.) and (b) Li3ScMo3O8 (e.c.) of
operando synchrotron powder diffraction data collected at 11-BM at APS. These diffraction
patterns were extracted from the operando AMPIX experiment and fit to the calculated
ground state structures. The backgrounds were fit and only the lattice parameters and
transition metal sites were allowed to refine. This figure shows the high Q region only.
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Figure 5: Operando synchrotron X-ray diffraction of LiScMo3O8 during the first two gal-
vanostatic discharge/charge cycles at a C/15 cycling rate. The electrochemistry is shown
in the left panel.
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Figure 6: Operando synchrotron X-ray diffraction of LiScMo3O8 during the first two gal-
vanostatic discharge/charge cycles at a C/15 cycling rate. The electrochemistry is shown
in the left panel. The right panel shows the diffraction data at low Q.
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Figure 7: Curie-Weiss fits for all of the electrochemically prepared samples from 50 K to
200 K.
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Figure 8: Overlay of the field-cooled warming susceptibility data as a function of temper-
ature for all of the samples.
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Figure 9: Offset of the field-cooled warming susceptibility data as a function of tempera-
ture for all of the samples.
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Figure 10: Overlay and zoom of the high-temperature regime of the field-cooled warming
susceptibility data as a function of temperature for all of the samples.
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Figure 11: (top) Resistivity data for Li2ScMo3O8 (h.t.) and LiScMo3O8 taken using a 4-
point probe measurement on a Quantum Design PPMS. Li2ScMo3O8 (h.t.) displays nearly
6 orders of magnitude lower resistivty than LiScMo3O8. (bottom) Resistivity data for
Li2ScMo3O8 (h.t.) with an inset highlighting the significantly lower resistivity value close
to room temperature.
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Figure 12: Heat capacity for Li2ScMo3O8 (e.c.) and LiScMo3O8 from 3 K to 100 K.
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Figure 13: Magnetic entropy as a function of temperature for Li2ScMo3O8 (e.c.).
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Figure 14: Integrated intensity for every diffraction peak as a function of temperature for
Li2ScMo3O8 (e.c.) from neutron diffraction data taken on WAND2 beamline at Oak Ridge
National Laboratory.
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