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ABSTRACT: Electrode materials forlion batteries require optimiz&=
tion along several disparate axes related to cost, performance, a
sustainability. One of the important performance axes is the abjliyt
retain structural integrity though cycles of charge/discharge.
metal bonding is a distinct feature of some refractory metal oxides #
has been largely underutilized in electrochemical energy storage,|but
could potentially impact sttural integrity. Here LiSch@y, a ’
compound containing triangular clusters of nm&ahl bonded Mo
atoms, is studied as a potential anode material-ion Libatteries.
Electrons inserted though lithiation are localized across rigid Mo

triangles (rather than on individual metal ions), resulting in minimal structural change as su@siedidbyaction. The

unusual chemical bonding allows this compound to be cycled with Mo atoms below a formally +4 valence state, resulting ir
acceptable voltage regime that is appropriate for an anode material. Several characterization methods including potentior
entropy measurements indicate two-phase regions, which are attributed throughrsixpeimsiiges modeling to' lardering.

This study of LiScM®; provides valuable insights for design principles for structural motifs that stably and reversibly permit Li
(de)insertion.

INTRODUCTION Strategies to mitigate this type of failure mechanism vary
Improving the reversibility and lifetime &titn electrode widely, but all center around the principle of.minimizing large
materials necessitates understanding strymtoperty rela- volume changes during cycling. Engineering the eIectro_de
tionships in electrode materfalsicreasing reliability and mo.rpholog.y has been fshown.to he successful at preventing
performance is imperative toward broader adoptiohiofLi lattice strain through using an intergrown rocksalt structure in

battery-reliant technologies such as electric vehicles a@éﬁ‘qye;d|g?;g%g%|\i;nnp£::|?n pouérrrt]i?:’:ég{gi?]rddoestli?rl:izlisr’m also
portable electroniés.The poor cycle life of active materials g exp ' gp P 9

. 9 .
in Li*-ion batteries is often associated with structuraﬁjlsordelr have been established as ways to suppress phase

degradation of the electrdd€he surface of a typical active rarrgz:tr:ogf ;2? s(;Irﬁ:&Tr\éesml\fgsmlglrl]atedevlﬁlﬁiarzﬁ)nexo%agisclz%Of
material develops an interphase, which can evolve durifﬁ;ﬁ Y : Y

; . . . . : . rinsically causes a sigant expansion of the lattice
cycling and contribute to irreversibfddss: Particles fatigue arameter-“* Judicious doping of certain materials, such as Al
over time from repeated expansion and contraction of t

structure with lithiation and delithiation, respectively. i/ﬁ?hm'é éﬁ%ﬂé’éésu%esmd to beeetive at preventing large
Repeated volume changes induce strain, causing partic Fast charging capabilities are highly desirable, but tapid Li

cracki_ng and lead to myriad ?ssues, including contact ari'ﬁis;ertion can exacerbate particle cr @rts to improve
porosity loss, that negatively impact charge and ion traqg—n transport include nanostructuring the active material

port.® The interphase degradation mechanism iscsigtly ; . 2 .
amplied with cracking because it additionally forms on aﬁhrough high energy ball milling or optimized synthetic routes

freshly exposed surfacdhese serious failure mechanisms
have motivated erts to directly probe compositional and Received: November 15, 2021
structural responses through scanning transmission electfgiplished: March 25, 2022
microscopy and strain measuremetit&ven the promising

Ni-rich layered cathode systems such as NMC8&drlfieam

degradation processes attributed to high interfacial lattice

strain between the surface and bulk of the stricture.
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to decrease t-ion di usion distancé8.?® Carbon coating is computational modeling Inding the enumeration of
used to improve electron risport between particiés.  structural energetics with varying ¢ontent. Studies of
Although these approaches for both mitigating volumbattery materials in recent years has pointed to the need for
expansion and improving transport can be vemtive, better insights into the nature of bonding and the concept of
they mask the undesirable properties associated with theidation state in battery matefial8! Here we show that a
crystal structure itself. It is critical then to understand andeeper understanding of metaétal bonding as an electronic
identify crystallographic motifs on the atomic scale thand crystallographic motif could lead to materials with stable
intrinsically provide both good ion and electron transporti® cycling and minimal structural changes.

pathways, while maintaining a rigid structural framework that

prevents signiant lattice expansion. RESULTS AND DISCUSSION

Crystallographic shear phases, including the Wtstley Crystal and Electronic Structure.Careful examination of
structure€’ *? possess crystallographic shear and have crystal structure of LiSci®gis critical for understanding
emerged as a promising and broad class of materials thtgtelectrochemical, structural, and electronic properties. The
display exemplary performance as electrodes. These mateNmscluster compounds get their namesake from a distinct
are diverse in elemental constitution and block size, and ewstructural motif, namely a kagome lattice built of triangular
large particles of these materials are capable of impressiksters of metametal bonded Mo atomBigure & shows
rates”> ** Computational and experimentabrés have
suggested that a combination of corner and edge-sharia)
polyhedra promote metallic conductivity and fadt Lision,
while suppressing large structural changés.

In this work, we seek to explore other kinds of structure ¢
motifs that allow stable and reversible capacity retention. V
turn to oxide compounds of Mo, the chemistry of which is
varied and rich, in part because Mo is able to exist in a wi@
range of oxidation states, coordination geometry, and structyp,)
motifs’® °° Some of therst ternary oxides of Kfowere
reported in 1957, with Md/o bonding in triangular Mo
clusters and the formulg"Mo5VOg, with a wide range of
divalent cations: Mg, Mn, Fe, Co, Ni, zZn, and’'Cd.

LiScM@Og, the compound studied here, was discoverel Q—'fjﬁﬁ@‘;ﬂ
while exploring the possibility of using a monovalent an %O\O)\.ﬁ
trivalent ion to replace two divalent cati6i®stulated site ) !

preferences based on cation charge and size in this series were
con rmed from structural studiés? This LRMo4Og class of ~ Figure 1.Crystal structure of LiSch@ (space group B3ml, No.
materials has garnered somewhat limited attention*for L156) contains alternating layers of triangular clusters ofmegéal
insertion, with electrochemical studies on the structurgonded Mo atoms and Li/Sc."lis tetrahedrally coordinated. (a)
analogues LiHOM®855 and LiYMg08.56 The Chevrel Side view and (b) top view of structure. (c, d) Side view and top view

| 57 . . . of the structure, respectively, with the bond valerererdie map
?or:asl\ﬁgz"woﬁl%", 59hg\ég Irll_‘rcol:?atli?esrtiégg egeec)gﬁpsxgrlﬁ S;l;d'e purple isosurface) for'lin the space of the structure displayed for

J ! . s an isosurface valug = 0.2 valence units.
NaMoO, showed reversible Natercalatiofi*

LiScM@Og serves as an ective model system for
understanding and probing theas of delocalized redox in how this distinct motif is separated by an alternating layer of
Mo cluster compounds. Redox reactions are conventionallySc. In the Mo layer, Magbctahedra form M@ ; clusters
postulated to proceed on individual atoms and ions, with sonieat share some O between clusters. Although form&illy Mo
impact from the surrounding environniémt. contrast, the Mo Mo bonding accounts for the 6 d electrons in this
redox presented here occurs on a cluster of atoms, whiglectron precise structure. Traditional redox chemistry is
collectively create the molecular orbital states that are involveghically considered on an individual atom. In this case, the
This has a number of important structural and electronimetal metal bonded Mo atoms provide a center for
implications, with the Ma@@lusters potentially serving as an delocalized redox within the cluster, which is a much more
electron reservoir. One of the many consequences is that tlneconventional mechanism. We surmise that these clusters
voltage range found fof (dle)insertion is more in line with a have a profound impact on the structural stability of the
working voltage more appropriate for an anode than the high@aterial with Liinsertion, and the overlapping d orbitals may
voltages typically associated with thé*/Mo®* redox have the potential to dampen volume expansion due to the
couple. delocalized nature of their electréigure b gives the top
The combination of experimental investigations and densitiown perspective along thexis, illustrating how the Mo

functional theory (DFT)-based calculations reveal thelusters are get from the scandium atoms in the following
importance of Liordering in this system and ite& on layer. Each Mo is in a +4 oxidation state, sharing one electron
the electrochemical properties. Stable and reversible cyclingvith each neighboring Mo atom. Because of the lower starting
demonstrated at rates up to 10 C. Minimal structural changesidation state of Mo, we will not be able to access
are observed wperandX-ray diraction across the lithiation multielectron redox. This instead will provide a platform for
range employed. Evidence for phase coexistence regionsaageod anode potential using thé"Mo Mo*>* redox couple,
attributed to Li ordering using potentiometric entropy in sharp contrast to other Mo-based oxides such agih&O
measurements, as is also supported through extensfa# in between conventional anode and cathode v@fitages.
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Bond-valence sum mapping is a useful tool to approximatePrior studies indicated some dilty in obtaining a phase-
ion transport pathways within a 3D crystal structure. Thpure material’> Optimization of precursor powders, in
valence dierence (V) between the probe ion, in this cade Li conjunction with a puration step, allowed us to realize a
and the actual electrostatic valence, can be roughly relatedpttase-pure sample as a black powder. This structure was
the activation energy required for ion transport. Thereforeharacterized with powder synchrotron X-rawpdion, as
mapping the valence éience provides a means of visualizingshown inFigure 3Re nement statistics are showmdle S1
possible Fimigration path$. The isosurface for as= 0.2 in
valence units for LiSch@y is shown in panels ¢ and d of
Figure 1This isosurface illustrates a probable ion conduction

region within the Li/Sc layer, suggesting low energy 2D g | o data
di usion. Unsurprisingly, the isosurface also indicates that - gtifference
there is no expected ion conduction through the mestl :

bonded Mo layers.
To understand the electronic structure of LiISOM®FT-
based electronic structure calculations are utilized to provide
qualitative insight about this material asaolst. The density
of states, displayedfigure 2 shows lled Mo d-states just

8

\

6
QA"
Figure 3.11-BM synchrotron powder X-rayrdction data for
LiScM@Og shows a single phase of the target layered structure.
Re nement statistics can be foundlable Slin the Supporting

Information. The inset displays a scanning electron micrograph of
LiScM@Og crystallites with plate-like structure.

in the Supporting Information. Future work will use neutron
di raction to develop a more complete picture of the structure.
Characterization of this material using electron microscopy
-85 0 20 reveals important insights at multiple length scales. Scanning
DOS (states eV~ f.u.”") & electron microscopy (SEM) on the bulk powder particles
shows micrometer-sized particles that are composed of highly
Figure 2.Spin-polarized density of states of Ligoymlongside the  crystalline sheets stacked on top of each other. The anisotropic
molecular orbitals formed by the Mgporbitals. Molecular orbitals morphology of these patrticles allows for acce$storig the
are ranked by energy in the order determined by Tsud@ et al. edges of the sheets but not through the faces.
Looking more closely at the crystalline sheé&igline 4,
below the Fermi level and a large band gap, indicating tlusing aberration-corrected high resolution transmission elec-
starting material is an insulator. Any additional electrons wouin microscopy (HRTEM), we see how these thin sheets
begin to Il the Mo d-states around 2 eV. However, these statdayer along the edge of a particle. We additionally use this
are very localized and the small dispersion indicates that evechnique to directly observe the atomic lattice along the [001]
with Li" insertion, this material would not become a goodblane Figure #). The resulting image resolves the expected
conductor. Additionally, the large gap in the DOS betweeexagonal tiling characteristic of the kagome-structured Mo
lled and unlled states foreshadows a potential two-phassheets. The inset simulation using our model structure blends
reaction. The higher energy states will not be able teeamlessly with the experiment.

continuously Il and therefore inserting” ldould thermody- Electrochemistry. We rst aim to understand the charge
namically favor a lower energy phase. The majority of staterage properties of this material through a variety of
near the Fermi level are Mo d-states. electrochemical cycling experiments display&tumne 5

A molecular orbital (MO) diagram can help to understand-igure @ shows variable rate galvanostatic cycling. At the
the nature of the Mo bonding in the context of the electronislowest rate, as*lintercalates into LiSch@®;, a large, at
structure more specally. A qualitative MO diagram was plateau occurs at 1.5 V. This plateau region extends as nearly
worked out for equilateral Muriangles by Tsuge et’3@l.  an additional 1.25 Lare inserted and the stoichiometry is
Figure 2shows an adapted version of their proposed MQ.i, ,sScMaOg. A more subtle plateau occurs immediately after,
diagram, and how each speenergy level corresponds to the followed by a relatively smooth sloping regime until the
DOS. The six electrons for each cluster occupy the thremaximum lithiation. This material is capable of storing an
bonding MOs. If there are more electrons, these occupy tkelditional 2 Liat slow rates, for a capacity close to 120 mAh
uppera, or e MOs that arise from more weakly interactingg *. Upon charging, the material displays no polarization for
atomic orbitals (AOs). The metal d-orbitals of the clusters playje matching short and long plateau at 1.5 V but notably
an important role with Liinsertion. As more electrons are contains an additional unsymmetrical plateau slightly above 2
inserted, they will occupy higher energy MOs. V. As the cycling rate is increased, the length of the plateau
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Figure 4.(a) Aberration-corrected HRTEM shows how the thin, 8 o charge ‘53
crystalline sheets overlap along the edge of a powder particle. (b) & 20 + CE -9 o
HRTEM also shows highly ordered hexagonal tiling characteristic of a © r | | | | | | 3
_ B . 0 1 1 1 1 1 1 [&]
kagome-type network. The orange inset contains a HRTEM 5 10 15 20 25 30
simulation of three stacked unit cells of LigopMalong the [001] cycle number

direction. The simulation parameters include an energy of 300 keV, a
defocus spread of 3 nm,®fC+2 m, and a slice thickness of 0.1 nm. Figure 5.Electrochemistry of LiSchMy. (a) Galvanostatic cycling
at rates from C/10 to 10C and its recovery. (b) Galvanostatic cycling

gradually diminishes up to a 10C rate. Although LiSgMo at a C/10 rate shows slight irreversible capacity loss aftestthe
does not store a sigeant amount of charge at fast rates, Wecyclebt_alyt h'?rl‘_'.y revers]!ble festuresl. © Summafyl.of the rate rleéentlon
show as a proof of concept that it is capable of cycling quicki§P2P!y of LIScMOs from the galvanostatic cycling in panel b.
and that the material is able to recover again at slow rates.
Because tican only diuse through the edges of these calculated electronic structure of the starting makégate(
micrometer-sized sheets, it is possible that the partic&lin the Supporting Information).
morphology is limiting the capacity retention at fast rates. As LI inserts into the structure, delocalized redox on the
While outside of the scope of this fundamental study, it islo clusters should result in a reduction of the Mo oxidation
proposed here that the rate capability could be greathtate. Following the equation LiSg®jo+ x Li* + x e
increased with morphology optimization. Li;.,ScMQOjq the theoretical capacity would be 172 mAh g
Extended cycling of LiScidy shows highly repeatable and if 3 e per formula unit are inserted<3), where we assume
reversible features in the voltage cEigare b overlays the  each M&' reduces to M. We probe this expected change in
discharge curves at a C/10 rate over 30 consecutive cyclesemical bonding througbx situX-ray photoelectron
After the rst cycle, there is clearly some initial capacity losspectroscopy (XPS). Although experimentally onlyp2re
but the major features, notably the plateaus, remain highlyrmula unit are inserted, we are able to both qualitatively and
reproducible with no changes to the voltaggure & guantitatively observe a marked evolution of the Mo chemical
summarizes the extended cycling, highlighting its stabddending environmentigure @ shows the spectrum of the
capacity retention. The Coulombicciency hovers around pristine material, where all Mo atoms are in the expected +4
100%. The initial points over that threshold are possibly due tixidation state, showcasing the characteristic doublet of the d
some small side reaction, but this does notcsgtly aect orbital. After insertion of 1.84*LFigure 6 displays the
the reversibility or capacity. Electrochemical impedanakastic change in the spectrum with the emergence of an
spectra of slurry electrodes as a function *otdritent additional doublet at lower binding energy, signifying
indicate that the charge transfer resistance remains constemexistence of both Kfoand MJ* states. This sample was
over the lithiation range investigated, consistent with thdischarged to L§ScMaQOg; therefore, we would expect 62%
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o two galvanostatic discharge/charge cycles at a C/15 cycling rate. The
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| | additional Li to Li; 5ScM@Qg on the rst discharge. Select regions
| I
(b) discharaed ‘ data of the diraction patterns are shown as a heat map to better visualize
9 — fit the evolution of the diaction peaks.

A series of X-ray daction patterns were extracted from the
operandadata set to allow for comparison between the
experimental and simulated rattion patternsFigure 8
shows select panels comparing the experimental and simulated
di raction patterns as a function of lithiation. We see slight
shifts and the emergence of new peaks, consistent with a two-

T T
@ 10l [®

235 230 225
Mo 3d binding energy (eV) l l

Figure 6.X-ray photoelectron spectra displaying the Mo 3d binding ! ' L L ' !

energy region for (a) pristine LiSgMgand (b) discharged material L 2_1 31 2_1 3
(Li, s ScMQQg). The pristine material contains only*Mshile the Q (A QA
discharged material contains boti**Mmd Md*. The binding . .

energy of the M6 peaks do not match precisely, due to the unusual © — x=2.6 (@) — x=3.0

metal metal bonding feature in the structure. LLM—JL I I

of the Mo atoms to be Mbby balancing the oxidation states.
Experimentally, we measured this value to be 41% through l l L l 1
quanti cation in CasaXPS software. These values could deviate 1‘ l J

due to a combination of surface sensitivity to oxidation and '

. X - 1 2 31 2 3
more importantly, complexity arising due to the presence of -1 -1
. . . QA1 QA
metallic states. It is notable that the clusters allow reduction to (e)
the Mc* oxidation state, resulting in a lower working voltage 146 H '. ! [ T [ T [ T []
than that of the M&/Mo** couple. —~ 1440 exp. p=
The structure of a voltage curve gives direct insight into < 1,,[ 4 <I¢ A A AA
&

chemical changes of a system. There is a relation between th=> 1 ,,
Gibbs free energy and voltage curve, so phase transformatior ;34
will have clear signatures in the lgomanifesting as a 1.0 15 2.0 2.5
platead’ Because the electrochemistry of this system shows X

such clear plateaus, we expect there to be phase transitions.

OperandX-ray diraction is used to understand the evolution Figure 8.Select panels comparing the extracted X-rectdin

of the structure with lithiatioRigure 7shows a heat map of ~Ppattern for LiScMqOs from theoperandexperiment and the DFT
select panels highlighting the majaradtion peaks as over 2 smulzited dractlor_l pattern bel_ow for correspoildlng lithiation values
additional Li are slowly inserted. We observe subtle chang ) x = 1.0, (b)x = 1.8, (C)x = 2.6, and (dx = 3.0. There is a

. - . latively good agreement between the experimental and simulated
and shifts to these peaks, consistent with a two-phase reaCtH?r}‘action. (e) Comparison of the calculated volumes of lowest

The full data range can be foungiijure SandFigure St onergy structures determined from DFT, and experimentally
the Supporting Information. Most layered electrode materiafgeasured unit cell volumes fraperanddab di raction. DFT
exhibit greater signs of expansion, buigbeanddi raction predicts low volume expansion, which isreed with the data set
data show only slight strain in the structure. showing a volume expansion of 3%.

Illll

w
o

5845 https://doi.org/10.1021/jacs.1c12070
J. Am. Chem. So2022, 144, 58415854


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12070/suppl_file/ja1c12070_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12070/suppl_file/ja1c12070_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig8&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c12070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS

phase reaction. There is a good agreement between experintiéhtchanges the local symmetry of the material, resulting in
and simulation, and the emergence of new peaks is captutkderent allowed and forbidden Raman modes. However, we
well by the calculations. The full simul&@ednge can be observe similar modes between Ligopand LiZnMozOg,
found inFigure Sén the Supporting InformatioRigure & allowing the modes associated with thgOMamolecular
compares experimentally observed unit cell volumes tmits to be idented/* And although we cannot assign all the
calculated volumes of predicted ground state structures frarlaw modes, they do revert back to those observed in the
DFT. These extensive calculations are discussed in detail in insstine spectra. An expanded comparison of the pristine,
following section. Going from LiSgMg to Li;ScM@Og, discharged, and charged spectragime 1Qunderscores the
calculations predict a small volume expansion of 2%, which-is
comparable to the typical prediction error for bulk solids of the T T T T T T
DFT functional used (SCANj/® The operandexperiment
shows 3% change in volume with lithiation, in line with
calculations predicting minimal perturbation to the structure. charged
From a structural standpoint, X-rayratition does not
show any major changes withihsertion, but XPS concludes
that Mo is being reduced on the clusters. Raman spectroscopy
allows us to probe the vibrational modes in crystal structures
associated with bonding. We agerand®aman spectrosco-
py to better understand what changes are happening to the
crystal structure of LiScMi, because the changes are subtle
and dominated by bonding of the Mo cluskégsire shows

pristine

T T T T

4 1 v 1 v |

120 e 200 400 600 800 1000

Raman shift (cm™1)

Figure 10.Selecbperand®aman spectroscopy spectra framre

9, displaying the pristine spectrum, the fully discharged spectrum, and
the fully charged spectrum. The similarity between the pristine and

fully charged spectra indicate the reversibility of the Raman modes.

> b

X in LixScMo30g

e AN S~ highly reversible nature of the ;Mareathing mode and
experimentally indicates the structural importance of the Mo
clusters and their d-orbital overlap foiirdertion.

I ﬁoo Entropic Potential Measurements and Li Ordering.
Vs. Lili+ Raman shift (cm~1) This material shows clear plateaus in the electrochemistry,

_ _ ) indicating phase coexistencerdgiion experiments indicate
Figure 9.Operand®aman spectroscopy of LiS¢ljoduring the  gjight evolution of the crystal structure, consistent with two-
rst galvanostatic cycle at a C/20 cycle rate. The correspondingase regions. To better understand the nature of the phase
gﬁ?{gft?gﬂ% 'gShOW” in the left panel, where Digfnserted o istonce, we combine insights from experimentally obtained
L4 e entropic potential measurements and extensive DFT-based
calculations, determining thaf" ldrdering drives these
Raman spectra as a function dfcbintent during discharge featuresFigure 1&,b plots the open circuit voltddg(x,
and charge. A smaller amount dfaas inserted than desired T) and the operating voltayx, T) during lithiation and
due to nonoptimized electrochemistry in the cusp@rando  delithiation, respectively. The galvanostatic intermittent
cell Figure S5n the Supporting Information). Despite this, titration technique (GITT) consists of applying constant
we are still able to gain important insight about the changes ¢arrent pulses, followed by a relaxation period 4T 20
the Mo bonding with lithiation. allow the system to reach equilibrium, allowing observation of
The initial spectrum measugaerandmatches well with  the dynamic behavior &f(x, T) and measurement of
the spectrum measured situFigure S@n the Supporting  thermodynamic properties such W@g¢x, T). During
Information), which comms that the modes are related to the lithiation, theU,.(x, T) curve clearly shows two plateaus,
active material. Although it is dult to accurately assign corresponding to two separate phase coexistence regions. The
Raman modes, we use literature on similar systems containingrpotential, deed as Y(x, T)  Uy(X, T)], was much
Mo clusters to interpret the data. The literature indicates thaimaller in therst voltage plateau at 1.6 V compared to the
the 370 cm' mode corresponds to a Mo cluster breathingsecond voltage plateau at 1.4 V, suggesting relatively fast
mode2®’* 7 After 0.1 Li insertion, this peak shifts to lower kinetics of L'i intercalation in the formér.In contrast to
wavenumbers. In the context of the MO diagraymre 2, as lithiation, theU,.{x, T) of the delithiation process features
Li* inserts, electrons begin tba higher energy antibonding three voltage plateaus at 1.8, 1.6, and EigM¢ 1a). Once
orbital of the Mo cluster. This would weaken the N#tD again though, the overpotential in the voltage plateau at 1.6 V
bonds and result in a softer stretch, which is observaslas much smaller than that in the voltage plateaus at 1.8 and
experimentally. As the cell is charged drid t8moved, the 1.4 V, again indicating relatively fast kinetics "of Li
same peak abruptly shifts back to the original position. Addidgintercalation at that voltage.

5846 https://doi.org/10.1021/jacs.1c12070
J. Am. Chem. So2022, 144, 58415854


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12070/suppl_file/ja1c12070_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12070/suppl_file/ja1c12070_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12070/suppl_file/ja1c12070_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12070?fig=fig10&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c12070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS

30 I T T T T 3-0 I T T T T
L (a) — Vix,T) || L (b) — Vx,T) ||
| o Uoey(x, T) | | o Uoeu(X, T) ||
52.5 52.5
il il i
i | 3
520 520
%) %) -
> >
=15 > 15
|
1.0 1.0 1
3.0p7 . ] l 00 £ I : , . 0.0 £
() 12 (@ 17 2
—-017= 221 . —-01 7
25 o.on."-". . % L ““nq".‘ N %
. AW w000eee0s 1~0-2 8 _ 20+ veoees——0.2 §
> o =) > B =)
< ~ o ~ . ©
E . —0.3:g §18— —_—O.SE
=) c o c
048 L —-042
2 It
1.6
-0.5 -§ | —_ -0.5 -§
= | =
—O.GUC_I 1.4 1 L > L 3 —0.6|_|CJ
X in LixScMo3Og X in LixScMo30g

Figure 11.0pen circuit voltag,.(x, T) and operating voltag&x, T) during (a) lithiation, (b) delithiation, and,.(x, T) and entropic
potential U,(x, T)/ T during (c) lithiation, (d) delithiation as functions éfddmpositiorx in Li,ScMaOg at a rate of C/10 and at 2C.

Figure 1& plots the open circuit voltadg.(x, T) and the ground state cogurations shown fRigure 13Atx = 1, the
entropic potentialU,.(x, T)/ T at 20°C as functions ofin synthesized LiScM®y; structure shown iRigures fand13a
Li,ScM@Og at a rate of C/10 during lithiation. At the is predicted to be stable. In this structure, thexciusively
beginning of lithiation, for ~ 1.25, bothU,(x, T) and occupies one of the two tetrahedral sites that do not share faces

UocfX, T) T exhibit smooth sloping curves, indicatifig Li with Sc sites. The other such tetrahedral site lies directly
intercalation in a homogeneous solid sol(ftiar 1.25 x above/below the centers of the jMiusters, rather than

2.25U,(x, T) was constant at 1.6 V, suggesting two-phasbketween them, and as a result is much less favorable for Li
coexistence. HowevetJ,.(x, T)/ T measurements show occupation (1.05 eV per formula unit higher in energy at
two distinct plateaus in the same region. Therefore, it ik). Atx = 3, the other composition extreme, all the octahedral
possible that there are two instances of phase coexistencéiinsites arelled, as shown iRigure 1B. For 1 <x < 3, the
theregions 1.25x 1.6and 1.6 x 2.25. Uy x, T)/ T low-energy cogurations display a mix of tetrahedral and
was slightly larger for for thest region than the second one, octahedral Lj as indicated by the colors Figure 1a.
suggesting a transition to a more ordered structure. BoBimulated X-ray diaction patterns for selected ground state
UodX, T) and Uy(x, T)/ Tfor2 x 2.25were constant structures are shown iRigure S6in the Supporting
and independent ok, conrming a single two-phase Information. Small deviations in relative intensity and peak

coexistence region. Afier 3, bothUy(x, T) and Ug,.{X, positions between the simulated and experimentadtidin
T)/ T are sloping curves corresponding to lithiation in gatterns are attributed to the perfect ordering associated with
homogeneous solid solution. DFT cells that are not representative of the actual experimental

We similarly analyt& (x, T) and Uy(x, T)/ T during system.
delithiation Figure 1d). At the beginning of delithiation, for  Although all calculations were initialized with ferromagnetic
3.2 x 2.25,bothJ,x, T)and Uy (x, T)/ Tfeaturetwo (FM) moments, some cogurations spontaneously relaxed to
plateaus, analogous to those observed during lithiation andn-FM congurations of the Mocluster moments. Addi-
identical in magnitude. This is an indicator of structurationally, for the predicted FM ground state structure= &
reversibility. At the end of delithiation (2.26 1.6),U.(X, (Figure 18), we recalculated its energy with an antiferro-
T) contains another plateau at 1.8 V. Here, the measuredagnetic (AFM) ordering of the two distinct ;Mdtuster

UocefX, T)/ T is smaller than that at 1.6 V during lithiation. moments, which lowered the energy by 10 meV per formula
The smaller Uy(x, T)/ T indicates a smaller partial molar unit. This preference for AFM ordering is consistent with the
entropy, suggesting the transition on delithiation is moreeported magnetic behawiof the related material
ordered than that at a similar voltage on lithation. Entropiti,ScMaOg.?° However, as illustratedrigure 1B, including
potential measurements enhance our understanding of ph#fse non-FM corgurations does not sigrantly alter the
coexistence in this system, while DFT is used to ascertain fhiedicted voltage. The predicted voltage is overlaid with two
more ne mechanistic details. experimental voltage curves, one from GITT (cast electrode)

DFT calculations were performed to expldrerdering in Figure 1&, and one from a pure active cell discharged very
preferences with varying composition Li,ScMaOg. The slowly. Both experimental voltages are in good agreement with
calculated formation energies of many distifigrdered the calculated voltage. The second plateau of the pure active
con gurations and the resulting voltage lprare shown in  cell is slightly smoothed out, but the GITT curve captures both
Figure 12 with the relaxed structures of select predictedlistinct plateaus. The apparent deviation in composition
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Figure 12.(a) Calculated formation energies of distifevdéancy  rigure 13.Relaxed structures of the calculatégtddancy-ordered
orderings in LEcMaOg. Points are colored by the fraction &fiLi round state cogurations in LEcMaOg at (a)x = 1, (b)x = 3, (c)
the structure that occupy octahedral sites (as opposed to tetrahe(ga_l 2, and (d)x = 8/3. Coordination polyhedra are shown for Li
sites). The solid black line is the convex hull of all calculategmy_ Structures visualized using VESTA.

con gurations, while the dotted black line is the convex hull of only
those congurations that retained a ferromagnetic state. (b)
Calculated equilibrium voltage e for all corgurations (solid
black line) and ferromagnetic agurations only (dotted black line).
Two di erent experimental voltage | from lithiation are also
shown.

motifs that give rise to two distinct voltage plateaus in
electrochemistry, closely matching experimental results.

CONCLUSION

LiScM@Og serves as anextive model system for examining
between the calculated and GITT voltage curves could indicatee possibility that metahetal bonding can be used as a
a slight overestimatexah the experiment or the existence of design principle for electrode materials. Electrochemical
an additional ground state ordering aliove. studies show highly reversible and stable cycling in a voltage

Examining the predicted ground state structeiggsé 13 range that is appropriate for use Iridn batterieOperando

reveals a common'ldrdering motif among them. Essentially, X-ray experiments suggest minimal strain in the crystal
the low-energy structures betweenl andx = 3 seem to  structure with lithiation, pointing to the rigidity of the
interpolate those end point orderings, with soheediipying  structure arising from metaietal bonding between Mo.
tetrahedral sites and the rest occupying the octahedral sii@israction also reveals a two-phase region expected from the
that do not share faces with the occupied tetrahedral sites. Thdtage prde. Raman spectroscopy clearly show lowering of
always leaves three vacant octahedral sites around esgimmetry that would also correspond to a phase change, and
occupied tetrahedral site. The tetrahedtalan be situated  softening of vibrational modes associated with the triangular
in various ways, such as roWigire 18) or more isolated = Mo; clusters. Potentiometric entropy measurements explicitly
arrangements~{gure 1d). As shown irFigure S7of the show phase coexistence regions. The calculated voltage curve
Supporting Information, cagurations that follow thisLi  shows close agreement to experimental electrochemistry and
ordering motif generally lie lower in energy than those that darovides powerful insight at the atomic level. Notably, detailed
not. While we calculated all such motif-basedwations in  electronic structure calculations suggest that phase coexistence
supercells up tove times the volume of the primitive cell is associated with*Lordering, as is also supported by the
volume, it is quite possible that there are additional stable Léntropic potential measurements. The; Mlosters in
orderings following this pattern in larger supercells. TheiScM@Og e ectively minimize structural changes because
entropic potential determined from calorimetry clearly shows the distributed charge. Understanding this unusual electrode
phase coexistence regions. These DFT calculations expliaitigterial inspires the search for related materials for stable, low-
attribute the phase coexistence toadktdering and lling strain electrodes.
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MATERIALS AND METHODS glass ber separator was placed on top to keep the electrode and
. . . Celgard from curling or folding before the cell assemblyisreed.
Preparation of LIScMoOs. LiScMaOg was prepared through a e Vol =0 0 B oy MgLiPeEin 50/50 EC/DMC (ySigma-
two-step synthesis processt involving conventional solid state Aldrich). LiScMgO; was cycled versus Li using a BioLogic SP-200

g? ;?;%Zt'%]étgliggevse?g&W?Stlig%;fmgﬂ?hd'gegggg )V\,(ng' The potgntiostat .at a C/15 rate. A pattern was collected every 20 min
2 A 2 o e dyring the discharge.

(Sigma-Aldrich, 99.9%), Mo (Sigma-Aldrich, 100 mesh, 99.9%), a El hemical | d S el hemical

MoO, (Sigma-Aldrich, 99%).,M00, was dried overnight at 120 . ectrochemical Impedance Spectroscopy.Electrochemica

°C, Mo was heated overnight at 800n 5% H/Ar, and MoQ was |mped_ance spectroscopy was performed on a BiolLogic VSP
heated overnight at 468G in 5% H/Ar. The preparation steps for po.tentlostat/galvanostat. Measurements were made on tvyo-electrode
the precursor powders are key to ensuring purity by removal of waf@in cells between 1 MHz and 100 mHz using @ 15 mV input. The
in the case of the saltlioO,, and correct oxidation states in the CellS were cycled at a C/20 rate, stopped at various amouts of Li
case of the Mo and M@OThe cleaned starting materials were insertion, followed by collection of the impedance spectra.

ground together in the exact molar ratio in an agate mortar for 20 Xray Photoelectron Spectroscopy.X-ray photoelectron spec-

min. The mixed powder was pressed into a 600 mg pellet, placed ifgScopy samples were prepared by discharging/charging the cast
an alumina crucible, and sealed in a silica tube that wiedwadth electrodes outlined earlier to the desired voltages. The sample
a partial pressure of Ar. The tube was heated E76024 h, and  Preparation methodology is described elselititesamples were
water-quenched to room temperature. The reacted pellet was grouR@asured using a Thermo Fisher Escala¥P& equipped with a

toa ne powder and washed in a 2 M H¢6lution with a 2 h soak ~Monochromatic Al anodg £ 1486.7 eV). A cluster gun was used for
time. The acid wash was necessary to remove trace amounts48fs to clean the surface and improve count intensity for all samples.
residual Mo@ The powder was then washed three times withSurvey scans were measured at 100 eV pass energy, and high
deionized water to remove any remaining acid traces. The washegolution scans were measured in the Sc and Mo regions at 20 eV
powder was then heated gently in a vacuum oven to evapordiass energix situspectra were referenced to adventious carbon at
residual water. The puet material was stored under inert 284.8 eV. CasaXPS was usetlttte data using Shirley backgrounds
atmosphere. To com sample purity, powder wiction data and GL(30) peak shapes. High resolution scans of Sc and Mo were
were collected at the high resolution beamline 11-BM at thesing appropriate spiorbit splitting and peak area ratios.

Advanced Photon Source at Argonne National Laboratery ( Raman SpectroscopyRaman spectra were collected on a Horiba
0.458118 A). Rietveld rements to the previously published XploRA One confocal Raman microscope. All spectra were collected

structuré® were performed using TOPAS Academié® v/l with a 638 nm diode laser, ardction grating with groove density
visualization involving crystal structures was carried out usil@00 g mmt, and 1% laser powerQ.29 mW) to minimize laser
VESTA® damage to the electrode surface. The hole and slitxedrat 500

Microscopy. A powder sample of LiSci@g was dispersed in  and 50 m, respectively. The laser was focused using a 50
ultrapure water and subjected to an ultrasonic bath for 5 min tghumerical aperture 0.50) objective, which yielded a nominal spatial
separate the particles. The suspension was then either drop-cast @gsalution of approximately 780 m@perandeneasurements were
Si wafer for SEM investigation or nebulized by an ultrasonigerformed by focusing the laser on the front-side of the cathode in a
evaporator onto a TEM grid with an ultrathin carbon suplpert  custom spectroelectrochemical cell with a nylon body, stainless steel
SEM investigation was carried out using a FEI Quanta SEM, operatgfirent collectors, and a borosilicate glass coverslip window (0.17
at 20 kV. TEM data was acquired with an image-side aberratigyos mm thickness). The cell stack was assembled with a slurry-cast
corrected FEI Titan with a CEOS corrector, operated at a primaiyjectrode prepared as described previously, a Celgard 2400 separator
energy of 300 keV. The spherical aberration was tuned tonbe 2 \yith 3 3/32 hole punched out, a polished Li foil anode with a 5/32
find images were acquired using a 4k CMOS camera (TVIPS XF4}Q)e punched out, and 4 drops (65.8.78 mg) of electrolyte. The
in suitable zone axes. Data were analyzed with GMS 3 and Imaggyactrolyte was the same composition as that used for the cycling

Electrochemistry. Electrochemial studies were performed on experiments diluted by a factor of 10 to yield 0.1 M kdPnit

composite Ims cast on copper foil in an 80:10:10 (wt %) ratio of o ference fromuorescence. Spectra were collected with a 3 s
active materlal.conductlve carbon (TIMCAL Super P).polyvmyllo!en cquisition time and 200 accumulations continuously while the cell
uoride (PVDF). The active material and carbon were ball mille

together in a small canister for 30 min, and then combined wit as cycled galvanostatically at C/10 based vecen 1.2 and 3

) . . . The microscope was refocused once during the experiment toward
PVDF dissolved iX-methylpyrrolidone to form a slurry. The mixture ; .
was mixed in a FlackTek speed mixer at 2000 rpm for 30 min. Tﬁgigtr;dm?;%h;:;t thr?trr%e Cylf/:ga(éﬁr'é;f;rt:p_?_[]%x'rgaéﬂyczirl&)t'
slurry was cast using a 120 doctor blade and dried in a vacuum oltageUy(x, T) and thep)(lantro ic otentiaU (x T)/p T of the
oven at 100C. The electrodes were punched into 10 mm diameter©; a9 ocd X, pIC p ock

disks with a loading between 1 and 2 mg.@wagelok cells were coin cells with the LiScMog anode and Li metal counter electrode
used for electrochemical testing and were fabricated in lkd Ar- were measured as functions of Li Compositidth a potentiometric

glovebox with 1 M LiRAn EC/DMC 50/50 viv (Sigma-Aldrich) entropy rr;easurement_ techn_lque using the apparatus descrlbed
with a polished Li foil counter electrode and a gessseparator prgwous_lfi. The potentiometric entropy measurements consisted
(Whatman GF/D). Cells were discharged to 1.2 V and charged to S_Qj.lmposmg a series of constant current.pulses. at a rate of C/10 fqr 30
V using BioLogic potentiostats VMP1 and VMP3. One additional LiMin at 2_0f’C_each followed by a relaxation period of 4.5 h, ensuring
per formula unit was assumed to insert into the crystal structure f§fat equilibrium had been reached and tHafx, T)/ T was less
calculating C rates. than 1 mV/h. During the rela>§at|on period, a step-llke temperature
Operando X-ray Di raction. OperandoX-ray diraction was  Pro le was applied to the coin cell from 15 to°@5in 5 °C
collected using a custom Swagelok-type cell with a Be windderements with a thermoelectric cold plate (TE technology, CP-121).
approximately 12am thick, allowing X-ray penetration into the cell The temporal evaluation of the cell voltage was recorded with a
while cycling. X-ray daction data were collected using a laboratory-potentiostat (Biologic, VSP-300). Before recording the open circuit
source Panalytical Empyreamagitometer with Cu Kradiation in ~ voltagéJ,(x, T) and imposing the next temperature step, wederi
Bragg Brentano geometry. The same Li foil counter electrodethat the cell had reached thermodynamic equilibrium by making sure
electrolyte, and composite ratio [80:10:10 (wt %) active:-that the temperature dirence between the cold plate and the top of
SuperP:PVDF] were used as previously described. The only exceptios coin cell was less than®land that the time rate of change of
was that the slurry was cast to a slightly thickemi%@yer, directly ~ the open circuit voltagéJ,.(x, T)/ T was less than 1 mV/h.
onto a Celgard separator, to improveadtion counts. The cast From the Nernst equation, the open circuit voltge, T) of
electrode was placed face down onto the Be window, and a Whatnihe battery system is ded a¥®
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