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ABSTRACT: Shear-phase early transition metal oxides, mostly of Nb, &g
comprising edge- and corner-shared nwetgden octahedra have seen a
resurgence in recent years as fast-charging, low-voltage electrotiémn for B[
batteries. Mo oxides, broadly, have been less well studied as fast-charging efegty
Here we examine a reduced Mo oxidgOMgthat has a structure comprising orgy
corner-connected MqgQtetrahedra and MqQoctahedra. We show that ag 250
electrode formed using micrometer-sized particles®f;Mse the active materiak
can function as a high-rat&ibn electrode against Li metal, with a stable cap

—o—Mo,0,, Charge

of over 200 mAh § at the high rate ofG OperandX-ray diraction (XRD), 5| " oOn Discharee 10C
entropic potential measurements,eansittRaman spectroscopy are employed t0 o~ %5075 20 25 30 35
understand the nature of the charge storage. The crystal structure dramatica?ly Cycle ID

changes upon thest lithiation, and subsequent cycling is completely reversible

with low capacity fade. It is the newly formed and potentially more layered structure that demonstrates high-rate cycling and s
voltage polarization. A space group and unit cell for the new structure is proposdihgréipands the scope of candidate high-

rate electrode materials to those beyond the expected Nb-containing shear-phase oxide materials.

INTRODUCTION The related Mo oxides have been largely unexplored since

the 1980s, although compositions between; ldo® MoQ

With transportation being the largest contributor of greenh L di . q d also b . -
house gas emissions in the taSarge scale switch to electric '3V vast structural diversity and could aiso be quite promising

vehicles (EVs) powered by-ldn batteries and charged from N the realm of fast-charging electrbtidsor example,

renewable sources could potentially reduce emissions by up{8eOzs and MO, are Magriephases displaying crystallo-
29%' However, it is unlikely that consumers will sveitch ~9r@phic shear wherein hypothetical ss&Qctured Mo®

massto EVs until the vehicles possess the range and the abifcommodates oxygen removal by sharing octahedral features
to charge quickly in a manner that is on par with internaf'd transforming from a completely corner-connected
combustion engine vehicles. There is thus a great neéd for (§iructure to a structure that has edge- and corner-connected
ion battery electrodes that charge and discharge 7#&aistly. o_ctah_edre41.. In Magingohases, the shear is along a single
charging electrode materials with large energy density mls’éfteC“Ofﬁ in contrast to block struc;'étljres(.)slylultlelecéion redox
possess the ability to transport ions and electrons rapidly. 'S €xpected in Mo oxides, given that’Mdo™, and Mo™ are
Shear-phase oxides contain regions of edge-sharing &} $table oxidation states. However, the literature on the use of
corner-sharing transition metal octalieavhich promote Mo ox_ldes as elect_rople materials, particularly fast-charging
electronic and ionic conductivity, respecfivelyd have  ©nNes, is somewhat limited. o
emerged as promising high-rateidd battery electrode =~ M0O. was an early candidate for a safeiohi battery

material&. 2 Nearly all of these oxides are Nb-based, an@node alternative to metallic lithtafi and remains  of
since NB" NGB and NB* are all accessible oxidation states interest for its very low bulk electrical resistivity. However, it

they are capable of multielectron redox and therefore high
capacities. The voltage associated with these couples (@eceived: February 9, 2022 -
average 1.5 V vs Lifllis suitably in the regime expected for Revised: March 30, 2022 z
anodes. Additionally, since all of the oxidation states of Nb dreblished: April 18, 2022
compatible with octahedral coordination, structural changes

with varying oxidation states are somewhat minimal, allowing

for stable cycling.

© 2022 American Chemical Society https://doi.org/10.1021/acs.chemmater.2c00420
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has been shown to have poor rate performance attributed lemoval of oxygen from an Réfpe structuré’®***° The
sluggish Li dusion kinetics. Older electrochemistry studies high occurrence of MqQetrahedra is sigmiantly dierent
are inconsistent about staying above the storage voltagedrof other Mo oxides. In contrast with shear phases, this fully
carbon when using carbon-composite electfdésmwever, corner-connected structure accommodates the oxygen de
even the experiments performed above this voltage demaiency (referenced to MgOby havin% a combination of
strated that the capacity of Md@des over time, potentially octahedral Mogand tetrahedral Mo®® This means that,
due to dissolution of MgQinto the carbonate-based despite being described by the formulgOMo, Mo,O,; is
electrolyté? not a Magnle phase. As a result, 1 has a more open
Consistent with it being a band insulatdvloO; has lower  structure compared to other Mo oxitleshich could favor
electronic conductivity than Me®?? However, electro- Li*-ion di usion and enable fast cycling. Furthermore,
chemical cycling has been demonstrated following the additielectronic structure calculations have suggested a4 Mo
of graphite to the electrotié? The rate performance and possesses electronically populated states within a relatively
other electrochemical properties were samily improved broad band, indicative of electronic conductivity despite the
upon nanosizing the mateffaf® though the capacity still lack of edge-sharing featdres.
faded signtantly over 100 cycfesThe e cacy of nanosized There has been some previously reported electrochemical
MoO5?° and nanosized MaQ>° has been demonstrated for testing of MgDy;. The earliest study known to the authors
high-rate pseudocapacitive energy storage, along with lgged M@O,; with no conductive additive_s as the cathode in a
analysis of variable-rate cyclic voltammetry (CV) indicativei-metal button cell and slowly discharged the cell,
of a combination of bulk redox and surface charge storage, thrcalating Li into the MO,,.™" They extrapolated to zero

latter supported by the box-like characteristics of the C\gurrent on a plot of capacity versus discharge current and thus
Nanosizing the active material is often not cestiee on an estimated that 2.1 eould be transferred per Mo atom in the

industrial scale, and materials with greater inherent coftructure, which would mean multielectron redox and therefore

ductivity are still needed so that nanosizing is not necessanigh-capacity’. In part Il of the same study, the authors
achieve high-rate cycling. attempted to recharge the c&llBhe structures were found to

Reduced Mo oxides (often referred td‘ram-stoichio- ~ change irreversibly with the addition of too much Li, which
metri¢ oxides in the literature) with O:Mo ratios between 3they said negatively impadtthe observed recharge
and 2, i.e., between Mpand MoQ, may oer the desired € ciencies” However, the recharge aency between the
increase in conductivitySome reduced Mo oxide phases are St discharge and charge is not always a good indication of
metastable, like MO,,>2** but orthorhombic M®,, how reversible further cycling will be. In 1980, a study to
(sometimes calledMo oxide) is known to be the most €valuate the longer-term cycling of,Q4p demonstrated
stable oxide between Mo&nd MoQ.>* A representation of multlelectrogn redox, but with almost 50% capacity fade by the
the crystal structure of M@, a bronze-related phases 20t cyclé”’ More recently, approximately 1.88 Li were
shown irFigure 1 The structure was originally determined bynserted per Mo when orthorhombic,g was discharged

Magné,*® with the correct space group assigned in latef® 1.2 Vi however, further cycling went down to 0.5 V, a
studies’3® This structure can be described by the orderedoltage range at which an unfavorable conversion reaction is
' expected® Likely as a result, sigrant capacity fade was

observed in this voltage range. Given all of these disparate
results, it is of interest to revisit the electrochemical properties
of Mo,0,; using updated electrochemical techniques, modern
cell congurations, and an optimized voltage window.

Here we report the synthesis and electrochemical character-
ization of orthorhombic MO;,. The compound M@, can
be considered to comprise three''fg and one MYO.,.
Mo®* can be reduced reversibly to*Mo the selected voltage
range, so on this basis, 6 electrons (along with the
corresponding Liions) can, in principle, be incorporated.
The theoretical capacity of Mg, is 288 mAh d,
corresponding to the insertion of 6 Li accordireyt

Mo,0;,(3M0”' O, + MdY Q)+ 6LT ) LiMd) Q,

1)

We found that the theoretical capacity was exceeded after
one galvanostatic discharge to 1.2 V, and afterrghe
discharge the cycling was reversible between 1.2 and 3.0 V, but
the original structure was not retained. A much higher and
more reversible capacity was demonstrated fOy Man in
prior studies**® perhaps due to the optimized cell design and
voltage window. When charged up to 3.7 V, the capacity faded
much more quickly, which was likely associated with
Figure 1.Unit cell of MQO,; projected almost down tieaxis: dissolution of the active material into the electrolyte at higher
structure from revement of synchrotron X-ray miction data.  Voltages. Micrometer-sized ;8 particles showed an

Mixed-oxidation Mo atoms sit inside octahedra and tetrahedra ghpressive rate capability even thoughOMois not a
oxygen atoms. Crystal structure depicted using VESTA. shear-structured material and only has corner sharing (of
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octahedra and tetrahedra) in the struc@perandXRD,ex Testing System was used for the galvanostatic cycling, long-term
situRaman studies, transmission electron microscopy (TEMgycling, and rate testing. A BioLogic VMP-300 Potentiostat was used

and entropic potential measurements suggest that the origiffd|cyclic voltammetry measurements. _
structure of the material changed irreversibly, and a n WEX sittsamples were made by cycling pellet electrodes in Swagelok-

. . e cells rather than cast electrodes in coin cells to make the material
structure was then retained reversibly through subsequ ier to recover after cycling,®Mewas ball milled with carbon

cyclln_g. The precise structure of the c_yclmg material is an opgi i (TIMCAL Super P) for 20 min in a 7%stainless steel ball
question at this time. However, evidence suggests that th@| canister and then ground with polytetaoethylene (PTFE
structure becomes more layered, and a space group and wiik average particle size of, Sigma-Aldrich) such that threl
cell parameters that are consistent with the known informati@tectrode composition was 80% active material, 10% carbon black,
are proposed. and 10% polymer binder. Thidkn electrodes 10 mm in diameter
were prepared by pressing pellets from this mixture using a
hydrostatic pressure of 1.5 tons. Whatman GF/D glassh@icro
EXPERIMENTAL METHODS Iters were used as the separator. The cells aoeled with 1 M
Solid-State Preparation of Mo,0,;. To obtain dehydrated LiPRin EC/DMC 50/50 (v/v) electrolyte (Sigma-Aldrich). Theee
MoQ,, a precursor in the synthesis of®g@ ammonium molybdate  situsamples were prepared by cycling at a 1@20ofising a using a
(Fisher Scientc) was placed in an alumina crucible and calcined foBioLogic VSP-1 potentiostat: J@¢, discharged to 1.2 V, W&,
10to 12 hin a box furnace at 7&0) then ground in an agate mortar recharged to 3.0 V, and ), discharged a second time to 1.2 V.
and pestle, and put back in the furnace 7% another 10 to 12 OperandXRD data were collected using a Bruker D8 Advance in
h. The XRD t of the dehydrated Ma@s given in the Supporting Bragg Brentano geometry using a nonmonochromated €aukce
Information (SI)Figure SIMoO; stored in the laboratory outside of (average wavelength of 1.5418 A). A custom-made, stainless steel,
a desiccator was found to have absorbed &aigriimount of water.  Swagelok-typ@perandocell with a Be window (Materion)
Many structures for MaOreported on the Inorganic Crystal approximately 254m thick (allows X-ray penetration) was used
Structure Database also give the hydrated structure in which edoh galvanostatic cycling. As with éResitucells, pellet electrodes
Mo atom sits in a tetrahedron of O atoms. In reality, there must bé80% active material, 10% carbon black, and 10% polymer binder)
water in the structure, and the H atoms cannot be detected witivere used and placed directly onto the Be window. The pellet
laboratory XRD. Dehydrated Mog§hould have Mo in octahedral electrodes were cycled against Li foil using a BioLogic SP-200
coordinatioff! To make MgO,;, a mixture of 15 parts Mg@nd 1 potentiostat at &/20 rate with two Whatman glagser separators
part Mo metal powder by mass (about 3 atomic % excess Maoded with 1 M LiPFn EC/DMC 50/50 (v/v) electrolyte (Sigma-
compared to a stoichiometric ratio) were ground using an agafddrich). A pattern was collected approximately every 20 min during
mortar and pestle for approximately 20 min. The excess Mo w#®e charge and discharge.
necessary because some of the Mo metal may have been oxidized fdperandsynchrotron X-ray powder idiction data were collected
begin with and because stoichiometric drift in the product can bat the Stanford Synchrotron Radiation Lightsource (SSRL) at the
caused by a reaction with the silica tube at high températuresSLAC National Accelerator Laboratory wheregheandoell could
Approximately 250 mg of the mixture was pressed into a 6 mive cycled at higher rates. Cast electrodes were used instead of the
diameter pellet and sealed under vacuum into a silica ampule. Tiellet electrodes that were used forogeranddaboratory XRD.
ampule was heated at 8@ for 2 h in a box furnace and then Pouch cells were assembled using aluminized bags as the casing,
guenched in room temperature water. A sparkly dark purple prodystlished lithium foil as the counter electrode, an®Mas the
was obtained and stored in a desiccator dteéirglovebox. working electrode (approximately 2 mgZ2cloading with 10%
Powder X-ray Di raction. To con rm the phase purity of the carbon black and 10% PVDF by mass supported on Al foil). A
Mo,O;, active material, high-resolution synchrotron powder XRDCelgard separator soaked in 1 M {iREEC/DEC (LP40, Gotion)
data were collected at beamline 11-BM at the Advanced Photevas used between the counter and working electrodes. The cell was
Source at Argonne National Laboratory. Rietveld analysis wassembled and sealed in anllad glovebox (<0.1 ppm 0$,30.1
performed using Topas AcadéthiBatterns were reed against ppm of HO). Once removed from the glovebox, the cell was placed
the previously experimentally determined structure @, Md between two stainless steel blocks with Be windows to apply pressure.
Lattice parameters, atomic positions, and thermal parameters wireay powder diaction was collected at SSRL beamline 14ed (
re ned, and a pseudo-Voigt peak type was usedndlii,, value energy of 12.7 keV) in transmission geometry with a Rayonix MX225
(goodness oft parameter) was 13%. Thenement parameters are CCD area detector. The cells were cycled at varying¥/ateRd)
given inTable Sin the SI, and bond valence summations are given imluring data collection using a BioLogic VSP-300 potentiostat.
Table S2 Detector images were collected every 3 min, with 10 s exposures.
Microscopy. To determine the particle size of the active material,The spot size was 15én by 150 m, and the beam was jogged
scanning electron microscopy (SEM) was carried out on the casorizontally by 4 mm during acquisition to achieve a better powder
electrode using a Nova 230 Nano Scanning Electron Microscopeaaterage. The 2D data were reduced to 1Eaction patterns
10 kV. All other images were captured with an FEI Nova Nano 65@ntensity versus Q) using pyFAlArea detector calibration was
FEG SEM at 5 kV acceleration voltage. performed using LgB
Electrochemical Characterization. The electrochemical per- As described in thétroduction the theoretical capacity of
formance of M@®,; was characterized using coin cells assembled iko,0,, is achieved with the transfer of six electrons per formula unit,
an Ar-lled glovebox ()0 0.1 ppm, @ 0.1 ppm) using polished corresponding to the reduction of all Mo atoms to their 4+ oxidation
Li foil as a combined counter and reference electrod®,;Mo state. However, following the emerging convention for materials that
carbon black (TIMCAL Super P), and polyvinylideneride undergo multielectron redd@xrates were calculated based on the
(PVDF) were mixed in a mass ratio of 80% active material, 10%duction of one electron per redox-active transition metal. In this
carbon black, and 10% polymer binder. 1-Methyl-2-pyrrolidinonease, four Li were assumed to insert into the crystal structure per
(NMP) solvent was added to make a slurry and mixed for 30 min inf@rmula unit for calculatir@grates, for exampl@s = 4Q/5 = 192
Vortex ball milling machine using Zb@lls. The slurry was cast onto  mAh g¥(5 h) = 38.4 mA g, whereQ is the charge.
Al foil using a doctor blade to make a layer approximatety 75 X-ray Photoelectron Spectroscopy (XPS)XPS was used to
thick. The average mass loading for each cell was between 1.5 amav@stigate how the oxidation state on the Mo redox center changes as
mg cm? Whatman GF/C glass micber lters were used as the the Mg, is discharged and charged. Exposure to air carealso a
separator. The cells wereoded with 1 M LiP§fin ethylene the oxidation state on the Mo, sogResittsamples were loaded onto
carbonate and dimethylcarbonate [EC/DMC 50/50 (v/v) from an air-free sample holder in anlfgd glovebox ()0 0.1 ppm, @
Sigma-Aldrich] electrolyte. A Neware BTS4000-5V10mA Battery 0.1 ppm). The powder was spread onto double-sided scotch tape
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attached to a stainless steel sample holder. A lid with an O-ring st coin cell was less than @1land (ii) the time rate of change of
was secured onto the sample holder to transfer the samples into the open-circuit voltag&loc(x, T)/ t was less than 1 mVth

XPS chamber. Once under vacuum, the lid was removed such that the

samples were never exposed to air. The samples were measured usiniRESULTS AND DISCUSSION

a Thermo Fisher Escalab Xi+ XPS equipped with a monochromat?qi‘e hase purity of the prepare with the structure
Al anode E=1486.7 eV). Survey scans were collected at 100 eV p éscFr)ibed Brevxi/ously, \F/)vasp \&I(fj?qzhgi,ng high-resolution

energy with 50 ms of dwell time; two scans were averaged. Hi .
resolution Mo scans were collected for uncycle®,Ma10,0;; %ynchrotron powder XRD data from beamline 11-BM at the

discharged to 1.2 V, by, recharged to 3.0 V, and )@y, Advanced Photon Source. The Rietvetieraent is shown in

discharged a second time to 1.2 V using a pass energy of 20 feigure 2, and the associatetdparameters are presented in
and a dwell time of 100 ms, averaging 10 scans.

Fits to the data to determine the Mo oxidation state were @ ' ' . data
performed using CasaXPS with Shirley backgrounds and asymmetric — Mo,0,,
Lorentzian line shapes, as has previously been suggested for oxides of — difference

Mo.*® All samples were ball milled with carbon black prior to XPS, so
the spectra were referenced to the C 1s peak of graphite and
amorphous carbon black at 284.58%Mhe ts of the Mo d-orbital
peaks were area-constrained, as the electrons of a d-orbital split into
two peaks, Mo 3¢ and Mo 3¢, in a 3:2 area ratid>* Each pair
of peaks was also constrained to have the same full width at half
maximum (fwhm). The peak splitting energies determined from the
ts were very close to 3.13 eV, especially foriid MS*, which is
the average value reported in the NIST X-ray Photoelectron
Spectroscopy Databas&eak locations for the #poMo™*, and
Mo®* peaks were also similar to the locations reported in the literature
for Mo oxides?*° Fitting parameters are given in the Shinle S4
Raman Spectroscopy.Raman spectroscopy measurements were
performed using a Horiba Jobin Yvon T64000 open-frame confocal
microscope with a triple monochromator and LN2 cooled CCD array
detector. Samples were prepared in atiefirglovebox ()0 0.1 Figure 2.(a) Rietveld renement of high-resolution synchrotron
ppm, Q 0.1 ppm) by Sea"ng a g|ass Covers”p over the powdQOWder XRD from beamline 11-BM at the Advanced Photon Source
sample on a glass microscope slide. Data were collected with a #®galed the sample to be single phage,Mb) SEM image of the
nm laser, 1800 crhgrating, and 500m slit. The laser intensity was solid-state prepared Mn; particles which range in diameter from 5
4 mW for a 2 s exposure time, and 10 spectra were averaged. A skA0 m. (¢) SEM image of the M0, particles, on the order of 1
exposure (2 s) followed by a long exposure (5 s) spectrum wagn in size, after being ball milled with carbon black. Th@;Mo
Compared for each samp|e to Verify that the sample d|d n(ﬁartlc!es that were ba“ ml”ed |r_] the Slurry turned out S_Imllal’ In size, |f
decompose due to beam exposure. not slightly larger, ranging in size from 1 tm5 see SFigure S2
Transmission Electron Microscopy TEM was conducted using

a Thermosher Talos F200X S/TEM at 200 kV. Two samples wer . .
examined with TEM: M@,, after ball milling with carbon black and ethe Sl inTable S1A bond valence analysis of the valence

a Mq,0,, sample that was made into an electrode and discharged gates on MO_ in Mlﬁ,)l% SqueSt,s that three of thg four .
1.2 V (lithiated) and charged to 3.0 V (delithiated). The powder<Tystallographically distinct Mo sites have valences intermedi-
were gently poured onto a Cu TEM grid inside an Ar glovebox an@te between 5+ and 6+. Only one of the three octahedral sites,

sealed inside an aluminum laminated pouch. Gentle argomwgas Mo03 as dened in theS|, has a bond valence sum very close to

was maintained around the sample holder to minimize air exposife, and as one would expect, is also the most distorted due to

during sample loading into the microscope. the d® electronic comuration. The SEM images of the as-
Potentiometric Entropy Measurements. As another probe into prepared materiaFigure B), the particles after ball milling

the structural changes occurring during cycling, the open-circyith carbon blacke(gure 2), and the slurry-cast M@ (SI

voltageocy(x, T) and the entropic potentialocX, T T of @ Figire Spshow that all the electrochemistry was carried out
coin cell were measured as functions of Li composition using ing micrometer-sized particles

potentiometric entropy measurement technique described in previouaNe began electrochemistry experiments, including cyclic

work>**® The coin cell consisted of a J@g-based electrode with L . 9o
the same composition as thosedifor the electrochemical Voltammetry (CV) irFigure @ and galvanostatic cycling in

characterization. Li metal was used as the counter electrode, anfigure 8, with a lower voltage cutef 2.1 V based on
M LiPF, in EC/DMC 50/50 (v/v) was used as the electrolyte. The literature that reported irreversibility and amorphization of the
potentiometric entropy measurements consisted of imposing a se@&@dive material when it was discharged below 2.0 \E243
of constant current pulses lasting 30 min, each followed by la this voltage range, the )@, was not reduced enough to
relaxation period lasting 270 min. For clear characterizatiorrstf the achieve the theoretical capacity, and instead the maximum
lithiation, the rst 14 current pulses were imposed at a rai®@f capacity demonstrated is small, around 100 mAh g
while the next 80 current pulses were imposed at a @@50f  Fyrthermore, based on the even pattern of capacity fade
Bur!ng 31” S“?Seqt‘.‘em Cy?"(;@lo Ct‘”eﬂz ptulses Wfr‘; applied.  shown in the galvanostatic cycligre B), it is likely that

unng the refaxation periods, a step-iike temperatule p@s 4 91| the Lj inserted on each discharge is being fully removed
applied to the coin cell from 15 to Z5in 5°C increments witha . -

in the subsequent charge. The CV appears to suggest a single

thermoelectric cold plate (TE technology, CP-121). The correspon idati K th I all e i K
ing coin cell voltage evolution was recorded with a potentiostgXldation peak that could potentially resolve into more peaks

(BioLogic, VSP-300). Before recording the open-circuit voltaglo' Slower sweep rates or at reduced temperatures. In contrast,
Uoed X, T) and applying the next temperature step, weddHat there are two clear reduction peaks, pointing to irreversibility
the coin cell had reached thermodynamic equilibrium by ensuring this this voltage window that would explain the capacity loss
(i) the temperature dérence between the cold plate and the top ofupon repeated cycling. An analysis of variable rate CV by
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Figure 3.(a) Cyclic voltammetry (CV) of MO;; performed at a QA

1 . .
scan rate of 0.1 mVdrom 2.1 to 3.3 V. (b) Galvanostatic cycling at Figure 5. OperandoXRD of MqO;, while the material was

i\(;ate ?C/lo rst discharging to 2.1 V and then charging to 3.0 Vfordischarged to 2.1V, charged to 3.3 V, and then discharged again at
cycles.

aC/20 rate. The peak § = 1.275 Al is an inactive peak associated
] ] _ with the operando cell.
relating the peak current with the scan rate as described

previousfy?**° (data presented in the Sfliable SBsuggests A wider voltage window proved necessary to access

some ambiguity in determining whether the Li insertion isneaningful capacity in M, CV curves of M@®;;

surface dusion limited or bulk dusion limited. discharged down to 1.2 Mdure $are unusually complicated
The variable rate galvanostatic cycling in the voltage range of

2.1 to 3V shown iRigure 4emonstrates that the already-low V vs. LilLi* (V)

capacity decreases by 50% when the rate is decrea€d from 1.5 2 25 3 35

10 to IC and then further to nearly zero when the rate is
increased to M

140
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Figure 6.(a) Cyclic voltammetry (CV) of MO;; performed at a
scan rate of 0.1 mV!sfrom 1.2 to 3.7 V. (b) CV of MO,
performed at a scan rate of 0.1 nmi\insa narrower voltage window
Figure 4. Variable rate galvanostatic cycling ofOyocycled from 1.2t0 3.0 V.

between 2.1 and 3.0 V.

0O 5 10 15 20 25 30 35
cycle ID

and revealed many reversible oxidation and reduction peaks
after the rst cycle. In comparison, Mp@Gnly shows two
reduction and two oxidation pedkand MoQ has only one
Consistent with a previous structural investig&tion, of eacli® The complicated CV curves of /g indicate that
however, it is notable that when the discharge is @tt o its structure has a more complex variety of Li°sited/or
2.1V (at the end of the second voltage plateau), the structu@tidation states on Mo than either M@® MoGO; does. As
change is completely reversible, as shown ppéhendo  expected, M@, redox peaks occurred at higher voltages than
XRD in Figure 5 The structural changes above 2.1 V areMoO, and at lower voltages than Mo@ue to the
primarily the same structural peaks as unlithiatgol, Mt intermediate average oxidation state on Mo. Interestingly,
shifted to lower angles as the interplanar spacing increasesimtike the CV data acquired within the narrower voltage range,
accommodate the inserted Li. In addition, some weaker ngesented ifrigure 3, this CV trace displays some opening
re ections that are consistent with the appearance of twaround the central region that is characteristic of pseudoca-
phase plateaus in the charge/discharge traces appear reverpititive procességyure also compares two drent cycling
aroundQ = 1.00, 1.75, and 2.45%A voltage ranges.
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The 1.2 to 3 V voltage window was used in all subsequent 300 . 102
(a) —e— Mo,O,, Charge Capacity

—0—Mo,0,, Discharge Capacity | 404
—o— Coulombic Efficiency

electrochemistry experiments, including galvanostatic cycling
(Figure 7. In this voltage range, thast galvanostatic
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discharge a€/10 achieved a capacity of about 385 mAh
g 1, which signcantly exceeded the theoretical capacity of D% 0 5 20 2= 30 i
288 mAh ¢! but aligned well withrst-discharge capacities cycle ID
reported in the literatufé’® Furthermore, the shape of the . .
rst discharge curve looked similar to those in the literatufddure 8.(a) Long-term galvanostatic cycling of,®p at 1C
with respect to the number and location of the voltag etween 1.2 and 3.0 V. (b) Variable rate galvanostatic cycling of
plateaus®*** We observed a notable drop in capacity™?:Ou cycled between 1.2:and 3.0 V.
between the rst and the second discharges, which was
consistent with the literatifé® However, our cycling interpreted as a sign of high conductivity of bdttiohs
stabilized right away to about 270 mAhagd then faded and electrons in the material. High conductivity is necessary to
very slowly when cycled aC/d0 rate, whereas in previous achieve the good rate performance exhibitedure 8. The
cycling shown in the literature, the capacity faded much mocapacity of th&/10 cycling in the rate experimenteis
quickly and consistentiyThis is likely due to our more somewhat from the capacity measured during the longer term
favorable choice of voltage window. A conversion reaction Wald0 cycling given irfrigure 7 and this dierence can be
expected at low voltages, so we did not cycle below 1.2 &tfributed to variation in the mass loading of electrodes cast in
while some of the only reported long-term cycling dippedi erent batches. Compared to the second cycle capacity at
down to 0.5 V2 The study that cycled between 1.5 and 3.0 V10, approximately 88% of the capacity was retained when
demonstrated less severe capacity fadestill more than we  cycling 10 times faster at@rhte. At the high rate of @0
observed. This could still be due to the nonoptimized voltagdo,O; still achieved a capacity of 177 mAhThe capacity
window and our more modern cell auration. We  atarate of@was almost entirely recovered after faster cycling
compared two derent upper voltage cug 3.0 and 3.7 V, (decreased from about 267 mAH tp 263 mAh ¢,
from which we selected 3.0 V for future experiments becauseicating that the material was not degrading at higher cycling
yielded more stable cycling in the long term Kspee & rates.
compared with 1.2 to 3.7 V long-term cycling shown in the SI, Though the rst discharge exceeds the theoretical capacity
Figure SB This could mean that a detrimental or irreversible(which was calculated such that each Mo is in a 4+ oxidation
reaction occurred between 3.0 and 3.7 V, causing the cell usitgte but none are reduced furthex),situXPS Eigure 9
the wider voltage to experience faster capacity fade. The smalh rms that the oxidation state of Mo does not go below
oxidation and reduction peaks in the CV between 3.0 and 3Wfo**. This means that there must be some other reaction at
V could be related to dissolution of the active material, whidghe MqQ,; electrode using electrons. Oxygen evolution is
would result in the observed capacity fade, and has also bewtikely at such low voltages, so it is possible that some solid
hypothesized as a failure mode of related, Materies® electrolyte interface layer is forming.
Furthermore, when deconstructing Swagelok cells®f;Mo  When the cell is recharged, the Mo returns to predominantly
that had been charged up to 3.7 V, the white dl@ss  Mo®" and MG*. The XPS spectra of material discharged once
separators were observed to have been stained bright blessus discharged twice look identical, indicating reversibility
which can indicate dissolution of the active material. This wa#ter the rst discharge.
seemingly avoided when 3.0 V was used as the upper voltagstructural characterization is key to our task of learning
cuto . which structural motifs lead to the favorable electrochemical
In the CV and galvanostatic cycling experiments, relativglyoperties we obsen@perandXRD is a unique technique
low voltage polarization was observed, which is usuatlyat allows structural characterization of the electrode material
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raw data , , peak (at aroun® = 1 A %, shifted higher or lower depending
—  Shirley background [  Mo™"3d,, on how lithiated the structure is) is similar to the layered
total it iy phases of lithiated Mgt and LiMoQ,”’ that is where the
Mo®" 3dl, #Mo." 3dy,7) silarit ; ;
AN L similarities end. The new phase appearing on discharge of
Mic prepafd/” N7 s\ Mo Mo,0;, does not seem to match any lithated or unlithiated Mo
: oxide phase reported in the Inorganic Crystal Structure
Database. While (Na/lijMogO,; have purple bronze
structures similar to the unlithiated, monoclinic phase of
Mo,0,,°% ®* they do not appear similar to the cycled
orthorhombic MgD;; structure. We have also compared
simulated draction patterns from some of the Mo oxide
hydroxide phases to our data, but with no success. The
operandXRD pattern taken from the delithiated,®g at
the end of therst full cycle (but before the cell short-circuit)

240 238 236 234 237 230 208 was indexed, and a space group and unit cell are proposed for
binding energy (eV) the new structure later on in this text.

In addition to the phase change, the bow-shaped evolution
of peaks during thest charge and second discharge is very
unusual. The behavior indicates that the size of the unit cell of
the structure is not proportional to the amount of Li in the

while lithium is being intercalated and deintercalated. Previogiucture. Th@perand&RD of MQO,, shows that once Li

in situ XRD of orthorhombic M@®,; concluded that the Starts to be removed from the fully discharged structure, the
structure becomes amorphous duringrtedischarge below ~Structure contracts, as expected. However, as delithiation
2 V*3 In contrast, we observe a complete structural chang@ntinues past approximately 2.3 V, the peaks start shifting to a

during the rst discharge F{gure 1) but not a loss of  lower angle again, indicating that the structure is expanding as
more Li is removed. Interestingly, the lattice spacing of the

lithiated and delithiated structures is not vegreht, when
usually a lithiated structure is approximately 10% larger than its
delithiated counterpart.

In order to further probe the structural transformation of the

i C . rst discharge past 2 ¥x situRaman spectroscopy was

1 e ——————] performed on a fully discharged sample, a charged sample, and
a sample that had been through two full lithiation and
delithiations and compared to spectra from uncyclgo, Mo
and MoQ (seeFigure 1). We utilized Raman spectroscopy

Figure 9.X-ray photoelectron spectra of uncyclegOMoMo,0,,
discharged to 1.2 V, M®, recharged to 3.0 V, and Mg,
discharged a second time to 1.2 V.
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Figure 10O0perand¥RD of MQO,, discharged to 1.2 V, charged to
3.0 V, and discharged again &'20 rate. The cell underwent a /_\,_,_’iﬂ—ewr_gim_wj\v\,w
short-circuit at the end of the charge, as marked with the arrow and charged. after 2 cycles
the shaded box. The structure before and after the short is essentially :
the same, and thest charge and second discharge show near- T T
identical, repeatable structural evolution. The p@akh275 Alis 200 400 600 800 1000
an inactive peak associated wittofrerandoell. Raman shift (cm ')

Figure 11.Raman spectra of Mg@nd uncycled M®;; compared
crystallinity. The structure of this new phase that is formedith ex sitsamples of M@, cycled between 1.2 and 3 V at a rate of
upon lithiation is then maintained reversibly in subsequei§¥20.
cyclingOperandsynchrotron XRD was measured for two full
cycles at a rate @5 and for 5+ cycles atCland at these  because it can reveal elements of the local structure that may
faster rates the progression of peaks was just as reversible ifggeebe captured by XRD, which looks at extended crystal
Sl,Figure Sy Because the new phase is present for all of theymmetry. It is notable that there are clearalces between
cycling except for thest discharge, it is this new phase whichall threeex sittRaman spectra, given tbperandXRD and
demonstrates high capacity at the high rates sh&guia entropic potential measurements show the most drastic
8b. However, the precise structure of this new phase has rattuctural changes occurring during tisé discharge. This
yet been determined. While the presence of a strong low angleggests that the local structure may continue to change during
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subsequent cycling without drasticallgcting long-range
order.

The Raman spectrum of as-prepare®Mbas three main
peaks at 788, 836, and 906 ‘twriginating from doubly
coordinated oxygen M® Mo bonds at corner-shared R
octahedral sité8. The strong peak at 183 cmis a S
characteristic vibration of tetrahedraf‘M®he dehydrated Mo,0,, (200)

-MoGQ,; structure is layered and made up of only octahedral B
Mo sites, and its Raman spectrum is well sfifdfedthere - Mo,O.. after 1 charge
the 996 cm' peak is assigned to the stretching modes of 4 1
Mo O, the intense peak at 820 éns assigned to the — Pawley fit, Pcc2
bridging oxygen vibrations (M® Mo) and the 667 cni —__difference
peak to OMo O stretch, and 159 chis a translational
rigid MoQ, chain mode. The twice-cycled ,8lg ex situ
sample has three pe?rI](s similar to those ofNfw; at 99%,
818, 337, and 283 cmThe disappearance of the 183“cm ) N N
peak (tetrahedral M9 compared to the uncycled material ' I Pl '
and the appearance of the 992'qmeak (Mo O) could be 1 15 . 4 2
further evidence that the transformed,QMp structure is Q@A)

more layered than_ the pristine orthorhombigOﬂoand/or_ igure 12 (a) TEM of pristine MgO, after ball milling with carbon
has a greater fraction of octahedral versus tetrahedral sites gek_ (b) TEM of aex sittsample of M@®,; that was discharged to

the uncycled M@;;. This concept is not new for Mo, as there 1.2 v and then charged to 3 V (delithiated) at a raB26t (c)
is other literature evidence that Mo can change its loc@awleyt of an XRD pattern taken from thgerandexperiment in
environment quite drastically during electrochemical &ycling Figure 1@t the end of therst charge (before the short-circuit of the
In the case of AM0oO,);, Mo ions also migrated out of cell) in the space grotz2 and a unit cell with the parameters
tetrahedral sites and into octahedral positions during &/cling25-8787 Ab = 6.1166 Ac = 4.6820 A. The arrow points to an
However, A(MoO,); became amorphous upon lithiaffon, —inactive peak associated withaperandoell.
while MQO;; maintained crystallinity and demonstrated more
stable long-term cycling. While Raman spectroscopy caniiolution olUgey(X, T) and UgeyX, T)/ T. In region 1 (0
tell us exactly what the new g, structure is, information < x < 0.2), bothUge(x, T) and Ugefx, T)/ T dropped
about the local environment supports that the structurgharply, indicating lithium insertion in a homogeneous solid
became more layered after trs discharge. solutior**® In region 2 (0.2 « < 0.7), bothUgcy(x, T) and
In an attempt to further understand the nature of the U,.(x, T)/ T featured a plateau, corresponding to a two-
structural transformation, transmission electron microscopyase coexistence regiohi.In region 3 (0.7 « < 1.1), the
(TEM) was carried out on samples before and aftgydling.  decreasingoc(x, T) suggests a homogeneous solid solution.
TEM images are shown comparing pristin®©Mafter ball ~ Meanwhile, Ugc(x, T)/ T rst increased and then
milling with carbon black=igure 12) with an anex situ  decreased, resulting in a local maximum. This behavior
sample that was lithiated (discharged to 1.2 V) and delithiatedight be due to an increase in the electrical conductivity,
again (charged to 3.0 Mpure 1B). Figure 18 conrms the  which would lead to an increase in the electronic eritropy.
d-spacing of 12.3 A expected between the pristjdg 60 Both region 4 (1.1 % < 2.3) and region 6 (2.6 x< 3.3)
planes. The-spacing of 3.6 A measureBigure 1B matches  featured two-phase coexistence similar to region 2, while
the d-spacing expected from the pedlatl.787 Alin the region 5 (2.3 x < 2.6) featured a homogeneous solid solution
operandXRD pattern taken at the same state of charggimilar to region 1. Finally, in region 7 (3.8 <6.9), the
(delithiated MgO,; at the end of therst full cycle). The same  slopedUqc(X, T) suggests a homogeneous solid solution.
operand¥RD pattern was indexed in Topas Acadéraicy  Furthermore, Uoc((x, T)/ T exhibited tilde-shapedctua-
the space groups and unit cells that seemed to most lagicallytions, which can be attributed to intralayer lithium order-
the data wer@c@ witha = 25.8787 Ap = 6.1166 Ac = ing>4°3°%57 Experimentally, redox peaks are observed in cyclic
4.6820 A, and cell volume = 741.192ankiPme1 witha = voltammetry at the potential where ion ordering occurs. This
25.9476 Ap = 6.1281 Ac = 4.1803 A, and cell volume = result indicates that the ion ordering reaction can possibly
664.710 A Figure 12 shows a Pawleyof the data using the ~ enhance the specicapacity. Similarlyigure 13shows (b)
Pc@ space group, and all the sample peaksgrthe model.  the rst delithiation/charge, (c) the second lithiation/
This greatly narrows down the options for the possiblelischarge, and (d) the second delithiation/chargeéigime
structure of the cycling Mo oxide phase. However, with th€3b d, only four distinct regions could be idedti To
existing data, the complete structure, given the indication ohighlight the change in behavior after tis lithiation, the
large unit cell, appears out of reach at this time. di erent regions were numbered using Roman numerals
Entropic potential measurements cmed that the instead of numbers T as for the rst lithiation. All four
structure changes completely ost lithiation below 2.0 V  regions featured homogeneous solid solution behavior, but
to a structure that then cycles reverdidyire 13plots the regions Il and IV also featured intralayer lithium ordering
open-circuit voltagboc(x, T) and the entropic potential based on the tilde-shaperttuations inUgc(x, T)/ T.2%%®
UocUX T)/ T of the MqQO;; coin cell as a function of In general terms, the voltage regions showing homogeneous
lithium compositior in Li,Mo,0,, for the rsttwo full cycles.  solid solutions and two-phase coexistence duringtliteo
Figure 18 shows that during thest dischargel/lithiation, cycles are in agreement with electrochemical testing. In the
seven distinct regions could be idedtibased on the CV, we can see redox peaks around the same potentials as both

er 1 cy‘éjlé‘ (E‘harged)v
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Figure 13.Open-circuit voltagésc(x, T) and entropic potentialyc(X, T)/ T of the MO, coin cell as functions of lithium composition
in LiiMo,O44. The di erent processes involved in panels (a) through (d) are indicatecgarénéNote the regions labeled 1 through 7 in panel
(a) are distinct from the regions labeled | through IV in panels (b), (c), and (d).

the two-phase coexistence regions and the ion orderippase coexistence, which were also igértiom electro-
regions. Consistent with thperandXRD, the evolution of chemical testing, and capture the existence of intralayer ion
UocX, T) and Ugex, T)/ T signicantly changed during ordering, which was not ideatile from other character-
the rst lithiation but then remained similar during theization methods. They also support th@ing that MgO;;
subsequent cycling, indicating reversibility after rfte  undergoes an irreversible phase change during the two-phase
discharge. coexistence region of thwst lithiation, but the structure and

For further illustrationkigure 14overlays the entropic the thermodynamics of the new phase remain stable during the
potential Ugc(X, T)/ T of the M@O,; coin cell as a subsequent cycling.

= s CONCLUSIONS
x T I In this study, the reduced molybdenum oxidgOMdas
> —o—Cycle #1, lithiation . N -
E o5t Cycle #1. delithiation ] been prepared and characterized as a hlgh—mm hattery
= —e—Cycle #2, lithiation 4 electrode. Redox occurs on the Mo centers, going fim Mo
2 045 | —o— Cycle #2, delithiation] ] Mo°* to Mo**. With higher oxidation states than Nb, this puts
= ° : : .
" . o the redox occurring in M0,, at a higher voltage than many
X / . . . .
S 00 g of the high rate shear-structured materials, making it less
§ =1 ' ¢ ] e ective as an anode. However, this material teaches us many
® :-\I ‘}"%o structural lessons. Despite the lack of apparent electronic
50051 ; i ] conduction pathways through the orthorhombigOljo
g o \ structure (no edge sharing), a capacity of over 200 mAh g
8-015+ M% 1 was achieved at the high rate ®fuSing micrometer-sized
§ particles of the active mater@perandRD and entropic
5‘0-251 » ' e o9 ' ot ’ 2’8 potential measurements reveal that the structure dramatically
© ‘ Uocv (vs. Li/Lit) (V) changes upon the_rst Iith_iation, and sgbsequent c_:ycling is
. . . ' completely reversible with low capacity fade. It is this new
Figure 14 Entropic potentialUoc(x, T)/ T of a MOy, coin cell  structure that demonstrates high-rate cycling and extremely
as a function of open-circuit voltalge\(x, T) during the rsttwo  |ittle voltage polarization. Thisding greatly expands the

cycles. scope of candidate high-rate electrode materials to those whose

structures may become more favorable with lithium insertion.
function of the open-circuit voltadi-\(x, T) for the rst two The new structure of MO, after the rst discharge could not
cycles. All the traces, except for thelithiation above 2.1V, yet be precisely determined from dperandXRD experi-
are overlapping. This is further support that entroplepro ment; however, the XRD pattern from the delithiated material
plots of Ugc(%, T)/ T vsUge( X, T) can reveal fundamental was indexed, and possible space grolps2cdndPm@1
changes in the structure and the thermodynamics of theere proposed. The strong low angle XRD peaks and the
material beyond the degradation caused by increasing kindimilarity of theex situRaman spectra of the twice cycled
barrier§$? Overall, the potentiometric entropy measurement#o,0,; to that of MoQ suggest that the structure may
con rm the existence of homogeneous solid solution and twbecome more layered, with a greater fraction of Mo in
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