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ABSTRACT: Shear-phase early transition metal oxides, mostly of Nb, and 400

comprising edge- and corner-shared metal—oxygen octahedra have seen a

resurgence in recent years as fast-charging, low-voltage electrodes for Li*-ion ~ %07

batteries. Mo oxides, broadly, have been less well studied as fast-charging electrodes. 12’ 300 L

Here we examine a reduced Mo oxide, Mo,O,, that has a structure comprising only §  {c110 ¢z

corner-connected MoQ, tetrahedra and MoOg octahedra. We show that an =250t crz

electrode formed using micrometer-sized particles of Mo,O;; as the active material ~ §

can function as a high-rate Li*-ion electrode against Li metal, with a stable capacity 8 200 —o=Mo,0,, Charge

of over 200 mAh g™' at the high rate of SC. Operando X-ray diffraction (XRD), 150 L =~ Mo,0;, Discharge 10C
entropic potential measurements, and ex situ Raman spectroscopy are employed to 0 5 10 15 20 25 30 35
understand the nature of the charge storage. The crystal structure dramatically Cycle ID

changes upon the first 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 small
voltage polarization. A space group and unit cell for the new structure is proposed. This finding expands the scope of candidate high-
rate electrode materials to those beyond the expected Nb-containing shear-phase oxide materials.

B INTRODUCTION The related Mo oxides have been largely unexplored since
the 1980s, although compositions between MoO; and MoO,
have vast structural diversity and could also be quite promising
in the realm of fast-charging electrodes.'> For example,
MogO,; and MoyO,¢ are Magnéli phases displaying crystallo-
graphic shear wherein hypothetical ReOj-structured MoOj;
accommodates oxygen removal by sharing octahedral features
and transforming from a completely corner-connected
structure to a structure that has edge- and corner-connected
octahedra. In Magnéli phases, the shear is along a single
direction,'* in contrast to block structures. Multielectron redox
is expected in Mo oxides, given that Mo®*, Mo®*, and Mo** are
all stable oxidation states. However, the literature on the use of
Mo oxides as electrode materials, particularly fast-charging
ones, is somewhat limited.

MoO, was an early candidate for a safer Li*-ion battery
anode alternative to metallic lithium'>'® and remains of

With transportation being the largest contributor of green-
house gas emissions in the US.,' a large scale switch to electric
vehicles (EVs) powered by Li*-ion batteries and charged from
renewable sources could potentially reduce emissions by up to
29%." However, it is unlikely that consumers will switch en
masse to EVs until the vehicles possess the range and the ability
to charge quickly in a manner that is on par with internal
combustion engine vehicles. There is thus a great need for Li'-
ion battery electrodes that charge and discharge rapidly.” Fast-
charging electrode materials with large energy density must
possess the ability to transport ions and electrons rapidly.
Shear-phase oxides contain regions of edge-sharing and
corner-sharing transition metal octahedra,’® which promote
electronic and ionic conductivity, respectively,4 and have
emerged as promising high-rate Li'-ion battery electrode
materials.’~'* Nearly all of these oxides are Nb-based, and

since Nb** Nb* 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 (on Received: February 9, 2022 m"“‘“

average 1.5 V vs Li/Li") is suitably in the regime expected for Revised: ~ March 30, 2022 '

anodes. Additionally, since all of the oxidation states of Nb are Published: 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 to
sluggish Li diffusion kinetics.'” Older electrochemistry studies
are inconsistent about staying above the storage voltages of
carbon when using carbon-composite electrodes;'®'? however,
even the experiments performed above this voltage demon-
strated that the capacity of MoO, fades over time, potentially
due to dissolution of MoO, into the carbonate-based
electrolyte.”

Consistent with it being a band insulator, a-MoOj has lower
electronic conductivity than MoO,.”"”* However, electro-
chemical cycling has been demonstrated following the addition
of graphite to the electrode.””** The rate performance and
other electrochemical properties were significantly improved
upon nanosizing the material,”>~** though the capacity still
faded significantly over 100 cycles.”® The efficacy of nanosized
MoO;* and nanosized MoQ,_,*" has been demonstrated for
high-rate pseudocapacitive energy storage, along with an
analysis of variable-rate cyclic voltammetry (CV) indicative
of a combination of bulk redox and surface charge storage, the
latter supported by the box-like characteristics of the CV.
Nanosizing the active material is often not cost-effective on an
industrial scale, and materials with greater inherent con-
ductivity are still needed so that nanosizing is not necessary to
achieve high-rate cycling.

Reduced Mo oxides (often referred to as “non-stoichio-
metric” oxides in the literature) with O:Mo ratios between 3
and 2, i.e., between MoO; and MoO,, may offer the desired
increase in conductivity.”’ Some reduced Mo oxide phases are
metastable, like MogO,,,*>*® but orthorhombic Mo,O;,
(sometimes called y-Mo oxide) is known to be the most
stable oxide between MoOj; and MoO,.”* A representation of
the crystal structure of Mo,O,;, a bronze-related phase,” is
shown in Figure 1. The structure was originally determined by
Magnéli,36 with the correct space group assigned in later
studies.””*® This structure can be described by the ordered

Figure 1. Unit cell of Mo,O,, projected almost down the ¢ axis;
structure from refinement of synchrotron X-ray diffraction data.
Mixed-oxidation Mo atoms sit inside octahedra and tetrahedra of
oxygen atoms. Crystal structure depicted using VESTA.*'
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removal of oxygen from an ReOj-type structure.””””** The
high occurrence of MoO, tetrahedra is significantly different
from other Mo oxides. In contrast with shear phases, this fully
corner-connected structure accommodates the oxygen defi-
ciency (referenced to MoO;) by having a combination of
octahedral MoOg and tetrahedral MoO,.”® This means that,
despite being described by the formula Mo,O;,_;, Mo, O, is
not a Magnéli phase. As a result, Mo,O;; has a more open
structure compared to other Mo oxides,”® which could favor
Li*-ion diffusion and enable fast cycling. Furthermore,
electronic structure calculations have suggested that Mo,O,;
possesses electronically populated states within a relatively
broad band, indicative of electronic conductivity despite the
lack of edge-sharing features.”

There has been some previously reported electrochemical
testing of Mo,O;,. The earliest study known to the authors
used Mo,O,; with no conductive additives as the cathode in a
Li-metal button cell and slowly discharged the cell,
intercalating Li into the Mo,O;;.”> They extrapolated to zero
current on a plot of capacity versus discharge current and thus
estimated that 2.1 e~ could be transferred per Mo atom in the
structure, which would mean multielectron redox and therefore
high-capacity.” In part II of the same study, the authors
attempted to recharge the cells.*” The structures were found to
change irreversibly with the addition of too much Li, which
they said negatively impacted the observed recharge
efficiencies.”” However, the recharge efficiency between the
first discharge and charge is not always a good indication of
how reversible further cycling will be. In 1980, a study to
evaluate the longer-term cycling of Mo,O,; demonstrated
multielectron redox, but with almost 50% capacity fade by the
20th cycle.”> More recently, approximately 1.88 Li were
inserted per Mo when orthorhombic Mo,O;; was discharged
to 1.2 V; however, further cycling went down to 0.5 V, a
voltage range at which an unfavorable conversion reaction is
expected.” Likely as a result, significant 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,O;, using updated electrochemical techniques, modern
cell configurations, and an optimized voltage window.

Here we report the synthesis and electrochemical character-
ization of orthorhombic Mo,O,. The compound Mo,O,; can
be considered to comprise three Mo"'O; and one Mo O,.
Mo® can be reduced reversibly to Mo** in the selected voltage
range, so on this basis, 6 electrons (along with the
corresponding Li* ions) can, in principle, be incorporated.
The theoretical capacity of Mo,O;; is 288 mAh g7!,
corresponding to the insertion of 6 Li according to eq 1.

Mo,0,,(3Mo"'0; + Mo''0,) + 6Li* = Li;Mo, O,,
(1)
We found that the theoretical capacity was exceeded after
one galvanostatic discharge to 1.2 V, and after the first
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 for Mo,O, than 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
dissolution of the active material into the electrolyte at higher
voltages. Micrometer-sized Mo,O,; particles showed an
impressive rate capability even though Mo,0,, is not a
shear-structured material and only has corner sharing (of
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octahedra and tetrahedra) in the structure. Operando XRD, ex
situ Raman studies, transmission electron microscopy (TEM),
and entropic potential measurements suggest that the original
structure of the material changed irreversibly, and a new
structure was then retained reversibly through subsequent
cycling. The precise structure of the cycling material is an open
question at this time. However, evidence suggests that the
structure becomes more layered, and a space group and unit
cell parameters that are consistent with the known information
are proposed.

B EXPERIMENTAL METHODS

Solid-State Preparation of Mo,0,;. To obtain dehydrated
MoO;, a precursor in the synthesis of Mo,O,;, ammonium molybdate
(Fisher Scientific) was placed in an alumina crucible and calcined for
10 to 12 h in a box furnace at 750 °C, then ground in an agate mortar
and pestle, and put back in the furnace at 750 °C for another 10 to 12
h. The XRD fit of the dehydrated MoO; is given in the Supporting
Information (SI), Figure S1. MoO; stored in the laboratory outside of
a desiccator was found to have absorbed a significant amount of water.
Many structures for MoO; reported on the Inorganic Crystal
Structure Database also give the hydrated structure in which each
Mo atom sits in a tetrahedron of O atoms. In reality, there must be
water in the structure, and the H atoms cannot be detected with
laboratory XRD. Dehydrated MoO; should have Mo in octahedral
coordination.** To make Mo,O,,, a mixture of 15 parts MoO; and 1
part Mo metal powder by mass (about 3 atomic % excess Mo
compared to a stoichiometric ratio) were ground using an agate
mortar and pestle for approximately 20 min. The excess Mo was
necessary because some of the Mo metal may have been oxidized to
begin with and because stoichiometric drift in the product can be
caused by a reaction with the silica tube at high temperatures.*’
Approximately 250 mg of the mixture was pressed into a 6 mm
diameter pellet and sealed under vacuum into a silica ampule. The
ampule was heated at 800 °C for 2 h in a box furnace and then
quenched in room temperature water. A sparkly dark purple product
was obtained and stored in a desiccator or Ar-filled glovebox.

Powder X-ray Diffraction. To confirm the phase purity of the
Mo,0,, active material, high-resolution synchrotron powder XRD
data were collected at beamline 11-BM at the Advanced Photon
Source at Argonne National Laboratory. Rietveld analysis was
performed using Topas Academic.*® Patterns were refined against
the previously experimentally determined structure for Mo,O,,.*®
Lattice parameters, atomic positions, and thermal parameters were
refined, and a pseudo-Voigt peak type was used. The final R, value
(goodness of fit parameter) was 13%. The refinement parameters are
given in Table S1 in the SI, and bond valence summations are given in
Table S2.

Microscopy. To determine the particle size of the active material,
scanning electron microscopy (SEM) was carried out on the cast
electrode using a Nova 230 Nano Scanning Electron Microscope at
10 kV. All other images were captured with an FEI Nova Nano 650
FEG SEM at S kV acceleration voltage.

Electrochemical Characterization. The electrochemical per-
formance of Mo,O,, was characterized using coin cells assembled in
an Ar-filled glovebox (H,0 < 0.1 ppm, O, < 0.1 ppm) using polished
Li foil as a combined counter and reference electrode. Mo,Oy;,
carbon black (TIMCAL Super P), and polyvinylidene fluoride
(PVDF) were mixed in a mass ratio of 80% active material, 10%
carbon black, and 10% polymer binder. 1-Methyl-2-pyrrolidinone
(NMP) solvent was added to make a slurry and mixed for 30 min in a
Vortex ball milling machine using ZrO, balls. The slurry was cast onto
Al foil using a doctor blade to make a layer approximately 75 ym
thick. The average mass loading for each cell was between 1.5 and 2
mg cm™% Whatman GF/C glass microfiber filters were used as the
separator. The cells were flooded with 1 M LiPF¢ in ethylene
carbonate and dimethylcarbonate [EC/DMC 50/50 (v/v) from
Sigma-Aldrich] electrolyte. A Neware BTS4000-SV10mA Battery
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Testing System was used for the galvanostatic cycling, long-term
cycling, and rate testing. A BioLogic VMP-300 Potentiostat was used
for cyclic voltammetry measurements.

Ex situ samples were made by cycling pellet electrodes in Swagelok-
type cells rather than cast electrodes in coin cells to make the material
easier to recover after cycling. Mo,O;; was ball milled with carbon
black (TIMCAL Super P) for 20 min in a 7 cm® stainless steel ball
mill canister and then ground with polytetrafluoroethylene (PTFE
with average particle size of 1 ym, Sigma-Aldrich) such that the final
electrode composition was 80% active material, 10% carbon black,
and 10% polymer binder. Thick film electrodes 10 mm in diameter
were prepared by pressing pellets from this mixture using a
hydrostatic pressure of 1.5 tons. Whatman GF/D glass microfiber
filters were used as the separator. The cells were flooded with 1 M
LiPF in EC/DMC 50/50 (v/v) electrolyte (Sigma-Aldrich). Three ex
situ samples were prepared by cycling at a rate of C/20 using a using a
BioLogic VSP-1 potentiostat: Mo,O,; discharged to 1.2 V, Mo,O,,
recharged to 3.0 V, and Mo,O,, discharged a second time to 1.2 V.

Operando XRD data were collected using a Bruker D8 Advance in
Bragg—Brentano geometry using a nonmonochromated Cu Ka source
(average wavelength of 1.5418 A). A custom-made, stainless steel,
Swagelok-type operando cell with a Be window (Materion)
approximately 254 pm thick (allows X-ray penetration) was used
for galvanostatic cycling. As with the ex situ cells, pellet electrodes
(80% active material, 10% carbon black, and 10% polymer binder)
were used and placed directly onto the Be window. The pellet
electrodes were cycled against Li foil using a BioLogic SP-200
potentiostat at a C/20 rate with two Whatman glass fiber separators
flooded with 1 M LiPFg in EC/DMC 50/50 (v/v) electrolyte (Sigma-
Aldrich). A pattern was collected approximately every 20 min during
the charge and discharge.

Operando synchrotron X-ray powder diffraction data were collected
at the Stanford Synchrotron Radiation Lightsource (SSRL) at the
SLAC National Accelerator Laboratory where the operando cell could
be cycled at higher rates. Cast electrodes were used instead of the
pellet electrodes that were used for the operando laboratory XRD.
Pouch cells were assembled using aluminized bags as the casing,
polished lithium foil as the counter electrode, and Mo,O;; as the
working electrode (approximately 2 mg cm™ loading with 10%
carbon black and 10% PVDF by mass supported on Al foil). A
Celgard separator soaked in 1 M LiPF in EC/DEC (LP40, Gotion)
was used between the counter and working electrodes. The cell was
assembled and sealed in an Ar-filled glovebox (<0.1 ppm of O,, <0.1
ppm of H,0). Once removed from the glovebox, the cell was placed
between two stainless steel blocks with Be windows to apply pressure.
X-ray powder diffraction was collected at SSRL beamline 11-3 (fixed
energy of 12.7 keV) in transmission geometry with a Rayonix MX225
CCD area detector. The cells were cycled at varying rates (C/S, 1C)
during data collection using a BioLogic VSP-300 potentiostat.
Detector images were collected every 3 min, with 10 s exposures.
The spot size was 150 um by 150 pm, and the beam was jogged
horizontally by 4 mm during acquisition to achieve a better powder
average. The 2D data were reduced to 1D diffraction patterns
(intensity versus Q) using pyFAL"’ Area detector calibration was
performed using LaBg.

As described in the Introduction, the theoretical capacity of
Mo,0,, is achieved with the transfer of six electrons per formula unit,
corresponding to the reduction of all Mo atoms to their 4+ oxidation
state. However, following the emerging convention for materials that
undergo multielectron redox, C-rates were calculated based on the
reduction of one electron per redox-active transition metal. In this
case, four Li were assumed to insert into the crystal structure per
formula unit for calculating C-rates, for example, C/S = 4Q/S = 192
mAh g7'/(S h) = 38.4 mA g™', where Q is the charge.

X-ray Photoelectron Spectroscopy (XPS). XPS was used to
investigate how the oxidation state on the Mo redox center changes as
the Mo Oy, is discharged and charged. Exposure to air can also affect
the oxidation state on the Mo, so the ex situ samples were loaded onto
an air-free sample holder in an Ar-filled glovebox (H,0 < 0.1 ppm, O,
< 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 seal
was secured onto the sample holder to transfer the samples into the
XPS chamber. Once under vacuum, the lid was removed such that the
samples were never exposed to air. The samples were measured using
a Thermo Fisher Escalab Xi+ XPS equipped with a monochromated
Al anode (E = 1486.7 eV). Survey scans were collected at 100 eV pass
energy with 50 ms of dwell time; two scans were averaged. High
resolution Mo scans were collected for uncycled Mo,O,;, Mo,O;,;
discharged to 1.2 V, Mo,O,; recharged to 3.0 V, and Mo,O,,
discharged a second time to 1.2 V using a pass energy of 20 eV
and a dwell time of 100 ms, averaging 10 scans.

Fits to the data to determine the Mo oxidation state were
performed using CasaXPS with Shirley backgrounds and asymmetric
Lorentzian line shapes, as has previously been suggested for oxides of
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 284.5 eV.* The fits of the Mo d-orbital
peaks were area-constrained, as the electrons of a d-orbital split into
two peaks, Mo 3ds,, and Mo 3d;),, in a 3:2 area ratio.”>" Each pair
of peaks was also constrained to have the same full width at half
maximum (fwhm). The peak splitting energies determined from the
fits were very close to 3.13 eV, especially for Mo®* and Mo®*, which is
the average value reported in the NIST X-ray Photoelectron
Spectroscopy Database.> Peak locations for the Mo*, Mo, and
Mo®" peaks were also similar to the locations reported in the literature
for Mo oxides.’”** Fitting parameters are given in the SI in Table 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 an Ar-filled glovebox (H,0 < 0.1
ppm, O, < 0.1 ppm) by sealing a glass coverslip over the powder
sample on a glass microscope slide. Data were collected with a 488
nm laser, 1800 cm™ grating, and 500 ym slit. The laser intensity was
4 mW for a 2 s exposure time, and 10 spectra were averaged. A short
exposure (2 s) followed by a long exposure (S s) spectrum was
compared for each sample to verify that the sample did not
decompose due to beam exposure.

Transmission Electron Microscopy. TEM was conducted using
a Thermofisher Talos F200X S/TEM at 200 kV. Two samples were
examined with TEM: Mo,O; after ball milling with carbon black and
a Mo,O,, sample that was made into an electrode and discharged to
1.2 V (lithiated) and charged to 3.0 V (delithiated). The powders
were gently poured onto a Cu TEM grid inside an Ar glovebox and
sealed inside an aluminum laminated pouch. Gentle argon gas flow
was maintained around the sample holder to minimize air exposure
during sample loading into the microscope.

Potentiometric Entropy Measurements. As another probe into
the structural changes occurring during cycling, the open-circuit
voltage Upcy(x, T) and the entropic potential 0Uycy(x, T)/0T of a
coin cell were measured as functions of Li composition using a
potentiometric entropy measurement technique described in previous
work.>*** The coin cell consisted of a Mo,O,,-based electrode with
the same composition as those used for the electrochemical
characterization. Li metal was used as the counter electrode, and 1
M LiPF4 in EC/DMC 50/50 (v/v) was used as the electrolyte. The
potentiometric entropy measurements consisted of imposing a series
of constant current pulses lasting 30 min, each followed by a
relaxation period lasting 270 min. For clear characterization of the first
lithiation, the first 14 current pulses were imposed at a rate of C/50,
while the next 80 current pulses were imposed at a rate of C/2S.
During all subsequent cycling, C/10 current pulses were applied.
During the relaxation periods, a step-like temperature profile was
applied to the coin cell from 15 to 25 °C in 5 °C increments with a
thermoelectric cold plate (TE technology, CP-121). The correspond-
ing coin cell voltage evolution was recorded with a potentiostat
(BioLogic, VSP-300). Before recording the open-circuit voltage
Upcv(x, T) and applying the next temperature step, we verified that
the coin cell had reached thermodynamic equilibrium by ensuring that
(i) the temperature difference between the cold plate and the top of
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the coin cell was less than 0.1 °C and (ii) the time rate of change of
the open-circuit voltage dUqcy/(x, T)/0t was less than 1 mV h™".

B RESULTS AND DISCUSSION

The phase purity of the prepared Mo,O,,, with the structure
described previously, was verified using high-resolution
synchrotron powder XRD data from beamline 11-BM at the
Advanced Photon Source. The Rietveld refinement is shown in
Figure 2a, and the associated fit parameters are presented in

T T T T T T

data

— Mo,0,,

— difference

Figure 2. (a) Rietveld refinement of high-resolution synchrotron
powder XRD from beamline 11-BM at the Advanced Photon Source
revealed the sample to be single phase Mo,O;. (b) SEM image of the
solid-state prepared Mo,O, particles which range in diameter from S
to 40 pum. (c) SEM image of the Mo,O,, particles, on the order of 1
pum in size, after being ball milled with carbon black. The Mo,Oy;
particles that were ball milled in the slurry turned out similar in size, if
not slightly larger, ranging in size from 1 to S ym—see SI Figure S2.

the SI in Table S1. A bond valence analysis of the valence
states on Mo in Mo,O;, suggests that three of the four
crystallographically distinct Mo sites have valences intermedi-
ate between 5+ and 6+. Only one of the three octahedral sites,
Mo3 as defined in the SI, has a bond valence sum very close to
6+, and as one would expect, is also the most distorted due to
the d° electronic configuration. The SEM images of the as-
prepared material (Figure 2b), the particles after ball milling
with carbon black (Figure 2c), and the slurry-cast Mo,Oy; (SI
Figure S2) show that all the electrochemistry was carried out
using micrometer-sized particles.

We began electrochemistry experiments, including cyclic
voltammetry (CV) in Figure 3a and galvanostatic cycling in
Figure 3b, with a lower voltage cutoff of 2.1 V based on
literature that reported irreversibility and amorphization of the
active material when it was discharged below 2.0 V—2.1 V.*>*
In this voltage range, the Mo,O,; was not reduced enough to
achieve the theoretical capacity, and instead the maximum
capacity demonstrated is small, around 100 mAh g
Furthermore, based on the even pattern of capacity fade
shown in the galvanostatic cycling (Figure 3b), it is likely that
not all the Li inserted on each discharge is being fully removed
in the subsequent charge. The CV appears to suggest a single
oxidation peak that could potentially resolve into more peaks
for slower sweep rates or at reduced temperatures. In contrast,
there are two clear reduction peaks, pointing to irreversibility
in this voltage window that would explain the capacity loss
upon repeated cycling. An analysis of variable rate CV by
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Figure 3. (a) Cyclic voltammetry (CV) of Mo,O,; performed at a
scan rate of 0.1 mV s™" from 2.1 to 3.3 V. (b) Galvanostatic cycling at
arate of C/10 first discharging to 2.1 V and then charging to 3.0 V for
10 cycles.

relating the peak current with the scan rate as described
previously”””*° (data presented in the SI in Table S3) suggests
some ambiguity in determining whether the Li insertion is
surface diffusion limited or bulk diffusion limited.

The variable rate galvanostatic cycling in the voltage range of
2.1 to 3 V shown in Figure 4 demonstrates that the already-low
capacity decreases by 50% when the rate is decreased from C/
10 to 1C and then further to nearly zero when the rate is

increased to 10C.
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Figure 4. Variable rate
between 2.1 and 3.0 V.

galvanostatic cycling of Mo,O;; cycled

Consistent with a previous structural investigation,32
however, it is notable that when the discharge is cut off at
2.1V (at the end of the second voltage plateau), the structural
change is completely reversible, as shown by the operando
XRD in Figure S. The structural changes above 2.1 V are
primarily the same structural peaks as unlithiated Mo,O; but
shifted to lower angles as the interplanar spacing increases to
accommodate the inserted Li. In addition, some weaker new
reflections that are consistent with the appearance of two-
phase plateaus in the charge/discharge traces appear reversibly
around Q = 1.00, 1.75, and 2.45 A™%.
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Figure 5. Operando XRD of Mo,O;; while the material was
discharged to 2.1 V, charged to 3.3 V, and then discharged again at
a C/20 rate. The peak at Q = 1.275 A™' is an inactive peak associated
with the operando cell.

A wider voltage window proved necessary to access
meaningful capacity in Mo,O,;,. CV curves of Mo,O,,
discharged down to 1.2 V (Figure 6) are unusually complicated

V vs. LilLi* (V)
25

il

25
V vs. LilLi* (V)

Figure 6. (a) Cyclic voltammetry (CV) of Mo,O,, performed at a
scan rate of 0.1 mV s! from 1.2 to 3.7 V. (b) CV of Mo,O,,
performed at a scan rate of 0.1 mV s™' in a narrower voltage window
from 1.2 to 3.0 V.

and revealed many reversible oxidation and reduction peaks
after the first cycle. In comparison, MoO, only shows two
reduction and two oxidation peaks,'” and MoO, has only one
of each.”® The complicated CV curves of Mo,O,, indicate that
its structure has a more complex variety of Li sites®® and/or
oxidation states on Mo than either MoO, or MoO; does. As
expected, Mo,O,, redox peaks occurred at higher voltages than
MoO, and at lower voltages than MoO; due to the
intermediate average oxidation state on Mo. Interestingly,
unlike the CV data acquired within the narrower voltage range,
presented in Figure 3a, this CV trace displays some opening
around the central region that is characteristic of pseudoca-
pacitive processes. Figure 6 also compares two different cycling
voltage ranges.

https://doi.org/10.1021/acs.chemmater.2c00420
Chem. Mater. 2022, 34, 4122—-4133


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00420/suppl_file/cm2c00420_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00420?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00420?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00420?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00420?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00420?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00420?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00420?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00420?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00420?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00420?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00420?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00420?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00420?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00420?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00420?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00420?fig=fig6&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

The 1.2 to 3 V voltage window was used in all subsequent
electrochemistry experiments, including galvanostatic cycling
(Figure 7). In this voltage range, the first galvanostatic
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Figure 7. Galvanostatic cycling at a rate of C/10 first discharging to
1.2 V and then charging to 3.0 V for 10 cycles.

discharge at C/10 achieved a capacity of about 385 mAh
g~!, which significantly exceeded the theoretical capacity of
288 mAh g~' but aligned well with first-discharge capacities
reported in the literature.>>** Furthermore, the shape of the
first discharge curve looked similar to those in the literature
with resgect to the number and location of the voltage
plateaus.””*>*> We observed a notable drop in capacity
between the first and the second discharges, which was
consistent with the literature.*>*> However, our cycling
stabilized right away to about 270 mAh g™ and then faded
very slowly when cycled at a C/10 rate, whereas in previous
cycling shown in the literature, the capacity faded much more
quickly and consistently.* This is likely due to our more
favorable choice of voltage window. A conversion reaction was
expected at low voltages, so we did not cycle below 1.2 V,
while some of the only reported long-term cycling dipped
down to 0.5 V.** The study that cycled between 1.5 and 3.0 V
demonstrated less severe capacity fade* but still more than we
observed. This could still be due to the nonoptimized voltage
window and our more modern cell configuration. We
compared two different upper voltage cutoffs, 3.0 and 3.7 V,
from which we selected 3.0 V for future experiments because it
yielded more stable cycling in the long term (see Figure 8a
compared with 1.2 to 3.7 V long-term cycling shown in the SI,
Figure S3). This could mean that a detrimental or irreversible
reaction occurred between 3.0 and 3.7 V, causing the cell using
the wider voltage to experience faster capacity fade. The small
oxidation and reduction peaks in the CV between 3.0 and 3.7
V could be related to dissolution of the active material, which
would result in the observed capacity fade, and has also been
hypothesized as a failure mode of related MoQO, batteries.”’
Furthermore, when deconstructing Swagelok cells of Mo,O,;
that had been charged up to 3.7 V, the white glass fiber
separators were observed to have been stained bright blue,
which can indicate dissolution of the active material. This was
seemingly avoided when 3.0 V was used as the upper voltage
cutoff.

In the CV and galvanostatic cycling experiments, relatively
low voltage polarization was observed, which is usually
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Figure 8. (a) Long-term galvanostatic cycling of Mo,O;; at 1C
between 1.2 and 3.0 V. (b) Variable rate galvanostatic cycling of
Mo,0;; cycled between 1.2 and 3.0 V.

interpreted as a sign of high conductivity of both Li" ions
and electrons in the material. High conductivity is necessary to
achieve the good rate performance exhibited in Figure 8b. The
capacity of the C/10 cycling in the rate experiment differs
somewhat from the capacity measured during the longer term
C/10 cycling given in Figure 7, and this difference can be
attributed to variation in the mass loading of electrodes cast in
different batches. Compared to the second cycle capacity at C/
10, approximately 88% of the capacity was retained when
cycling 10 times faster at a 1C rate. At the high rate of 10C,
Mo,0, still achieved a capacity of 177 mAh g~'. The capacity
at a rate of 1C was almost entirely recovered after faster cycling
(decreased from about 267 mAh g™' to 263 mAh g™'),
indicating that the material was not degrading at higher cycling
rates.

Though the first discharge exceeds the theoretical capacity
(which was calculated such that each Mo is in a 4+ oxidation
state but none are reduced further), ex situ XPS (Figure 9)
confirms that the oxidation state of Mo does not go below
Mo*". This means that there must be some other reaction at
the Mo,O,, electrode using electrons. Oxygen evolution is
unlikely at such low voltages, so it is possible that some solid
electrolyte interface layer is forming.

When the cell is recharged, the Mo returns to predominantly
Mo® and Mo**. The XPS spectra of material discharged once
versus discharged twice look identical, indicating reversibility
after the first discharge.

Structural characterization is key to our task of learning
which structural motifs lead to the favorable electrochemical
properties we observe. Operando XRD is a unique technique
that allows structural characterization of the electrode material
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Figure 9. X-ray photoelectron spectra of uncycled Mo,O,;, Mo,O,,
discharged to 1.2 V, Mo,O,; recharged to 3.0 V, and Mo,O,,
discharged a second time to 1.2 V.

while lithium is being intercalated and deintercalated. Previous
in situ XRD of orthorhombic Mo,O,; concluded that the
structure becomes amorphous during the first discharge below
2 V.’ In contrast, we observe a complete structural change
during the first discharge (Figure 10) but not a loss of
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Figure 10. Operando XRD of Mo,O; discharged to 1.2 V, charged to
3.0 V, and discharged again at a C/20 rate. The cell underwent a
short-circuit at the end of the charge, as marked with the arrow and
the shaded box. The structure before and after the short is essentially
the same, and the first charge and second discharge show near-
identical, repeatable structural evolution. The peak at Q = 1.275 A™" is
an inactive peak associated with the operando cell.

crystallinity. The structure of this new phase that is formed
upon lithiation is then maintained reversibly in subsequent
cycling. Operando synchrotron XRD was measured for two full
cycles at a rate of C/5 and for 5+ cycles at 1C, and at these
faster rates the progression of peaks was just as reversible (see
SI, Figure S4). Because the new phase is present for all of the
cycling except for the first discharge, it is this new phase which
demonstrates high capacity at the high rates shown in Figure
8b. However, the precise structure of this new phase has not
yet been determined. While the presence of a strong low angle
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peak (at around Q = 1 A7, shifted higher or lower depending
on how lithiated the structure is) is similar to the layered
phases of lithiated MoO;”® and LiMo0O,,”’ that is where the
similarities end. The new phase appearing on discharge of
Mo,0,; does not seem to match any lithated or unlithiated Mo
oxide phase reported in the Inorganic Crystal Structure
Database. While (Na/Li)yoMogO;, have purple bronze
structures similar to the unlithiated, monoclinic phase of
Mo,0,,,°*™®" they do not appear similar to the cycled
orthorhombic Mo,O,; structure. We have also compared
simulated diffraction patterns from some of the Mo oxide—
hydroxide phases to our data, but with no success. The
operando XRD pattern taken from the delithiated Mo,O,, at
the end of the first full cycle (but before the cell short-circuit)
was indexed, and a space group and unit cell are proposed for
the new structure later on in this text.

In addition to the phase change, the bow-shaped evolution
of peaks during the first 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
structure. The operando XRD of Mo,O;, shows that once Li
starts to be removed from the fully discharged structure, the
structure contracts, as expected. However, as delithiation
continues past approximately 2.3 V, the peaks start shifting to a
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 very different, when
usually a lithiated structure is approximately 10% larger than its
delithiated counterpart.

In order to further probe the structural transformation of the
first discharge past 2 V, ex situ Raman spectroscopy was
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 uncycled Mo,O,;
and MoOj (see Figure 11). We utilized Raman spectroscopy

as prepared Mo,O,

after 1 discharge

after 1 charge

charged, after 2 cycles

| | | 1 | 1 | | | L
200 400 600 800 1000

Raman shift (cmfl)

Figure 11. Raman spectra of MoOj and uncycled Mo,O;, compared
with ex situ samples of Mo,O; cycled between 1.2 and 3 V at a rate of
C/20.

because it can reveal elements of the local structure that may
not be captured by XRD, which looks at extended crystal
symmetry. It is notable that there are clear differences between
all three ex situ Raman spectra, given that operando XRD and
entropic potential measurements show the most drastic
structural changes occurring during the first discharge. This
suggests that the local structure may continue to change during
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subsequent cycling without drastically affecting long-range
order.

The Raman spectrum of as-prepared Mo,O,; has three main
peaks at 788, 836, and 906 cm™' originating from doubly
coordinated oxygen Mo—O—Mo bonds at corner-shared
octahedral sites.”” The strong peak at 183 cm™' is a
characteristic vibration of tetrahedral Mo*. The dehydrated
a-MoQj structure is layered and made up of only octahedral
Mo sites, and its Raman spectrum is well studied;**** where
the 996 cm™' peak is assigned to the stretching modes of
Mo=0O0, the intense peak at 820 cm™' is assigned to the
bridging oxygen vibrations (Mo—O—Mo) and the 667 cm™
peak to O—Mo—O stretch, and 159 cm™ is a translational
rigid MoO, chain mode. The twice-cycled Mo,O,; ex situ
sample has three peaks similar to those of the @-MoO; at 992,
818, 337, and 283 cm™". The disappearance of the 183 cm™
peak (tetrahedral Mo**) compared to the uncycled material
and the appearance of the 992 cm™" peak (Mo=0) could be
further evidence that the transformed Mo,O,; structure is
more layered than the pristine orthorhombic Mo,O,; and/or
has a greater fraction of octahedral versus tetrahedral sites than
the uncycled Mo,O,;. This concept is not new for Mo, as there
is other literature evidence that Mo can change its local
environment quite drastically during electrochemical cycling.*®
In the case of AlL,(MoO,); Mo ions also migrated out of
tetrahedral sites and into octahedral positions during cycling.”®
However, Al,(Mo0O,); became amorphous upon lithiation,*®
while Mo,O,; maintained crystallinity and demonstrated more
stable long-term cycling. While Raman spectroscopy cannot
tell us exactly what the new Mo,O,; structure is, information
about the local environment supports that the structure
became more layered after the first discharge.

In an attempt to further understand the nature of the
structural transformation, transmission electron microscopy
(TEM) was carried out on samples before and after Li* cycling.
TEM images are shown comparing pristine Mo,O,; after ball
milling with carbon black (Figure 12a) with an an ex situ
sample that was lithiated (discharged to 1.2 V) and delithiated
again (charged to 3.0 V; Figure 12b). Figure 12a confirms the
d-spacing of 12.3 A expected between the pristine Mo,O;; 200
planes. The d-spacing of 3.6 A measured in Figure 12b matches
the d-spacing expected from the peak at Q = 1.787 A™" in the
operando XRD pattern taken at the same state of charge
(delithiated Mo,Oy; at the end of the first full cycle). The same
operando XRD pattern was indexed in Topas Academic,*® and
the space groups and unit cells that seemed to most logically fit
the data were Pcc2 with a = 25.8787 A, b = 6.1166 A, ¢ =
4.6820 A, and cell volume = 741.102 A3 and Pmc21 with a =
259476 A, b = 6.1281 A, ¢ = 4.1803 A, and cell volume =
664.710 A®. Figure 12c shows a Pawley fit of the data using the
Pcc2 space group, and all the sample peaks are fit by the model.
This greatly narrows down the options for the possible
structure of the cycling Mo oxide phase. However, with the
existing data, the complete structure, given the indication of a
large unit cell, appears out of reach at this time.

Entropic potential measurements confirmed that the
structure changes completely on first lithiation below 2.0 V
to a structure that then cycles reversibly. Figure 13 plots the
open-circuit voltage Upc(x, T) and the entropic potential
0Upc(x, T)/0T of the Mo,O;; coin cell as a function of
lithium composition x in Li,Mo,O, for the first two full cycles.
Figure 13a shows that during the first discharge/lithiation,
seven distinct regions could be identified based on the
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Figure 12. (a) TEM of pristine Mo,Oy; after ball milling with carbon
black. (b) TEM of an ex situ sample of Mo,O,, that was discharged to
1.2 V and then charged to 3 V (delithiated) at a rate of C/20. (c)
Pawley fit of an XRD pattern taken from the operando experiment in
Figure 10 at the end of the first charge (before the short-circuit of the
cell) in the space group Pcc2 and a unit cell with the parameters a =
25.8787 A, b = 6.1166 A, ¢ = 4.6820 A. The arrow points to an
inactive peak associated with the operando cell.

evolution of Upcy{x, T) and 0Uycy(x, T)/0T. In region 1 (0
< x < 02), both Upcy{x, T) and dUgycy(x, T)/0T dropped
sharply, indicating lithium insertion in a homogeneous solid
solution.”™ In region 2 (0.2 < x < 0.7), both Upcy(x, T) and
OUpcy{x, T)/OT featured a plateau, corresponding to a two-
phase coexistence region.””>> In region 3 (0.7 < x < 1.1), the
decreasing Uocy(x, T) suggests a homogeneous solid solution.
Meanwhile, dUycy(x, T)/0T first increased and then
decreased, resulting in a local maximum. This behavior
might be due to an increase in the electrical conductivity,
which would lead to an increase in the electronic entropy.”*>
Both region 4 (1.1 < x < 2.3) and region 6 (2.6 < x < 3.3)
featured two-phase coexistence similar to region 2, while
region S (2.3 < x < 2.6) featured a homogeneous solid solution
similar to region 1. Finally, in region 7 (3.3 < x < 6.9), the
sloped Upc(x, T) suggests a homogeneous solid solution.
Furthermore, dUqcy(x, T)/0T exhibited tilde-shaped fluctua-
tions, which can be attributed to intralayer lithium order-
ing.***>%%7 Experimentally, redox peaks are observed in cyclic
voltammetry at the potential where ion ordering occurs. This
result indicates that the ion ordering reaction can possibly
enhance the specific capacity. Similarly, Figure 13 shows (b)
the first delithiation/charge, (c) the second lithiation/
discharge, and (d) the second delithiation/charge. In Figure
13b—d, only four distinct regions could be identified. To
highlight the change in behavior after the first lithiation, the
different regions were numbered using Roman numerals
instead of numbers 1—7 as for the first lithiation. All four
regions featured homogeneous solid solution behavior, but
regions II and IV also featured intralayer lithium orderin
based on the tilde-shaped fluctuations in 0Uqcy(x, T)/dT.>”

In general terms, the voltage regions showing homogeneous
solid solutions and two-phase coexistence during the first two
cycles are in agreement with electrochemical testing. In the
CV, we can see redox peaks around the same potentials as both
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the two-phase coexistence regions and the ion ordering
regions. Consistent with the operando XRD, the evolution of
Uoev(x, T) and 0Uqci(x, T)/OT significantly changed during
the first lithiation but then remained similar during the
subsequent cycling, indicating reversibility after the first
discharge.

For further illustration, Figure 14 overlays the entropic
potential 0Uyc(x, T)/dT of the Mo,O;, coin cell as a
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Figure 14. Entropic potential 0Ugcy(x, T)/0T of a M0,O; coin cell
as a function of open-circuit voltage Uycy(x, T) during the first two

cycles.

function of the open-circuit voltage Uycy(x, T) for the first two
cycles. All the traces, except for the first lithiation above 2.1V,
are overlapping. This is further support that entropy profile
plots of 0Ugcy(x, T)/0T vs Ugey(x, T) can reveal fundamental
changes in the structure and the thermodynamics of the
material beyond the degradation caused by increasing kinetic
barriers.”” Overall, the potentiometric entropy measurements
confirm the existence of homogeneous solid solution and two-
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phase coexistence, which were also identified from electro-
chemical testing, and capture the existence of intralayer ion
ordering, which was not identifiable from other character-
ization methods. They also support the finding that Mo,O,
undergoes an irreversible phase change during the two-phase
coexistence region of the first lithiation, but the structure and
the thermodynamics of the new phase remain stable during the
subsequent cycling.

B CONCLUSIONS

In this study, the reduced molybdenum oxide Mo,O,; has
been prepared and characterized as a high-rate Li*-ion battery
electrode. Redox occurs on the Mo centers, going from Mo%t/
Mo®" to Mo*". With higher oxidation states than Nb, this puts
the redox occurring in Mo,O,; at a higher voltage than many
of the high rate shear-structured materials, making it less
effective as an anode. However, this material teaches us many
structural lessons. Despite the lack of apparent electronic
conduction pathways through the orthorhombic Mo,O,;
structure (no edge sharing), a capacity of over 200 mAh g™
was achieved at the high rate of 5C using micrometer-sized
particles of the active material. Operando XRD and entropic
potential measurements reveal that the structure dramatically
changes upon the first lithiation, and subsequent cycling is
completely reversible with low capacity fade. It is this new
structure that demonstrates high-rate cycling and extremely
little voltage polarization. This finding greatly expands the
scope of candidate high-rate electrode materials to those whose
structures may become more favorable with lithium insertion.
The new structure of Mo,O, after the first discharge could not
yet be precisely determined from the operando XRD experi-
ment; however, the XRD pattern from the delithiated material
was indexed, and possible space groups of Pcc2 and Pmc2l
were proposed. The strong low angle XRD peaks and the
similarity of the ex situ Raman spectra of the twice cycled
Mo,O,, to that of MoO; suggest that the structure may
become more layered, with a greater fraction of Mo in
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octahedral rather than tetrahedral sites. A major goal of
materials research is to determine which structural motifs lead
to which properties, so determining the precise structure that
appears after the first discharge would be a very important
continuation to this study. The ability to design high-power
battery materials can lead us to next-generation energy storage
and electric vehicles.
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