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ABSTRACT: Electrochemically-formed disordered rock salt compounds are an
emerging class of Li-ion electrode materials for fast-charging energy storage. However,
the specific factors that govern the formation process and the resulting charge storage
performance are not well understood. Here, we characterize the transformation
mechanism and charge storage properties of an electrochemically-formed disordered
rock salt from V9Mo6O40 (VMO). The crystal structure of VMO has similar motifs to
that of α-V2O5, a well-studied analogue, but VMO has less mechanical flexibility due to
additional corner-sharing octahedra in its structure. As a result, VMO undergoes a
single-step transformation pathway, which we characterize through operando X-ray
diffraction, and forms an unusual highly distorted lamellar microstructure, as we show
with high-resolution transmission electron microscopy. The resulting LixVMO material
shows fast charging and other electrochemical characteristics and performance typical
of many nanomaterials, even though the material is composed of relatively large
particles.

■ INTRODUCTION
Electrochemical energy storage devices with both high energy
density and high power density are essential for a number of
important technologies, including electric vehicles and grid-
scale storage.1,2 While next-generation energy storage chem-
istries show great promise, traditional insertion-based Li-ion
batteries currently show the best balance of capacity, rate
capability, and stability with extended cycling.3 Despite these
advantages, Li-ion batteries still have significant rate
limitations, especially with the high mass loadings used in
commercial cells.4,5 During charging, stored charge in the
device is balanced by solid-state redox reactions between a host
material and a Li+ electrolyte, and achieving full capacity
requires transport of both Li+ and electrons throughout the full
volume of all grains of host material in the electrode. Typically,
this is difficult to achieve at high cycling rates since the
diffusion of Li+ in the solid state is several orders of magnitude
slower than that in the liquid electrolyte, even in the best-
performing host materials.6 As such, a fundamental under-
standing of how the crystal structure and particle morphology
influence both ionic and electronic transport is necessary in the
search for ever better electrode materials.7,8

One class of compounds of particular interest as electrodes
in Li-ion batteries is the rock-salt-derived family of materials.
The base rock salt structure, which comprises a densely packed
edge-sharing network of cations and anions extending in three-
dimensions, serves as a basis for a variety of relevant materials,
including several conversion-type anodes,9−12 the layered Ni-

based and disordered rock salt cathodes,13−19 and spinel
LiMn2O4

20 and Li4Ti5O12.
21 Accordingly, extensive exper-

imental and theoretical work has focused on understanding the
details of charge storage in this family. While the dense
bonding environment in the rock salt crystal structure typically
leads to high activation energies for Li+ hopping and thus poor
ionic diffusion, an appropriate distribution of weakly repulsive
cation species (typically Li+) can lower the activation energies
dramatically.15,22,23 For example, in the layered Ni-based
cathodes, cations order into alternating slabs of smaller (Li+)
and larger (Ni3+, Co3+, Mn3+, etc.) cations, and this well-
defined ordering is essential for good ionic transport
throughout the structure.22 Alternatively, in disordered rock
salt structures, a large amount of weakly repulsive Li+ cations
can still provide sufficient ionic diffusion, provided that they
form a percolating network of hopping pathways in the crystal
structure.15,23

Rock salt structures can also be formed electrochemically
during initial ion insertion and often remain electrochemically
active in subsequent cycles. Most famously, this process occurs
for V2O5, which undergoes a series of reversible phase
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transitions at moderate Li+ contents (0 < x < 1.5), and then
transforms irreversibly to a disordered-rock-salt-type ω-
LixV2O5 phase at deep lithiation (2 < x < 3).24,25 The ω-
LixV2O5 phase has been extensively studied as a potential
cathode material cycled between 2.0−4.0 V vs Li/Li+ (0 < x <
2) due to its excellent rate capability when nanostructured,
especially in composite structures with conductive car-
bons.26−29 Recently, it was observed that ω-LixV2O5 could
be lithiated significantly further, and the resulting disordered
rock salt Li3+xV2O5 showed exceptional performance in a
voltage region ideal for a fast-charging anode material (0.01−
2.0 V vs Li/Li+).30,31 Importantly, these results firmly establish
the potential for the application of electrochemically-formed
disordered rock salt compounds in commercial cells.
The electrochemical formation of disordered rock salt

structures is not unique to V2O5. Previous work has shown
that this process occurs upon Li+ insertion in Li2MoO4,

32

Li2W2O7,
33 and TiO2.

34,35 TiO2 also undergoes a similar
transformation on Na+ insertion.36,37 Most recently, it was
demonstrated that amorphous films of Nb oxide crystallize into
a rock salt phase when cycled with Li+; this work stands in
contrast to previous cases where crystalline precursor materials
were used.35 Broadly, these examples all utilize deep lithiation
and produce fairly disordered materials since they are formed
at room temperature. Beyond these trends, however, relatively
little is known about this wide-ranging class of materials since
they have only recently gained greater attention. In particular,
there is a clear need for design principles regarding the role of
precursor structure and composition in governing the trans-
formation process, the structure of the resulting disordered
rock salt material, and its electrochemical performance.
In this work, we thus characterize the electrochemical

formation of a new disordered rock salt phase formed from the
crystalline compound V9Mo6O40 (VMO). VMO was first
reported in 1982 and has received relatively little attention
aside from basic characterization of its charge storage
performance.38−40 While a range of vanadium molybdenum
oxides with lower Mo content form solid-solutions in the α-
V2O5 crystal structure, which consists of layers of edge-sharing
pyramids held together by van der Waals forces, VMO and the
related phase V2MoO8

41 make the lowest Mo content
structures that are not isostructural with α-V2O5. The crystal
structure of VMO possesses the same edge-sharing pyramids
that are seen in α-V2O5, but instead of extending infinitely in
two-dimensions, they alternate with planes of corner-sharing
octahedra.39 Importantly, this change imparts rigidity into the
crystal structure and makes VMO a three-dimensionally
connected tunnel structure instead of a layered van der
Waals compound.
Here, we study the Li+ insertion properties of micron-scale

particles of VMO. Using operando synchrotron X-ray
diffraction (SXRD), we demonstrate that VMO transforms
directly into a disordered rock salt structure upon lithiation, in
contrast to the multiphase pathway seen for α-V2O5.
Subsequent cycling in the resulting disordered rock salt
LixVMO shows good rate capability and cycling longevity,
with clear increases in the diffraction intensity upon insertion,
followed by a decrease in the diffraction intensity and
formation of a new disordered diffraction signal during
deinsertion of Li+. High-resolution transmission electron
microscopy (TEM) shows that the disordered rock salt
LixVMO has an unusual microstructure consisting of a
collection of highly distorted, loosely coherent atomic planes.

These data suggest that the increased rigidity in the pristine
VMO crystal structure relative to α-V2O5 dramatically changes
the formation pathway and microstructure of the resulting
disordered rock salt material and more broadly highlights the
role of precursor structure and composition in this family of
compounds.

■ EXPERIMENTAL SECTION
Material Preparation.Micron-scale bulk V9Mo6O40 was prepared

through a modified aqueous sol−gel route based on freeze-drying. In a
typical synthesis, 200 mg of NH4VO3 (Sigma-Aldrich) and 200 mg of
(NH4)6Mo7O24·4H2O (Alfa Aesar) were dissolved with stirring in 5
mL of deionized water in a 20 mL scintillation vial at 85 °C. Once the
precursors were fully dissolved, the precursor solution was vitrified by
dropwise addition to liquid N2, then lyophilized in a custom-built
vacuum chamber on a Schlenk line for 12 to 24 h at pressures <200
mTorr. The resulting dried precursor powder was calcined in a muffle
furnace in air at 550 °C (30 min ramp, 1 h. hold). A variety of
calcination temperatures were found to result in phase pure
V9Mo6O40, and this procedure was chosen since it provides a balance
between moderate particle size and good crystallinity. After
calcination and prior to electrode fabrication, the as-synthesized
VMO products were ground in a mortar and pestle to yield a fine
powder.

Structural Characterization. Scanning electron microscopy
(SEM) images and energy-dispersive spectroscopy (EDS) spectra
were obtained by using a model JEOL JSM-6700F field emission
electron microscope. Imaging was conducted with a 5 kV accelerating
voltage and 6 mm working distance. EDS spectra were taken with a 15
kV accelerating voltage at a 15 mm working distance. TEM was
performed using an FEI Technai G2 T20 high-resolution EM
operating at 200 kV. Sample purity was assessed using laboratory
X-ray diffraction collected with a PANalytical X’Pert Pro diffrac-
tometer operating with Cu Kα (λ = 1.5418 Å) using a 0.05° step size,
an accelerating voltage of 45 kV, and a current of 40 mA. X-ray
photoelectron spectroscopy (XPS) analysis was performed by using a
Kratos Axis Ultra DLD with a monochromatic Al Kα radiation source.
A charge neutralizer filament was used to control charging of the
sample, a 20 eV pass energy was used with a 0.1 eV step size, and
scans were calibrated using the C 1s peak shifted to 284.8 eV. The
integrated areas of the XPS peaks and atomic ratios were found using
CasaXPS software. The atomic sensitivity factors used were from the
Kratos library within Casa software. All samples were loaded into the
instrument without exposure to air. For ex situ characterization of
materials after cycling, including SEM, TEM, and XPS, electrodes
were cycled in coin cells, which were subsequently opened inside of a
glovebox. The electrodes were then washed multiple times in
dimethyl carbonate (DMC) and dried under vacuum before sample
preparation for the respective techniques.

Electrochemical Testing. VMO powders were assembled into
composite slurry electrodes for electrochemical testing. Electrodes
had an overall composition of 80% active material, 5% multiwalled
carbon nanotubes, 5% vapor-grown carbon fibers, and 10% poly-
(vinylidene fluoride) (PVDF) binder. Prior to slurry preparation, the
dry slurry components and current collector were heated at 100 °C
under vacuum overnight. The active material was ground with the
carbons in a mortar and pestle dry, then a PVDF binder solution (2.5
wt % in N-methyl pyrrolidone) was added and mixed to produce a
homogeneous paste that was cast onto a carbon-coated aluminum
current collector with a doctor blade. The electrodes were dried under
vacuum at 100 °C overnight. Electrodes with 0.7 mm diameter were
punched out for electrochemical testing with mass loadings of active
material of 1−1.5 mg/cm2. These moderate mass loadings were
chosen to study the intrinsic performance of the active material as
they allow for reproducible electrode performance with minimal
optimization of the slurry. High mass loadings, such as those used in
most practical devices, lead to rate limitations from electrode
composition and distribution of active materials that require extensive
optimization to overcome.
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All electrochemical measurements were conducted in stainless-steel
2032 coin cells (MTI) with a stainless-steel conical spring, a 0.5 mm
stainless-steel spacer for the anode, a 0.5 mm aluminum spacer for the
cathode, and a glass microfiber separator (Whatman). The electrolyte
was 1 M LiPF6 in 1:1 ethylene carbonate (EC): DMC with ∼50 μL
of the electrolyte per cell. All cycling experiments were performed
between 1.5 and 3.5 or 4.0 V vs Li/Li+ on a VMP3 potentiostat/
galvanostat (Bio-Logic). For testing purposes, VMO electrodes were
studied in a half cell configuration versus a Li metal anode. When
calculating C-rates, the theoretical capacity used was 240 mAh/g,
based on the 1 e− Li+ insertion reaction into V9Mo6O40 (1C = 240
mA/g, 5C = 1.20 A/g, etc.). Before all cycling experiments shown,
including the long-term cycling and cyclic voltammetry, VMO
electrodes went through galvanostatic rate testing. The first cycle,
which includes conversion of pristine VMO to the disordered rock
salt phase, was performed at 1C.

Operando Synchrotron X-ray Diffraction. All operando SXRD
measurements were performed at beamline 11-ID-C at the Advanced
Photon Source at Argonne National Laboratory at 105.7 keV in
transmission geometry with an area detector. For this experiment,
freestanding pellet electrodes of VMO were made with 6:1:1:2 mass
ratio of VMO: vapor-grown carbon fibers: multiwalled carbon
nanotubes: PTFE binder. These electrodes were loaded into
AMPIX cells in an argon glovebox with Li metal counter electrodes,
glass fiber separators, and electrolyte (1 M LiPF6 in 1:1 EC:DMC).

42

All two-dimensional SXRD data were calibrated with a LaB6 external
standard and integrated into one-dimensional diffraction patterns
using GSAS-II.43 Background subtraction was performed on the
diffraction data to remove scattering from the electrolyte. Crystal
structures were visualized with the VESTA software package.44

■ RESULTS AND DISCUSSION
Synthesis and Structure of V9Mo6O40. The chemical

formula and crystal structure of V9Mo6O40 (VMO) were
originally identified in the 1980s using X-ray diffraction and
confirmed in a subsequent study with neutron powder
diffraction.38,39 The crystal structure consists of alternating
planes of edge-sharing pyramids and corner-sharing octahedra
along the a-axis, and these planes extend infinitely in the b-axis
direction (Figure 1A, middle).39 The corner-sharing octahedra
also connect parallel to the c-axis, while the pyramids repeat
without connecting in that direction. V9Mo6O40 has a
composition near the middle of the oxidized V−Mo oxides,
of which the binary oxides α-V2O5 and α-MoO3 are the end
members (Figure 1A). Both α-V2O5 and α-MoO3 are layered
van der Waals compounds, although the different size, charge,
and preferred coordination number of V5+ and Mo6+ lead them
to have different arrangements of atoms within that structure
type. Whereas α-V2O5 layers are made of edge-sharing square
pyramid dimers that corner share with alternating orientation
along the layer direction,45 α-MoO3 consists of a bilayer
network of edge-sharing octahedra, with bilayers separated by
the van der Waals gap.46,47 The α-V2O5 phase can
accommodate the addition of Mo in a solid-solution manner
over an extended range; V2−xMoxO5 is stable (0 ≤ x ≤ 0.6)
with only minor changes in the structure.48 For example, in
V2−xMoxO5, Mo5+ can exist to better fit within the structure
with a more stable coordination environment similar to that of

Figure 1. (A) Structure space of the fully oxidized V−Mo oxides, with the crystal structures of V9Mo6O40 (middle) and the two end members α-
V2O5 (left) and α-MoO3 (right) highlighted. The dashed boxes indicate edge-sharing pyramid dimers, a structural feature shared by α-V2O5 and
V9Mo6O40. (B) Powder X-ray diffraction pattern and (C) scanning electron micrograph of the bulk V9Mo6O40 in this study.
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V5+. However, by x = 1, the greater stability of Mo6+ favors the
inclusion of corner-sharing octahedra, in which each transition
metal (TM) cation is coordinated by six oxygen atoms, with
decreased electrostatic repulsion between sites compared to
the edge-sharing pyramid dimers in α-V2O5. This transition
leads to the middle region of the composition range, which
includes V9Mo6O40 (VMO), the focus of this study, and the
isostructural V2MoO8. Importantly, the three-dimensional
connectivity of the planes of corner-sharing octahedra makes
VMO a tunnel structure without a van der Waals gap, although
the structure still retains some layered character due to the
presence of edge-sharing pyramid dimer units. Additional
discussion about the chemical formula and charge neutrality in

the VMO crystal structure can be found in the Supporting
Information.
We synthesized micrometer-scale powders of VMO through

a modified sol−gel-type method based on freeze-drying. In this
process, aqueous solutions of NH4VO3 and (NH4)6Mo7O24
precursors were vitrified in liquid N2 and dried through
sublimation on a Schlenk line. The resulting dried V−Mo
precursor powder was then calcined in air at 550 °C to
crystallize VMO. We note that freeze-drying is a well-
established route to powders with high surface area and
porosity, and, here, helps improve purity by preventing the
precipitation of NH4VO3, which often occurs with traditional
sol−gel synthesis.49−52 Powder X-ray diffraction on as-

Figure 2. Electrochemical performance of LixVMO. (A) Galvanostatic charge storage profiles of VMO electrodes for the first three cycles. During
the first lithiation, the material undergoes an irreversible transformation to a disordered rock salt phase, as shown by the large plateau. (B)
Galvanostatic cycling performance of VMO electrodes at different rates. (C) Long-term galvanostatic cycling at 10C. (D) Cyclic voltammetry of
VMO electrodes at different rates. (E) Power-law (log−log) plot of the variation of the peak current of the main redox peak as a function of the
scan rate. The high value of the slope, approaching 1, suggests a pseudocapacitive charge storage mechanism.
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synthesized powders shows formation of the VMO phase with
greater than 99% purity, confirming the benefits of our
approach (Figure 1B). Rietveld refinement of this laboratory
diffraction data, as well as SXRD data of pristine VMO pellet
electrodes before cycling, confirms a close match with the
previously reported lattice parameters (Figures S1, S2 and
Tables S1, S2). SEM characterization of the VMO shows
anisotropic particles with a distribution of sizes and shapes
(Figure 1C). Most commonly observed is a bar-shape
morphology, where particles are about 2−10 μm long, 1−2
μm wide, and only about 100−500 nm deep, which clearly
indicates a preferred axis of growth for VMO crystals. These
bar-like particles often possess L-shaped bends, which
presumably form where two sections of crystal extend in
different directions within the same particle. Additional SEM
characterization of the pristine VMO particle morphology is
available in Figure S3 of the Supporting Information.

Electrochemistry of V9Mo6O40. To evaluate the electro-
chemical behavior of VMO when cycled with Li+, these VMO
powders were assembled into composite electrodes with
conductive carbon and binder and tested in a half-cell
configuration in coin cells. For galvanostatic cycling experi-
ments, we calculated a theoretical capacity of 240 mAh/g for
VMO, which assumes the insertion of 1 Li+ per TM into the
VMO structure. All C-rates used were based on this capacity
(1C = 0.24 A/g, 5C = 1.2 A/g, etc.).
Initial charge storage in VMO occurs through a sloping

profile with a few small features until about 0.5 Li+/TM is
inserted, at which point, a large plateau occurs (Figure 2A).
This plateau encompasses a considerable range of stoichiom-
etry (about 0.9 Li+/TM) and corresponds to the trans-
formation to a disordered rock salt phase, as we show later.
After the plateau is complete, little additional charge storage is
observed until the voltage cutoff at 1.5 V. On delithiation, and
during subsequent cycles, charge storage occurs through a
highly sloped profile without recurrence of the plateau seen
during the first lithiation. During the first delithiation, more
than 1 Li+/TM is removed (255 mAh/g), but this capacity is
not fully sustained in subsequent cycles, during which a
moderate capacity of about 0.75−0.85 Li+/TM, or 180−200
mAh/g, is reversibly achieved.
Galvanostatic rate testing was performed to evaluate the rate

capability of the VMO electrodes within two different voltage
windows, 1.5−4.0 V vs Li/Li+ and 1.5−3.5 V vs Li/Li+ (Figure
2B). LixVMO shows good retention of its capacity at high rates
despite the relatively large size of the particles tested. For the
1.5−4.0 V window, nearly 150 mAh/g (0.63 Li+/TM), or
about 75% of the slow rate capacity, is stored at 5C, while at
20C, 95 mAh/g (0.40 Li+/TM), or about 48% of slow rate
capacity, is accessed. At 60C, which corresponds to less than a
1 min charge or discharge, a respectable capacity of 48 mAh/g
(0.2 Li+/TM) or about 25% of the slow rate capacity is
obtained. At these higher rates, the sloping GV profile is
maintained (Figure S4). When the narrower window is used
(1.5 vs 3.5 V vs Li/Li+), similar performance is observed at
slow and moderate rates, with a greater difference at the
highest rates tested. For example, at 5C and 20C, 140 mAh/g
and 77 mAh/g are stored, but at 60C, the narrower voltage
window leads to greater losses from polarization, and only
about 14 mAh/g is retained. Overall, this charge storage
performance demonstrates fast kinetics in relatively large
particles of VMO, and even better performance can likely be

achieved with optimization of particle shape and size, as has
been shown extensively with V2O5.

28

To assess the reversibility and stability of charge storage
processes in LixVMO electrodes, long-term galvanostatic
cycling was performed over 500 cycles at 10C after initial
rate testing (Figure 2C). In the narrower voltage window up to
3.5 V vs Li/Li+, LixVMO shows good retention of its capacity,
with 77% of its initial capacity maintained after 500 cycles. In
many bulk battery materials, Li+ insertion is accompanied by
first-order phase transitions, which decrease cycle life
considerably due to repeated discontinuous changes in
volume.53 LixVMO, on the other hand, shows a sloping
galvanostatic charge storage profile, which suggests the absence
of a first-order phase transition, and this is likely the reason for
the comparatively better capacity retention. When the voltage
window is expanded up to 4.0 V vs Li/Li+, the improved
cycling kinetics are accompanied by a trade-off in stability,
since in this window LixVMO shows a lower capacity retention
of only 61% after 500 cycles. Notably, the galvanostatic profiles
remain sloping and show no change in shape over the extended
cycling, regardless of the voltage window (Figure S5).
Cyclic voltammetry, collected at sweep rates from 0.1 to 1.0

mV/s, was also performed on LixVMO electrodes after they
had undergone galvanostatic rate testing (Figure 2D). The
cyclic voltammogram for LixVMO shows a single broad redox
peak centered around 2.2 V for the anodic sweep and 2.4 V for
the cathodic sweep. Additionally, an even broader shoulder
feature is seen for the higher voltage region (>2.5 V). The
broad peak signatures of redox seen here for LixVMO are
unlike those for most bulk battery materials, which typically
show sharp peaks in cyclic voltammetry. This behavior can be
attributed to the disordered structure of the electrochemically-
formed rock salt LixVMO, which we characterize later.
Notably, even though both the V and Mo are undergoing
redox, there is only one broad redox peak in the CV; this is
commonly observed for disordered rock salt structure materials
and may arise because all TM sites, on average, have the same
local bonding environment.15 To further characterize the
charge storage behavior of LixVMO, we analyzed the cyclic
voltammograms using the power-law dependence of each peak
current (ipeak) as a function of the sweep rate (ν), which is
expected to vary according to the equation ipeak = aνb where a
and b are constants. The value of b, determined by fitting the
slope of log(ipeak) versus log(ν), indicates whether the reaction
is diffusion-limited (b = 0.5) or capacitive (b = 1.0) (Figure
2E).2,4,54 Intermediate values correspond to diffusion behavior
that is between semi-infinite diffusion and purely capacitive
behavior. This analysis has been used frequently in the
literature to distinguish diffusion-controlled or “battery-like”
and pseudocapacitive redox reactions, which appear capacitive
due to fast Li+ diffusion and the absence of large first-order
phase transitions.4,55−58 The values of b at the main redox
peaks of LixVMO are 0.94 and 0.93 for the anodic and
cathodic sweep, respectively, which suggests a highly capacitive
charge storage process, despite the relatively large particle sizes
studied here. This result is likely due to the absence of a first-
order phase transition during Li+ insertion in LixVMO, along
with fast Li+ diffusion kinetics.

Electrochemical Formation of Disordered Rock Salt
ω-LixVMO. To characterize the transformation of VMO
during its first lithiation, we performed operando SXRD at
beamline 11-ID-C at the Advanced Photon Source. In this
experiment, the active material is assembled with conductive
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carbon and binder into freestanding pellets, which are cycled in
AMPIX cells at a C/5 rate.42 The operando SXRD data from Q
= 1 to 5 Å−1 are shown in Figure 3A along with the
galvanostatic cycling profile collected during the experiment,
while selected diffraction patterns are highlighted in Figure 3B.
The pristine VMO initially shows shifts of the diffraction peaks
to lower Q during the first sloping region of the cycling profile,
which suggest some minor expansion of the lattice upon
lithiation. As the plateau begins, shifting stops, and instead a

steady decrease in the intensity of the initial VMO phase is
observed as its transforms into a different structure. Two broad
peaks emerge at 3.1 and 4.3 Å−1 by the middle of the plateau
and continue to increase in intensity until the end of the cycle,
by which point, the initial VMO phase has completely
disappeared. These new peaks are characteristic of a rock salt
phase, which we denote here as ω-LixVMO, after the
convention used for V2O5. As discussed previously, rock salt
phases consist of densely packed cations and anions that form

Figure 3. Transformation of VMO to a disordered rock salt phase during its first cycle. (A) Operando SXRD data on VMO plotted alongside the
galvanostatic profile during the first cycle. The pristine VMO transforms during the first lithiation into a disordered rock salt phase. Asterisks
indicate peaks from cell components. (B) Selected patterns from the data in (A) showing the pristine VMO and the disordered rock salt phase after
the first lithiation and delithiation. (C) Schematic of the transformation.

Figure 4. Characterization of the disordered rock salt LixVMO. Electron microscopy of the (A−C) pristine VMO and (D,E) delithiated disordered
rock salt LixVMO. Panels (A,D) show SEM images, while panels (B,E) and (C,F) show low- and high-resolution TEM images, respectively. The
particle morphology is retained after transformation, but the cycled LixVMO shows an unusual microstructure consisting of highly distorted planes
of atoms. The inset of (C) shows the fast Fourier transform of the pristine VMO, while the inset of (F) shows the selected area electron diffraction
pattern confirming the rock salt crystal structure for the cycled material.
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a network of edge-sharing octahedra in three dimensions. In ω-
LixVMO, the O2− ions make up the anion sublattice, while the
cation sites likely have a disordered mixture of V, Mo, and Li
ions. For an ideal rock salt structure, there are equal numbers
of cations and anions, but during electrochemical cycling of ω-
LixVMO, the amount of Li and thus the total number of
cations are dependent on the state-of-charge. In the fully
lithiated state, ω-LixVMO appears to have a nearly equal
number of cations and anions: VMO electrodes showed charge
storage corresponding to the insertion of 1.5 Li+ during the
first cycle transformation, which would give a nominal formula
of Li22V9Mo6O40 (37 cations and 40 anions) for the fully
lithiated ω-LixVMO. A schematic of the transformation from
pristine VMO to the ω-LixVMO phase is shown in Figure 3C.
After the transformation, the initial pristine VMO structure is
not recovered upon delithiation, confirming that the process is
irreversible. During delithiation, Li+ is removed from ω-
LixVMO, which leads to fewer cations within the structure and
likely disrupts the stability of the rock salt phase. This effect is
reflected in the operando SXRD data, which show a
considerable decrease in the intensity of the rock salt phase
peaks during delithiation. We will examine this process more
closely in a subsequent section. As we discussed previously, α-
V2O5, which shares its edge-sharing pyramid structural motif
with VMO, also transforms into a disordered rock salt phase
upon deep lithiation. However, prior to becoming the rock salt
phase, α-V2O5 goes through three additional discrete structural
phase transformations involving puckering of the layers to
better coordinate the inserted Li+ (Figure S6).25,30 VMO, on
the other hand, shows minimal change in structure before it
directly transitions to the rock salt phase. We hypothesize that
this change in the pathway originates from the additional
rigidity imparted by the planes of corner-sharing octahedra in
the VMO crystal structure. Whereas the edge-sharing pyramid
dimers can distort relatively freely in V2O5, their connection to
the octahedra in VMO pins their movement and prevents
significant distortion until the full-scale transformation of the
crystal structure to the rock salt phase.

We further characterized the disordered rock salt LixVMO
using electron microscopy to analyze how the dramatic change
in the atomic-scale crystal structure affects the morphology and
microstructure of the material. Particles with the bar-like
morphology seen for pristine VMO (Figures 4A and 4B) were
readily observed throughout a cycled LixVMO electrode that
had transformed to the rock salt phase (Figures 4D, 4E, and
S7). Although there was some evidence of cracks forming,
these data indicate that the particle morphology is largely
preserved through the structural transition during cycling.
Additionally, EDS on the cycled electrode confirmed the
presence of V and Mo (Figure S8). To characterize the
microstructure of disordered rock salt LixVMO, we performed
high-resolution transmission electron microscopy (HRTEM)
on particles from a VMO electrode cycled through the first
delithiation. Unlike the rigid, crystalline planes seen for pristine
VMO (Figure 4C), the cycled LixVMO showed a collection of
short, distorted planes of atoms that loosely fit together
(Figure 4F). This highly distorted “lattice” frequently appeared
as nanoscale domains (Figure S9), although it was also
observed to extend throughout entire particles (Figure 4E).
We confirmed its rock salt atomic-scale crystal structure with
selected area electron diffraction (Figure 4F, inset, Figure S10).
No evidence of the pristine VMO phase was observed, which
confirms the complete conversion of the material, as shown by
the operando SXRD data.
To our knowledge, the unusual distorted microstructure of

rock salt VMO is unique among the family of electrochemically
formed rock salt materials and may result from its more direct
formation pathway. We hypothesize, for example, that the
structural rigidity in the pristine VMO crystal structure likely
leads to its direct transformation to the rock salt structure
while simultaneously preventing full randomization of the
cations in the newly formed rock salt phase.
Since Li has much lower electron scattering contrast than V

or Mo, the microstructure shown here may reflect segregated
domains of Li-rich and transition-metal-rich regions, despite an
overall rock salt structure, leading to the lamellar morphology
of the final lattice. It may also reflect strain-induced distortion

Figure 5. Structural change during cycling of disordered rock salt LixVMO. (A) Operando SXRD data collected on the rock salt phase LixVMO
plotted alongside the galvanostatic profile for the second cycle. For clarity, data are shown only for the two most intense lattice planes of the phase.
(B) Selected patterns from the data in (A). When delithiated, the diffraction peaks from the rock salt phase decrease in intensity, and a broad
feature appears between Q = 1.8 and 2.5 Å−1. Asterisks indicate peaks from components of the cell.
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of the rock salt structure to form very small crystalline
domains, or some combination of the two. While the
disordered nature of the rock salt VMO prevented us from
obtaining sufficient resolution to see individual planes of atoms
in the material, based on the size of individual lamellae (<1
nm), it is clear that the length scale for domain formation is
very small along at least one axis. Because of this nonuniform
atom distribution, the resulting material effectively has
nanoscale crystalline domains within a dense micron-scale
particle. The small domain size is likely responsible for the
sloping galvanostatic profile and highly capacitive electro-
chemical kinetics of the ω-LixVMO that are shown in Figure 2.
More importantly, previous work has highlighted the need of a
percolating network of Li within disordered rock salt structures
for long-range ion diffusion, and any formation of Li-rich
domains may enhance diffusion in ω-LixVMO and contribute
to its high rate capability.15 Notably, we found that ω-LixV2O5
cycled in the same voltage window showed slower charge
storage kinetics (Figure S6), and several previous reports
indicate much worse cycling stability of ω-LixV2O5 compared
to that of ω-LixVMO.27,59 As such, the microstructure shown
here may enhance both the rate capability and the cycling
stability of the ω-LixVMO material.

Charge Storage Mechanism in Disordered Rock Salt
LixVMO. To investigate the mechanism for charge storage in
the disordered rock salt LixVMO, we performed operando
SXRD during the second lithiation−delithiation cycle after the
material had already transformed into the disordered rock salt
phase. The operando SXRD data are shown in Figure 5A for
the (200) and (220) regions, the two most intense reflections
of the phase, along with the galvanostatic cycling profile. As the
lithiation proceeds, no shifting of either peak is observed, but a
clear increase in the intensity of the phase is observed. During
delithiation, the intensity decreases back to a similar level to
that at the beginning of the cycle. Selected diffraction patterns
at the beginning, middle, and end of the lithiation-delithiation
cycle are highlighted in Figure 5B. The increase in intensity of
the rock salt LixVMO as it is lithiated is clearly shown. The
individual line plots in the delithiated state also help explain
the decreasing intensity seen during delithiation: in both
delithiated patterns, a very broad scattering feature from Q =
1.5 to 2.5 Å−1 is observed in the delithiated state, which then
disappears during lithiation. This result indicates that removal
of Li+ from the rock salt VMO produces an even more
disordered phase, which makes sense based on the need for
near-equal numbers of cations and anions in a rock salt crystal
structure. As LixVMO is delithiated, about half of the originally
inserted lithium is removed from the structure, so there would
then be considerably more anions than cations. Accordingly,
upon delithiation, LixVMO forms a distorted structure to
better accommodate this imbalance. The transition between
these two phases and the instability of the delithiated phase
likely lead to degradation of the material and capacity loss
during extended cycling; because more delithiation occurs
when cycling VMO with the higher 4.0 V voltage cutoff,
cycling under these conditions increases the amount of
degradation per cycle.
While the low intensity of the diffraction from the

disordered delithiated phase precludes identification of the
phase by diffraction alone, similar behavior has been shown for
the rock salt LixV2O5. A pair distribution function analysis by
Christensen et al. identified the delithiated phase as a highly
disordered analogue of β-LixV2O5, which consists of 2 × 2

chains of edge-sharing distorted octahedra that are connected
by corner sharing with edge-sharing pyramid dimers.60 In
LixV2O5, the distorted phase exists over a narrow composi-
tional range (0.22 < x < 0.37) and is favored electrostatically at
low Li+ content because the rock salt structure is too densely
packed for the highly charged TM cations in the delithiated
state (V5+ in the case of V2O5). Importantly, the β-LixV2O5
showed a short crystalline coherence length of only 10−15 Å,
which is consistent with the very broad nature of the peak in
diffraction seen here and the feature size in our HRTEM data.
While we cannot verify the identity of the phase for LixVMO,
several parallels in behavior are shown for LixV2O5, including
the reversible change in intensity of the rock salt phase during
cycling, which suggest that the atomic-scale processes for Li+
insertion and deinsertion are similar for these two disordered
rock salt phases.
To characterize the changes in the oxidation states of V and

Mo during cycling, we carried out ex situ XPS (Figures 6 and

S11). For these experiments, VMO electrodes were cycled to
the desired point, removed from the cell, washed, dried, and
then transferred to the instrument for data collection. The
removal and cleaning process was performed in an Ar
glovebox, and the transfer to the instrument was conducted
without exposure to air to prevent oxidation or other
degradation of the cycled electrode. For the pristine VMO,
only V5+ and Mo6+ are evident. At the end of the first lithiation,
when the disordered rock salt VMO has formed and is fully
lithiated, both V and Mo exist in partially reduced states, with
large amounts of V4+ and Mo5+ and some doubly reduced V3+
and Mo4+.61,62 At the first delithiation, when the rock salt
phase is delithiated, the doubly reduced species disappear, but
significant amounts of V4+ and Mo5+ remain alongside fully
oxidized V5+ and Mo6+. The presence of reduced species after
delithiation suggests that some Li+ remains in the lattice as a
structural component of the rock salt phase, as has been seen
in other electrochemically-formed rock salt materials.30,35

When the rock salt phase is lithiated, the doubly reduced
V3+ and Mo4+ return to a similar, though slightly lesser, extent,
confirming the reversibility of cycling both elements in the

Figure 6. Redox activity of VMO. Ex situ XPS on VMO electrodes
cycled to different points highlighting the (A) V 2p region and (B)
Mo 3d region. Both elements begin in their fully oxidized state and
become reduced during lithiation. The delithiated disordered rock salt
shows some remnant reduced species, suggesting that some Li+
remains in the material after the first lithiation.
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rock salt structure. The results of the XPS data are quantified
in Table 1. While the XPS technique is fully quantitative, only
the near-surface region of the sample is probed, so the
oxidation states could be more oxidized than those present in
the bulk of the material.
Finally, we evaluated the low voltage cycling behavior of the

VMO (Figure S12). In recent work, the structural analogue
V2O5 was demonstrated to undergo additional lithiation when
cycled in a low voltage region (0.05−2.0 V vs Li/Li+) after its
transformation to the disordered rock salt structure.30 While
VMO does show additional capacity in this region, it appears
to be accompanied by a conversion reaction, whereby VMO is
reduced to V and/or Mo metal and Li2O.

63 This result
highlights the challenge of creating disordered rock salt phase
materials that can be cycled at very low potentials, as insertion
reactions in this regime are always in competition with
conversion reactions.64

■ CONCLUSIONS
Using a combination of operando X-ray diffraction, electron
microscopy, and XPS, we have characterized the electro-
chemical formation and reversible cycling of a disordered rock
salt phase from a V9Mo6O40 precursor. Unlike the well-known
example of ω-LixV2O5, VMO transforms directly into its rock
salt structure during the first cycle without forming any
intermediate phases. Additionally, we showed an unusual
microstructure in rock salt LixVMO that consists of highly
distorted nanoscale lamellae arranged in a loosely coherent
lattice; this unique structure likely facilitates the improved
kinetics of micrometer-scale VMO and appears to enhance
cycling stability of ω-LixVMO relative to that of ω-LixV2O5 in a
similar voltage range. We hypothesize that these features are
due to the increased structural rigidity in the VMO lattice
relative to that of α-V2O5. Overall, this work provides insight
into the role of precursor structure in electrochemically formed
disordered rock salt phases.
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Table 1. Quantitative Summary of the XPS Data
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V3+

average
V+x

expected V+x
(electrochem)

%
Mo6+

%
Mo5+

% Mo
44+

average
Mo+x

expected Mo+x
(electrochem)

pristine 100 0 0 5 5 100 0 0 6 6
1st lith. (1.5 V) 45 24 31 4.1 3.7 25 55 21 5 4.7
1st delith. (3.5 V) 59 46 0 4.6 4.7 54 46 0 5.5 5.7
2nd lith. (1.5 V) 41 32 27 4.1 3.8 20 63 16 5 4.8
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