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Abstract

The development of alternative energy sources is crucial for reducing reliance on

fossil fuels, particularly for mobile applications such as personal electronics and trans-

portation. This necessitates the advancement of battery materials based on abundant

and inexpensive constituent elements. To achieve this requires investigating materials

in a broader compositional and structural design space. Early transition metal oxides,

including the intercalation electrode α−V2O5, however, the performance of V2O5 is

hindered by phase transformations during battery cycling that lead to capacity fade
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and short device lifetimes. This study investigates the modification of V2O5 through

Mo substitution in a series of the form V2−xMoxO5 for x = 0.05, 0.1, 0.2, 0.4, 0.6,

and 0.8. X-ray diffraction data reveal progressive structural changes with increasing

Mo content, which in turn change the progression of phase transformations during the

first discharge. The different product also results in different cycling profile shapes

that indicate differences in the charge storage mechanism as a function of Mo content.

As a result, samples with higher Mo-substitution, especially V1.2Mo0.8O5, have nar-

rower hysteresis, higher capacity, and improved capacity retention. While there is a

limited solubility of Mo in the V2O5 structure, with secondary phases and defects at

many compositions, we show that Mo substitution alters the cycling behavior of V2O5

to deep discharge, which can inform the design of intercalation materials for energy

storage applications.

Introduction

Enabling alternative sources of energy is essential for reducing dependence on fossil fuels.1

For mobile applications, such as personal electronics and for transportation, this requires

the continued development of battery materials, especially those based on abundant and low

cost materials.2 In addition to identifying specific materials candidates for commercializa-

tion, there is also a need to expand our understanding of fundamental structure-property

relationships affecting energy and power densities, as well as long-term cycling performance

of battery electrode materials.3,4

While there is robust understanding of conventional Li-ion battery cathodes, such as

layered oxides based on Co, Ni, Mn, and Al, a broader compositional and structural design

space will benefit the development of sustainable long-term energy solutions.5–8 A promising

class of alternative materials comprises early transition metal oxides,7,9–12 including clas-

sic intercalation electrode α−V2O5.
13–16 Interest in V2O5 is related to its high capacity,

about 450mAhg−1, however, its commercial adoption for energy storage is prevented by
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the cascade of phase transformations that accompany the coupled insertion (and removal)

of Li-ions and electrons during battery cycling. These phase transformations alter the Li

transport pathways and over time cause particle fracture, resulting in significant capacity

fade and short device lifetimes.17–19 Thus, there have been many efforts to understand the

nature of the phase transformations in V2O5 and how to mitigate them, including through

nanostructuring, compositional design, and electrode processing (e.g., carbon-coating).14,20

The α polymorph of V2O5 is composed of layers of [VO5] square pyramids (Fig. 1a). These

square pyramids alternate being corner- and edge-sharing, arranging into slabs that are two

corner-sharing polyhedra wide and connected by edge-sharing polyhedra. The structure can

also be viewed as rugged layers, across which there are long V−O interatomic distances. As

guest Li ions are intercalated between the complex layers in V2O5, the square pyramids rotate

around corner sharing vertices, resulting in a series of phase transformations as Li content

changes, progressing through the α, ϵ, δ, and γ phases of V2O5.
18,21,22 During discharge to

potentials of 1.9V or lower, a disordered rocksalt ω polymorph forms, with an estimated

composition of Li3V2O5.
15,23,24

Modification of the V2O5 structure and cycling behavior has been explored, including

through substitution of V by other transition metals and by the addition of other species in

the interlayer space, including Na+, K+, and NH+
4 .

21,25,26 These changes have been reported

to alter the layered structure, including the relative orientations of square pyramids and the

interlayer spacing.21,27 In addition, substitution of V by other species, of the form V2−xMxO5,

has been shown to result in changes in cycling behavior, including for M = Al3+, Mn2+, and

Mo6+.14,27–30 The mechanism of incorporation of lower valent Al and Mn remains unclear,

especially charge compensation and whether these species are incorporated between or within

layers. In contrast, more is known about substitution of V by Mo, including reported atomic

structures for several Mo concentrations.24,27,31–34 In addition, chemical characterization has

indicated that Mo is incorporated in its 6+ oxidation state, meaning there is some reduction

of V5+ to V4+, which has a larger ionic radius.35,36
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Despite previous reports of the structures of V2−xMoxO5 for 0< x ≤ 0.9,24,31–33 recent

work indicates a lower solubility limit of Mo in V2O5.
27 Specifically, Schofield et al. report

substitution in the range 0< x ≤ 0.147, beyond which secondary phases form. In this nar-

row substitution range, their data show a decrease in the interlayer spacing with increasing

Mo content, as well as associated improvements in battery cycling behavior, especially re-

versibility of two-phase transformations when cycled to a lower potential of 2V.27 For low

Mo concentrations, they find that Mo content drives a ‘pre-transformation’ that reduces the

mechanical strain that typically occurs during the initial stages of lithiation, which alleviates

some of the associated issues of particle fracture.

In previous work that reports Mo substitution up to V1.1Mo0.9O5 (Fig 1c), a decrease

in interplanar spacing is also reported.24,32,35 Duc et al. suggest that Mo6+ substitution

for V5+ has an associated reduction of some V to the larger 4+ ion. They attribute the

combination of larger Mo6+ and V4+ toward a more octahedral coordination,32 shortening

the long interlayer V−O distance and shifting the structure from the original layered struc-

ture of α−V2O5 toward the more three-dimensional structure of ‘idealized’ V2O5. In these

higher Mo-substituted samples, structural change toward a more three-dimensional struc-

ture have been reported to alter the electrochemical and electrochromic behavior relative to

V2O5.
24,27,31–33

The structural progression from square-pyramidal toward an octahedral coordination

with Mo-substitution has the potential to improve the cycling behavior in V2O5.
12,21,32 For

example, the R polymorph of Nb2O5, which has the idealized V2O5 structure (Fig. 1d),37

shows only minor structural changes with cycling, resembling the highly stable Wadsley−Roth

materials despite its structural similarity to V2O5.
12

Given the relationship between V2O5 and R−Nb2O5, we report here the degree to which

idealization can be achieved in V2O5 through Mo-substitution and the associated effects on

electrochemical lithiation and delithiation. Specifically, we assess changes in the phase trans-

formations during lithiation that result from Mo-substitution, and whether the stable cycling
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and excellent rate capabilities of Wadsley−Roth materials can be achieved in materials based

on V.

We find that X-ray diffraction (XRD) data of a solvothermally prepared series of Mo-

substituted V2O5 indicate progressive structural differences with increasing Mo content.

The resulting changes in the V2O5 structure prompt an alternative progression of phase

transformations during the first discharge. In all compositions we study, cycling data suggest

that with increased Mo content the atomic structure evolution is significantly changed during

the first discharge. Cycling to a deep discharge, the phase transformations during the first

discharge are not reversible, suggesting the formation of a disordered rocksalt structure,

such as ω−Li3V2O5.
24 The differences in the structure and chemistry of the first discharge

product result in narrower hysteresis, higher capacity, and improved capacity retention for

V2O5 with high Mo-substitution, especially V1.2Mo0.8O5.

However, Mo substitution is limited by the preferential formation of other Mo-V-O

phases, and hence idealization does not seem possible, even through low-temperature synthe-

sis routes. Even though the composition range of phase purity is narrow, samples with higher

Mo content and, with secondary phase(s) show improved electrochemical cycling behavior.

However, the current study is not able to identify the origin of this difference or the nature of

the cycling products, but such future work could be of interest to facilitate crystallographic

design of intercalation materials for energy storage and other functional applications.38–42

Methods

Synthesis

V2−xMoxO5 powders with x=0.05, 0.1, 0.15, 0.2, 0.4, 0.6, 0.8 were synthesized via solvother-

mal methods using a temperature-controlled autoclave (Model 4768 General Purpose Vessel,

600mL, Parr Instrument Company) adapted from previous literature report.31 Two precursor

solutions, one for V and one for Mo, were separately prepared. For the V solution, triethylene
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Figure 1: Reported crystal structures for α−V2O5,
43 V1.44Mo0.56O5,

44 V1.1Mo0.9O5,
32 and

R−Nb2O5.
12,37 These structures differ in the relative positions of transition metals, which in

turn affects their coordination environments. The relative offset of transition metals from an
octahedral coordination also varies; the relative direction of offsets in corner-sharing polyhe-
dra are in the same direction in (a) α−V2O5 and alternate directions in (b) V1.44Mo0.56O5,
(c) V1.1Mo0.9O5, and (d) R−Nb2O5.

glycol and deionized (DI) water were combined in a 2:1 ratio by volume and stirred vigorously

between 600RPM and 700RPM, at which homogeneous mixing was visually evident. Oxalic

acid (H2C2O4·2H2O) and ammonium metavanadate (NH4VO3) were added to the solution

in a 2:1 molar ratio, allowing for each constituent to dissolve completely between additions.

Finally, glacial acetic acid (CH3COOH, anhydrous) was added in a ratio of 1:2 to the water

in the initial solution. The precursor solution was 0.274M of NH4VO3. For the Mo solution,

oxalic acid, and ammonium molybdate tetrahydrate [(NH4)6Mo7O24·4 H2O] were mixed vig-

orously in DI water in a 2:3 ratio by mass for 1 h, allowing for the complete dissolution of

both constituents. The precursor solution was 0.006 M of (NH4)6Mo7O24·4H2O.

The V and Mo precursor solutions were combined (according to the target ratios) and

stirred continuously for 12 h, during which the solution turned a dark yellow-green color.

Solutions were transferred into a Teflon-lined autoclave where they were heated for 12 h, and

then allowed to passively cool to room temperature. For compositions with x = 0.05, 0.1,

0.15, and 0.2, the autoclave set temperature was 200 ◦C; for compositions with x = 0.4, 0.6,
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and 0.8, the autoclave set temperature was 190 ◦C.

Precipitates were washed and gathered from the solutions through repeated centrifugation

and decanting with DI water and ethanol. The precipitate was then dried overnight at 70 ◦C

and annealed in air at 500 ◦C. Compositions with x = 0.05, 0.1, 0.15, and 0.2 were annealed

at 450 ◦C and compositions with x = 0.4, 0.6, and 0.8 were annealed at 500 ◦C. Furnaces

were heated to the annealing temperatures at a rate of 4 ◦C per minute.

X-ray Diffraction

Powder XRD data, collected using a Panalytical X’Pert Powder Diffractometer, were used to

screen hydrothermal and annealed samples in the V2−xMoxO5 series. High-resolution XRD

data were acquired through the mail-in program at beamline 11-BM at the Advanced Photon

Source (APS) at Argonne National Laboratory for as-prepared V2−xMoxO5 (with x = 0.1,

0.15, 0.2, 0.4, 0.6, and 0.8) and for lithiated V1.95Mo0.05O5 and V1.2Mo0.8O5. Quantitative

analysis of diffraction data used GSAS-II.45

For synchrotron XRD, powders were loaded into 0.8mm diameter Kapton capillaries

sealed at both ends with epoxy. For lithiated samples, electrode powders (active material

and conductive carbon additive) were collected from loose-powder Swagelok cells for ex situ

XRD. In an Ar glovebox with no air-exposure, powders were washed with dimethyl carbonate

(DMC) to remove any residual electrolyte salt, dried under vacuum, ground using an agate

mortar and pestle, loaded into Kapton capillaries, and sealed with epoxy. Capillaries of

cycled samples were sealed under Ar gas in secondary containers for shipping, with exposure

of Kapton to air and moisture only at the beamline before measurements, thus mitigating

potential changes to the material from the permeation of moisture through Kapton.

Visualizations of crystal structure data used VESTA.46
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Cell Assembly and Cycling

Battery cycling was performed in home-built Swagelok cells (Fig. S1) with loose-powder

composite electrodes of active material, V2−xMoxO5 (for x=0.05, 0.4, 0.6, 0.8), and SuperP

conductive carbon additive (MSE Supplies) in an 8:2 ratio by mass, which were mixed using

an agate mortar and pestle. Li metal served as both counter and reference electrode in these

half-cells. Cathode and anode were separated by two Whatman glass filter dryer (GFD)

separators and the electrolyte was a 1M solution of LiPF6 salt in ethylene carbonate (EC)

and dimethyl carbonate (DMC) in a 1:1 ratio by volume (Aldrich).

Cells were assembled in an Ar glovebox and cycled galvanostatically at a rate of C/10

calculated for the theoretical reaction of 1 mol V2−xMoxO5 with 2 mol Li in 10 h, with

potential limits of 1.5V for discharge and 3.75V for charge. Cells were cycled using a Bio-

Logic VMP3.

Electron microscopy

Scanning electron microscopy (SEM) was performed using a TESCAN MIRA3 microscope

with a beam voltage of 5 keV and a working distance of ≈15mm. Samples were prepared on

carbon tape and sputtered with a thin layer of gold to prevent charging.

Transmission electron microscopy (TEM) and scanning transmission electron microscopy

(STEM) were performed using an FEI Talos F200X electron microscope (Thermo Scientific)

at 200 keV. Samples for TEM were prepared by using a small scoop of starting material

(concentration unknown) and adding 1000µL of high purity distilled chloroform. The sus-

pension was sonicated for 30 minutes in a water bath at room temperature and 10µL of the

suspension was dropcast onto a 200 mesh TEM Cu lacey grid (TedPella), followed by drying

at 60 ◦C overnight.
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Results and Discussion

Structural Evolution with Mo-substitution

High-resolution synchrotron XRD data show structural differences over the compositional

series of the form V2−xMoxO5 for x=0.1, 0.15, 0.2, 0.4, 0.6, and 0.8 (Fig. 2). Overall, the

changes in peak positions and intensities are consistent with our expectations for partial

substitution of V5+ by larger Mo6+. Generally, changes in peak positions reflect a decrease

in the c lattice parameter (the layer stacking direction) and an increase in the a lattice

parameter (Fig. 1a). Previous work shows that substitution by Mo6+ also results in some

reduction of V from the 5+ to 4+ oxidation state.32,47 The larger radii of Mo6+ and V4+

are associated with a shift from square pyramidal toward octahedral-like coordination of the

transition metals.35 This change in coordination drives the decrease in interplanar distance

(c parameter), such that the long M–O bond across layers decreases. In addition, impurities

are evident for several compositions, which are discussed with quantitative results of Rietveld

refinements.

Bragg peaks in XRD data over the series are best captured by three atomic structure

models, depending on x: orthorhombic α−V2O5 (Pmmn)43 for x≤ 0.2 (Fig. 1a), mono-

clinic V1.44Mo0.56O5 (C2/m)44 for x=0.4 (Fig. 1b), and monoclinic V1.1Mo0.9O5 (C2/m)32

for x=0.6 (Fig. 1c). The primary distinction of these structures is the lattice parameter

associated with their layer stacking direction, c, which decreases with increasing Mo con-

tent. In addition, these structures are different in the relative positions of cations in corner-

and edge-sharing square pyramids. In α−V2O5, pairs of transition metals in corner-sharing

square pyramids are displaced away from an octahedral center in the same direction (Fig. 1a).

In published structures with Mo content x≥ 0.56, transition metals in corner-sharing square

pyramids are displaced away from an octahedral center in opposite directions, with the offset

from an octahedral center alternating higher and lower (Fig. 1b and c).18

At low Mo concentrations (x=0.1, 0.15, 0.2), d-spacings associated with the (200), (110),
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Figure 2: (a) High-resolution synchrotron XRD data for the series V2−xMoxO5 in the range
from 0.1≤x≤ 0.8 and simulated XRD data for α−V2O5. Mo-substitution results in shifts
in the positions of several reflections, including (b) the (200) and (c) the (110) peaks. (d)
Peaks near 8.25◦ correspond to impurity phase(s) and vary with Mo content.

and (400) planes of α−V2O5 (Pmmn) increase with increasing Mo content, indicated by the

shifts of these reflections to lower 2θ positions (Fig. 2a and b). Two peaks near 6.0◦ and

6.5◦ correspond to the (001) and (101) reflections in V2O5 (Fig. 2c). The (001) reflection

shifts to higher 2θ over the series, consistent with the expected decrease of the c parameter

and interlayer spacing with increasing Mo substitution (Fig. 2c). The trends we find in this

compositional range are overall consistent with recent work by Schofield et al. in a similar

concentration of Mo-substitution in V2O5.
27

For x≥ 0.4, the (001) and (101) reflections shift closer together, toward a single reflec-

tion (Fig. 2c), due to the (101) reflection being disallowed for the monoclinic structures,

V1.44Mo0.56O5 and V1.1Mo0.9O5. This trend toward a single peak is associated with a shift of

transition metal positions, specifically, the change from transition metals in corner-sharing

polyhedra being offset from an octahedral position in the same direction in V2O5 to alternat-

ing directions with Mo substitution (Fig. 1a, b, and c).44 The resulting transition metal posi-
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tions are similar to those in R−Nb2O5, which has an idealized V2O5 structure (Fig. 1d).
12,37

The (100) reflection of R−Nb2O5 (A2/m), corresponding to the layer stacking direction, is

similar to the merging (001) and (101) peaks near 6.5◦ for samples with x≥ 0.4.12,37,44

Figure 3: Irregular particles with no systematic variation are observed by SEM for
V2−xMoxO5 with x = 0.05, 0.1, 0.15, 0.2, 0.4, 0.6, and 0.8.

In addition to changes of peak positions, increasing Mo content also results in changes to

peak shape, specifically peak broadening (Fig. 2). The changes in peak shape are especially

extreme for the (200) and (110) reflections for compositions with x≥ 0.4, even with high-

resolution synchrotron XRD data (Fig. 2b and c). SEM images show that there is not a

systematic change in the size of primary or agglomerated particles with Mo content (Fig. 3).

TEM images aid with the interpretation of XRD data, especially possible origins of the

large residuals of Rietveld fitting and peak shapes. TEM micrographs of V1.6Mo0.4O5 show

polycrystalline domains on the order of tens of nanometers (Fig. 4a and b). The fast Fourier

transform (FFT) of the high-resolution image shows the [100] zone axis (Fig 4c). At higher

magnification, micrographs and inverse FFT (IFFT) images show lattice fringes associated

with the crystallographic shear planes in several domains (Fig. 4e and f). In the lower left of
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the high-magnification images, a grain boundary between regions with different orientations

are visible. In the upper right-hand side of the images, there is evidence of misalignment

through the depth of the sample, such as has been seen in micrographs from oxides with

crystallographic shear planes due to twins, stacking faults, and other extended defects.48–50

The relatively subtle nature of defects in V1.6Mo0.4O5 is consistent with the better Rietveld

fit for this compound relative to other compositions. The residuals that are present for this

compound can be explained by the misalignments and other defects apparent in the TEM

data.

Figure 4: (a) Low and (b) high-resolution TEM images of V1.6Mo0.4O5. (c) The resulting
FFT from the high-resolution TEM image (b) shows the [100] zone axis and (d) its correlating
mask to calculate the IFFT. (e) A higher magnification of area (b) shows lattice fringes that
correspond to (f) a magnified area of the IFFT, allowing visualization of lattice fringes as
well as their disruptions due to grain boundaries and defects.

Likewise, TEM images aid the interpretation of XRD data for V1.2Mo0.8O5. TEM images

show much smaller crystalline domains for this composition (< 10 nm, Fig 5a and b), which
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contribute to the broadening of XRD peaks. The nanocrystalline domains are separated

by disordered regions, which result in to the large background feature in XRD data. In

contrast to V1.6Mo0.4O5, the combination of smaller domains with larger distribution of

orientations as well as disordered regions result in a variety of features in high-magnification

and IFFT images for V1.2Mo0.8O5. Other features include wobbly lamellar features as well as

disruptions of lamellar features, such as intergrowths (highlighted in red ovals, Fig 5e and f).

These disruptions to periodicity explain the high residuals of Rietveld fits for V1.2Mo0.8O5.

Figure 5: (a) Low and (b) high-resolution TEM micrographs of V1.2Mo0.8O5 show nanocrys-
talline domains separated by disordered regions. (c) FFT of the high-resolution TEM image
highlights the nanocrystalline nature of the sample and (d) its correlating mask to calculate
the IFFT. (e) A higher magnification of area (b) shows lattice fringes that correspond to (f)
a magnified area of the IFFT, allowing visualization of regions with ordered lattice fringes
and regions with disorder, such as intergrowths indicated by red ovals.

Synchrotron XRD data also reveal impurity peaks for most compositions (Fig. 2). Peaks

at 2.7◦ and 5.4◦ correspond to V3.6Mo2.4O16, which has three-polyhedra-wide slabs of corner-

sharing polyhedra, connected by edge-sharing polyhedra at crystallographic shear planes
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(Fig. S2b). This composition is sometimes referred to as V2MoO8 or V9Mo6O40, which have

been reported with the same structure type and slight differences in composition.51–53 In

some samples, we also see peaks associated with the V2MoO8-type impurity between 8.0◦

and 8.5◦ (Fig. 2d). For x=0.6 and 0.8, the impurity phase contributes two sharp peaks,

which correspond to the (600) and (401) planes (Fig. S3). For x= 0.15 and 0.20, a single

broad peak is centered in this 2θ region. While much lower intensity, there is a broad feature

in this range for x= 0.1 and 0.4. A V2MoO8-type impurity was also observed by Schofield

et al., who reported an increase in the phase fraction of this impurity with increasing Mo

content in their V2−xMoxO5 series for 0.106≤x≤ 0.166.27,30,44

Several other impurity peaks are observed for V2−xMoxO5 with x= 0.1, 0.15, and 0.2,

such as at 5.5◦ and 11.5◦. We are not able to identify a specific phase to which these peaks can

be attributed, suggesting a mixture of other impurity phases are present. These secondary

impurities are not present for higher Mo content samples, specifically those with x ≥ 0.4,

for which a V2MoO8-type phase is the only impurity (Fig. S3b).

To better understand the atomic structure changes associated with Mo substitution,

synchrotron XRD data were quantitatively analyzed using Rietveld refinement. The struc-

tural models used for refinements varied with Mo content, based on our qualitative analyses.

We discuss refinements of three compositions in detail, specifically V1.9Mo0.1O5, V1.6Mo0.4O5,

and V1.4Mo0.6O5 (Fig. 6). Refinements for other compositions are provided in the SI (Fig. S4,

S5, and S6).

In starting models, the V and Mo mixed occupancies of transition metal sites reflected

the target composition (Table S1). V and Mo occupancies were fixed and the position and

Uiso of the transition metal crystallographic site were constrained to be equivalent. Ad-

ditional details regarding the starting models and refined parameters are provided in the

SI (Tables S1 through S7). Due to the presence of varying amounts of impurities for most

compositions, including unidentified impurities, secondary phases were not included in the

refinement models. As such, fits have relatively high residuals, but nonetheless support our

14



understanding of structural changes driven by Mo-substitution in V2O5.

Figure 6: Rietveld refinements of synchrotron XRD data for (a) V1.9Mo0.1O5, (b)
V1.6Mo0.4O5, and (c) V1.4Mo0.6O5 capture the primary reflections well. For some, higher
differences result from impurities, peak intensity mismatch, peak shape mismatch, or com-
binations thereof. Refined atomic structure models illustrate the shift in transition metal
position with increasing Mo content.

For V1.9Mo0.1O5, the starting model for Rietveld refinement was based on α−V2O5,

modified to have mixed occupancy of V and Mo on the cation site.43 Consistent with peak

shifts described qualitatively above (Fig. 2), refined lattice parameters indicated an increase

of a and a decrease of c relative to the starting model (Table S2). For compositions with

x=0.15 and 0.2 (Fig. S4 and S4), a and c further increase and decrease, respectively, as x
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increases (Tables S3 and S4).

The presence of impurity phases are highlighted by regions of mismatch between the mea-

sured data and the calculated fits. For example, the broad peak at 8.2◦ in the V1.9Mo0.1O5

XRD data increases in intensity with increasing x in lower Mo content compositions (x=0.1,

0.15, 0.20) and can be attributed to the (600) reflection of the main V2MoO8-type impurity

(Fig. 2d and S2a). This reflection is associated with the three-polyhedra wide slabs of the

V2MoO8 structure type.51,52 The breadth of this feature possibly indicates intergrowths of

three-polyhedra wide slabs among the two-polyhedra-wide slabs of the parent V2O5 struc-

ture, similar to ‘Wadsley intergrowth defects’ reported by Moore et.al. in Wadsley−Roth

phases.54 The progressive increase in the intensity of this broad reflection with increasing

Mo content (for x=0.1, 0.15, and 0.2) suggests that the occurrence of intergrowths increases

with increasing Mo content, reflecting the limited solubility of Mo in V2O5.
27,55

Fits for low Mo content compositions (x=0.1, 0.15, 0.20) have a peak intensity mis-

match to at 7.7◦, with a larger mismatch for V1.85Mo0.15O5 and V1.8Mo0.2O5 (Fig. S4 and

S5). Fits for V1.85Mo0.15O5 and V1.8Mo0.2O5 also have a larger mismatch in intensities than

V1.9Mo0.1O5 for peaks at ≈11◦ and 16◦, which correspond to the (401) and (021) reflections

of the orthorhombic α−V2O5 structure. From these X-ray data, we are not able to distin-

guish whether the mismatches are related to O positions, cation ordering, impurity phase(s),

or combinations thereof.

The presence of overlapping impurity peaks and peak intensity mismatch contribute

to fits with high residuals for V1.9Mo0.1O5 (Rwp=19.7%), V1.85Mo0.15O5 (Rwp=30.2%), and

V1.8Mo0.2O5 (Rwp=26.6%). Even so, the primary peaks are captured using the orthorhombic

model, in which transition metal offsets are in the same direction in corner-sharing polyhedra,

rather than in opposite directions as in the monoclinic polymorphs reported for higher Mo

content V2−xMoxO5.
32 Overall this indicates that Mo-substitution of x ≤ 0.2 is insufficient

to initiate substantial changes in the V2O5 framework.18,27

For V1.6Mo0.4O5, XRD data are fit using a structure based on monoclinic V1.44Mo0.56O5
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(C2/m, Fig. 1b).44 Using this structural model, peak positions are captured well, despite

some intensity mismatch (Fig. 6b). V1.6Mo0.4O5 has the smallest fraction of secondary

phases relative to the other compositions we evaluated, but still a moderate mismatch

(Rwp=21.7%). While the broad peak near 8◦, associated with the three-polyhedra-wide

slabs of V2MoO8, is present, the breadth and low intensity of the feature indicate a lower

occurrence of three-polyhedra-wide intergrowths at this composition.

The reported structure of V1.1Mo0.9O5 (C2/m, Fig. 1c)32 was refined against XRD data

for V1.4Mo0.6O5 (Fig. 6c). The fit shows good agreement with peak positions and some mis-

match in peak intensity. The primary impurity for V1.4Mo0.6O5 is V2MoO8, which contributes

to uncaptured peaks in the range 5◦ < 2θ < 10◦ (Fig. S3b) and an Rwp=25.9%.

For the composition with the highest Mo content, V1.2Mo0.8O5, the starting model for the

refinement was based on the structure refined against the V1.6Mo0.4O5 data. The refinement

captures the data well, with some impurity peaks in the range 5◦< 2θ < 10◦ (Fig. S3b and

2b), which correspond to the primary V2MoO8-type impurity. The diffraction data for this

composition show extensive diffuse scattering, manifesting as a broad feature centered at 5◦,

which suggests a high degree of disorder, including amorphous regions.

For compositions with x≥ 0.4, the refined lattice parameters evolve smoothly with an

increase in a and decrease in c, producing similar residuals for fits: 21.7% for V1.6Mo0.4O5,

25.9% for V1.4Mo0.6O5, and 13.02% for V1.2Mo0.8O5 (Tables S5, S6, and S7). We emphasize

the trend of behavior, more than absolute values, as the actual composition of V2−xMoxO5

phases differ from the targets due to the presence of impurity phases. Further, the impurity

phases can have a range of compositions, which prevent deriving accurate relationships of

sample composition and lattice parameters. However, we note the similarities between our

and previously reported lattice parameters.12,32,43,44

The values of the stacking direction lattice parameter lie between those previously re-

ported for the analogous features in V2O5 and R−Nb2O5 (Fig. 7). This trend indicates a

progressive change of the structure from the true α−V2O5 structure towards that of idealized
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Figure 7: Lattice parameters (a, b, and c) vary with Mo content in the series V2−xMoxO5

for 0.1≤ x ≤ 0.8. Notably, lattice parameters for the Mo-substituted series fall between
those of α−V2O5 and R−Nb2O5. Lattice parameters for this work are represented by filled
symbols, while open symbols represent lattice parameters from previously reported structures
for V2O5,

43 V1.44Mo0.56O5,
44 V1.1Mo0.9O5,

32 and R−Nb2O5.
12

V2O5, for which R−Nb2O5 is the closest realized material.37 This progression has been pre-

viously observed in individual compositions in the V2−xMoxO5 system.24,32,36 The structural

variation with composition indicates that as Mo6+ content increases, a greater portion of V5+

must be reduced to V4+ to maintain charge neutrality.8,24 As a result, the larger radii of V4+

and Mo6+ in six-fold coordination environments (0.58 Å and 0.59 Å, respectively) compared

to V5+ (0.54 Å) drives the structure towards an octahedral-like coordination.16,35,56 However,

the ionic radii are still smaller than Nb5+ (0.64 Å), and impurity phases preferentially form at

higher Mo concentrations, thus the idealization of the V2O5 structure through substitution

of V by Mo is limited relative to R−Nb2O5.

Battery Cycling

Upon lithiation, α−V2O5 undergoes multiple phase transformations, including to form ϵ, δ,

and γ polymorphs, which are reflected in cycling data as a series of plateaus and sloped re-

gions corresponding to phase transformations and solid solution reactions, respectively.13,15,30,57,58

When discharged to potentials below 1.9V, there is also a transformation to the ω polymorph,
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which is a disordered rocksalt oxide with the formula LiyV2O5.
8,15,23,24 In following cycles

to low potentials, there are two proposed charge storage mechanisms. One is a solid solu-

tion mechanism in the ω polymorph for 0.2≤ y≤3;15 another is a two-phase transformation

between ω and β polymorphs of lithiated V2O5.
23

Based on changes in atomic structure from α−V2O5 toward its three-dimensionally-

connected idealized structure, we anticipated the nature of phase transformations during

cycling would likewise differ with Mo content. While we do not in any case see cycling data

similar to that of R−Nb2O5,
12 there are changes in the series of phase transformation on

the first discharge with Mo content (Fig. 8). We see changes in cycling profiles in the first

discharge as well as in later cycling, driven by the chemical and structural changes associ-

ated with Mo substitution. Especially, we see decreased hysteresis and improved capacity

retention for higher Mo content compositions.

We discuss cycling behavior for V2−xMoxO5 compositions with x=0.05, 0.4, 0.6, and 0.8.

Materials were cycled in loose-powder Swagelok cells at a cycling rate of C/10, such that

2moles of Li react per mole of V2−xMoxO5 in 10 h (Fig. 8 and 9).

The features in galvanostatic cycling indicate that the lithiation of the lowest Mo con-

tent composition, V1.95Mo0.05O5, follows a similar series of two-phase transformations as

α−V2O5,
15,24,27 specifically, near voltages of 3.25V, 2.4V, and 2V (Fig. 8a). The positions

of plateaus are especially evident when these cycling data are plotted as differential capacity

(Fig. 9a). After the first discharge, delithiation and lithiation occur through solid solution-

type reactions, indicated by the relatively smooth profiles in galvanostatic cycling (Fig. 8a),

which are evident in the differential capacity plot as single broad features centered around

≈2.5V (Fig. 9a). During the first cycle, there is an irreversible capacity corresponding to

≈0.5 moles of Li per formula unit of active material. Following the first cycle, cycling pro-

files are similar to those reported for α−V2O5 to voltages below 1.9V, as smooth profiles

(Fig. 8a).15,23 Over 15 cycles, V1.95Mo0.05O5 retains only ≈65% capacity (Fig. 8a).

Schofield et al. have previously reported the series of phase transformations during

19



Figure 8: Galvanostatic cycling for loose-powder Swagelok cells cycled at a rate of C/10
between 1.5V and 3.75V for (a) V1.95Mo0.05O5, (b) V1.6Mo0.4O5, (c) V1.4Mo0.6O5, and (d)
V1.2Mo0.8O5.

lithiation of V2−xMoxO5 for x < 0.2.27 Using operando XRD, they find that rather than the

progression from α to ϵ to δ to γ, with Mo substitution there is a co-existence of phases ϵ’, δ,

and γ. When we compare their reported cycling data to our galvanostatic cycling profiles for

x ≥ 0.4, we see fewer features at high potentials, suggesting a different series of two-phase

transformations.

Lithium insertion in compositions with higher Mo content, i.e., V2−xMoxO5 with x=0.4,

0.6, and 0.8, have more pronounced differences from α−V2O5 in their first discharge profiles

(Fig. 8). The abrupt and pronounced plateaus in α−V2O5 and V1.95Mo0.05O5 are smoothed

for V1.6Mo0.4O5, V1.4Mo0.6O5, and V1.2Mo0.8O5. In addition, less capacity is attributed to

the two-phase transformations at high potentials. This could reflect what Schofield et al.

identified as ‘pre-transformation’ induced by Mo-substitution, which was supported by their

operando XRD analysis.27 The changes we see in the first discharge profile with Mo con-

tent are further evident when galvanostatic cycling data are plotted as differential capacity,

especially the smoothing of high potential plateaus (Fig. 9).
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Figure 9: Differential capacity plots highlight two-phase and solid solution reactions dur-
ing the galvanostatic cycling of (a) V1.95Mo0.05O5, (b)V1.6Mo0.4O5, (c)V1.4Mo0.6O5, and
(d)V1.2Mo0.8O5.
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We attribute theses cycling profile changes to atomic structure changes driven by Mo

substitution in V2O5. While our XRD data show the compositional series has a variety of

types and amounts of impurity phases, such as V2MoO8, the high potential region of cycling

data for V2MoO8 has different features than in the compositional series we report here.53

That Mo substitution, rather than the presence of impurities, drives these changes in

cycling behavior is further supported by similar changes in first discharge cycling profiles

when other transition metals are used to modify V2O5, such as Al3+ and Mn2+.14,28

The cycling profiles for the first charge and subsequent cycles of V1.6Mo0.4O5, V1.4Mo0.6O5,

and V1.2Mo0.8O5 are unique from those of their first discharges (Fig. 8 and 9). Comparing

the shapes of differential capacity plots of the first charge and later cycles, we see that the

smooth, broad shapes of the first charge and later cycling with low Mo content develop into

sharper features with increasing Mo content (Fig. 9). The most pronounced change in cy-

cling features appear as short plateaus in cycling profiles (Fig. 8d) and as a defined peak in

differential capacity (Fig. 9d) for V1.2Mo0.8O5. Cycling data for V1.2Mo0.8O5 are also distinct

from other compositions in the decreased hysteresis between discharge and charge curves in

the second and later cycles.

The differences in the as-prepared materials and first discharge products contribute to

differences in cycling profile shapes, as well as differences in cycling performance. Even in

unoptimized cells as loose powders, compared to the 65% capacity retention of V1.95Mo0.05O5

in the first 15 cycles, capacity retention is improved in higher Mo content compositions. For

V1.6Mo0.4O5 and V1.4Mo0.6O5, 74% and 73% of the first discharge capacities are retained

at the 15th and 8th cycles, respectively. Power interruption during cycling disrupted the

acquisition data to later cycles for V1.4Mo0.6O5. For V1.2Mo0.8O5, we see 78% capacity

retention in the first 15 cycles.

The change in performance indicates differences in the phases that form at the end of the

first discharge as a function of initial composition and structure. The different first discharge

products likewise have differences in their lithiation and delithiation mechanisms. Toward
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understanding the differences in the later cycling behavior, we collected ex situ synchrotron

XRD data on discharged powders for V1.95Mo0.05O5 and V1.2Mo0.8O5. These data were

compared to XRD data of pristine V1.9Mo0.1O5 and V1.2Mo0.8O5, as well as to reported data

for R−Nb2O5 and its discharge product (Fig. 10).12 Data show that the discharge product

of V1.95Mo0.05O5 is crystalline, but its peaks cannot be indexed to known phases comprising

Li, V, Mo, and O (Fig. 10a).

Figure 10: Synchrotron XRD data of pristine and lithiated first discharge products for
(a) V1.95Mo0.05O5, (b) V1.2Mo0.8O5, and (c) R−Nb2O5 (adapted from reference12). For (a)
V1.95Mo0.05O5, it is difficult to relate reflections between the initial and lithiated structures.
For (b) V1.2Mo0.8O5, there are relationships between the (200), (001), (001), and (400)
reflections in the initial and lithiated structures. The shifts are reminiscent of the structural
changes of the (002), (100), (011), and (004) reflections in (c) R−Nb2O5.

For V1.2Mo0.8O5, we also find the lithiation product has several reflections (Fig. 10b).

Many of these appear in similar locations as the prepared material, but there is also a large

diffuse feature at low 2θ that cannot be readily assigned to a specific origin. The large

diffuse feature does, however, suggest disorder in the discharge product, perhaps related to

similar features in disordered rocksalt structures in which short-range ordering gives rise to
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diffuse features at low angles.8,36,59 Ambiguity of the discharge product likewise prevents the

determination of the precise cycling mechanism in later cycles.

Regardless, the cycling and structural data we report for V1.2Mo0.8O5 prepared by solvother-

mal methods show a unique charge storage mechanism relative to lower Mo substitution com-

pounds,27 Mo-substituted V2O5 prepared by solid state methods,24,30 V-Mo-O bronzes,36 and

materials with V2MoO8-type structures and similar V:Mo ratios, such as V9Mo6O40.
53,60 We

believe the difference in cycling profiles and behavior result from differences in the cation

distribution or local coordination environments in the ω-like structure that forms during the

first discharge, which appears to vary with Mo content.

Conclusions

Using synchrotron XRD and Rietveld refinement, we find changes in atomic structure with

composition over the series V2−xMoxO5, wherein 0.05≤x≤ 0.8. Structural changes with in-

creasing Mo content include a shift of transition metal coordination from square pyramidal

toward octahedral, which is expected based on the relative radii and preferred coordination

of V and Mo. Associated with this coordination change is a contraction of the c lattice pa-

rameter, which is in the layer stacking direction. This decrease in c approaches the structure

of R−Nb2O5, which is considered an ‘idealized’ α−V2O5. Hence, a structural progression

towards R−Nb2O5-like connectivity is observed with x ≥ 0.4, yet idealization with Mo sub-

stitution is not realized. This is likely due to thermodynamic instability of the Mo-substituted

structures, such that secondary phases and planar defects (e.g., Wadsley intergrowths) form

with increasing Mo content.

The structural changes that result from Mo substitution are not sufficient to change the

lithiation behavior to resemble that of R−Nb2O5, which undergoes only minor structural

changes during Li intercalation and deintercalation. Instead, Mo-substituted samples still

undergo a series of two-phase transformations during their first discharge, followed by distinct
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reactions in following cycling. The profile shapes of later cycles vary with Mo content, driven

by differences in the composition and structure of the discharge products. The mechanistic

differences affect cycling performance, with better capacity retention and lower hysteresis in

V1.2Mo0.8O5 than in samples with lower Mo content.

While we are not able to precisely determine the differences in discharge products or

cycling mechanisms in later cycles as a function of Mo content, our results indicate that

the cycling behavior of V2O5 to deep discharge can be improved with high rates of Mo-

substitution. Our data suggest opportunities to modify the electrochemical energy storage

of V2O5, and is relevant to other disordered rocksalt oxide electrode materials.
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