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Transition metal oxide Wadsley-Roth (W-R) crystallographic shear compounds are promising 

alternatives to graphite for high-rate Li-ion battery applications, as fast charging can drive unsafe 

lithium metal plating on graphite anodes when Li⁺ ions deposit as metallic lithium rather than 

intercalating into the graphite lattice. Despite this promise, fundamental materials chemistry 

questions remain regarding how to tune W-R structure and composition to achieve desirable 

electrochemical properties such as lower working potential, enhanced capacity, and improved 

cycle stability. Our work is motivated by two central questions: (1) how transition-metal 

substitution and site occupancy modifies the electrochemically active density of states (DOS) that 

governs multi-electron redox and the working potential; and (2) how variations in the propensity 

for second-order Jahn–Teller (SOJT) distortions of transition-metal octahedra along 

crystallographic shear planes may influence structural stability during repeated cycling. To answer 

these questions, we systematically investigated a series of nearly phase pure MoxNb12W1-xO33 and 

defect-rich D-MoxNb12W1-xO33 samples, as evidenced by experimental and computational Raman 

spectroscopy, as well as X-ray diffraction and Rietveld refinement analyses. Galvanostatic cycling 

and differential capacity measurements revealed that Mo substitution for W alters the 

electrochemically active DOS and activates multi-electron redox. Mo substitution introduces new 

electrochemically active states at more positive potentials than the W-based compounds. 

Electronic structure calculations show that the states enabling multi-electron redox are highly 

sensitive to both the identity of the transition-metal dopant (W vs. Mo) and its crystallographic 

site; accordingly, we considered doping at the tetrahedral, block-center, and shear-plane sites, 

finding that multi-electron (Mo⁶⁺ → Mo⁴⁺) redox arises specifically from Mo occupying the edge-

sharing octahedral sites along the shear planes. The defective samples generally exhibited higher 

capacities, likely due to the presence of Wadsley defects (e.g., intergrowth of W4Nb26O77 in a 
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matrix of Nb12WO33) that further lower Li-ion binding energetics and alter Li-ion transport paths. 

Mo-rich samples exhibit greater capacity loss with additional cycling, possibly due to the inability 

of severely distorted Mo octahedra from “rocking” back and forth during lithiation/de-lithiation 

cycles. These findings are significant because they inform W-R material design strategies aimed 

at systematically increasing capacity and working potential via optimizing transition metal site 

occupancy in the structure. 

 

Introduction. 

Transition metal oxide W-R crystallographic shear compounds are promising anode materials 

that could replace graphite in high-rate Li-ion battery applications. Wadsley, Roth, Allpress, and 

Anderson first established the structural principles of W-R crystallographic shear structures in the 

1960s.1–8 In 1983, Cava et al. chemically lithiated a series of niobium-based Wadsley–Roth oxides, 

including titanium-, vanadium-, tungsten-, and germanium-containing compounds.9 In 2018, Grey 

and co-workers incorporated W-R Nb16W5O55 materials into fast-charging Li-ion battery 

electrodes with higher volumetric capacity and superior rate capability compared to traditional 

graphite anodes.10 A major advantage of niobium oxide-based W-R anode materials is that they 

operate outside the potential window where lithium dendrites form, positioning them as safe 

electrodes for high-rate energy storage applications.11–16 Despite these advantages and the strong 

performance metrics demonstrated to date,10 the growing interest in niobium oxide–based W-R 

anodes has also clarified several outstanding challenges that must be addressed to fully realize 

their potential as graphite replacements.17 First, W-R phases operate at higher average lithiation 

potentials than graphite, resulting in a nontrivial voltage penalty at the full-cell level. Second, while 

these materials nominally contain redox-active transition metals, accessing reversible multi-
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electron redox across all metal sites remains poorly understood. Third, strategies that 

simultaneously enable multi-electron reduction of the framework while preserving structural 

integrity and long-term reversibility under high-rate cycling conditions are still lacking. 

There has been substantial effort toward defining compositional and structural design rules for 

W-R anode materials,18–20 yet a fundamental materials chemistry challenge remains: transition 

metals in W-R frameworks occupy multiple, crystallographically distinct sites rather than a single 

uniform environment.21–23 W-R phases are built from n×m blocks of corner-sharing MO₆ 

octahedra separated by crystallographic shear planes composed of edge-sharing octahedra, with 

additional tetrahedral sites at block corners that fill structural voids (Figure 1).1,24 This intrinsic 

structural heterogeneity complicates efforts to rationally tune electrochemical properties, as not all 

metal sites are expected to contribute equally to reversible redox under practical operating 

conditions. 
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Figure 1. (a) Illustration of the crystal structure of MoxNb12W1-xO33 (C2 symmetry) highlighting the 3×4  
octahedral blocks, shear planes, corner-sharing octahedra (dark blue), edge-shared octahedra (light blue), 
and tetrahedra (purple).  (b) Alternative orientation of MoxNb12W1-xO33 orthogonal to the 3×4 blocks.  (c) 
Illustration of the tetrahedrally ordered C2 vs tetrahedrally disordered C2/m crystal structures.   

 

One strategy for addressing cation disorder in W-R materials is to focus on systems in which 

elemental substitution is strongly biased toward a specific crystallographic site. For example, 

Preefer et al. proposed that redox-active V preferentially substitutes for P at the tetrahedral site in 

PNb₉O₂₅,25 providing a platform to examine how site-specific substitution influences 

electrochemical behavior. The authors synthesized the isostructural (3×3) compounds PNb₉O₂₅ 

and VNb₉O₂₅ and demonstrated that, under slow charge–discharge conditions, they can reversibly 

store approximately 11 and 14 electrons (and Li⁺ ions) per formula unit, respectively. Substituting 

(a) 
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V or P increased the number of Nb centers participating in multi-electron redox (Nb⁵⁺ → Nb³⁺). 

Ex situ X-ray photoelectron spectroscopy indicated that P remained redox-inactive during cycling, 

while V contributed partially to charge storage, suggesting that V redox alone could not account 

for the enhanced capacity. When the charge–discharge rate was increased by an order of 

magnitude, the capacity of VNb₉O₂₅ decreased substantially to ~9 electrons per formula unit, 

whereas PNb₉O₂₅ largely retained its initial capacity of ~11 electrons per formula unit. Similar 

rate-dependent suppression of multi-electron redox has been reported across a range of W-R and 

related shear oxides, including Nb-O, W-Nb-O, Ti-Nb-O, P-Nb-O, Mo-Nb-O versus Ta-Nb-O, 

and V-Nb-O.10,19,25–31 Collectively, these observations underscore the sensitivity of multi-electron 

redox to both cation identity and crystallographic site occupancy, highlighting the need for 

fundamental studies that link structure, site-specific chemistry, and rate-dependent 

electrochemical performance. 

In parallel, increasing attention has been directed toward elemental substitution along the 

crystallographic shear planes. Recent first-principles electronic structure calculations by Saber et 

al. revealed an unconventional redox mechanism upon Li-ion insertion in the LixTiNb2O7 W-R 

phase that results in the formation of metal−metal bonds between Nb octahedra along the shear 

plane.32 This metal dimer redox mechanism significantly impacts the structure by shortening 

cation-pair distances, which subsequently affects the lattice parameters of the host, and can impact 

Li-ion site preferences as the Li concentration changes. An interesting open question is to what 

extent metal-metal bonding occurs in niobium tungsten oxide W-R phases. In this work, we chose 

to study Mo substitution for W because metal-metal bonding has been reported in molybdenum 

oxides such as LiScMo3O8
33 and Mo exhibits greater SOJT distortion effects than W.23,34 
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In particular, MoNb₁₂O₃₃ and WNb₁₂O₃₃ W-R oxides have attracted significant attention for 

their exceptional rate capability and multi-electron redox behavior as lithium-ion battery anodes. 

In 2019, Zhu et al. reported multi-electron Mo6+  Mo4+ reduction in micron-sized MoNb12O33 

spheres and remarked that all Mo6+ occupies the tetrahedral site.35  The materials exhibited 5% 

capacity loss after 100 cycles at 1C rates. Yang et al. synthesized MoNb12O33 microspheres via a 

hydrothermal method and reported high practical capacity (298 mA h g−1 at 0.5 C), superior rate 

capability (168 mA h g−1 at 20 C), and excellent cyclability (capacity retention of 90 % over 500 

cycles at 10 C).36 Additionally, Deng et al. reported that nanostructuring MoNb₁₂O₃₃ into a sheet-

like structure with abundant holes further enhances performance.37 Electrochemical studies of 

MoNb₁₂O₃₃ anodes in NMC622||MoNb₁₂O₃₃ full cells have shown unusually fast lithium-ion 

insertion kinetics and high rate capability.38 Notably, these cells sustain rapid charging at low 

temperatures, retaining substantial capacity even at 0 °C. Our group investigated how the block 

structure influences Li-ion diffusivity, capacity, and cycle stability in 3×4 Nb12WO33, 4×4 

Nb14W3O44, and 4×5 Nb16W5O55.39 Li-ion diffusivity increased with block size, in agreement with 

theoretical predictions,27,40,41 and the 4×4 Nb14W3O44 compound exhibited higher capacity and 

reversibility than the 3×4 Nb12WO33 and 4×5 Nb16W5O55. Despite these extensive electrochemical 

studies, a clear mechanistic understanding of how Mo substitution for W alters the 

electrochemically active density of states governing multi-electron redox is lacking. 

One final consideration is that Wadsley defect phases, which can involve the intergrowth of 

another W-R phase within the matrix of another (e.g., W4Nb26O77 in a matrix of Nb12WO33),42 

commonly emerge during synthesis. Wadsley defects complicate attempts to unambiguously 

assign observed functional properties to intentional compositional modifications, rather than 

unintended structural disorder. Subtle differences in experimental conditions can lead to the 
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formation of defect phases,43 which are not easily identifiable by powder X-ray diffraction 

(PXRD). These defects can enhance specific capacity, rate capability, and stability, as seen in the 

crystallographic shear compound H-Nb2O5.44–46 It is unclear how different synthetic procedures 

(e.g., high-temperature solid-state synthesis, hydrothermal growth, sol-gel growth, or microwave 

synthesis39,47,48) influence material crystallinity and purity that ultimately determine the materials’ 

functional properties. This raises the question: how does the community determine if a 

performance increase in W-R materials is due to intended structure or doping changes, or an 

unintended minor impurity phase?  

In this work, we systematically investigated MoxNb12W1-xO33 compounds synthesized via high 

temperature solid-state reactions with different reaction conditions to deconvolute elemental 

substitution versus phase purity effects on electrochemical performance. Notably, we discovered 

that substituting Mo for W activates multi-electron redox behavior specifically when Mo occupies 

the edge-sharing octahedral sites along the crystallographic shear planes. However, the enhanced 

capacity observed in Mo-rich compounds is often coupled to diminished cycling stability, 

highlighting a fundamental trade-off that remains poorly understood. We attribute the 

electrochemical irreversibility to the inability of severely distorted octahedra on the shear plane 

from “rocking” back and forth during lithiation/de-lithiation cycles. Disordered samples also 

exhibit greater capacity, likely due to the presence of Wadsley defects that lower Li-ion binding 

energetics.46 

 

Experimental Methods. 

Synthesis of Nearly Phase Pure W-R compounds. Five MoxNb12W1-xO33 (x = 0.00, 0.25, 0.50, 

0.75, 1.00) samples were synthesized by first grinding stoichiometric ratios (12:1:0, 48:3:1, 24:1:1, 
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48:1:3, 12:0:1) of NbO2 (Alfa Aesar, 99%), WO2.9 (Alfa Aesar, 99%), and MoO3 (Thermo 

Scientific, 99%), respectively, using an agate mortar and pestle in air. In this work, x is defined by 

the molar ratio of starting precursors. The ground mixtures were pressed into pellets with a 

hydraulic press (Caver Model: 4350.L) using 2 tons of pressure. The x = 0.00, 0.25, and 0.50 

pellets were heated in a Thermo Scientific Lindberg Blue M tube furnace in air from room 

temperature to 1200 °C at a rate of 1 °C min–1, held at 1200 °C for 12 hours, and then cooled to 

room temperature at a rate of 1 °C min–1. The setpoint temperature and ramp rates were adapted 

from literature.10,39 The x = 0.75 and 1.0 pellets were heated in air from room temperature to 900 

°C, held at 900 °C for 12 hours, and then cooled to room temperature at a rate of 10 °C min–1, 

following literature.49  

Synthesis of Defect-Rich W-R Compounds. Four defect-rich samples, denoted as D-

MoxNb12W1-xO33 compounds (x = 0.00, 0.25, 0.75, 1.00), were synthesized by grinding 

stoichiometric ratios (12:1:0, 48:3:1, 48:1:3, 12:0:1) of NbO2, WO2.9, and MoO3, respectively, 

using an agate mortar and pestle in air . The ground mixtures were pressed into pellets with a 

hydraulic press at 2 tons of pressure. The x = 0.0 and 0.25 pellets were heated in air in the same 

tube furnace from room temperature (~20°C) to 1200 °C at a rate of 10 °C min–1, held at 1200 °C 

for one minute, and then cooled to room temperature at a rate of 10°C min–1. The x = 0.75 and 1.0 

samples were heated in air from room temperature to 900 °C, held at 900 °C for one minute, and 

then cooled to room temperature at a rate of 10°C min–1.  

Materials Characterization. The crystal structures of the compounds were characterized by 

powder x-ray diffraction (PXRD) using a Bruker D8 Discover DaVinci – Powder Diffractometer 

(Cu Kα radiation). Scanning electron microscopy  (SEM) images were collected using a JEOL 

JSM-6500 field emission scanning electron microscope operating at a 15 keV accelerating 
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voltage and a working distance of 10 mm. Raman spectroscopy was performed on an Olympus 

IX-73 inverted optical microscope with either a Oxxius 532 nm SLM DPSS or a 785 nm Oxxius 

SA LBX-785HPE laser source. A 20× NA0.95 air objective (Olympus PlanFL N20X) focused the 

laser source onto the sample, which was prepared by placing the powered sample on a quartz 

microscope slide.  Raman signals were collected in a backscatter geometry by passing the photons 

to a Horiba iHR550 spectrometer (1200 gr/mm), which was used to disperse the Raman signal on 

a Horiba Synapse back-illuminated deep depletion charge coupled device (CCD) camera for 

detection. The Raman spectrometer wavenumber axis was calibrated using the Stokes and anti-

Stokes peaks of a Si standard sample at –521 cm–1 and 521 cm–1, respectively. All Raman spectra 

were acquired under the same conditions at room temperature. 

 Simulated diffraction patterns were generated with VESTA using the originally-reported 

Nb12WO33 crystal structure (ICSD coll. Code 23799, Ref 50).  Redefining the structure from C2 to 

C2/m keeps the multiplicity of all atoms the same, except for W, and provides a better description 

of the data.  The increase in symmetry provides an additional tetrahedrally-coordinated W site; its 

occupancy is then set to 0.5 to retain the overall composition. This  C2/m structure is then used for 

the analysis at each for each composition. 

Vienna Ab initio Simulation Package (VASP) Calculations. Electronic structure calculations 

using VASP were carried out using the projector-augmented wave method.51,52 Plane-wave energy 

cutoffs of 650 eV were used along with a minimum k-point spacing of 0.3 A-1. The 

pseudopotentials used were Nb_sv, Mo_sv, O and W_sv. Energies during electronic minimization 

had a convergence tolerance of 10–6, and forces during structural relaxation were deemed 

converged when they fell below –0.01 eV/Å on all atoms in the calculation. Calculations used 

either the GGA functional PBEsol53 or the R2SCAN metaGGA functional.54 The functional used 



 11 

for each calculation is indicated in the main text. Pre-and post-processing used the pymatgen,55 

numpy,56 doped,57 ase,58 icet59 and bsym60 packages.  

Raman Calculations. Periodic Raman calculations were carried out with CRYSTAL23,61 using 

analytical Γ-point phonons and Raman tensors within the coupled-perturbed Kohn–Sham (CPKS) 

framework.62 Raman calculations were performed on ordered structural models derived from the 

Wadsley–Roth framework, with Mo or W placed on specific tetrahedral, corner-sharing 

octahedral, or shear-plane edge-sharing octahedral sites; these ordered models were used in place 

of the fractional split-site C2/m Rietveld model, which is not amenable to periodic DFT 

calculations. To obtain reliable Raman activities (polarizability derivatives) in these d-electron 

oxides, we employed a PBEsol-based global hybrid constructed by mixing 25% exact (Hartree–

Fock) exchange with PBEsol exchange and using PBEsol correlation (PBEsol0-type).53,63,64 

PBEsol was selected as the semilocal base because it improves equilibrium properties of densely 

packed solids, which impacts vibrational frequencies, while inclusion of exact exchange mitigates 

over-delocalization/self-interaction effects that can influence the electronic response underlying 

Raman intensities. All calculations used spin polarization and the pob-TZVP-rev2 all-electron 

Gaussian basis sets for Nb, Mo, W, and O.65,66 A representative input for MoNb12O33 used a 184-

atom supercell; the full input deck is provided in the Supporting Information. Brillouin-zone 

sampling and integral thresholds were converged such that all Γ-point frequencies and Raman 

activities changed by <5 cm⁻¹ and <5% upon further tightening. In practice, a k-point grid 

equivalent to 2×6×3 for response properties and sufficient convergence in total energies and spin 

densities was obtained by application of integral series truncation thresholds of 10–7, 10–7, 10–7, 

10–7, and 10–14 for Coulomb overlap and penetration, exchange overlap, and g- and n-series 
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exchange penetration, respectively, were sufficient for the large cells considered in the 

CRYSTAL23 documentation.  

SCF convergence employed direct inversion with level shifting and Fermi–Dirac mixing to 

ensure stable hybrid iterations. Raman activities were converted to observable intensities using 

CRYSTAL’s experimental formalism at 300 K and the experimental laser line (785 nm) used in 

this study, followed by Lorentzian broadening (FWHM 10–12 cm⁻¹) to mimic instrument 

response.61,62,67 

Normal-mode analysis was carried out with phonopy (v2.28.0).68 The vibrational step used the 

VASP-relaxed C2/m structures as starting geometries; Γ-point eigenvectors from CRYSTAL23 

were used for Raman assignments and compared across models by frequency proximity and 

maximized normalized eigenvector overlap to ensure consistent tracking of corresponding modes 

between site-occupancy configurations. We used phonopy for the mode analysis because it 

provides a code-agnostic post-processing layer with consistent eigenvector normalization and 

symmetry handling. 

Coin Cell Construction. Coin cell batteries were constructed in an argon glove box using the 

following components: stainless steel cases (MTI Corp, CR2032), a stainless-steel wave spring 

(MTI Corp, CR20WS), a stainless-steel spacer (MTI Corp, CR20-Spacer-05), and a glass 

microfiber (VWR, 691) separator. The metal oxide composite electrode was prepared by grinding 

an 8:1:1 ratio of W-R particles, conductive carbon (Super P, Alfa Aesar), and polyvinylidene 

fluoride binder (PVDF, Sigma Aldrich) in an agate mortar and pestle. The metal oxide composite 

electrode is the cathode and lithium metal is the anode in this coin cell geometry. This mixture was 

dispersed in N-methyl pyrrolidone (NMP, Sigma-Aldrich) until the solution was slightly viscous. 

A doctor blade was used to cast a 100 µm-thick film onto a copper substrate. The film was dried 
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overnight in vacuum at 150 °C. The dried film was punched into several ½ inch electrodes and 

transferred into an argon glove box. Coin cells were constructed with the MTI coin cell case using 

a ½ inch diameter lithium metal electrode and a 5/8th inch diameter separator with 80.0 µL of 

electrolyte containing 1M LiPF6 dissolved in a 1:1 volume ratio of ethylene carbonate/dimethyl 

carbonate (EC/DMC, Sigma Aldrich) was pipetted onto the separator. The cathode was placed on 

the separator after it had become saturated with electrolyte, followed by the stainless-steel spacer, 

spring, and finally the end cap. The cells were pressed with 0.9 tons of pressure using a compact 

digital pressure controlled electric crimper (MTI MSK-160E). The cells rested for 12 h before 

electrochemical measurements were performed to allow the electrolyte to fully saturate the 

separator. Data in this study stems from 3 coin cells for Nb12WO33, Mo0.25Nb12W0.75O33, 

Mo0.5Nb12W0.5O33, Mo0.75 Nb12W0.25O33, and MoNb12O33 and N = 4, 2, 3, and 4 coin cells for D-

Nb12WO33, D- Mo0.25Nb12W0.75O33, Mo0.75 Nb12W0.25O33, and D-MoNb12O33, respectively. 

Electrochemical Testing. The coin cells were cycled on an Arbin battery tester (LBT-20084) at 

a C-rate of C/3. The C-rate is the current value required to fully charge/discharge the active 

material in the electrode, expressed as a multiple of its theoretical capacity. The theoretical 

capacity is calculated according to 𝑄𝑄𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑛𝑛𝑛𝑛/3.6𝑀𝑀, where 𝑛𝑛 is the number of electrons 

transferred per formula unit, 𝐹𝐹 is Faraday’s constant, 3.6 is a conversion factor between coulombs 

and mAh/g, and 𝑀𝑀 is the molecular weight. The C-rate was calculated according to following 

equation: 𝐼𝐼 = (𝑄𝑄𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 × 𝑚𝑚)/𝑡𝑡, where 𝐼𝐼 is the current applied, 𝑚𝑚 is the mass of active material, 

and 𝑡𝑡 is time in hours.  

Results 

Composition and Structural Analysis. We synthesized two series of MoxNb12W1-xO33 W-R 

samples using different reaction conditions to deconvolute how intentional chemical substitution 
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effects (i.e., Mo for W) influences electrochemical properties as opposed to unintentional 

morphology, crystallinity, and/or phase impurity contributions to the electrochemical properties. 

Researchers typically synthesize niobium tungsten oxide W-R compounds at high temperatures 

(>900°C) for long times (>12 h), but it remains unclear how specific reaction temperature and time 

conditions influence the product phase purity and electrochemical cycling behavior in Li-ion 

containing electrolytes.10,39,47,69,70 We hypothesize that maintaining high reaction temperatures for 

long times promotes the formation of phase pure products and minimizes defect formation, such 

as Wadsley defects or other intergrowths that will be discussed in more detail below.7,27,46 To test 

this hypothesis, we synthesized two different Mo-substituted W-R samples using the same 

precursors but different reaction conditions. To do so, we hand-ground stoichiometric ratios of 

NbO2, WO2.9, and MoO3 in a mortar and pestle, pressed the powder into a pellet, and heated both 

samples to the same setpoint temperature, but with different ramp rates and setpoint temperature 

hold times. One reaction condition involved slowly heating (1 °C min−1) the sample to the setpoint 

temperature and maintaining that temperature for 12 h. The other reaction condition involved rapid 

heating (10 °C min−1) and maintaining the set point temperature for only 1 min.  

Figure 2 compares background subtracted experimental PXRD patterns for the MoxNb12W1-xO33 

compounds that were slowly heated and maintained at the setpoint temperature for 12 h to model 

diffraction patterns for Nb12WO33 (CIF collection code 23799, C2 space group) and MoNb12WO33 

(C2 space group). We observe quantitative agreement with the reported structures (Figure S1), 

with improved agreement by increasing the space group symmetry to C2/m and putting the 

tetrahedral W/Mo site at split site occupancy (=0.5; this is the only site multiplicity that changes 

upon changing the space group).  No residual NbO2, WO2.9, and MoO3 starting materials remain 

after synthesis. There is no systematic shift in lattice parameters with increasing x in the non-
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lithiated structures.  Across the Mo substitution series, the quantitative phase analysis follows the 

systematic substitution levels on the tetrahedral “corner” site. As such, quantitative PXRD analysis 

reveals that these compounds exhibit the expected 3×4 W-R structures with evidence of systematic 

Mo for W substitution.   

 

 

Figure 2. (a) PXRD patterns of MoxNb12W1-xO33 compounds synthesized for 12 h. The model 

Nb12WO33 and MoNb12O33 patterns are also shown at the top and bottom (ICSD collection code 

237990 (ref 2) with space group C2). (b) Comparison of PXRD patterns in a limited 2θ region for 

MoxNb12W1-xO33 compounds synthesized for 12 h (solid line) and 1 min (solid line connected by 

triangles). We refer to the samples synthesized for 1 min as defect-rich (D-MoxNb12W1-xO33) due 

to the enhanced peak broadening (see main text for details). We normalized the peak intensities in 

(a-b) with respect to the maximum peak. 
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The samples heated rapidly and for less total time exhibit diffraction peaks that can also be 

attributed to the C2/m space group (Figure S2), indicating that the short reaction condition also 

yields products with the desired crystallographic shear structure and composition. While no 

additional peaks are observed, close examination of the PXRD data revealed peak broadening 

compared to the nearly phase pure samples (Figure 2b). Characterizing these materials via PXRD 

and Rietveld refinement analysis is challenging due to the possibility of transition metals 

occupying different sites,21 and the similarity of atomic scattering factor between Nb and Mo.71,72 

literature evidence strongly suggests that the peak broadening effect is likely due to the presence 

of other W-R phases or structural defects; Li, et al. showed similar PXRD peak broadening effects 

in H-Nb2O5 samples that could be attributed to structural defects such as intergrowths that could 

only be confirmed by high resolution electron microscopy.73 Other possible explanations for the 

peak broadening include an increased density of crystallographic defects—such as shear-plane 

disorder and associated strain—characteristic of Wadsley–Roth phases.46–51 Particle size effects 

cannot entirely explain the peak broadening effect because SEM imaging (Figure S3-Figure S4) 

and subsequent particle size analysis (Table S1-Table S2) revealed similar particle morphologies 

and dimensions, especially for the MoNb12O33 samples. Regardless of the exact origin of the peak 

broadening, we conclude that quickly ramping the temperature to a setpoint and holding the 

reaction mixture for a short time promotes defect formation. For these reasons, we refer to the 

samples synthesized rapidly and for a short react time as defect-rich (D-MoxNb12W1-xO33). We 

discuss how impurity phases or structural defects could possibly influence the electrochemical 

properties in the Discussion section. 

Next, we utilized Raman spectroscopy to identify the crystallographic sites that Mo or W atoms 

occupy in the structure. Figure 3a-b compares experimental Raman spectra of the MoxNb12W1-xO33 
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and D-MoxNb12W1-xO33 samples acquired using a 785 nm laser. New peaks appear while others 

disappear as x increases, suggesting a change in local symmetry from substitution of W by Mo. 

For example, a shoulder peak at 937 cm⁻¹ systematically increases with x as another peak at 979 

cm⁻¹ monotonically decreases and ultimately disappears when x = 1.  The peak intensity ratios 

change between the samples but the peak positions do not (Figure 3c-f), suggesting that the local 

bonding environments are similar for the samples prepared via two different synthetic conditions. 

We focus our discussion on the nearly phase pure samples because we observed similar trends for 

the samples with higher defect densities, D-MoxNb12W1-xO33 (e.g., the fast heated samples). 

 

 

Figure 3. Raman spectra of (a) MoxNb12W1-xO33 and (b) D-MoxNb12W1-xO33 samples measured 

using a 785 nm laser. (c-f) Zoomed-in view of the Raman data to compare MoxNb12W1-xO33 to D-

MoxNb12W1-xO33 (denoted by the dotted line). 

  

Density functional theory (DFT) based calculations predict that Mo6+ and W6+ preferentially 
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Raman spectroscopy experiments and compared those results to first principles calculations 

spectra computed with CRYSTAL23 at a hybrid DFT level with 25% exact exchange and POB-

TZVP-rev2 basis sets where Mo and W atoms occupy different sites in the unit cell structure. 

Figure 4 compares experimental Raman spectra of MoNb12O33 and WNb12O33 acquired at 532 nm 

and 785 nm with theoretical spectra computed at 532 nm for three site occupancy models. In these 

models, Mo or W occupies either edge-sharing octahedra along the shear plane, corner-sharing 

octahedra in the block center, or tetrahedral sites at the block corner, as illustrated in Figure 1a. 

The peak broadening and shifts observed under 532 nm excitation relative to 785 nm can be 

attributed to a combination of increased resonance enhancement near charge transfer transitions 

and greater local laser heating, both of which are amplified at higher photon energies in these 

mixed metal oxides. Table S3 provides a summary of the calculated Raman modes. For Nb12WO33 

(Figure 4b), the calculated and experimental spectra exhibit similar energy spacing between the 

highest-frequency bands when W occupies the tetrahedral site, in agreement with computational 

predictions and neutron diffraction studies.21,71 The model with Mo substituting purely on the 

tetrahedral site captures the experimental spectra across the full range, including the low frequency 

modes from 200–500 cm⁻¹, the weak band at 760 cm⁻¹, and the high-frequency bands spanning 

900–1020 cm⁻¹. The models substituting on either the edge-sharing or corner-sharing octahedral 

sites introduce narrow bands near 550–600 cm⁻¹ that are not observed experimentally. The <400 

cm⁻¹ region is less sensitive to site occupancy and is instead dominated by tilts and lattice 

translations of the block framework. The experimental spectra (black traces) show two prominent 

peaks over the range of 600-700 cm⁻¹ that are not fully captured by any site model. However, 

mode animations reveal that the shoulder at 630 cm⁻¹ (Figure S5) and 650 cm⁻¹ (Figure S6) likely 

arises from collective bends of the shear-plane octahedra. Quantitative overlays of calculated and 
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experimental spectra do not require empirical frequency scaling; a uniform offset ≤10 cm⁻¹ 

improves the match for the very highest-frequency band in a few cases and is attributed to residual 

anharmonicity of the tetrahedral stretch. For MoNb12O33 (Figure 4a), the tetrahedral site and edge-

sharing models produce similar spectra (green and orange traces, respectively), making it difficult 

to unambiguously assign the most likely site occupancy. We observe a blue shift of the W 

tetrahedral stretch relative to Mo. Given the higher mass of W, this shift implies a stiffer W–O 

bond, as inferred from the DFT frequency assignments. The band at 937 cm⁻¹ is assigned to the 

Mo–O symmetric stretch on the tetrahedral block-corner site, and the band at 979 cm⁻¹ is the 

corresponding W–O(tet) symmetric stretch. In the calculations, these modes are the highest-

frequency motions involving the substituent and appear only when Mo or W occupies the 

tetrahedral site; placing the cation on edge- or interior-octahedral positions suppresses these lines 

and redistributes intensity into the mid-frequency framework manifold. Experimentally, their 

presence and relative area provide a direct fingerprint of tetrahedral occupancy by Mo and W. The 

absolute positions are separated by ∼40 cm⁻¹ because the stiffer W–O bond shifts the tetrahedral 

stretch to higher wavenumber, whereas the neighboring Nb–O–Nb framework band sits still higher 

(∼995–1005 cm⁻¹) and remains present irrespective of dopant site. Small sample-to-sample shifts 

(a few cm⁻¹) are expected with local environment and broadening, but the identity and 

interpretation of the 937 and 979 cm⁻¹ peaks as Mo–O(tet) and W–O(tet) remain robust. 
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Figure 4. (a) Raman spectra of MoNb12O33 (C2/m); experimental data (black traces acquired with 

532 and 785 nm laser sources) and calculated spectra for 532 nm laser excitation using 

CRYSTAL23 models with Mo on the tetrahedral site (green trace), edge-shared octahedral sites 

on the shear plane (orange trace), and corner-sharing octahedra in the block center (blue trace) at 

PBEsol-hybrid-25/POB‑TZVP‑rev2 (300 K, 532 nm; Lorentzian FWHM 10–12 cm⁻¹). (b) same 

as for (a), but for WNb12O33 (C2/m). 

  

In summary, the clear separation and expected relative intensity of the tetrahedral-site high-

frequency band relative to the Nb–O–Nb manifold, combined with the Ag/Bg selection rules of the 
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octahedral sites) cannot be resolved from comparison of calculated and experimental Raman 

spectra alone. 

Electrochemical Behavior During Li-ion Insertion. Having characterized the structure and 

transition metal site occupancy of the MoxNb12W1-xO33 compounds, we investigated their 

electrochemical behavior and performance as Li-ion insertion hosts. We constructed coin cells by 

mixing metal oxide host material, conductive carbon, and PVDF polymer binder in an 8:1:1 ratio. 

This ratio was utilized to help minimize the ohmic loss (i.e., iR loss) due to the intrinsically poorly 

conductive oxide particles and aid in the mechanical stability and electrical contact upon cycling; 

the ratio was not optimized for battery performance.80,81 Additionally, we cycled all cells at a slow 

C/3 rate to minimize iR loss effects in the insulating metal oxide electrodes. 

Figure 5a-e shows the charge/discharge behavior for nearly phase pure MoxNb12W1-xO33 

compounds. The compounds exhibit qualitatively similar voltage profiles upon lithiation/de-

lithiation (i.e., discharge/charge cycles). Upon lithiation, the potential quickly decreases from 3 V 

to approximately 2 V vs Li/Li+ until a plateau region appears at approximately y = 1, where y is 

the number of Li-ions inserted per formula unit. The plateau region persists to approximately y = 

5. Then, the potential monotonically decreases until the 1 V voltage cutoff limit is defined in our 

experiment. We observed similar charge-discharge profiles for the D-MoxNb12W1-xO33 compounds 

(Figure S7-Figure S8). 
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Figure 5. (a-e) Charge-discharge behavior for nearly phase pure MoxNb12W1-xO33 compounds (a) 

Nb12WO33, (b) Mo0.25Nb12W0.75O33, (c) Mo0.50Nb12W0.50O33 , (d) Mo0.75Nb12W0.25O33, and (e) 

MoNb12O33  measured at a C/3 rate for 20 cycles. (f-j) Differential capacity plots obtained from (f) 

Nb12WO33, (g) Mo0.25Nb12W0.75O33, (h) Mo0.50Nb12W0.50O33 , (i) Mo0.75Nb12W0.25O33, and (j) 

MoNb12O33 charge-discharge data. The upper blue trace shows the first charge-discharge cycle, 

and the lower plots represent cycles 2-20. 

 

Several x-dependent trends appear in the charge-discharge data despite their qualitatively similar 

appearance. First, the plateau region exhibits a slight negative slope, and the slope value increases 

with x, as evidenced by broader peaks in dQ/dV plots (Figure 5f-j). This enhanced sloping profile 

feature observed for the Mo-rich compounds is problematic for Li-ion battery applications because 

a continuously decreasing voltage results in continuous power loss during discharge. Second, 

Figure 6 shows that all samples exhibit a significant capacity loss between cycles 1 and 2 (also see 

Figure S9), followed by a continuous capacity fade with additional cycling. The capacity loss rate 

generally increases with x (Figure S10), possibly due to irreversible structural distortions related 
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to distorted Mo octahedra along the shear plane (see Discussion section for further details). 

However, the average coulombic efficiency and relative capacity loss plateaus after approximately 

4 cycles, and is x-independent, for both MoxNb12W1-xO33 and D-MoxNb12W1-xO33 (Figure S10-

Figure S11). The Discussion section addresses the possible origin of the continuous capacity loss 

and steady coulombic efficiency in our electrodes. Finally, the most significant observation from 

Figure 6 is that the discharge capacity systematically increases with x (Figure 6, filled circles). In 

fact, the discharge capacity for Mo0.75Nb12W0.25O33 and MoNb12O33 exceed the theoretical capacity 

values for single-electron redox behavior. This trend suggests that substituting Mo for W activates 

a multi-electron redox behavior whereby transition metal cations undergo multiple reduction 

events (either Nb5+ to Nb3+ or Mo6+ to Mo4+). Furthermore, we observed that defect-rich samples 

display similar constant current plots (Figure S7) and generally exhibit greater discharge capacity 

than the nearly phase pure compounds (see open square symbols in Figure 6), possibly due to 

Wadsley defects (see Discussion section). 

 

 

Figure 6. Discharge capacity versus cycle number for nearly phase pure MoxNb12W1-xO33 

(displaying odd cycles only for clarity). The data points represent average values and the error bars 
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represent the standard error of the mean (see Experimental Methods). The colors correspond to the 

different compounds in Figure 3. The filled and hollow markers represent MoxNb12W1-xO33 and D-

MoxNb12W1-xO33 samples, respectively. The horizontal dashed line indicates the theoretical 

capacity for each composition, assuming single electron redox per Nb, W, or Mo transition metal 

in the unit cell.  

 

To better understand how Mo-substitution affects the ion insertion electrochemistry and 

electrochemically accessible DOS, we examined the differential capacity (dQ/dV) plots shown in 

Figure 5f-j. We discuss the positive potential region (potentials greater than 2 V) of the dQ/dV 

plots first. Upon inserting a single Li-ion per formula unit in the pristine x = 0 and x = 0.25 samples 

during the first cycle (top traces in Figure 5f-g), a single peak appears near 2 V (specifically 1.991 

and 1.999 V for x = 0 and x = 0.25 samples, respectively). These negative dQ/dV peaks do not 

exhibit a corresponding positive dQ/dV feature upon de-lithiation and do not appear in additional 

cycles (bottom traces in Figure 5f-j). Both observations suggest the first Li-ion insertion event is 

irreversible. The peak broadens in the x = 0.5 compound and eventually splits into two discernable 

peaks for the x = 0.75 and x = 1.0 compounds. Again, we observed no corresponding positive 

dQ/dV feature upon de-lithiation, suggesting the initial lithiation events are irreversible. In 

summary, Mo substitution introduces new electrochemically active states at more positive 

potentials than the W-based compounds.  

Next, we analyze the prominent dQ/dV features between 1.5 and 2.0 V. Upon lithiation, the x = 

0 compound exhibits a sharp negative dQ/dV peak at 1.641 V that accounts for approximately 6 

Li-ions per formula unit. The corresponding positive dQ/dV feature appears at a significantly more 

positive potential (1.8 V). After the significant capacity loss event between cycles 1-2, which we 
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believe is associated with the first Li-ion insertion event, the negative dQ/dV peak shifts to more 

positive potentials and occurs at nearly the same potential as the positive 1.7 V dQ/dV feature 

during cycle 1. The peak shift for the negative dQ/dV peak could be explained by an electrical 

conductivity improvement upon irreversibly introducing 1 Li-ion per formula unit in the initially 

insulting oxide phase.21 In this scenario, the dramatic conductivity increase upon lithiation could 

lower the overpotential associated with filling the electrochemically active DOS. Interestingly, this 

peak shift effect is most pronounced in the x = 0 compound. Substituting Mo for W results in 

relatively reversible and symmetric dQ/dV features between 1.5 and 2.0 V, which suggests that the 

Mo-derived electrochemically active DOS is distinct from W-derived states. 

Finally, the region between 1.5 and 1.0 V accounts for approximately 6-10 Li-ions per formula 

unit, depending on x. For x < 0.5, a broad peak appears at 1.2 V in the dQ/dV plots (Figure 5f-h). 

Unlike other peaks at more positive potentials, the negative dQ/dV peak exhibits a corresponding 

positive peak and neither feature shifts with additional cycle numbers. As Mo content increases, 

the negative dQ/dV peak sharpens. Additionally, we observe similar trends in the dQ/dV plots for 

D-MoxNb12W1-xO33 (Figure S8). These observations suggest a transition from delocalized to 

localized electrochemically active DOS as Mo substitutes for W (i.e., as x increases). In summary, 

the dQ/dV plots show that Mo substitution introduces new electrochemically active DOS. The 

Discussion section considers how the Mo-derived DOS contributes to enhanced capacity. 

Electronic Structure Calculations. DFT calculations reveal that both Mo and W based 

compounds are capable of yielding site disorder, but only Mo substitution for corner-linked Nb 

sites impacts the frontier electronic states as to yield a change in redox capacity.   For each 

composition Nb12MO33 (M = Mo or W), we calculated every symmetrically distinct arrangement 

of M from 1-3 formula units using the PBEsol GGA functional. Analysis of the energies of these 
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relaxed structures (Figure 7) shows that W and Mo are most stable in the tetrahedral sites. The 

tetrahedral site is the most stable position by ~4 meV per atom for the W system and ~8 meV per 

atom for the Mo system, suggesting a lower thermodynamic advantage for disorder in the W 

system. For convenience, we will refer to any structure with all the tetrahedral sites occupied by 

M as the “ordered” structure. All the low energy “disordered” structures contain a tetrahedrally 

coordinated dopant in addition to a defective site, where W or Mo occupies a non-ideal corner-

sharing or edge-sharing site.  Notably, we observe a slight site preference for the tetrahedral and 

edge-sharing sites for the Mo dopant whereas tetrahedral and corner-sharing preference is 

observed for W, in general agreement with the Raman results in Figure 4. However, the low energy 

differences between the sites means that, from a thermodynamic basis, both Mo and W based 

compounds likely have cation site disorder, consistent with early neutron diffraction studies.9 
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Figure 7. Dopant site energetics for (A) Nb12WO33 and (B) Nb12MoO33 calculated for every 

symmetry distinct dopant structure containing two formula units of Nb12MO33, where M = Mo or 

W. 

 

To investigate the effect of electrochemical reduction and Li-ion insertion on the electronic 

structure, we considered three structures for each composition—one “pristine” structure in which 

the M atom resides exclusively on the tetrahedral site and two “defective” structures containing a 

defect pair [NbM + MNb], where the MNb defect resides on either a corner-sharing or edge-sharing 

site. These structures were embedded in a supercell generated using the `doped` package to 

minimize the interactions between defect periodic images following the standard supercell defect 

methodology.82,83 Figure 8 shows the conduction band DOS for these structures (i.e., the states 
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most likely to accommodate additional electrons on charging). Mo and W do not significantly 

contribute to low lying conduction band states when those atoms occupy the tetrahedral site (the 

ordered structure in Figure 8A-B). The contribution from M at the corner-sharing position (Figure 

8C-D) and the edge-sharing position (Figure 8E-F) in general is greater, with a larger contribution 

from Mo than W in general. From these results, it may be expected that the M in “defective” 

positions are more easily reduced than those in ideal tetrahedral positions.  

 

Figure 8. Conduction band minimum density of states for Nb12MO33 (M = Mo or W). (A-B) DOS 

calculated for the "pristine" structure where all M atoms occupy tetrahedral sites. (C-D) and (E-F) 
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represent the DOC calculated for two defective structures, where the Mo or W substituted for Nb 

at a corner-sharing site (C-D) or a shear plane site (E-F). The calculations were performed with 

the r2SCAN functional.   

 

To establish the first order effect of introducing additional electrons into these different 

structures, the structures were relaxed after the addition of one and two electrons to simulate the 

effect of charging the material without introducing the combinatorial problem of enumerating 

lithium positions. The electronic structure of each compound was then examined by plotting its 

conduction band DOS as a function of one (Figure 9-left column) and two (Figure 9-right column) 

electrons inserted and different M site occupancies. Upon adding a single electron to structures 

where M occupies corner-sharing sites (Figure 9A,C) or shear plane sites (Figure 9E,G), M-

localized states are introduced for both M species, corresponding to a formal reduction of M6+ to 

M5+.  The colored M DOS contributes to the total DOS, indicating formal reduction of M6+ to M5+ 

when M occupies those sites. On the other hand, when M occupies the tetrahedral site (Figure 

9I,K), M sites are redox-inactive. Interestingly, critical differences emerge when the dopant resides 

at the edge-sharing octahedral site along the shear-plane. Here, Mo can accommodate two 

electrons (Figure 9F), corresponding to a two-electron reduction process Mo6+ -> Mo5+ -> Mo4+. 

The localized states within the host band gap act as electron traps and potentially explain the 

increased multi-electron capacity of the Mo samples.  
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Figure 9. Evolution of Nb12MO33 (M = Mo or W) DOS as a function of charge added. The left-

hand column shows the DOS after the addition of one electron, while the right-hand column shows 

the DOS after the addition of two electrons. (A-D) show the DOS when M occupies the  corner 
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sharing site. (E-G) show the DOS when M occupies a shear plane site. (I-L) show the DOS when 

M occupies the tetrahedral sites. The vertical line indicates the Fermi energy. The calculations 

were performed with the r2SCAN functional. 

 

Figure 10 shows the partial charge density associated with the introduction of the two electrons 

in the M shear plane structures for both Mo and W. For Mo, all excess charge density is trapped 

on the Mo ion (Figure 10A) whereas for W, the charge density is delocalized across the simulation 

cell (Figure 10B). The key point is that Mo edge-shared octahedra at the shear plane can facilitate 

a two-electron redox process that is inaccessible to W dopants in all sites or Mo dopants residing 

in the tetrahedral or corner-sharing site. 
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Figure 10. Partial charge density plots from 0.3 eV below the highest occupied state in (A) 

Nb12MoO33 and (B) Nb12WO33 when M is at the shear-plane site and when two excess electrons 

are present in the system (c.f. Figure 9F,H).  

 

Discussion 

Here we discuss possible explanations for our 3 key results: (1) defective W-rich W-R samples 

exhibit greater capacities than nearly phase pure compounds; (2) Mo substitution for W increases 

capacity and enables multi-electron redox behavior; and (3) Mo substitution enhances capacity 

loss.  

First, we discuss the possible defect phases in the D-MoxNb12W1-xO33 samples and how those 

phases could contribute to capacity enhancement. Recall the PXRD patterns for the slowly heated 

MoxNb12W1-xO33 samples exhibit narrow, well-defined peaks compared to the rapidly heated D-

MoxNb12W1-xO33 samples (Figure 2). The presence of Wadsley defects, or coherent intergrowths 

of a W-R family member in another matrix, could possibly explain the peak broadening.6,7,42,46 For 

example, Nb26W4O77 is an ordered intergrowth of Nb12WO33 and Nb14W3O44.42,44,45 Nb15W6O55 

and H-Nb2O5 represent other potential defect phases that can form under the reaction conditions 

employed herein.10,26,39 These defects may only extend half a unit cell and, therefore, may not 

appear in PXRD data.  

Wadsley defects can enhance Li-ion insertion capacity of W-R electrodes. Li et al. revealed local 

rearrangements of [NbO6] octahedra in micrometer-sized particles of H-Nb2O5 using high 

resolution transmission electron microcopy and showed that those planar Wadsley defects resulted 

in higher specific capacity, rate capability, and stability compared to more crystalline H-Nb2O5 



 33 

and T-Nb2O5 electrodes.46 The authors attributed the higher capacity to strong Li adsorption (i.e., 

lower binding energy) on planar defects. Specifically, DFT calculations showed lower Li-ion 

adsorption energies for defective H-Nb2O5 than crystalline H-Nb2O5, providing evidence that 

planar defects can increase the capacity of W-R materials. The authors also claimed that the planar 

defects relieve strain and minimize volume change, enhancing stability. Similar stability trends 

appear in our data (Figure S9); the D-MoxNb12W1-xO33 sample series exhibits greater capacity, 

especially at lower x. Hence, one interesting future direction toward developing structure-property 

relationships in W-R anode materials is to systematically introduce Wadsley defects and study 

how their structure, composition, and concentration influence capacity, rate capability, and cycling 

stability. 

Another significant result from this work is that Mo substitution for W increases capacity of W-

R electrodes beyond 1 electron per transition metal site. One hypothesis for this capacity increase 

is that Mo atoms create local Li-ion binding environments that lower Li-ion binding energies.21 A 

literature survey conducted by Ok et al. discovered that Mo is prone to a higher degree of distortion 

compared to Nb and W.84 Hence, severely distorted Mo octahedra along the shear plane could 

create local environments with lower Li-ion binding energetics, resulting in higher capacity.46 

Indeed, our electronic structure calculations show that Mo site occupancy along the shear plane 

introduces localized states that can accommodate two electrons (Figure 9-Figure 10). An 

alternative explanation for enhanced capacity in MoNb12O33 is metal-metal bonding between edge 

shared transition metal octahedra along the shear plane. Saber et al. recently performed electronic 

structure calculations as a function of lithiation in TiNb2O7, another W-R crystallographic shear 

compound, and discovered metal-metal bonding can occur at low levels of lithiation (beyond x = 

1).32 The same phenomenon occurs in PNb9O26 and VNb9O26; lithiation induces Nb-Nb orbital 
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overlap.25 LixNaNb7O18 also exhibits evidence for reversible Nb−Nb bond formation.85 A signature 

of metal-metal bonding is electronic states below the Fermi level.32 Experimentally, we observed 

sharp dQ/dV peaks at positive potentials (>2.0 V in Figure 5f-j) upon inserting about 1 Li-ion per 

formula unit in each W-R compound. Interestingly, a 200-300 mV gap exists between the sharp 

dQ/dV peaks and the next major dQ/dV feature. This gap could represent the energy gap between 

the localized states below the Fermi level predicted by Saber et al.32 However, here, we find that 

the mid gap states are associated with the reduction of M ions, acting as electron traps, where the 

M ion identity and its position are both crucial in determining the resulting electronic structure of 

the charged system.  

Finally, we discuss how Mo substitution for W leads to enhanced capacity loss. It is possible 

that the same octahedral tilting mechanism responsible for enhanced capacity (discussed above) is 

also likely responsible for cycling instability. Koçer et al. conducted first-principles DFT 

calculations to understand how the crystallographic shear structure promotes cycle stability.21 

Their computational work revealed that the shear plane plays a key role in an anisotropic lattice 

expansion/contraction mechanism during lithiation/de-lithiation cycles, which buffers the volume 

expansion of the material. Our work suggests that the degree of second order Jahn-Teller 

distortion, or the off-centering of the d0 transition-metal cations that are octahedrally coordinated 

by oxygen, influence the structural stability of the compound under repeated ion insertion/de-

insertion cycles. In this scenario, the distorted Mo octahedra along the shear plane become less 

off-centered as the Mo oxidation state decreases from Mo6+ to Mo5+.21,32 We hypothesize that 

structural stability depends on the ability of Mo octahedra along the shear plane to “rock” back 

and forth during lithiation/de-lithiation cycles. An interesting future research direction is to test 

the hypothesis that reversible Mo octahedral tilting is essential for long-term cycling stability. 
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Conclusion 

We synthesized a series of molybdenum substituted Nb-W-O compounds with different levels 

of disorder to investigate how elemental composition and defects influence the electrochemical 

performance for high-rate energy storage applications. Defect-rich samples exhibited greater 

discharge capacity at low x, likely due to the presence of Wadsley defect phases that alter Li-ion 

binding energetics. The discharge capacity also increases with increased molybdenum 

concentrations for both MoxNb12W1-xO33 and D-MoxNb12W1-xO33 samples and even exceeded the 

theoretical capacity for single electron redox, suggesting that Mo substitution is a promising 

method to improve discharge capacities in Nb-W-O shear compounds. Mo edge-shared octahedra 

at the shear plane can facilitate a two-electron redox process that is inaccessible to W dopants in 

all sites or Mo dopants residing in the tetrahedral or corner-sharing site. The number density of 

Mo octahedra along the shear plane are likely responsible for the enhanced capacity in 

MoxNb12W1-xO33. However, the enhanced capacity in Mo-rich compounds is also associated with 

enhanced capacity loss, likely due to the inability of severely distorted Mo octahedra from 

“rocking” back and forth during lithiation/delithiation cycles. The structure-property relationships 

reported here should extend to other W-R compositions and guide the development of high-rate 

anode materials for electrochemical energy storage applications. 
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Figure S1. (a) Rietveld refinement of the slowly synthesized Nb12WO33 using the C2/m space 

group (Rwp of 20.452). (b) Zoomed-in view of the data in panel (a). The original lattice parameters 

for the model were 22.370Å, 3.825Å, 17.87Å, and 123.6o for a, b, c, and β respectively. The refined 

lattice parameters were 22.303Å, 3.826Å, 17.746Å, and 123.346o for a, b, c, and β respectively. 
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Figure S2. Comparison of simulated and experimental diffraction patterns for (a) MoxNb12W1-

xO33 and (b) D-MoxNb12W1-xO33. 

 
 

 

Figure S3. SEM images of (a) Nb12WO33, (b) Mo0.25Nb12W0.75O33, (c) Mo0.5Nb12W0.5O33, (d) 

Mo0.75Nb12W0.25O33, and (e) MoNb12WO33 

 

 

Figure S4. SEM images of (a) D-Nb12WO33, (b) D-Mo0.25Nb12W0.75O33, (c) Mo0.75Nb12W0.25O33, 

and (d) MoNb12WO33 
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Table S1. Major and minor particle lengths for MoxNb12W1-xO33. 

 Nb12WO33 Mo.25Nb12W75O33 Mo.5Nb12W.5O33 Mo.75Nb12W.25O33 MoNb12WO33 

Major Axis (μm)  3.99 ±1.4 

(N=106) 

3.61±1.2 

(N =93) 

3.23±1.1 

(N =92) 

1.03±0.29 

(N =101) 

1.02±0.35 

(N =100) 

Minor Axis (μm) 2.61±0.68 

(N =106) 

2.68±0.77 

(N =93) 

2.35±0.72 

(N =92) 

0.77±0.22 

(N =101) 

0.78±0.29 

(N =100) 

 

Table S2. Major and minor particle lengths for D-MoxNb12W1-xO33. 

 D-Nb12WO33 D-Mo.25Nb12W75O33 D-Mo.75Nb12W.25O33 D-MoNb12WO33 

Major Axis (μm)  1.54 ± 0.52 

(𝑁𝑁 = 71) 

1.35 ± 0.44 

(𝑁𝑁 = 76) 

1.20 ± 0.38 

(𝑁𝑁 = 42) 

1.13 ± 0.30 

(𝑁𝑁 = 24) 

Minor Axis (μm) 0.993 ± 0.30 

(𝑁𝑁 = 71) 

0.940 ± 0.83 

(𝑁𝑁 = 76) 

0.855 ± 0.27 

(𝑁𝑁 = 71) 

0.711 ± 0.21 

(𝑁𝑁 = 24) 

 

 

 

 

 
 

 

 

 

Table S3. Raman mode assignments using phonopy (C2/m; C2h); Ag/Bg are Raman-active (parallel 

vs crossed). 

Spectral 
window 
(cm⁻¹) 

Dominant motion 
(Ag/Bg ) 

Intensity Trend with Mo/W and 
site 

Rationale for 
appearance/disappearance 
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200–350 Lattice modes: rigid-
block tilts, interblock 
shears (Ag/Bg) 

Moderate Small shifts with 
mass/force constants; 
intensity modestly 
geometry-dependent. 

Raman tensor elements are 
small; geometry and 
polarization can suppress Bg; 
convolution/overlap may hide 
weak lines. 

300–500 Framework bends 
(O–M–O; M = 
Nb/Mo/W) and 
tilt‑coupled motions 
(Ag/Bg) 

Low Edge/Corner add extra 
bending features; Tet 
keeps a cleaner envelope. 

Local octahedral substitutions 
perturb connectivity → 
activate/boost otherwise weak 
bends; Tet has fewer localized 
bends → fewer narrow lines. 

~500–600 Localized 
framework features 
tied to Edge/Corner 
octahedra 
(Bg‑enhanced) 

High Edge/Corner produce 
new narrow bands; 
weak/absent for Tet. 

Edge/interior octahedra rotate 
∂α/∂Q toward xy/yz → Bg 
gains; in parallel (Ag‑favored) 
these bands can appear weak or 
vanish. 

~620–680 Collective bends of 
shear‑plane 
octahedra (Ag/Bg) 

High Tet retains a 
bifurcated/shouldered 
band; Edge/Corner shift 
intensity and sharpen 
subfeatures. 

Mode mixing with nearby 
stretches varies with site; 
redistribution of oscillator 
strength can erase a shoulder or 
create an extra peak. 

700–820 Nb–O–Nb stretches 
from block 
edge→interior 
(Ag/Bg) 

Moderate Edge/Corner concentrate 
intensity into the 
mid‑frequency manifold; 
Tet slightly cleaner. 

Edge‑like Nb–O–Nb motifs are 
more numerous with 
Edge/Corner → stronger 
mid‑frequency activity; Tet 
shares intensity with the 
high‑frequency partner band. 

800–900 Block‑center Nb–O–
Nb stretch that pairs 
with the tetrahedral 
band (predominantly 
Ag) 

Moderate Present and well 
separated for Tet; 
Edge/Corner reduce 
spacing and bleed 
intensity downward. 

In Tet, limited mixing 
preserves a distinct Ag partner 
peak; Edge/Corner increase 
coupling, so intensity is 
borrowed away, narrowing the 
high‑frequency gap. 

900–1060 Tetrahedral M–O 
symmetric stretch 
(predominantly Ag) 

High Tet: strong, isolated 
highest‑frequency 
feature; W lies tens of 
cm⁻¹ above Mo. 
Edge/Corner: weaker and 
slightly red‑shifted; 
spacing to Nb–O–Nb 
shrinks. 

Tet provides a localized, stiff 
M–O(tet) with large 
parallel‑tensor response (Ag). 
Octahedral environments 
delocalize/mix the stretch, 
reducing Raman tensor 
amplitude and shifting 
frequency. 
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Mode Animation 1 

Mode Animation 2 

Mode Animation 3 

Mode Animation 4 
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Figure S5. Raman mode animations associated with the spectral feature at 630 cm⁻¹. 

 

Mode Animation 5 

Mode Animation 6 
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Figure S6. Raman mode animations associated with the spectral feature at 630 cm⁻¹. 
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Figure S7. Charge-discharge data for (a) D-Nb12WO33, (b) D-Mo.25Nb12W.75O33, (c) D-

Mo.75Nb12W.25O33, and (d) D-MoNb12O33 measured at a C/3 rate. 

 

 

 

Figure S8. dQ/dV plots for (a) D-Nb12WO33, (b) D-Mo0.25Nb12W0.75O33, (c) D-

Mo0.75Nb12W0.25O33, and (d) D-MoNb12O33. 
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Figure S9. Average discharge capacity versus cycle number (triangles) for (a) MoxNb12W1-xO33 

and (b) D-MoxNb12W1-xO33. The solid lines in panel (a) represent linear fits to the data for cycles 

4-20, yielding slope values of and is –1.60, –1.38, –1.57, –1.82, and –2.24 mAhg-1/cycle for x=0, 

0.25, 0.5, 0.75 and 1, respectively. The slope values for panel (b) data are –1.40, –1.49, –1.70, and 

–1.98 mAhg-1/cycle for x=0, 0.25, 0.75 and 1 respectively.  

 

 

 

Figure S10. Average (a) coulombic efficiency of MoxNb12W1-xO33 and (b) percent capacity loss 

relative to cycle 1. 

300~----------------~----------------~ 

260 

-~ 
.c 
<1'. 220 
-S 
~ 
·g 180 
C. 
Cll 
(.) 

140 

a. 

100 O 

i ! ♦ 
* 

i ,, 

ft ~ 

5 10 
Cycle 

15 20 0 

100 
8 · , 1JJllll11flllffll4 

35 

-~96 t 30 ->. ~ (.) 
Nb12WO33 ~ C .A. 

Q) :2 25 ;g 92 ■ Mo_25Nb12W_75O33 0 
...J 

w • Mo.5Nb,2W sO33 ~ (.) 

♦ Mo.1sNb,2W.2sO33 ·g 20 :0 ■ 
E 88 

* MoNb,2O33 
C. 

.Q Cll 
::::i ♦ 

(.) 

0 15 (.) * 84 • 
.A. 

0 5 10 15 20 0 
Cycle 

5 

5 

10 
Cycle 

10 
Cycle 

~ Nb12WO33 
!Ii Mo_2sNb12W.1sO33 
i Mo_75Nb12W.2sO33 
• MoNb12O33 

15 20 

15 20 



 55 

 

 

Figure S11. (a) Average coulombic efficiency for D-MoxNb12W1-xO33. (b) Average capacity loss 

relative to the first cycle for D-MoxNb12W1-xO33 
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