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ABSTRACT OF THE THESIS 

 

Dynamic Structural and Electronic Analyses of  

Electrochemically Lithiated Ternary Vanadium Niobium Oxides 

 

by 

 

Alan Louis Pierrat 

 

Master of Science in Materials Science and Engineering 

University of California, Los Angeles, 2026 

Professor Bruce S. Dunn, Chair 

 

Four vanadium niobate compounds were selected as candidates for lithium-ion battery anode 

materials: VNb9O25, V4Nb18O55, VNbO4, and V7Nb6O29. Each compound possesses a different V 

to Nb ratio, oxidation state of V, and structures which were first experimentally synthesized and 

verified. Electrochemical testing, structural probing, and electrical modeling enable for the 

analysis of the dynamic behavior of (de)lithiation and the ultimate identification of V4Nb18O55 as 

the optimal vanadium niobate among the four compositions. This compound possesses a 

maximum reversible capacity of 257 mAh g-1 at C/10, well over its theoretical capacity of 214 

mAh g-1, assuming one-electron redox. Its uncompromising performance at higher rates further 

indicates promise in further studying the vanadium niobium oxide system.  Although the other 

three compounds fall short of their theoretical performances, they still serve as useful systems for 
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understanding the tunable redox activities of the two similar transition metals, which better 

informs the search for the optimal vanadium niobium oxide. 



iv 

The thesis of Alan Louis Pierrat is approved. 

Mohammad Shafayat Hossain 

Marta Pozuelo 

Nathan Szymanski 

Bruce S. Dunn, Committee Chair 

 

 

 

University of California, Los Angeles 

2026 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 

TABLE OF CONTENTS 

ABSTRACT OF THE THESIS ...................................................................................................... ii 

LIST OF FIGURES ..................................................................................................................... viii 

LIST OF TABLES ......................................................................................................................... xi 

ACKNOWLEDGEMENTS .......................................................................................................... xii 

 INTRODUCTION ......................................................................................................................... 1 

Theoretical Background .............................................................................................................. 2 

Ternary Vanadium Niobium Oxide System ................................................................................. 6 

 TECHNICAL BACKGROUND .................................................................................................. 12 

Ordinary and Operando X-Ray Diffraction .............................................................................. 12 

UV-Visible Spectroscopy and Tauc Analysis ............................................................................ 13 

Raman Spectroscopy ................................................................................................................. 13 

Galvanostatic Cycling with Potential Limitation (GCPL) ........................................................ 15 

Cyclic Voltammetry (CV) ......................................................................................................... 15 

X-Ray Absorption Spectroscopy ............................................................................................... 16 

Entropic Potential ...................................................................................................................... 17 

Density of States ........................................................................................................................ 17 

 METHODS .................................................................................................................................. 19 

Synthesis of Vanadium Niobates ............................................................................................... 19 

Sol-gel synthesis of V4Nb18O55 and VNb9O25 ....................................................................... 19 

Solid-state synthesis of V4Nb18O55 ........................................................................................ 20 

Sol-gel synthesis of VNbO4 ................................................................................................... 20 



vi 

Solid-state synthesis of V7Nb6O29 ......................................................................................... 21 

Materials Characterization ........................................................................................................ 22 

Electrochemical Analyses ......................................................................................................... 23 

Computational Analyses ............................................................................................................ 24 

 RESULTS AND DISCUSSION ................................................................................................... 26 

Structural Characterization ........................................................................................................ 26 

Raman Spectra ........................................................................................................................... 33 

Experimental Electronic Analysis ............................................................................................. 34 

Electrochemical Performance ................................................................................................... 36 

Voltage Profiles, Rate Performances, and Long-term Cycling .............................................. 36 

Cyclic Voltammetry ............................................................................................................... 41 

Rate Performance of Niobium-Deficient V4Nb18O55 ............................................................ 43 

X-Ray Absorption Near-Edge Structure and Operando X-Ray Diffraction .............................. 45 

VNb9O25................................................................................................................................. 49 

V4Nb18O55 .............................................................................................................................. 50 

VNbO4 ................................................................................................................................... 51 

V7Nb6O29 ............................................................................................................................... 52 

Entropic Potential ...................................................................................................................... 54 

Partial Density of States and Structural Predictions .................................................................. 58 

VNb9O25................................................................................................................................. 60 

V4Nb18O55 .............................................................................................................................. 62 

VNbO4 ................................................................................................................................... 64 



vii 

V7Nb6O29 ............................................................................................................................... 66 

CONCLUSIONS AND FURTHER WORK ................................................................................. 69 

REFERENCES ............................................................................................................................. 71 

 



viii 

 LIST OF FIGURES  

Figure 1-1. 2D visualization of a (a) ReO3 structure [6-10], (b) Wadsley-Roth shear phase with 

4×4×∞ blocks from TiNb2O7 [11], and (c) simplified tetragonal tungsten bronze derived from 

potassium tantalum niobate [12], recreated in VESTA. [13] 

Figure 1-2. 2D projections of the four vanadium niobates along the c-axis, recreated using 

VESTA. [13], [27], [33-35] 

Figure 4-1. SEM images of (a) VNb9O25, (b) V4Nb18O55, (c) VNbO4, and (d) V7Nb6O29, with 

corresponding insets representing the atomic ratios of Nb to V calculated by EDS. 

Figure 4-2. Ordinary X-ray diffraction of the four vanadium niobates. 

Figure 4-3. High resolution X-ray diffraction (HR-XRD) spectra of sol-gel VNb9O25, performed 

by Gugulethu Nkala. [51] 

Figure 4-4. High resolution X-ray diffraction (HR-XRD) spectra of solid-state V4Nb18O55, 

performed by Gugulethu Nkala. [51] 

Figure 4-5. High resolution X-ray diffraction (HR-XRD) spectra of sol-gel V4Nb18O55, performed 

by Gugulethu Nkala. [51] 

Figure 4-6. High resolution X-ray diffraction (HR-XRD) spectra of sol-gel VNbO4, performed by 

Gugulethu Nkala. [51] 

Figure 4-7. High resolution X-ray diffraction (HR-XRD) spectra of solid-state V7Nb6O29, 

performed by Gugulethu Nkala. [51] 

Figure 4-8. Raman spectra of the four vanadium niobates over a Raman shift of 0-1200 cm-1, 

performed by Andrea Zambotti. [54] 

Figure 4-9. Tauc plots for (a) VNb9O25, (b) V4Nb18O55, (c) VNbO4, and (d) V7Nb6O29 derived 

from UV-Vis performed from 300-1250 nm in reflectance. 



ix 

Figure 4-10. Voltage profiles at 1C of (a) VNb9O25, (b) V4Nb18O55, (c) VNbO4, and (d) V7Nb6O29 

within the 1.0-3.5 V vs. Li/Li+. 

Figure 4-11. Rate capabilities of the four vanadium niobates cycled within the 1.0-3.5 V vs. 

Li/Li+ potential range. 

Figure 4-12. Extended cycling over 300 cycles within the 1.0-3.5 V vs. Li/Li+ potential range of 

the four vanadium niobates. 

Figure 4-13. Cyclic voltammograms of (a) VNb9O25, (b) V4Nb18O55, (c) VNbO4, and (d) 

V7Nb6O29 within the 1.0-3.5 V vs. Li/Li+ with peak identification for b-value analysis. [54] 

Figure 4-14. (a) Voltage profiles at 1C and (b) rate capabilities of several niobium-deficient 

V4Nb18O55 compositions. 

Figure 4-15. High resolution operando XRD patterns of (a) VNb9O25, (b) V4Nb18O55, (c) VNbO4, 

and (d) V7Nb6O29 taken after precycling, performed by Gugulethu Nkala. [51] 

Figure 4-16. XANES of vanadium K-edge extracted from ex-situ XAS samples of (a) VNb9O25, 

(b) V4Nb18O55, (c) VNbO4, and (d) V7Nb6O29, performed by Gugulethu Nkala. [51] 

Figure 4-17. Niobium XAS L3-edge spectra of (a) VNb9O25 and (b) accompanying 10 Dq values 

calculated as a function of voltage for VNb9O25, (c) V4Nb18O55, (d) 10 Dq values calculated as a 

function of voltage. Niobium XAS K-edge spectra of (e) VNbO4 and (f) its corresponding near 

edge region, and (g) V7Nb6O29 and (h) its corresponding near-edge region. [51] 

Figure 4-18. Entropic potential ∂UOCV(x,T)/∂T and OCV (UOCV) of (a) VNb9O25, (b) V4Nb18O55, 

(c) VNbO4, and (d) V7Nb6O29, created by Nicolas Leport. [53] 

Figure 4-19. Li+ intercalation energies with respect to lithium insertion for the four vanadium 

niobates, created by Supriti Dutta. [32] 



x 

Figure 4-20. Partial Density of States (pDOS) and predicted structures of V4Nb18O55 for (a) 

pristine, (b) X=0.25 Li+ per unit, (c) X=0.50 Li+ per unit, (d) X=0.75 Li+ per unit, created by 

Supriti Dutta. [32] 

Figure 4-21. Partial Density of States (pDOS) and predicted structures of VNb9O25 for (a) 

pristine, (b) X=0.25 Li+ per unit, (c) X=0.50 Li+ per unit, (d) X=0.75 Li+ per unit, created by 

Supriti Dutta. [32] 

Figure 4-22. Partial Density of States (pDOS) and predicted structures of VNbO4 for (a) 

pristine, (b) X=0.25 Li+ per unit, (c) X=0.50 Li+ per unit, (d) X=0.75 Li+ per unit, created by 

Supriti Dutta. [32] 

Figure 4-23. Partial Density of States (pDOS) and predicted structures of V7Nb6O29 for (a) 

pristine, (b) X=0.25 Li+ per unit, (c) X=0.50 Li+ per unit, (d) X=0.75 Li+ per unit, created by 

Supriti Dutta. [32] 



xi 

LIST OF TABLES 

Table 1-1. Unit cell parameters of the four vanadium niobates, from literature.  

Table 4-1. Unit cell parameters of the four vanadium niobates, from HR-XRD refinement, 

performed by Gugulethu Nkala. 

Table 4-2. Unit cell parameters of the four vanadium niobates predicted from DFT, performed by 

Supriti Dutta. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 

ACKNOWLEDGEMENTS 

 I would first like to thank all the students, fellows, and visiting scholars in Professor 

Bruce Dunn’s group for their insight into the work that I have been completing for my thesis and 

for their daily support, both academically and personally. Specifically, I would like to thank Dr. 

Andrea Zambotti, who has served as my mentor during my undergraduate and graduate careers 

and without whom this project would not have been possible. I would also like to thank Dr. 

Randy Chen for his help with early diffraction studies for the materials that I synthesized. The 

work in this thesis has been partially funded by the National Science Foundation’s Designing 

Materials to Revolutionize and Engineer our Future (DMREF) under the supervision of Professor 

Bruce Dunn. 

 I would also like to thank our collaborators, including Dr. Gugulethu Nkala from 

Professor Johanna Nelson Weker’s group at SLAC, Supritti Dutta and Sri Harsha Bhimeni from 

Professor Philippe Sautet’s group at UCLA, and Nicolas Leport and Aimeric Laperruque from 

Professor Laurent Pilon’s group at UCLA for their help in providing data and discussion to the 

manuscript of our work, “Exploring the Electrochemical Lithiation of Vanadium Niobates.” [1] 

Their work has proven indispensable to our understanding of the vanadium niobium oxide 

system. 



1 

INTRODUCTION 

The search for better lithium-ion battery anode materials to address the growing demand 

for energy storage materials in grid storage, electric vehicles, and consumer electronics has 

turned to materials beyond traditional graphite. [2] This search has culminated in the exploration 

of materials that operate at higher potential versus the Li/Li+ redox couple and therefore above 

the lowest unoccupied molecular orbital (LUMO) of the electrolyte species, hindering the 

formation of an unstable solid-electrolyte interphase (SEI). Additionally, the demand for 

materials that remain stable after repeated cycling and that can reversibly accommodate rapid 

diffusion of lithium ions continues to grow. 

In attempting to overcome poor ionic diffusion and electronic limitations in bulk 

electrode materials, nanosizing has become a major modification of interest. The increased 

surface area of nanoscale electrode materials allows for reduction in diffusion lengths and greater 

exposure to interfacial Faradaic reactions. [3] However, an increased interfacial energy can lead 

to high surface passivation from increased Li+ diffusion into the region. A form of this 

passivation occurs as growth of a SEI, which will form over a larger area within nanostructured 

materials and in a more unpredictable fashion due to their variable energy landscape. A SEI 

generally consumes Li+ in its formation while partially inhibiting the diffusion of Li+ ions 

thereafter. This can result in a high loss of capacity over many cycles and at higher rates, 

especially in systems where SEI may continually break down and reform. [4] 

Therefore, an alternative to nanosizing involves modifying the bulk host structure. These 

modifications attempt to increase the rate performances and reversible capacities of bulk 

electrode materials without tuning size or porosity. [5] 
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Theoretical Background 

Studies of bulk structures are often focused on defect engineering, where various 

synthesis strategies can be used to induce structural changes that can be used to enhance ionic 

and electronic transport. Two such products of defect engineering include Wadsley-Roth (W-R) 

shear structures and tetragonal tungsten bronzes (TTBs) (Figure 1-1). Both provide corner- and 

edge-sharing polyhedra which create unique, tunable geometries based on the nature of the 

transition metal centers and their oxidation states. 

 

Figure 1-1. 2D visualization of a (a) ReO3 structure [6-10], (b) Wadsley-Roth shear phase with 

4×4×∞ blocks from TiNb2O7 [11], and (c) simplified tetragonal tungsten bronze derived from 

potassium tantalum niobate [12], recreated in VESTA. [13] 
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Wadsley-Roth shear structures were originally derived from a perovskite-like ReO3 

structure. [6-10] Prototypical ReO3 possesses only corner sharing ReO6 octahedra with the 

angles of the octahedra 180° with respect to one another and within the same plane (Figure 

1-1a). This highly symmetric framework contains large open channels that can accommodate 

lithium but which are especially prone to collapse or phase transition when Li+ ions are locked in 

available sites. [5] 

In attempting to stabilize ReO3-type materials during lithiation and de-lithiation, a 

modification of symmetry in which structures contain “crystallographic shear planes” was first 

observed by Wadsley and Roth in titanium and tungsten niobates. [14, 15] Rather than purely 

corner-sharing octahedra, the namesake Wadsley-Roth phase can possess edge-sharing polyhedra 

in infinitely long n×m block structures. The shear boundaries of these blocks (Figure 1-1b) 

stabilize the resulting structure while preserving large cavities that can accommodate the rapid 

insertion of lithium without accumulating substantial structural damage. [11, 16] These features 

do not relate to mechanical shear, as they are an intrinsic structural feature of each phase, tuned 

through careful element choice and synthesis techniques. 

While W-R phases and TTBs possess similar corner- and edge-sharing features, TTBs can 

accommodate a larger variety of channel geometries due to the effective rotation of polyhedra 

along the c-axis (Figure 1-1c). [12] Prototypical tetragonal tungsten bronze consists of solely 

corner-sharing octahedra that form channels with triangular and pentagonal cross-sections due to 

a 45° rotation of octahedra in a central 2×2 block. [17] The incorporation of additional 

polyhedral geometries, including tetrahedral (ML4) and pentagonal bipyramidal (ML7), within 

both corner- and edge-sharing polyhedral arrangements, allows for the formation of many 

different TTB substructures. [18] 
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While the formation of W-R and TTB phases is the core to our overall study, other 

geometries remain of interest as they can provide metrics for comparison. For example, a 

common, rutile-type geometry consisting of the same transition metal species is of particular 

interest. In bulk rutile-type frameworks, Li transport is severely limited, as seen in the well-

studied TiO2 [19]. Investigations into nanosized rutile phases of various transition metal oxides, 

such as NbO2, point to significant morphologically derived performance improvements, as 

previously mentioned [20]. Hence, our study attempts to understand the properties of a bulk 
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rutile-type transition metal oxide with a similar composition and bulk morphology to the W-R 

and TTB phases of interest. 

To understand the preference of corner- versus edge-sharing polyhedra, Pauling’s rules 

can be employed; central atoms with a lower oxidation state favor vertex sharing. [21] 

Conversely, those with higher oxidation states experience higher electrostatic repulsion with 

neighboring central atoms, encouraging corner sharing polyhedral arrangements, resulting in 

larger corner-sharing block features or equivalents in the final structure. Therefore, our work on 

the ternary V-Nb-O system seeks to understand the structural and electronic effects of varying 

vanadium’s oxidation state in pristine materials while maintaining a stable Nb5+ oxidation state. 

Transition metals exhibit reversible redox due to flexible electron occupation within their 

d orbitals. When hybridized with 2p orbitals of oxygen atoms, this leads to a sharing of electron 

density. [22] This sharing is highly affected by the TM atom species and the resulting geometry 

of the polyhedral arrangements. For instance, tetrahedral arrangements have closer metal-ligand 

distances than octahedral arrangements due to less ligand-ligand repulsion. This leads to a higher 

crystal field stabilization energy (CFSE) for an octahedral arrangement compared to a tetrahedral 

one. [23] 

When lithium atoms diffuse within channel regions between polyhedra, their charges 

create localized distortions in electron densities. These distortions can interact with the d-orbitals 

of central transition metal atoms, lowering their oxidation states when lithium gives up an outer 

electron. Further lithiation leads to delocalization of electron densities, first along edge-sharing 

sites, which has been confirmed to cause an insulator-to-metal transition in Magnéli phases. [24] 
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These phases exhibit 1D crystallographic shear, representing a simplified modification from 

parent ReO3 structures. 

Hence, we believe that these findings may be applied to other phases with 2D 

crystallographic shear, notably W-R phases and some TTBs. Part of the research reported here is 

dedicated to understanding insulator-to-metal transitions within the four studied vanadium 

niobate compounds by virtue of experimental verification with synchrotron techniques and 

computational verification with partial density-of-state (pDOS) calculations. 

Finally, while much electrode research focuses on one transition metal, our work studies 

two, V and Nb. Introducing several metals within a compound alters the site preference of 

different metals as a function of block size in W-R phases. [11] Furthermore, block size can be 

modified by the metal to oxygen ratio in the compound; a larger ratio yields more corner sharing 

connections and results in larger blocks. Although TTBs do not use block descriptors, the same 

principles of corner sharing apply; the geometries of channel regions are therefore significantly 

affected by the ratio of metal to oxygen in the compound. Additionally, the MO7 polyhedra that 

are allowed in TTBs further complicates the site preferences of each transition metal in a ternary 

system. 

 

Ternary Vanadium Niobium Oxide System 

 To better understand the interplay of electrochemical activity, structure, and electronic 

behavior, four vanadium niobium oxides were synthesized using sol-gel and solid-state methods. 

In their pristine forms, the four compounds—VNb9O25, V4Nb18O55, VNbO4, and V7Nb6O29—

have been shown in previous works to possess a consistent Nb5+ with variations in vanadium 

oxidation states respectively: V5+, V5+, V3+, V4+. [2], [25-27] 
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 In the list of the vanadium niobates indicated above, there is a consistent increase in the 

ratio between vanadium and niobium. This ratio offers the opportunity to study the effect of 

replacing a transition metal center with another with similar properties (given their relative 

locations on the periodic table). Naturally, the increase of vanadium within each material leads to 

the formation of polyhedra with stronger nuclear attraction to surrounding polyhedra due to 

vanadium’s smaller ionic size and higher electronegativity; this allows for metastable phases 

with “anion-deficient nonstoichiometry” in VNbO4 and V7Nb6O29 for increasing V:Nb ratios. [5]  

 Given that two phases of interest, VNb9O25 and V4Nb18O55, possess Nb5+ and V5+ in their 

pristine states, the presence of second order Jahn-Teller (J-T) distortions from the instability of d0 

cations is possible. [28] However, as soon as either transition metal is reduced, second order J-T 

distortions are replaced with their ordinary counterpart, leading to increasingly reduced d1, d2, 

and d3 configurations. Second order J-T distortions are more likely to occur in smaller cations 

since they are subject to larger changes in orbital energies during oxidation, making V5+ a 

suitable candidate. In an octahedrally coordinated V5+, the local symmetry would be reduced as 

the cation drifts from its geometric center, lowering the energy of empty d orbitals, sometimes to 

the point of mixing in energy with occupied p orbitals. [29] Subsequent reduction of the V5+ 

eliminates the possibility of second order distortions. In Nb5+, second order J-T distortions are 

predicted to occur in KNbO3 and TiNb2O7. [30], [31] However, their occurrence in these two 

compounds is dependent on a heavily distorted local geometry. 

 Vanadium oxidation states can range from 5+ to 2+, representing a wide window in 

which vanadium ions can be incorporated into niobium oxides without phase segregation. The 

three-electron redox potential of vanadium also accounts for larger capacities compared to those 

capable if assuming only single-electron redox. To study this, our work focuses on probing the 
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oxidation states of both central transition metals using ex-situ XAS at different points of 

lithiation and characterizing any structural information and modifications. Our collaborators 

further used computational modeling of (de)lithiation within these four structures to validate our 

experimental findings. [32] 

 Previous works predicted the unit cell parameters and accompanying structures of each of 

the four vanadium niobates of interest. A table of unit cell parameters is presented in Table 1-1 

while cross-sectional unit cell visualizations are in Figure 1-2.  

 

Table 1-1. Unit cell parameters of the four vanadium niobates, from literature. [27], [33-35] 

 VNb9O25 V4Nb18O55 VNbO4 V7Nb6O29 

a (Å) 15.92376 17.35490 6.57181 11.82077 

b (Å) 15.92376 17.69770 6.68754 11.82077 

c (Å) 3.85301 3.97052 3.06093 3.80816 

α = β = γ = 90° 90 90 90 90 

Volume (Å3) 976.99232 1219.51278 134.52476 532.11653 
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Figure 1-2. 2D projections of the four vanadium niobates along the c-axis, recreated using 

VESTA. [13], [27], [33-35] 

 The large distribution in unit cell volumes is directly linked to the high differences in 

symmetry of the four structures. High-symmetry P42/mnm allows for a reduction in the unit cell 

parameters of VNbO4 which cannot be realized in lower-symmetry Cmmm of V4Nb18O55. In this 

case, more atoms need to be included to create the smallest repeating unit. 

 VNb9O25 (I4)̅ is a W-R phase which has only NbO6 octahedra that are corner and edge 

sharing with other NbO6 octahedra. Vanadium only exists in tetrahedral geometries and only 

shares corners with NbO6 octahedra. NbO6 octahedra that exclusively share corners make up the 
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3×3×∞ block region. At the corners of blocks are corner sharing VO4 tetrahedra. 

Crystallographic shear in this phase is realized as the edge sharing of NbO6 octahedra in 

neighboring 3×3×∞ blocks, identical to the geometry of TiNb2O7 (Figure 1-1b). 

V4Nb18O55 is a tetragonal tungsten bronze (TTB) with space group Cmmm, which 

possesses a mix of NbO7 (pentagonal bipyramidal) and NbO6 (octahedral) coordination. NbO7 

polyhedra are edge-sharing with NbO6 octahedra and VO6 octahedra. VO4 tetrahedra are 

exclusively edge sharing with NbO6 octahedra and possess both corner- and edge-sharing sites 

with themselves. Octahedra of both types are exclusively corner sharing with like octahedra. 

VNbO4 (P42/mnm) possesses a rutile-type structure with V and Nb ideally alternating 

perfectly in transition-metal occupancy. Octahedra are edge sharing parallel to the b-axis and 

corner sharing parallel to the c-axis. In Table 1-1, a doubled unit cell is shown for better scaling 

with respect to the other compounds. 

The second W-R phase, V7Nb6O29 (P4/m), consists of only NbO6 and VO6 octahedra. In 

creating the structure, Lawrance et al. predicted shared occupancy in certain sites, notably those 

with a Nb preference that share corners to form the 3×3×∞ block region of V7Nb6O29. [27] 

Crystallographic shear is realized in each 3×3×∞ block where NbO6 octahedra share edges with 

those of equivalent neighboring blocks. VO6 is in 2×2×∞ blocks that share edges with NbO6 in 

3×3×∞ blocks. Unit cell corners also consist of purely VO6 corner-sharing octahedra. These 

octahedra fit in the centers of the 3×3×∞ blocks, which is visible when the unit cell is expanded 

in the a and b directions. 

In the syntheses of these four compounds, we show the feasibility of tuning vanadium 

and niobium fractions to create stable and metastable vanadium niobate compounds, based on the 
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high solubility of vanadia within niobia. Successful synthesis was verified using the following 

characterization methods. 
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TECHNICAL BACKGROUND 

Ordinary and Operando X-Ray Diffraction 

 Ordinary powder X-ray diffraction (pXRD) operates best when particles are scattered in 

random orientations. These crystalline particles diffract incident X-ray radiation when oriented 

appropriately, producing a spectrum when the incident beam’s angle is shifted with respect to the 

sample and when the intensity of the diffraction is recorded. The resulting relation was 

determined by William Bragg. 

𝑛𝑛𝑛𝑛 = 2𝑑𝑑 sin(𝜃𝜃) (1) 

n is an integer multiple of the wavelength of the X-ray, λ. d represents the interplanar spacing 

between lattice planes, and θ represents the angle of the incident beam with respect to the 

sample’s plane.[36] 

Operando XRD uses the same operating principle as regular XRD but incorporates 

another parameter, the amount of lithium in the material. Alignment with the electrode is crucial 

to track the structural changes during (de)lithiation. Additionally, other diffraction peaks are 

detected from elements within the pouch cell, such as those corresponding to aluminum from the 

aluminized mylar or the aluminum current collector. These peaks are consistent in position and 

intensity throughout various scans, serving as good reference points to align the operando spectra 

with respect to each other. However, they are ignored in further analysis since they do not come 

from the active material of interest. Peaks that do shift during (de)lithiation can be tracked and 

used to quantify changes in lattice parameter and to understand the active material’s 

recoverability. [37] Those peaks that disappear or appear can be used to understand phase 

changes which may occur in some systems. 
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UV-Visible Spectroscopy and Tauc Analysis 

UV-Visible (UV-Vis) spectroscopy operates by sending an incident beam containing a 

range of wavelengths to a target sample. In reflection, the sensor captures reflected radiation 

which can then be used to recreate a spectrum for each compound. 

Conducting UV-Vis in reflectance allows for the inference of the optical band gap of 

materials which exhibit an absorbance “edge” in the range of wavelengths. This can be 

performed using a Tauc analysis as presented in the following equation: 

(𝛼𝛼 ⋅ ℎ𝜈𝜈)
1
𝛾𝛾 = 𝐵𝐵�ℎ𝜈𝜈 − 𝐸𝐸𝑔𝑔� (2) 

h represents Planck’s constant, while ν represents the frequency of the incident photon. B is a 

proportionality constant, and γ is a factor representing the transition type, with a value of ½ for 

direct allowed transitions and 2 for indirect allowed transitions. [38] Experimentally determining 

the absorption parameter α from a diffuse reflectance value obtained from a powder sample first 

requires conversion. Therefore, we arrive at the Kubelka-Munk formulism, where the Kubelka-

Munk value F(R∞) can be substituted for α in Equation 2: 

𝐹𝐹(𝑅𝑅∞) =
(1 − 𝑅𝑅∞)2

2𝑅𝑅∞
 (3) 

The resulting Tauc relation can be plotted as energy (determined from wavelength) versus 

the left portion of Equation 2. The linear region can be extrapolated to the x-axis, which 

represents the experimentally determined optical band gap of the material. [38] 

Raman Spectroscopy 

Raman spectroscopy is one method that attempts to capture the vibrational modes of 

bonded atoms which can reveal structural insights. In bulk solids, the vibrational modes of 
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certain bonds are coupled with neighboring ones depending on local geometry, distorting their 

vibrational character and causing differences in the perceived Raman shift and peak intensities. 

[39] Therefore, complex compounds with different polyhedral orientations such as the vanadium 

niobium oxides of interest, can yield Raman spectra which can be difficult to parse. 

 When light of a known wavelength strikes a sample, an excited photon of the same 

energy can leave the sample and be captured by a detector. This phenomenon is an elastic 

collision, known as Rayleigh scattering. Raman scattering works on the principle of inelastic 

scattering, where the emitted photon from the sample is no longer the same wavelength as the 

incident photon. [40] 

 Since atomic bonds are spring-like, they vibrate or resonate at certain frequencies which 

depend on the atom species and surrounding bonds. An incident photon will be energized by the 

vibration, creating an electron transition to a higher virtual energy level. When the electron 

returns to its ground state, a photon of higher energy than the incident radiation is emitted, 

known as anti-Stokes scattering. When the incident photon imparts part of its energy into a 

molecule, it loses energy when re-emitted, in a phenomenon known as Stokes scattering. [41] 

 A Raman detector captures the emitted photons, which can be constructed into a spectrum 

depending on the captured wavelength (converted into Raman shift, cm-1). Peaks in the Raman 

spectrum correspond to specific Raman-active vibrational modes in the compound of interest; 

intense peak deconvolution and fitting often need to be done to understand the orbital 

interactions to which each peak can be associated. [41] 
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Galvanostatic Cycling with Potential Limitation (GCPL) 

 Supplying a constant current to a battery cell over a constant period, calculated by 

limiting the potential window in which that cell can cycle and considering the active material’s 

mass reveals useful electrochemical information of the redox mechanisms in the cell. First, this 

measurement reveals insight into the capacity of a cell when charged and discharged, and any 

discrepancies between the two. Second, the c-rate (or current density value) can be changed to 

study the rate capabilities of the active material. The degradation of the active material can also 

be witnessed when cycling is repeated hundreds or even thousands of times. Third, the shapes of 

voltage profiles versus time can be observed, where potential plateaus may indicate multi-phase 

domains. [42] 

 

Cyclic Voltammetry (CV) 

 Instead of supplying a constant current, a constant voltage ramp (or voltage sweep) can 

be applied to the battery cell. This creates a current response which can be quantified for each 

voltage point in the system. The resulting relation yields interesting insights as to the redox 

potentials of the active material, as quantified by observing peaks in the CV curve. Additionally, 

the shapes of these curves can be analyzed to better understand the reaction reversibility. 

 Time varying voltage (sweep rate, v) and current (I) in a cyclic voltammogram are 

described by a power law relationship: 

𝐼𝐼 = 𝑎𝑎𝑣𝑣𝑏𝑏 (4) 

a is a numerical constant, while the value of b must reside between 0.5 and 1. The value of b (b-

value) approaches 1 for more capacitor-like responses and is closer to 0.5 if semi-infinite 

diffusion limits the kinetics of the redox process. [43] This analysis can be performed on redox 
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peaks at several voltage sweep rates to obtain more data points for a more accurate determination 

of b. 

 The shapes of features in CV can also be used to determine more information about the 

system. For example, a box-like CV region indicates capacitor-like behavior, often corroborating 

b-value findings. The peak anodic and cathodic currents in an ideal reversible system should 

have a ratio of magnitudes of 1.0. Additionally, their profiles may be broader and their peaks 

slightly shifted in voltage due to uncompensated resistance. [44] 

 

X-Ray Absorption Spectroscopy 

 X-ray absorption spectra are based on the sharp increases in absorption at specific 

incident X-ray wavelengths, which directly correlate to their energies. This absorption edge 

corresponds to the energy required for a core electron to become ejected into the LUMO or to the 

unbound continuum state, leaving a core hole behind which is then filled in relaxation. This leads 

to a sharp absorption of the incident energy at a narrow set of wavelengths, known as the 

absorption edge. [45] 

 This absorption edge is named after the energy levels from which the electron transitions. 

The K-edge refers to the transition of an electron from the 1s orbital, and the L-edge refers to the 

transition of an electron from the 2s or 2p orbitals. L-edge spectra are captured at lower energies 

and have a higher resolution and are of special interest due to their ability to capture 2p  d 

electronic transitions, which are essential in understanding metal-ligand interactions.[46] 

 In our work, we focus on the X-ray absorption near edge structure (XANES), which is 

approximately 50 eV above the absorption edge and provides information in coordination, 
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oxidation state, and electronic structure, which is essential for our understanding of the 

(de)lithiation mechanisms of the four vanadium niobates. [45] 

 

Entropic Potential 

 The entropic potential of a system represents the sum of vibrational, configurational, and 

electronic components. This analysis can provide insight into the different intercalation 

mechanisms of lithium into an electrode material. 

 Notably, Baek et al. associated four different trends in total entropic potential and open 

circuit voltage versus lithium concentration in an electrode with the following mechanisms. [47] 

The first mechanism, lithium intercalation into a solid solution is characterized by a decrease in 

entropic potential and OCV of the cell with increasing lithium concentration. The second 

mechanism, ion ordering within a homogeneous solid solution, is characterized by a fluctuation 

of entropic potential in the shape of a tilde. The third mechanism, a first order phase transition 

with a two-phase coexistence, is revealed by a constant OCV and entropic potential. The last 

mechanism, a two-phase coexistence due to a stable intermediate phase, is associated with 

plateau regions in both OCV and entropic potential, separated by discontinuities (step-like 

features). [47] 

 

Density of States 

 Computational work was performed by collaborators at UCLA to validate optical 

bandgap measurements determined experimentally using Tauc analysis based on partial density 

of states calculations. [32] Additionally, DFT was used to model changes in the unit cells of each 
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vanadium niobate during lithiation, along with changes in their electronic structures, as 

represented in partial density of states (DOS) calculations. 

 The band edges of a density of states provide especially important insight into the 

electronic properties of a material and will therefore serve as the focus of our studies. In a 

standard DOS plot versus energy, the Fermi level is normalized at 0 eV. Below the Fermi energy 

are the occupied states (valence band), and above the Fermi energy are the unoccupied states 

(conduction band). In a semiconductor, the region between the occupied and unoccupied states is 

the bandgap. In metals, this region becomes blurred, since there can be a continuum of states 

from the valence band that become occupied and are hence below the Fermi level. Negative DOS 

values correspond to spin-down states while positive DOS values correspond to spin-up states. 

[31] 

 Discrepancies in spin symmetry yield valuable insight into specific orbital occupation, 

while peak intensities and overlap correspond to specific orbital energy degeneracies. Combining 

these can yield important supporting information for the lithiation mechanisms of our four 

vanadium niobates. 
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METHODS 

Synthesis of Vanadium Niobates 

Two overarching synthesis techniques were explored: solid-state and sol-gel synthesis. 

Both techniques were successful in synthesizing V4Nb18O55, while a sol-gel synthesis was 

employed for VNb9O25 and VNbO4 and a solid-state technique was used for V7Nb6O29. A sol-gel 

approach lowered the necessary synthesis temperature for the preservation of reduced vanadium 

phases, given the incorporation of complexing agents. Furthermore, this lowered the likelihood 

of vanadium dioxide sublimation during annealing. 

All syntheses were performed using unmodified commercially available precursors. 

Phase purity and crystallinity were validated using ordinary and high-resolution X-ray diffraction 

and appropriate refinement. 

 

Sol-gel synthesis of V4Nb18O55 and VNb9O25 

 V4Nb18O55 was synthesized using the sol-gel method from a modified published method. 

[48] This involved the synthesis of a sol from 20.0 mg of ammonium metavanadate (NH4VO3, 

Sigma-Aldrich ≥99.0%), 344 mg of ammonium niobium oxalate (C4H4NNbO9·XH2O, Sigma-

Aldrich 99.99%, X≈6.5), and 33.5 mg of oxalic acid dihydrate (H2C2O4·2H2O, Sigma-Aldrich 

≥99%) fully dissolved into 6 mL of de-ionized water at 80°C. 197 mg of citric acid monohydrate 

(C6H8O7·H2O, Thermo Fisher ≥99%) was then dissolved before mixing was stopped. The 

solution was left to gel overnight before drying at 180°C for 2 hours. The mixture was 

transferred to an alumina crucible and annealed in air at 650°C for 24 hours with a heating rate of 

5°C min-1. 
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 The method was adopted for VNb9O25, adjusted to achieve the appropriate molar ratios of 

V and Nb. The same quantity of ammonium metavanadate (NH4VO3, Sigma-Aldrich ≥99.0%) 

was used, adding 688 mg of ammonium niobium oxalate (C4H4NNbO9·XH2O, Sigma-Aldrich 

99.99%, X≈6.5) and 32.5 mg of oxalic acid dihydrate (H2C2O4·2H2O, Sigma-Aldrich ≥99%) to 

dissolve in de-ionized water at 80°C. 359 mg of citric acid monohydrate (C6H8O7·H2O, Thermo 

Fisher ≥99%) was added to promote gelation, which was performed under the same conditions as 

for V4Nb18O55. In this synthesis, the resulting powder was instead annealed at 780°C using the 

same ramp rate for 24 hours in air. 

 

Solid-state synthesis of V4Nb18O55 

 A solid-state synthesis of V4Nb18O55 was conducted by mixing stoichiometric ratios of 

vanadium (v) oxide (V2O5, Sigma, ≥99.6%) and niobium (v) oxide (TT-Nb2O5). The annealing 

time and conditions were identical to that created using the sol-gel method. 

 

Sol-gel synthesis of VNbO4 

 Two similar sol-gel synthesis routes were proposed for VNbO4, using slightly different 

precursors but achieving equivalent functional chemistries before annealing. These were heavily 

inspired by a method from published literature. [49] The first involved stirring 144 μL of 

niobium ethoxide (Nb(OCH2CH3)5, Sigma-Aldrich) in 32 mL of ethanol until a clear solution 

was obtained. 160 mg of vanadium (iii) 2,4 pentanedionate (C15H21O6V, Thermo Fisher 97%) 

was then added, turning the solution brown. Then, 221 mg of oxalic acid dihydrate 

(H2C2O4·2H2O, Sigma-Aldrich ≥99%) was dissolved before adding 193 mg of citric acid 

monohydrate (C6H8O7·H2O, Thermo Fisher Scientific ≥99%). Stirring was stopped after full 
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dissolution and the solution was left to gel and dry overnight at 80°C in air. The gel was dried 

and ground similarly to those synthesized in sol-gel V4Nb18O55 and VNb9O25. However, the 

powder was annealed at 700°C for 12 hours in argon with a heating rate of 5°C min-1. The 

powder was then ground and stored under vacuum. 

 VNbO4 was also synthesized using niobium chloride (NbCl5, Thermo Fisher Scientific 

≥99.9%) and 2M ammonia in ethanol (Sigma-Aldrich) instead of niobium (v) ethoxide 

(Nb2(OC2H5)10, Sigma-Aldrich ≥99.5%). This created the ammonia salt NH4Cl, which would be 

entirely thermally decomposed below the annealing temperature of 700°C into gaseous NH2 and 

HCl and purged. Therefore, the system was functionally equivalent, since the NbCl5 dissociates 

and forms niobium (v) ethoxide in ethanol. Although it is not possible to calculate the pH of a 

non-aqueous system, the dissociation of ammonia in ethanol should effectively raise pH to that 

necessary for condensation to occur. 124 mg of niobium (v) chloride was dissolved in 32 mL of 

ethanol until a yellow solution was obtained. Then, 2 mL of ammonia solution 2.0 M in ethanol 

was added dropwise, until the solution turned clear. The remaining procedure was identical to 

that of the above sol-gel process. 

 

Solid-state synthesis of V7Nb6O29 

 A published solid-state synthesis method first proposed by Belnap for the synthesis of 

V7Nb6O29 was modified. [50] Stoichiometric quantities of niobium (II) oxide (NbO, Alfa Aesar), 

vanadium (V) oxide (V2O5, Sigma, ≥99.6%), and niobium (V) oxide (TT-Nb2O5) were ground 

and pelletized under 100 MPa with a two-minute dwell. Niobium (V) oxide precursor quantities 

were adjusted for a target of 29.6 rather than 29 for each mol of the compound for oxygen loss 

during annealing. The pellet was inserted into a quartz ampoule which was sealed under dynamic 
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vacuum. The ampoule was then annealed at 650°C for 10 hours with a 5°C min-1 ramp step 

followed by a 1°C min-1 to 850°C for 16 hours before cooling to room temperature at 5°C min-1. 

The resulting powder was also stored under vacuum. 

 

Materials Characterization 

 Scanning electron microscopy (SEM) was conducted using the Nova NanoSEM 230’s 

secondary electron detectors (ETD and TLD) equipped with energy dispersive X-ray 

spectroscopy (EDS). Samples were sonicated within ethanol to create a suspension before 

casting onto stainless steel sheets or directly onto aluminum stubs to reduce charging effects 

under high accelerating voltages. 

 Raman spectroscopy was conducted using a inVia Renishaw confocal Raman microscope 

with a 514 nm green laser in the 0-1200 cm-1 range. 

 UV-Vis spectroscopy was performed using the Agilent Cary 4000 UV-Vis spectrometer, 

from 300 to 1250 nm. 

 Ordinary X-ray diffraction θ-2θ scans were conducted using the PANalytical X’Pert Pro 

with Cu Kα1 source and nickel filter from 8 to 80° 2θ with an incident slit of 1 mm and a step size 

of 0.0334225° with a dwell of 50.8 seconds per step. 

 Powders samples were also sent to the Stanford Synchrotron Radiation Lightsource 

(SSRL) for high resolution XRD by collaborators from SLAC. [51], [52] XAS measurements for 

V K-edge, Nb K-edge, and L3-edge were collected at beamline 4-3 at SSRL. Additional 

characterization details from experiments conducted by collaborators will be included in the 

published manuscript.[1] 
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Electrochemical Analyses 

 Two-electrode SUS204 CR2032 coin cells were constructed for electrochemical testing, 

including voltametric and galvanostatic techniques. 10mm lithium metal coins (Sigma-Aldrich 

99.9%) were used as the reference electrode and anode in half cell configurations. 16-mm 

diameter glass fiber was used as a separator with 1M LiPF6 EC/DMC v/v (LP30, Sigma-Aldrich) 

electrolyte. Slurries for each compound were cast using a 250 μm doctor blade height onto 

carbon-coated aluminum foil. The doctor blade height was increased to 750 μm to increase active 

material loading for operando studies (~5mg cm-2). Electrodes were air-dried for 3 hours at 70°C 

under light vacuum before they were then punched into 10mm diameter circular electrodes and 

weighed. 

 For V4Nb18O55 and VNb9O25, water-based slurries were made from first mixing 80 wt % 

active material, 5 wt. % C65 carbon, and 5 wt. % multi-walled carbon nanotubes (MWCNTs) 

until uniform. Then, 5 wt. % carboxy methylcellulose (CMC, 10 g L-1 in water) was mixed 

before 5 wt. % styrene butadiene-rubber (SBR, 100 g L-1 in water) was quickly mixed before 

immediately casting. After punching, electrodes were further dried at 80°C overnight before cell 

construction. 

 For oxygen- and moisture-sensitive VNbO4 and V7Nb6O29, a non-aqueous method was 

employed from mixing an equivalent ratio of active material and carbon, substituting the CMC 

and SBR for n-methyl 2-pyrrolidone (NMP) solvent and polyvinylidene fluoride (PVDF) binder 

in NMP (40 g L-1). After punching, electrodes were dried for 4 hours at 100°C before cell 

construction. 

 Voltametric techniques were operated on the BioLogic VMP-300 potentiostat, while 

galvanostatic techniques were operated on the Neware BTS 4000 battery tester. All 
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electrochemical tests were conducted between the 1.0-3.5 V potential window versus Li/Li+. 

Electrodes intended for ex-situ XAS were transferred to the BioLogic VMP-300 potentiostat for 

potential holds (chronoamperometry steps) to stabilize the structures at various potentials. These 

were used to examine the redox mechanisms present in each compound in the following XAS 

workflow. 

 For operando XRD experiments, 3.5 cm by 3 cm pouch cells were constructed using 113 

μm thick aluminized mylar. Two nickel tabs were first attached and sealed onto the mylar before 

attaching 10 mm electrodes with 114 μm Kapton tape. 1M LiPF6 in 30/70 EC/DEC was used to 

minimize X-ray absorption and for better wetting of the Celgard 2500 separator which was cut to 

size. 

 Entropic potential experiments performed by collaborators at UCLA used the BioLogic 

VSP-300 on previously constructed coin half cells. [53] A galvanostatic intermittent titration 

(GITT) based method was adopted at 20°C, where current pulses at C/20 were held for 30 

minutes before cells were relaxed for 120 minutes. Then, the cell temperature was modified in 

5°C intervals between 15°C and 25°C, using a cold plate (TE Technology, CP-121). The cell 

potential was recorded after the cell reached within ±0.1°C of the temperature of the cold plate, 

and the OCV drifted by less than 1 mV h-1.  

 

Computational Analyses 

 Partial density of states (pDOS) calculations were performed by collaborators at UCLA, 

using the Vienna Ab initio Simulation Package (VASP), with additional details to be included in 

the published manuscript. [32] [1] The ground states of each vanadium niobate were predicted by 

creating 50 lithiated configurations at different concentrations: pristine (X=0), X=0.25, 0.5, and 
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0.75, with more details to be published. [1] Accompanying structural information of each of the 

compounds per lithium concentration was also provided. 
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RESULTS AND DISCUSSION 

Structural Characterization 

 The morphological characteristics of each vanadium niobate from SEM are presented in 

Figure 4-1. Each formed rod-like features of approximately 1 μm in length except for VNbO4 

(Figure 4-1c), which consistently formed a mix of nanoscale features (around 100 nm in size) 

and some more bulk ones. EDS analysis confirmed that the atomic for V and Nb for each of the 

compounds was within 5% of the theoretical values, as presented in the top right of each image. 



27 

 

Figure 4-1. SEM images of (a) VNb9O25, (b) V4Nb18O55, (c) VNbO4, and (d) V7Nb6O29, with 

corresponding insets representing the atomic ratios of Nb to V calculated by EDS. [54] 

  

Ordinary X-ray diffraction was first used to confirm phase purity (Figure 4-2). 

Subsequently, collaborators at SLAC performed high-resolution X-ray diffraction (HR-XRD) 

from a synchrotron source. [51] All synthesis routes performed yielded phase pure products 

except for a minor secondary phase in V7Nb6O29 indicating the ability to use different synthesis 

techniques to yield the same products. 
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Figure 4-2. Ordinary X-ray diffraction of the four vanadium niobates. 

  

 High resolution X-ray diffraction (HR-XRD) was used to verify the phase purity of each 

compound and calculate their lattice parameters. Analyzing the spectra of VNb9O25 (Figure 4-3), 

V4Nb18O55 (Figure 4-4), VNbO4 (Figure 4-6), and V7Nb6O29 (Figure 4-7) allow for the 

determination of other present phases, if any. Unit cell information is presented in Table 4-1. 
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Figure 4-3. High resolution X-ray diffraction (HR-XRD) spectra of sol-gel VNb9O25, performed 

by Gugulethu Nkala. [51] 

 

Figure 4-4. High resolution X-ray diffraction (HR-XRD) spectra of solid-state V4Nb18O55, 

performed by Gugulethu Nkala. [51] 
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Figure 4-5. High resolution X-ray diffraction (HR-XRD) spectra of sol-gel V4Nb18O55, performed 

by Gugulethu Nkala. [51] 

 

Figure 4-6. High resolution X-ray diffraction (HR-XRD) spectra of sol-gel VNbO4, performed by 

Gugulethu Nkala. [51] 
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Figure 4-7. High resolution X-ray diffraction (HR-XRD) spectra of solid-state V7Nb6O29, 

performed by Gugulethu Nkala. [51] 

 

Table 4-1. Unit cell parameters of the four vanadium niobates, from HR-XRD refinement, 

performed by Gugulethu Nkala. [51] 

 VNb9O25 V4Nb18O55 VNbO4 V7Nb6O29 

a (Å) 15.716 17.393 4.665 11.809 

b (Å) 15.716 17.702 4.665 11.809 

c (Å) 3.825 3.973 3.019 3.798 

α = β = γ = 90° 90 90 90 90 

Volume (Å3) 944.821 1223.250 65.700 529.641 
 

  

VNb9O25 was determined as phase pure from its HR-XRD spectra which matches well 

with reference data (Figure 4-3). 
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 Both synthesis techniques of V4Nb18O55 produced phase-pure products, albeit with 

slightly different morphologies (Figure 4-4, 4-5). These were only distinguishable using HR-

XRD, where sol-gel crystallite size was determined from peak broadening to be larger on 

average than solid-state crystallite size. This distinction was attributed to different nucleation in 

the two synthesis methods, where an organic sol-gel with well-mixed precursors would be more 

likely to nucleate V4Nb18O55 in a homogeneous fashion, while a solid-state method would prefer 

heterogeneous nucleation at the edges of existing particles, where diffusion occurs. 

 Phase-pure VNbO4 was synthesized successfully using both variants of the discussed sol-

gel technique (Figure 4-6). The broad peak widths indicate a smaller crystallite size compared to 

the other compounds, corroborating the nanosized particles seen under SEM (Figure 4-1c). 

 The lattice parameters of each compound determined from HR-XRD and presented in 

Table 4-1 generally agreed within 1.5% to those presented in Table 1-1 except for those for 

VNbO4. This was partially attributed to the nanosized VNbO4 particles, which experience more 

lattice compression due to surface stress. However, given the magnitude of this discrepancy, it is 

also likely that the predicted structure provided by Ding et al. is not a good fit for our 

synthesized phase. [26] 

V7Nb6O29 was synthesized successfully with small amounts of a secondary phase, 

attributed to paramontroseite VO2(P) (Pbmn). [55] This phase was virtually indetectable in 

ordinary X-ray diffraction. Additional peaks at the shoulders of the main diffraction peaks were 

associated with differences in site occupancy due to the vanadium-deficiency caused by the 

formation of the secondary phase. A niobium excess would, in fact, remove some cation disorder 

in the system, possibly introducing some of the superlattice peaks that were not present in 
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Lawrance et al.’s predicted structure due to their disappearance in a more disordered structure. 

[27] 

 

Raman Spectra 

 Raman spectra were captured for each of the vanadium niobates to better understand their 

structural arrangements (Figure 4-8). The spectrum for each compound agreed with those found 

in literature [34], [49], [56]. However, no reference was found for V7Nb6O29, making conclusions 

about these systems difficult. 

 

Figure 4-8. Raman spectra of the four vanadium niobates over a Raman shift of 0-1200 cm-1, 

performed by Andrea Zambotti. [54] 

 In VNb9O25, the spectra are likely dominated by Nb-O and Nb-O-Nb contributions due to 

the 1:9 ratio between V and Nb. Given the non-centrosymmetric structure of the (I4̅) space 
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group, the compound has no inversion symmetry. Hence, there are vibrational modes that can be 

both IR- and Raman-active. The other three vanadium niobates possess centrosymmetric 

structures in the following space groups: Cmmm, P42/mnm, and P4/m. Their vibrational modes 

therefore follow the rule of mutual exclusion, forbidding the Raman activity of modes that are 

also IR-active. [57] This finding corroborates the fewer number of peaks in those spectra 

compared to the spectrum of VNb9O25.  

The Raman spectrum of VNbO4 has broader peak widths than the spectra of the other 

compounds, which corroborate the XRD and SEM methods’ determination of nanocrystalline 

material. 

Although each compound agreed well with other experimentally determined Raman 

spectra, computational work would need to be performed to index the Raman peaks, due to the 

complexity of these compounds. This work would yield more certain structural determination for 

each compound and possibly help reveal the existence of or the amount of cation disorder in each 

system due to different V-O versus Nb-O bond behavior. 

 

Experimental Electronic Analysis 

 To estimate the optical bandgaps of the four vanadium niobates, Tauc plots were 

generated from UV-Visible spectroscopic data, following the steps illustrated in Equations 2 and 

3. Collaborators at UCLA provided estimates as to the bandgap nature of the four compounds: 

V4Nb18O55 was the only predicted material to have a direct bandgap, while the other three 

vanadium niobates were predicted to have an indirect bandgap. [32] The Tauc plots for the four 

vanadium niobates are represented in Figure 4-9.  
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Figure 4-9. Tauc plots for (a) VNb9O25, (b) V4Nb18O55, (c) VNbO4, and (d) V7Nb6O29 derived 

from UV-Vis performed from 300-1250 nm in reflectance. 

The Tauc plot of VNb9O25 possesses an inflection point (Figure 4-9a), leading to the 

calculation of two separate bandgaps. Its two effective bandgap energies were calculated as 1.76 

eV and 2.61 eV. The inflection point was associated with an energy level within the bandgap. 

The optical bandgap energy of V4Nb18O55 was calculated to be 3.21 eV. For VNbO4 and 

V7Nb6O29, optical bandgap energies were difficult to predict since both exhibited high 

absorptivity over the entire wavelength range, making it difficult to decouple noise from true 

reflectance in the linear region. Both were still predicted to be highly conductive and thus have 



36 

bandgaps near 0 eV. However, no reliable absorption edge was resolvable within the measured 

range.  

 

Electrochemical Performance 

 Given the wide range of potentials that the two transition metals in each compound 

operate, a 1.0-3.5 V potential window versus Li/Li+ was chosen for electrochemical testing. 

These were first motivated from literature search of these materials and used for initial cyclic 

voltammetry experiments. [2], [26], [27], [48] Accompanying b-value analyses were also 

performed to better understand the charge storage kinetics of the four vanadium niobates. These 

values follow the power law relationship that was discussed in Equation 4. 

 

Voltage Profiles, Rate Performances, and Long-term Cycling 

 The four vanadium niobates were cycle tested at various constant currents, using 

equivalently constructed and loaded electrodes, as detailed in the methods. Figure 4-10 displays 

voltage profiles from the first discharge and first charge of each vanadium niobate at 1C after 

formation cycling. Figure 4-11 displays both charge and discharge capacities of the four 

compounds at different c-rates. 
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Figure 4-10. Voltage profiles at 1C of (a) VNb9O25, (b) V4Nb18O55, (c) VNbO4, and (d) V7Nb6O29 

within the 1.0-3.5 V vs. Li/Li+. 

  

Distinct plateaus in VNb9O25’s voltage profile between 1.5 and 2.0 V were attributed to a 

likely first-order phase transformation which was highly reversible based on the symmetry of the 

discharge and charge profiles (Figure 4-10a). Operando HR-XRD was subsequently used to 

confirm this finding. The gently sloping profiles of each of the other vanadium niobates were 

attributed to lithium insertion within a solid solution over most of the potential range, which was 

subsequently confirmed using studies of entropic potential. The asymmetric profiles observed in 
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V7Nb6O29 (Figure 4-10c) were associated with an asymmetry in the Li+ migration barrier during 

discharging versus charging. 

 

 

Figure 4-11. Rate capabilities of the four vanadium niobates cycled within the 1.0-3.5 V vs. 

Li/Li+ potential range. 

 

Each vanadium niobate showed excellent capacity retention after cycling at high currents; 

however, V4Nb18O55 stood out as the material with the highest specific capacity at each c-rate, 

with a reversible capacity of 257 mAh g-1 at C/10 and 184 mAh g-1 at 10C. V4Nb18O55’s 

performance at reduced currents further exceeded its theoretical capacity of 214 mAh g-1 

(assuming one electron redox per transition metal). This was therefore attributed to possible 
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multi-electron redox of transition metal species within an open structure, which will be 

confirmed using XAS characterization and DFT computations in following sections. 

The other compounds only exhibited maximal capacities that were below 70% of their 

theoretical values at the lowest c-rates. V7Nb6O29 and VNbO4 suffered from severe transport 

limitations at 10C, causing capacity to collapse to approximately 22 mAh g-1. The poor rate 

capability of VNbO4 was partially attributed to the carbon content in the active material, which 

surrounded each of the nanostructures as a product of the organic synthesis and likely frustrated 

the intercalation of Li+ into active sites within the VNbO4. Additionally, large distortions within 

the denser frameworks of both VNbO4 and V7Nb6O29 during lithiation likely led to diffusional 

barriers for Li+. Coupling these effects likely exceeded the rate performance benefit induced by 

the nanoscale nature of VNbO4. 

 Each vanadium niobate was also subjected to continuous charge and discharge cycles in 

the same potential range, as presented in Figure 4-12. 
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Figure 4-12. Extended cycling over 300 cycles within the 1.0-3.5 V vs. Li/Li+ potential range of 

the four vanadium niobates. 

 

Each compound exhibited at least 80% of their initial discharge capacity (after formation 

cycling) over 300 cycles when cycled at 1C. Moreover, V4Nb18O55’s capacity was less sensitive 

to daily temperature fluctuations than the other vanadium niobates, suggesting its possible use in 

more sensitive environments. 
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Cyclic Voltammetry 

Cyclic voltammograms of the four vanadium niobates are plotted in Figure 4-13. 

 

Figure 4-13. Cyclic voltammograms of (a) VNb9O25, (b) V4Nb18O55, (c) VNbO4, and (d) 

V7Nb6O29 within the 1.0-3.5 V vs. Li/Li+ with peak identification for b-value analysis. [54] 

 

The cyclic voltammograms revealed significant redox activity in each of the vanadium 

niobates below 2.5 V vs. Li/Li+. The redox peaks further agreed well with the position of 

inflection points in the voltage profiles of each compound (Figure 4-10). VNb9O25 underwent a 

phase transition, as evidenced by a very different cathodic current peak position compared to 
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subsequent cycles. The voltametric profiles of VNb9O25 at different current sweeps showed very 

sharp peaks and a diminished current from 2.0 to 3.0 V, indicating little redox activity or lithium 

insertion outside of the 1.0 to 2.0 V range. The sharpness of the peaks also indicates very ordered 

lithium insertion within well-defined crystallographic sites. The cathodic and anodic b-values 

were calculated to be 0.56 and 0.62, respectively. Given the proximity of these values to 0.5, the 

charge storage mechanism of VNb9O25 is dominated primarily by diffusion-controlled processes 

into the bulk of the active material.  

V4Nb18O55 was the only phase that showed some isolated reversible redox activity above 

2.7 V vs. Li/Li+. For the primary redox peaks in V4Nb18O55, cathodic and anodic b-values were 

calculated as 0.80 and 0.79, respectively. The shoulder peaks had cathodic and anodic values of 

0.81 and 0.93. The ternary peaks above the 2.5 V vs Li/Li+ region had cathodic and anodic b-

values of 0.75 and 0.72. Many of these values fall within the middle of allowable b-values. 

Hence, this region of potentials falls within a finite diffusion region. [58] Increased lithiation of 

the material leads to a higher b-value of 0.93 which approaches b=1. This suggests the possibility 

of an insulator-to-metal transition near 1.6 V, where electronic conduction allows for instant 

redox reactions at the electrode surface due to faster electron transfer through the bulk material. 

VNbO4 exhibited broader redox peaks than the other compounds, attributed to sluggish 

electron transfer kinetics. Given the high carbon fraction in the resulting compound, we expect 

poorly graphitized (amorphous) carbon to both increase the IR drop of the system and increase 

the capacitance of the system. This is likely why there is not perfectly zero current even with 

very little or no redox activity as we approach 3.5 V. Cathodic and anodic b-values were 0.71 and 

0.78, respectively, indicating the likelihood of finite diffusion determining the kinetics. [58] 
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V7Nb6O29 exhibited broad redox peaks at various scan rates, with a maximum b-value 

(cathodic) of 0.81 at 1.5 V, with the other peaks at higher voltages having b-values near 0.6. 

Therefore, similar conclusions can be drawn for V7Nb6O29 as for V4Nb18O55. At higher lithium 

concentrations, the material likely undergoes an insulator-to-metal transition, causing a 

significant increase in capacitor-like charge storage over diffusion limitations. The broad peaks 

with shallow sloping were associated with the cation disorder in the system, which agrees with 

the fact that this is the only phase with confirmed cation disorder. 

 

Rate Performance of Niobium-Deficient V4Nb18O55 

 A comprehensive study of compositional variations in sol-gel V4Nb18O55 was performed, 

following attempts to reach the 4:18 ratio of vanadium to niobium. Ammonium niobium oxalate 

precursor was hydrated with an unknown amount of water which, although determinable using 

thermogravimetric analysis (TGA), still required optimization to achieve the final correct ratio. 

X-ray diffraction of niobium-deficient V4Nb18O55 revealed no significant differences in phase. 

Only EDS data provided insight into the discrepancy of this ratio. The excess vanadium likely 

substitutes niobium in octahedrally coordinated NbO6 sites, although there has been no reported 

evidence of shared occupancy within the structure. Furthermore, since the phase consists of fully 

oxidized V5+ and Nb5+, the ratio of transition metal to oxygen remained constant. 

 Electrochemical cycling data was performed for each composition after three formation 

cycles at C/10 until the desired V:Nb ratio of 4:18 was reached, as presented in Figure 4-14.  
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Figure 4-14. (a) Voltage profiles at 1C and (b) rate capabilities of several niobium-deficient 

V4Nb18O55 compositions. 

 

The overall increase of niobium fraction within the compound increased the rate 

capability of the compound, suggesting that the ideal V4Nb18O55 composition previously 

determined represents a good optimization of a V5+ and Nb5+ compound. Niobium deficiency in 

V4Nb18O55, although insignificant enough to cause a change in the overall structure of the 

compound, still led to decreases in performance at higher rates. No changes were observed in the 

shapes of the voltage profiles, indicating similar lithiation mechanisms for each compound. 

 At a Nb to V ratio of 3.05, discharge capacities at 10C were reduced by about 30 mAh g-

1, while the discrepancy decreased at slower rates. However, all five compositions still showed 

excellent capacity retention after 10C, returning to within five percent of their initial C/10 

capacities. Interestingly, the V4Nb18O55 compound with the ideal Nb:V ratio underperformed 

slightly compared to the other compositions at lower rates. The ideal composition had a 

maximum recoverable discharge capacity of 248 mAh g-1 at C/10 while the vanadium rich 

composition of Nb:V of 3.59 exhibited a maximum recoverable discharge capacity of 255 mAh 

g-1. These findings were attributed to increased vanadium redox in vanadium-excess samples, 
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likely in preferentially edge-sharing octahedra that were inaccessible to lithium ions at higher 

rates. This geometry preference is further supported by vanadium’s stronger nuclear attraction to 

oxygen atoms in neighboring polyhedra due to its smaller atomic size than niobium. These 

findings would indicate the presence of asymmetric cation disorder in V4Nb18O55, driven by the 

substitution of niobium with vanadium in compounds with excess vanadium content, especially 

in edge-sharing polyhedra. 

 

X-Ray Absorption Near-Edge Structure and Operando X-Ray Diffraction 

 Operando XRD diffraction and X-Ray absorption spectroscopy (XAS) at the K-edge of 

vanadium and the K- and L3-edges of niobium were performed to better understand the structural 

changes and redox behavior of the four vanadium niobium oxides. The following data are 

divided into their respective compounds for clarity. Operando data is presented in Figure 4-14, 

while ex-situ XAS of vanadium K-edge is presented in Figure 4-15. ex-situ XAS of the niobium 

K-edge and L3-edge are presented in Figure 4-16. 
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Figure 4-15. High resolution operando XRD patterns of (a) VNb9O25, (b) V4Nb18O55, (c) VNbO4, 

and (d) V7Nb6O29 taken after precycling, performed by Gugulethu Nkala. [51] 



47 

 

Figure 4-16. XANES of vanadium K-edge extracted from ex-situ XAS samples of (a) VNb9O25, 

(b) V4Nb18O55, (c) VNbO4, and (d) V7Nb6O29, performed by Gugulethu Nkala. [51] 
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Figure 4-17. Niobium XAS L3-edge spectra of (a) VNb9O25 and (b) accompanying 10 Dq values 

calculated as a function of voltage for VNb9O25, (c) V4Nb18O55, (d) 10 Dq values calculated as a 

function of voltage. Niobium XAS K-edge spectra of (e) VNbO4 and (f) its corresponding near 

edge region, and (g) V7Nb6O29 and (h) its corresponding near-edge region. [51] 
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VNb9O25 

 Pristine VNb9O25, possessing a (I4̅) space group confirmed using HR-XRD, exhibited a 

phase transition into the P-4 space group, confirmed by the disappearance of peaks at 14.9°, 

15.8°, and 16.6° 2θ and the appearance of peaks at 11.4°, 13.8°, and 16.3° 2θ upon lithiation to 

1.0 V (Figure 4-14a). On de-lithiation to 2.0 V, the I4̅ space group was fully regained in the 

reversal to the previous peaks. Strong peak alignment with the pristine VNb9O25 indicates highly 

reversible lithiation. 

 As previously discussed, the intensity of the Vanadium K-edge pre-edge peak decreases 

in intensity with decreasing oxidation state and a leftward shift to lower energies. Both were 

observed in VNb9O25, consistent with the reduction of V5+ in the pristine sample to V3+ at 2 V 

during lithiation (Figure 4-15a). Further lithiation led to a shift from a semi-resolved doublet to 

a weak triplet, characteristic of a change in local geometry from tetrahedral to octahedral without 

a change in the vanadium’s oxidation state. De-lithiation to 3 V was not sufficient to reverse the 

change in local geometry or of the oxidation state of the vanadium back to 5+. This was likely 

due to the increased redox potential of vanadium which possesses a purely tetrahedral geometry 

in the initial structure. This pins the lithium in sites adjacent to vanadium polyhedra, further 

contributing to the capacity loss exhibited after the first cycle. 

 In the niobium L3-edge pre-edge XAS, a 10 Dq parameter was calculated for different 

lithiation steps (Figure 4-16a, b). A decrease of 10 Dq during lithiation evidenced a reduction in 

niobium’s oxidation state, likely from 5+ to 4+. Nb5+ was only recovered after de-lithiating to 3 

V. Therefore, niobium redox occurs reversibly in VNb9O25, while vanadium redox does not. ~40 

mAh g-1 was therefore attributed to irreversible vanadium redox after the first discharge cycle, 

given an initial discharge capacity of 225 mAh g-1 and subsequent discharge capacities of around 
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185 mAh g-1 with a constant current method. While Li is traditionally lost in SEI formation, it 

was likely also trapped in interstitial sites that kept vanadium in a reduced V3+ state even though 

the structure returned to I4̅ after de-lithiation. 

 

V4Nb18O55 

The operando XRD and XAS data for V4Nb18O55 corroborated the electrochemical 

findings of the highest observed capacity regardless of charge/discharge rate and over long-term 

cycling. Notably, over the entire voltage regime, although distortions in the lattice were 

observed, there was no observed phase change from the compound’s original Cmmm space group 

(Figure 4-14b).  

The highly recoverable and reversible redox of vanadium from 5+ to 3+ further 

contributed to its higher capacity compared to the other three compounds (Figure 4-15b). 

However, since the entire V5+ peak was not restored in intensity, an estimated 2.5 Li+ per 

V4Nb18O55 was determined as lost within the structure. This accounted for a loss of about 24 

mAh g-1. The observed capacity loss from the first lithiation to second lithiation (288 mAh g-1 to 

210 mAh g-1) was therefore attributed to the irreversibility of the vanadium redox. 78 mAh g-1 

can be attributed to the V5+ to V3+ transition. Fully de-lithiated V4Nb18O55 therefore contains 

vanadium with a formal charge of 4.4+. 

Therefore, the Nb L3-edge data presented in Figure 4-16c, d were used to calculate 10 

Dq values for different levels of lithiation. An initial increase of 10 Dq accompanying lithiation 

from 2.5 V to 1.5 V was unexpected, given the estimated reduction of Nb5+ to Nb4+. This would 

decrease the 10 Dq value, since metal-ligand interaction is reduced when the central metal ion is 

less charged. We therefore associate this increase in 10 Dq with the structure accommodating the 
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insertion of Li-ions, which compress niobia polyhedra, reducing Nb-O bond distances. The 

subsequent decrease of 10 Dq into a local minimum at 1 V was associated with ion ordering 

within the compound, which may be responsible for the onset of a tilde shape in the entropic 

potential right near 1.0 V OCV (Figure 4-17b). Since Nb5+ to Nb4+ reduction accounts for 175 

mAh g-1, while 210 mAh g-1 was observed, a formal charge of 3.8+ for the niobium centers can 

be calculated, so incomplete Nb4+ to Nb3+ reduction is predicted to occur. 

 

VNbO4 

From operando XRD studies, VNbO4 exhibited no phase change during cycling within 

the entire potential range (1.0 – 3.5 V vs Li/Li+), maintaining its P42/mnm space group (Figure 

4-14c). Peak shifts to initial 2-theta indicate strong reversibility in the lithiation process, which 

agree well with the insights presented by Ding et al. [26] 

 From the vanadium K-edge XAS in Figure 4-15c, the decrease in intensity of the V3+ 

peak during lithiation to 1.5 V was attributed to the local environment of the V3+ changing from a 

distorted octahedral to a regular (more symmetric) octahedral one. In a centrosymmetric 

octahedron, 3d—4p orbital mixing becomes forbidden, preventing 1s  3d transitions. [59] 

Significant overlap of vanadium’s 3d orbital and oxygen’s 2p donor orbitals was therefore 

reduced, increasing ionic behavior in the octahedra. This resulted in a low-amplitude doublet, 

representative of t2g and eg peaks.  

 The leftward shift of the peak upon further lithiation to 2 V and the loss of the doublet 

was attributed to a V3+ to V2+ transition. The triplet (t2g) orbital of vanadium, while previously 

occupied by 2 electrons, becomes half filled with three electrons upon reduction. The addition of 

additional electrons hence faces an energy barrier in the t2g orbital, removing its contribution in 
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the pre-edge spectra. The eg peak therefore dominates the pre-edge profile of V2+, as visualized 

in our spectra. 

 Upon de-lithiation to 1.5V, V3+ was partially restored, as evidenced by the rightward shift 

of the eg peak and the appearance of a partial doublet (Figure 4-15c). Further de-lithiation to 3.5 

V led to a weak triplet, indicative of a restoration of a distorted octahedral environment but one 

that is less distorted than in the pristine compound. A significant but not total recovery of the V3+ 

oxidation state was proposed due to the peak alignment of the eg peak with that of the pristine 

compound, but the degree of this recovery is indeterminable. The doublet spacing remained far 

larger than the width of the intense broad peak in the pristine VNbO4, further supporting the 

more regular octahedral environment in the de-lithiated (to 3.5 V) cycled compound compared to 

the pristine compound. 

 To better understand the niobium redox activity, XAS was performed on the K-edge of 

niobium in VNbO4 (Figure 4-16e, f). In pre-edge features, the peak shift between pristine and 

lithiated (to 1V) was measured to be ~2.3 eV. However, due to Kunzl’s law, a full Nb5+ to Nb4+ 

would cause a shift of 3.2 eV. [60] Therefore, incomplete Nb5+ reduction was suggested, 

corresponding to 0.72 e- per niobium center. Since V3+ to V2+ reduction was predicted to account 

for 129 mAh g-1 and the first discharge capacity was 225 mAh g-1, the remaining capacity was 

attributed to incomplete Nb5+ to Nb4+ reduction with 0.74 e- per niobium center. These values can 

be extrapolated to a formal charge of niobium between +4.26 and +4.41. 

 

V7Nb6O29 

Operando XRD performed on V7Nb6O29 revealed that no phase transition occurred during 

(de)lithiation within the entire potential range from the original P4/m space group (Figure 
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4-14d). Although the reduction of peak intensity and broadening behavior was observed for 14° 

and 16° 2θ, these changes remained completely reversible. This likely arose due to V7Nb6O29’s 

2×2×∞ blocks expanding at different rates than 3×3×∞ blocks present in the compound. 

Additional shared occupancy in the cation disordered framework would also contribute to 

preferentially reduced vanadium over niobium, leading to hyperlocal distortions distributed 

randomly across lattice sites. The resulting microstrains collectively would broaden XRD peaks 

and reduce their intensities during increased lithiation. 

 From the pre-edge region of vanadium K-edge XAS in V7Nb6O29 presented in Figure 

4-15d, the pristine compound’s initial vanadium oxidation state of 4+ was reduced to 3+ during 

lithiation to 1.5 V and 2+ during lithiation to 1V. However, the 4+ oxidation state was 

unrecoverable even after de-lithiation to 3.5 V, as determined by peak intensity and slight 

leftward shift relative to the 4+ peak. Pre-edge peaks seem to consist of narrow, highly 

overlapping peaks, which split further during vanadium reduction. These close peaks likely 

correspond to t2g and eg orbitals, the distance of which correspond inversely to the distance of the 

V-O bond. Therefore, further reduction of the vanadium led to likely increased V-O bond 

distance and therefore less vanadium 3p and oxygen 2p orbital overlap. The resulting increase in 

ionic behavior of the V-O bond further led to very weak energy peak intensities in the V2+ 

oxidation state. Like in VNbO4, when vanadium is reduced to V2+, the 3d orbital becomes half-

filled, further reducing the intensity of the t2g peak and the overall intensity in the pre-edge 

region. The doublet still present could indicate that vanadium still exists in a distorted octahedral 

geometry even at the 2+ oxidation state. Given the initial discharge capacity of 190 mAh g-1 at 

C/10, a vanadium formal charge of +2.6 can be ascribed to the fully lithiated state. 
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 From the Nb K-edge XAS in Figure 4-16g, h, no conclusive Nb5+ to Nb4+ reduction 

could be determined since no significant peak shift was observed. This agrees with the reported 

work by Lawrance et al. However, while Lawrance et al. reason that heavy distortion within 

NbO6 octahedra limits Nb redox activity, niobium’s 5+ oxidation state allows it to be subject to 

second order J-T distortions. [27] These often can lead to the opposite effect; Nb d orbitals shift 

to lower energies (closer to the Fermi level), increasing their chance of occupancy and hence 

redox. The magnitude of this will be confirmed in following pDOS studies. 

 

Entropic Potential 

The open circuit voltage UOCV(x,T) and the entropic potential ∂UOCV(x,T)/∂T were 

plotted for several compositions of lithium in each vanadium niobate (Figure 4-17). Several 

regions were ascribed to different lithiation mechanisms dependent on the effective lithium 

concentration in each compound. Plateau-like regions in entropic potential can oftentimes be 

difficult to analyze, since they could hide combined positive and negative entropy contributions 

rather than representing true plateaus. Additionally, the entropic potential consists of vibrational, 

configurational, and electronic components, which are difficult to decompose. 
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Figure 4-18. Entropic potential ∂UOCV(x,T)/∂T and OCV (UOCV) of (a) VNb9O25, (b) V4Nb18O55, 

(c) VNbO4, and (d) V7Nb6O29, created by Nicolas Leport. [53] 

 

 The entropic potential of VNb9O25 was split into four different regions (Figure 4-17a). A 

monotonic decrease of both UOCV and ∂UOCV(x,T)/∂T in region I was ascribed to a solid-

solution-like lithium intercalation process. UOCV then plateaued in region II while ∂UOCV(x,T)/∂T 

increased, likely due to a first-order phase transformation process and subsequent two-phase 
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region coexistence. The potential plateau at ~1.7 V was within the region of the phase 

transformation that was observed in operando XRD experiments from a I4̅ to P4̅ structure 

(Figure 4-14a). In region III, a decrease of both UOCV and ∂UOCV(x,T)/∂T indicated another 

solid-solution-like regime, however only within the new phase. In region IV, the monotonic 

decrease in UOCV and the logarithmic increase in ∂UOCV(x,T)/∂T was attributed to possible 

insulator-metal transition, due to the artificial creation of a plateau from negative contributions 

from the configurational entropic potential and positive contributions from the electronic 

entropic potential. [61] 

 For V4Nb18O55, the entropic potential was split into five distinct regions (Figure 4-17b). 

In region I, a monotonic decrease in UOCV and a local maximum in ∂UOCV(x,T)/∂T were 

attributed to the reduction of V5+ to V4+, as confirmed by XAS in the equivalent potential range 

(Figure 4-15b). In region II, a steep decrease in UOCV and a tilde-shaped fluctuation in 

∂UOCV(x,T)/∂T were consistent with ion ordering within a solid solution. [47] The ensuing 

decrease of both UOCV and ∂UOCV(x,T)/∂T in region III further indicated ion intercalation in the 

solid solution. The local maximum in entropic potential between regions II and III were further 

attributed to the reduction of V4+ to V3+. In regions IV and V, overall monotonic changes in both 

UOCV and ∂UOCV(x,T)/∂T were ascribed to ion intercalation in the solid solution like before. 

However, the local maximum between regions IV and V was associated with the reduction of 

Nb5+ to Nb4+. In the tail end of region V, ∂UOCV(x,T)/∂T exhibited a local minimum, likely due to 

a beginning saturation of lithium within available sites that causes an initial reduction of 

configurational entropy in the system and a subsequent rise due to crowding and a higher number 

of delocalized electrons contributing to an increased electronic entropic contribution. Nb4+ to 
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Nb3+ reduction could also occur, which would account for Nb’s formal charge of +3.8, as 

determined from the XAS. 

 VNbO4 exhibited only two regions, the first region displaying a decrease in UOCV and an 

increase in ∂UOCV(x,T)/∂T (Figure 4-17c). These were attributed to the change in site symmetry 

of vanadium, on average going from a distorted octahedral to a more symmetric octahedral 

geometry as revealed in XAS of the Vanadium K-edge (Figure 4-15c). UOCV and ∂UOCV(x,T)/∂T 

both decreased on average in region II. Consistent with equivalent regions in the other vanadium 

niobates, this was attributed to lithium intercalation in a solid solution. However, a slight reversal 

of trend was also observed for the entropic potential at high lithium compositions (approaching 1 

Li per transition metal), like that observed in V4Nb18O55. The local maximum in ∂UOCV(x,T)/∂T 

was consistent with the transition of vanadium’s oxidation state from 3+ to 2+ in the XAS. 

 V7Nb6O29 exhibited four distinct regions, the first displaying a decrease in UOCV and an 

inverted tilde-shaped fluctuation in ∂UOCV(x,T)/∂T (Figure 4-17d); this likely indicated a 

frustration in ion ordering in a solid solution, which is consistent with the cation disorder present 

in this W-R phase. [47] Cation disorder and geometric constraints in the W-R phase are 

responsible for creating a large distribution of energies in sites available for lithium insertion. 

The shallow-sloping, continually decreasing UOCV indicated solid-solution behavior for the entire 

1.0 – 3.5 V vs. Li/Li+ potential range; this was consistent with the operando XRD, where no 

phase change was observed. A tilde-shaped fluctuation was also identified in region III, 

consistent with ion ordering. Regions II and IV, which showed consistent decreases in both UOCV 

and ∂UOCV(x,T)/∂T were again associated with lithium intercalation in the solid solution. The 

local maximum of ∂UOCV(x,T)/∂T between regions I and II was attributed to V4+ to V3+ redox, 
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while the local maximum between regions III and IV was attributed to V3+ to V2+ redox as 

determined through comparison with the V K-edge XAS (Figure 4-15d). 

 

Partial Density of States and Structural Predictions 

Unit cell parameters were determined for each pristine compound based on energetic 

calculations (Table 4-2). Each parameter fell within 2% of theoretical values from literature 

(Table 1-1). Additionally, lithium intercalation energies were also predicted for the four 

compounds at the same points of lithiation (Figure 4-18). 

Structural predictions and partial density of state (pDOS) calculations were performed for 

each compound at various points of lithiation (0, 0.25, 0.5, and 0.75 Li+) for each compound 

(Figure 4-19, 4-20, 4-21, 4-22). In the pDOS, green peaks correspond to Nb d-orbitals, orange 

peaks correspond to V d-orbitals, and red peaks correspond to O p-orbitals. The subsequent 

analysis attempts to correlate features seen in operando XRD, XAS, and electrochemical 

experiments to those in the electronic band structures of the compounds. However, since 

important accompanying data were not provided, such as Bader charge analysis, concrete 

conclusions are difficult to draw.  
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Table 4-2. Unit cell parameters of the four vanadium niobates predicted from DFT, performed by 

Supriti Dutta. [32] 

 VNb9O25 V4Nb18O55 VNbO4 V7Nb6O29 

a (Å) 15.97 17.67 6.60 11.98 

b (Å) 15.97 18.18 6.78 11.93 

c (Å) 3.86 3.89 3.08 3.84 

α = β = γ = 90° 90 90 90 90 

Volume (Å3) 984.35 1256.51 137.82 549.62 
 

  

 

Figure 4-19. Li+ intercalation energies with respect to lithium insertion for the four vanadium 

niobates, created by Supriti Dutta. [32] 
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VNb9O25 

 

Figure 4-20. Partial Density of States (pDOS) and predicted structures of V4Nb18O55 for (a) 

pristine, (b) X=0.25 Li+ per unit, (c) X=0.50 Li+ per unit, (d) X=0.75 Li+ per unit, created by 

Supriti Dutta. [32] 

 

Pristine VNb9O25 possesses a very distinct energy gap between occupied O p-states and 

unoccupied Nb states. No states were observed within the energy gap of the pristine compound, 

differing slightly from the Tauc analysis of the optical bandgap. In the Tauc analysis, there were 

predicted states within the gap, which we see upon lithiation at X=0.25 in the pDOS. The 

experimental UV-Vis prediction of the existence of these states in the pristine compound could 

have resulted from defects or dislocations in the experimentally synthesized compound which are 

not encapsulated in the simulation of the pristine compound.  

 Upon lithiation to X=0.25 Li, corresponding to 2.5 Li+ per unit and an OCV of 1.7 V, V d 

states and O p spin-up states form in the previous band gap. These corroborate the reduction of 

V5+ to V3+ that was exhibited in the vanadium K-edge XAS beginning at 2 V. Nb d-states which 
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cross the Fermi level are highly symmetric, likely indicating Nb-Nb dimerization and a coupled 

Nb5+ to Nb4+ reduction, which is probable given the high concentration of niobium relative to 

vanadium centers in the compound. Additionally, Nb-Nb dimerization has been shown to exist in 

similar W-R phase PNb9O25, while Ti-Nb dimer-like interactions have been shown in TiNb2O7. 

[2], [31]  The phase transition of VNb9O25 from I4̅ to P4̅ at this accompanying voltage is 

determined to occur from a distortion of the placement of the Nb in the NbO6 octahedron at the 

center of the 3×3×∞ block. Given the open channels surrounding the corner sharing center 

octahedron, it is easy for lithium ions to diffuse through these channels, albeit asymmetrically, 

causing an interaction that can be visualized in Figure 4-19b accompanying the pDOS 

calculation. 

Upon lithiation to X=0.5 Li, corresponding to 5 Li+ per unit, high spin-symmetry of the 

Nb d-states likely indicates stronger hybridization within the Nb-Nb dimer. The appearance of 

additional Nb d-states within the former energy gap, energetically near the vanadium d-states 

corresponding to V3+, is likely associated with Nb3+; however, no previous experimental 

explanation can confirm this. The level of lithiation corresponds to 1.3 V OCV within region 4 of 

the entropic potential, but there is no further lithiation in entropic potential experiments to better 

understand the further effects. 

Upon lithiation to X=0.75 Li, corresponding to 7.5 Li+ per unit, the OCV corresponds to a 

region beyond what was calculated in entropic potential. Therefore, substantial conclusions are 

hard to draw; however, we can assume that this corresponds to an OCV of approximately 1V, 

based on OCV trends versus lithiation. From the 0.50 Li to 0.75 Li, an increase in peak 

separation of V d-state peaks within the former energy gap can be attributed to an increase in 

crystal field stabilization energy that we witness when vanadium changes from an octahedral to 
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tetrahedral environment. These peaks therefore correspond to the t2g and eg orbitals. Since the 

crystal field splitting of an octahedral environment is 2.25 times that of a tetrahedral 

environment, we can visually confirm that this is indeed the case from the pDOS.  

 

V4Nb18O55 

 

Figure 4-21. Partial Density of States (pDOS) and predicted structures of VNb9O25 for (a) 

pristine, (b) X=0.25 Li+ per unit, (c) X=0.50 Li+ per unit, (d) X=0.75 Li+ per unit, created by 

Supriti Dutta. [32] 

 

In the pristine V4Nb18O55, oxygen p-states dominate the valence band. There also exist 

occupied states above the fermi level. Unoccupied vanadium states exist close to the fermi level; 

however, there is an energy gap between the occupied states (valence band) and unoccupied 

states (conduction band). This gap corresponds approximately to the material’s bandgap. 

 At X=0.25 Li, which corresponds to 5.5 Li+ per unit, vanadium spin-up states become 

occupied; this is reflective of a preferential reduction of V due to electron localization on V d-
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states. This indicates definitive V redox activity which corresponds to an OCV decrease to 1.9 V 

and a complete reduction of vanadium from V5+ to V4+, which is confirmed in the vanadium K-

edge XAS. Some niobium d-states also shift below the Fermi level, indicating that they begin to 

become occupied, and contribute to an increase in electronic conduction of the phase. Increased 

d—p hybridization splitting in NbO6 octahedra likely causes the shift of O p-states away from 

the Fermi level and results in the occupation of some Nb d-states. This interaction further 

corresponds to structural contraction during lithiation where Nb-O bond distances become 

shorter; this was reflected in L3-edge Nb data, where 10Dq values increase from 2.5 V to 1.9 V. It 

is therefore difficult to confirm, however, whether this represents the onset of niobium reduction.  

 When lithiated to x=0.5 Li, which corresponds to 11 Li+ per unit and an OCV of 1.75 V, 

niobium d states exhibit higher spin symmetry than vanadium d-states. This, coupled with the 18 

Nb sites versus 4 V sites per unit makes it difficult to understand the onset of Nb redox and may 

indicate the formation of Nb-Nb or V-Nb dimer-like pairs. This would yield a more complex, 

delocalized Nb redox dependent on covalent bonding. Overlap of Nb and V d-state peaks at -1 

eV during increased lithiation further support an explanation of hybridization between Nb and V.  

 When lithiated to x=0.75, consistent with 16.5 Li+ per unit and an OCV of 1.6 V, the 

intensities of Nb d-state peaks grow along with those of spin-polarized V d-state peaks. The spin 

symmetry of Nb d orbitals also increases, suggesting redox of Nb5+ down to Nb3+ (d2), where 

low-spin pairing of d-electrons is favored. This is also explained in the Nb L3-edge XAS, where 

a calculated local maximum of 10 Dq at 1.6 V reflects shorter Nb-O bonds in more symmetric 

NbO6 octahedra. This leads to increased Nb d and O p orbital overlap, strengthening the ligand 

field. Furthermore, this remains consistent with the local minimum in entropic potential at 

approximately 1.1 V, which can be associated with the reduction of Nb4+ to Nb3+. High spin Nb4+ 
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(d1) has 2-fold spin degeneracy while Nb3+ (d2) has 3-fold degeneracy, causing an ensuing rise in 

entropic potential during this reduction. The formal charge of Nb was calculated to be 3.8 from 

Nb L3-edge XAS, suggesting that reduction to Nb3+ must at least partially occur. 

 

VNbO4 

 

Figure 4-22. Partial Density of States (pDOS) and predicted structures of VNbO4 for (a) 

pristine, (b) X=0.25 Li+ per unit, (c) X=0.50 Li+ per unit, (d) X=0.75 Li+ per unit, created by 

Supriti Dutta. [32] 

 

In the pristine VNbO4, the energy gap between the unoccupied and occupied orbitals is 

already less than 1 eV. This agrees well with the trends from Tauc analysis, where VNbO4 

exhibited the smallest optical bandgap of the four compounds. The occupied V d-states agree 

well with the overall V3+ oxidation state, which seems to produce a high-spin configuration, 

given the lack of spin-symmetry. Substantial peak overlap near the valence band edge between 

occupied V d-states and O p-states indicates strong hybridization between the d- and p-orbitals. 
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Since some occupied Nb occupied d-states are also visualized in the same region as the previous 

two peaks, there are some Nb-O and Nb-V interactions in the compound. This therefore distorts 

the CFSE that we would measure when probing either the vanadium or niobium edges in XAS. 

This could be responsible for the singular, wide peak that we see in the vanadium K-edge XAS, 

where crystal field splitting is not sufficient to resolve the t2g and eg peaks in the octahedral field. 

Furthermore, given the existence of occupied high-spin Nb d-states near the band edge, some Nb 

must be Nb4+, likely lowering the formal charge of Nb below 5, as predicted in the pristine 

compound. 

 At X=0.25, which corresponds to 0.5 Li+ per unit, the OCV is approximately 1.55 V, 

corresponding to the area between regions I and II of the entropic potential. The local maximum 

in this region was associated with the onset of reduction of V3+ to V2+. V2+ can only exist in a 

high-spin configuration since it possesses a half-filled d-orbital. Polarization of occupied Nb d-

states likely indicates the reduction of Nb5+ to Nb4+, consistent with … Given the continuum of 

states within the previous energy gap, the material has undergone an insulator-to-metal transition. 

 Complete reduction of V3+ to V2+ was likely complete around 1.5 V, supported by the ex-

situ XAS of the vanadium K-edge. At X=0.5 (1 Li+ per unit) which corresponds to an OCV of 

1.4 V, we expect vanadium to be fully reduced to V2+, given the intensity of the V d-state peaks 

and their high polarization and that the d-orbitals of vanadium become half-filled so the electrons 

must have parallel spins. These account for the asymmetry of the vanadium d-states throughout 

the different energies. With further lithiation, we also get a higher trapping of lithium ions in 

certain sites, which agrees well with a dense rutile-type phase. This can be visualized well in the 

predicted structure at X=0.5 and X=0.75 and is well complemented by a slight increase in 

magnitude of lithium intercalation energy upon higher lithiation. 
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 At X=0.75, which corresponds to 1V OCV and 1.5 Li+ per unit, there exists more 

symmetry in the occupied V d-states and Nb d-states. Given the 1:1 V:Nb ratio, there is a 

possibility for V/Nb hybridization, the latter of which would cause peak overlap of occupied V 

and Nb d-states. We witness this in both positive and negative DOS, indicating some direct or 

facilitated hybridization of the two species. Since vanadium’s d-electrons are purely high-spin, 

there would be no penalty in flipping the spin of the Nb d electron during hybridization. [62] 

This corroborates a possible explanation of hybridization between Nb and V metal centers, 

considering the perfectly alternating V and Nb occupancies in the pristine structure. V-V and Nb-

Nb hybridization are less likely to occur, given that there are no neighboring octahedra of the 

same TM species in the pristine compound. 

 

V7Nb6O29 

 

Figure 4-23. Partial Density of States (pDOS) and predicted structures of V7Nb6O29 for (a) 

pristine, (b) X=0.25 Li+ per unit, (c) X=0.50 Li+ per unit, (d) X=0.75 Li+ per unit, created by 

Supriti Dutta. [32] 
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Pristine V7Nb6O29 exhibits a clear energy gap and possesses occupied vanadium d-states. 

The high polarization of the d-states near the Fermi level are consistent with V4+. The existence 

of a narrow energy gap agrees well with the reduced vanadium niobate phase having a smaller 

bandgap. 

 After lithiating to X=0.25, corresponding to 3.25 Li+ per unit, a notable expansion in the 

energies of the occupied vanadium d-states and oxygen p-states toward the Fermi level occurs. 

This corresponds to an OCV of 1.8 V and falls between regions II and III of the entropic 

potential curve. A V4+ to V3+ reduction also fully occurs by 1.5 V from the vanadium K-edge 

XAS, likely accounting for the increase in peak magnitude of the occupied vanadium d-states.  

 An insulator to metal transition occurs after lithiation to X=0.5 which corresponds to 6.5 

Li+ per unit, where some Nb d-states become occupied. The notable increase in the intensity of 

occupied V d-state peaks is associated with the reduction of V3+ to V2+, which corresponds well 

to the completely reduced V2+ in the vanadium K-edge XAS, given the voltage of 1.3 V which 

falls squarely between the V3+ and V2+ regions. 

 At X=0.75, which corresponds to 9.75 Li+ per unit, entropic potential data were no longer 

captured. However, the OCV can be extrapolated to approximately 1 V, corresponding to the full 

reduction of vanadium to V2+. The increased occupation of Nb d-states could indicate redox 

behavior of Nb, although this disagrees with the work of Lawrance et al. and cannot be fully 

confirmed using Nb K-edge XAS data. However, given that the redox activity of vanadium 

occurs during low lithiation and that Nb d-states do not become occupied until deep lithiation of 

the material, there could be hybridization between V and Nb, where respective octahedra share 

edges. Both transition metals exist at close concentrations in this reduced phase, so Nb electronic 
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activity could be closely linked to that of V. Since V is a more electronegative species, during 

hybridization with Nb, V could still hold onto d-electrons more strongly. This would affect the 

formal charge of vanadium more strongly than that of Nb and make it difficult to uncouple the 

redox activity of Nb in this phase. This is further corroborated by the overlap of the Nb and V d-

states that we see starting at X=0.5. Alternatively, no Nb redox behavior (pure Nb5+), significant 

enough distortions in NbO6 octahedra reported by Lawrance et al. could lead to second order J-T 

distortions, which could be significant enough to cause interactions between Nb d-orbitals and O 

p-orbitals that are observed in the pDOS. Expectedly, distortions become more prevalent during 

lithiation, as ions further distort octahedra. 
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CONCLUSIONS AND FURTHER WORK 

 Four vanadium niobium oxides were synthesized, characterized, and studied using 

electrochemical methods to better understand their redox mechanisms. Each adopts distinct 

structural features: V4Nb18O55 possesses a tetragonal tungsten bronze framework, VNb9O25 and 

V7Nb6O29 are Wadsley-Roth shear phases, and VNbO4 is rutile-like. Even with these differences, 

however, redox activity in each of these compounds was generally limited to under 2.5 V vs. 

Li/Li+. The only compound which exhibited significant activity above 2.5 V vs. Li/Li+ was 

V4Nb18O55, which also had the highest capacity of the four compounds at 257 mAh g-1, 

exceeding the theoretical one-electron capacity of the compound at 214 mAh g-1. 

 Where these compounds exhibit significant differences is during the lithiation process; as 

captured by operando XRD experiments and XAS. Even with nearly equivalent Nb5+ oxidation 

states, their V oxidation states were variable. These variabilities and the structures of these 

compounds led to high lithium trapping within the sites of VNb9O25 and to a lesser extent 

VNbO4 and V7Nb6O29, degrading their usable capacities after the first cycle. V4Nb18O55 exhibited 

the highest recoverability of the V5+ oxidation state upon de-lithiation, likely due to its variable, 

open channel geometry. 

The consistently higher specific capacity of V4Nb18O55 at various charge/discharge rates 

with a high degree reversibility indicates its promise as a commercial electrode material. 

Additionally, the flexibility in increasing the proportion of earth-abundant vanadium over 

niobium in V4Nb18O55 without creating additional phases or significantly reducing performance 

indicates promise for possible commercial applications. 

Additionally, the mix of low temperature organic sol-gel synthesis routes and solid-state 

synthesis routes allowed for the facile creation of various structurally distinct vanadium niobates 
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with different vanadium oxidation states. Hence, this ternary system provides a promising 

avenue for future research activity in Li-ion anode materials beyond graphite. 

However, further research would be valuable for exploring applications of this study to 

other ternary or multi-component transition metal oxide systems. Due to the focus on probing 

niobium and vanadium with various techniques, other transition metals are excluded, by design. 

While the effect of structure and local geometry on the redox behavior of these transition metals 

has proven fruitful, the multi-dimensionality of this work makes it difficult to understand if the 

same findings can be applied to other systems, even with changes tweaks in composition, 

structure, or oxidation state. Fundamentally, this system provides data that is better to be 

consolidated with data of the same nature from as many other compounds as possible, after 

which computational methods can be used to predict stable, desirable electrode materials. This is 

one of the core goals of the DMREF grant, of which this project is a part. 
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