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Abstract 
In this study, we determine the role of oxygen vacancies and preferred surface orientation on the charge storage 
properties of the lithium intercalation host, pseudohexagonal TT-Nb2O5. Two different morphologies were 
synthesized, namely nanosheets and nanowires. We employed a set of advanced characterization techniques 
including entropic potential measurements, high-resolution synchrotron X-ray diffraction and synchrotron X-
ray absorption spectroscopy together with electrochemical measurements and density functional theory 
calculations. Our results indicate that the two morphologies exhibit different oxygen vacancy characteristics 
as nanosheets have oxygen vacancies limited to the surface while nanowires possess vacancies which tend to 
be located in the bulk solid. Oxygen vacancies in the bulk of TT-Nb2O5 lead to an appreciable increase in 
specific capacity compared to nanosheets where oxygen vacancies confined to specific crystallographic 
surfaces do not make a significant contribution to the electrochemical response of the TT-Nb2O5 anodes. These 
results show how the distribution and concentration of oxygen vacancies play a major role in the lithiation 
mechanisms of TT-Nb2O5. 

Keywords: TT-Nb2O5, Lithium ion batteries, lithium insertion, Entropic potential, Synchrotron XRD, XAS, 
Density Functional Theory 

 

1. Introduction 
Research on materials for electrochemical energy storage has received enormous interest over the past decade 
in response to significant growth in the demand for consumer electronics, grid energy storage and electrified 
transportation. The development of engineered electrodes which are able to deliver high energy density at high 
power densities is a particularly important challenge for the transportation sector, which alone accounts for 
28% of US greenhouse gas emissions.1,2 To achieve this combination of high energy and power densities, 
materials featuring intercalation pseudocapacitance have attracted considerable attention as their kinetic 
responses are comparable to those of electric double layer capacitors while their energy storage properties arise 
from intercalation processes and the accompanying redox reactions.3–5 Fast cation insertion is enabled by 
storing ions in interstitial sites of the crystalline network without undergoing first order phase transitions (i.e., 
forming solid solutions). Accordingly, these materials are generally not kinetically limited by semi-infinite 
diffusion of lithium, and most importantly, their cyclability is greatly improved by the limited volumetric 
variations that are typical of solid solution regimes upon charge and discharge cycles. In recent years, a number 
of crystalline compounds have been reported to display Li+ intercalation that can be associated with a 
pseudocapacitive response, such as T-Nb2O5 and some of its polymorphs, as well as various Wadsley-Roth 
shear phases like V7Nb6O29, Nb18W8O69 or Mo3Nb2O14.6–9 A common feature of these compounds is their 
promise as high potential anodes that intercalate lithium at a voltage lower than the LUMO of the electrolyte, 
thus avoiding the formation of the solid electrolyte interface. In turn, this characteristic affects the overall 
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energy density by constricting the working potential window, so that great efforts have been made to decrease 
the lithium insertion potential of these anode materials via chemical and/or structural modifications while 
preserving their advantageous kinetics.10 

In contrast to conventional layered compounds that intercalate lithium, T-Nb2O5 possesses a pillared structure 
due to the presence of oxygen bridges along the c-direction of the unit cell that prevent the formation of Li+ 
slabs upon intercalation.11 This rigid framework leads to a crystal structure that can host Li+ without undergoing 
any first order phase transition in the 0<x<0.8 LixNb2O5 range, while also undergoing an insulator to metallic 
conductor transition upon filling of the Nb 4d orbitals.12 Moreover, the degree of crystallinity has proven to be 
equally important for its stability and performance. As Nb2O5 transitions from amorphous to TT-Nb2O5 to T-
Nb2O5 upon raising the synthesis temperature, the overall lithium uptake and its cyclability increase.13 
Recently, research groups demonstrated that oxygen vacancies can be selectively introduced in T-Nb2O5 to 
enhance its electrochemical performances by mitigating Jahn-Teller distortions while improving the electronic 
conductivity of the crystalline structure.14,15 This kind of chemical modification has been shown to give rise to 
extrinsic pseudocapacitive properties, as demonstrated in layered MoO3-x.16 On the other hand, there is 
evidence of detrimental effects as oxygen-deficient structures have been shown to undergo irreversible redox 
reactions and structural transformations due to the high affinity of Li+ to vacancy sites.17 These examples give 
an overview of the fundamental questions regarding the complicated interplay of structural, morphological and 
chemical features that allows nearly theoretical amounts of lithium to be reversibly (de)inserted in a solid-
solution regime. 

In the study reported here, our overarching objective is to establish the role of oxygen vacancies in the charge 
storage properties of TT-Nb2O5. We found TT-Nb2O5 to be an excellent candidate for this study as it enables us 
to synthesize highly anisotropic nanostructures without undergoing sintering. Moreover, we have the ability to 
tune the distribution of oxygen vacancies by using capping agents to target unconventional and defective 
crystal growth. It is important to note that the TT-Nb2O5 pseudohexagonal phase is inherently oxygen-defective 
as compared to its orthorhombic polymorph, T-Nb2O5, making it a suitable candidate for this study. The 
combination of synchrotron techniques such as high-resolution X-ray diffraction (XRD) and X-ray absorption 
spectroscopy (XAS) together with electrochemical measurements and theoretical calculations show the 
influence of morphology and defect chemistry on the electrochemical properties of TT-Nb2O5. 

Materials and methods 
Synthesis of TT-Nb2O5 nanostructures 

Nanosheets were synthesized by modifying a published procedure.18 Briefly, 23.3 ml of ethylenediamine 
(Sigma-Aldrich) was mixed with 11.7 ml of deionized water, then 210 mg of NbCl5 (Alfa Aesar) was slowly 
added to the solution and stirred for 30 minutes. The mixture was then transferred to a 45 ml PTFE lined 
hydrothermal reactor (Model 4744, Parr Inst. Co) and heated to and held at 190°C for 24 h. The resulting 
precipitate was thoroughly washed with ethanol, centrifuged and air dried prior to heat treating it at 500°C in 
air (5°C·min-1 for 3 h, air cooled at ~20°C·min-1).  

Nanowires were also synthesized by hydrothermal reactions as we modified another published procedure.19. 
In this case, 218 mg of NbCl5 was first mixed with 20 ml of deionized water under vigorous stirring. Then, 
500 mg of oxalic acid dihydrate (Sigma-Aldrich) was added and the solution was mixed until it turned 
transparent, at which point 280 mg of hexamethylenetetramine (ThermoFisher Scientific) were added. The 
mixture was sealed in a 45 ml hydrothermal reactor and heat treated at 180°C for 14 h. The resulting precipitate 
was then subjected to the same washing, drying and annealing procedure adopted during the nanosheets 
synthesis. 

Characterization techniques 

Scanning (SEM) and Transmission Electron Microscopy (TEM) were used to probe the morphological and 
crystallographic orientations of the synthesized nanostructures, using a NovaTM 230 Nano SEM and an FEI 
Titan 80-300 scanning transmission electron microscope, respectively. SEM acquisitions were performed with 
a magnification of 100k, working distance of 5.3 mm, spot size of 3.5 and 15 kV accelerating voltage. TEM 
micrographs were obtained at a magnification of 300k with an accelerating voltage of 300 kV. Raman spectra 
of the pristine TT-Nb2O5 nanostructures were acquired with an inViaTM Renishaw confocal Raman microscope 
equipped with a 514 nm green laser in the 0-1200 cm-1 range. 
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High-resolution XRD was used to determine the average structure of TT-Nb2O5 nanoarchitectures and establish 
their preferred growth directions. The data presented in this work were obtained through the mail-in robotic 
XRD program at BL 2-1 at Stanford Synchrotron Radiation Lightsource (SSRL) with an incident X-ray energy 
of 16.99 keV (λ = 0.7295 Å).20 Detailed information on the measurement setup and the Rietveld refinement 
results can be found in the Supplemental Information. The resulting crystal structures were visualized in the 
VESTA software.21 

XAS provided insights into the oxidation state, coordination geometry and the effect of nanoarchitecture on 
the oxygen vacancies that govern the pseudocapacitive properties of TT-Nb2O5. Nb K-edge spectra were 
measured across the edge (18 986 eV) and collected at BL 4-1 at SSRL at ambient conditions. For qualitative 
extended X-ray absorption fine structure (EXAFS) analysis, phase uncorrected K-edge spectra were converted 
to χ (k) and subsequently Fourier transformed (FT) to χ (R) to yield the radial distribution function. The k-
range for FT was 3.0 to 12.0 Å-1, with dk of 1 using a Hanning window and an arbitrary k-weight of 0.5. A T-
Nb2O5 reference oxide standard was used. More information on the XAS measurements setup, reference oxide 
and sample preparation is presented in the Supplemental Information.  

Periodic Density Functional Theory (DFT) computations were performed on crystal structures experimentally 
determined by Rietveld refinement using the Vienna Ab initio Simulation Package (VASP).22 To account for 
van der Waals interactions, the exchange-correlation was calculated using the Perdew–Burke–Ernzerhof (PBE) 
functional in the generalized gradient approximation (GGA) in conjunction with the DFT-D3 correction.23,24 
The energy cutoff was set to 400 eV. The projector augmented wave (PAW) approach was used to model 
interactions between electrons and atomic cores.25  Initial geometric optimizations were carried out in vacuum 
until the total energy converged to less than 10–6 eV and the forces acting on each atom were less than 0.01 
eV Å-1. Then, geometry optimizations were carried out with implicit solvation through VASPsol with 
convergence requirements of 10-6 eV for energy and 0.02 eV Å-1 for forces.26 The details of theoretical 
background utilized in performing DFT analyses are provided in a dedicated section of the Supplemental 
Information, together with the methodology adopted to model the TT-Nb2O5 defective surfaces. 

 

Electrode fabrication and testing 

All electrochemical tests were performed in a 2-electrode configuration using 304 Stainless Steel-CR2032 coin 
cells, metallic lithium counter electrodes, glass fiber separators and 1M LiClO4 in propylene carbonate (Sigma-
Aldrich) electrolyte. Working electrodes were fabricated by mixing mass fractions of 80% active material, 5% 
C65 carbon (MTI Corp.), 5% multi-walled carbon nanotubes (MSE Supplies LLC), 5% carboxymethyl 
cellulose (MSE supplies LLC) and 5% styrene-butadiene rubber (MTI Corp.) into water-based slurries. Every 
slurry was cast onto carbon-coated aluminum foil via doctor-blading and dried at 80°C in vacuum overnight, 
resulting in active material mass loadings of ~1 mg·cm-2 and electrode thicknesses of ~10-15 μm.  

A BioLogic VMP-300 potentiostat was utilized for cyclic voltammetry (CV) and galvanostatic cycling with 
potential limitation (GCPL) measurements. CV tests were performed with sweep rates between 0.2 mV·s-1 and 
1.0 mV·s-1. GCPL measurements were carried out over the 1.2-3 V vs Li+/Li voltage range. The C-rates were 
based on the theoretical capacity of TT-Nb2O5 (202 mAh·g-1 for 1 electron redox).  

The open circuit voltage UOCV(x,T) and entropic potential ∂UOCV(x,T)/∂T of half coin cells made with TT-Nb2O5 
nanosheet or nanowire electrodes were measured as functions of lithium composition at 20 °C using the 
procedure and arrangement described elsewhere, and based on Galvanostatic Intermittent Titration Technique 
(GITT).27 A series of current pulses were imposed at C/10 for 30 minutes, followed by a relaxation period of 
270 minutes. At the end of each relaxation, the temperature was changed between 15 °C and 25 °C, with 5 °C 
steps using a thermoelectric cold plate (TE technology, CP-121). The potential of the cell was recorded using 
a potentiostat (Biologic, VSP-300). To confirm the cell was in thermodynamic equilibrium, the following two 
conditions needed to be satisfied: (i) the temperature difference between the cold plate and the top of the cell 
was less than 0.1 °C and (ii) the time rate of change of the open circuit voltage ∂UOCV /∂t was less than 1 mV·h-

1. 

Electrochemical impedance spectroscopy (EIS) was performed using a Biologic potentiostat over a frequency 
range of 100 kHz to 10 mHz with an AC amplitude of 10 mV. Measurements were made at open circuit 
potential after stabilization. Both TT-Nb2O5 nanosheet and nanowire electrodes were tested in coin cells with 
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lithium metal as the counter/reference electrode and 1 M LiClO4 in PC as the electrolyte. All experiments were 
carried out at room temperature after 2 cycles at C/10. 

 

 

2. Results and discussion 
The experimental results focused on determining how preferential crystallographic orientations and the 
presence of oxygen vacancies contributed to the lithiation of highly anisotropic nanostructures (i.e., nanosheets 
and nanowires). The cyclic voltammograms in Figures 1a and 1b display the typical current-voltage response 
of pseudocapacitive TT-Nb2O5 to (de)lithiation, and are characterized by similar Li+ insertion potentials below 
2.0 V.13,28 By contrast, nanowires respond to lithium intercalation with broad peaks at 1.6-1.7 V in the cathodic 
and anodic sweeps, respectively. The absence of broad peaks in nanosheets suggests that there is no preferential 
insertion of Li+ at that potential. Moreover, b-value analysis (Figure 1c) reveals clear differences in the kinetics 
of the two nanostructures. In this analysis, the relation between current and sweep rate (i-ν) is given as i=aνb, 
where a and b are a generalized coefficient and exponent, respectively. The b-value provides insight regarding 
the kinetics occurring in the redox process. If the b-value falls near 0.5, slow diffusion in a semi-infinite 
medium is considered to be the controlling factor for the electrochemical process, as generally occurs for 
battery electrode materials undergoing a phase transition. For b→1, the kinetics resemble an ideal capacitor 
(or a pseudocapacitive material in the present case) and are considered to be surface controlled or fast 
intercalation. Values between 0.5 and 1.0 are described by finite diffusion processes. 29 Figure 1c shows that 
nanowires respond at a faster rate than nanosheets, as the average b-values of the two different samples are 
0.94 and 0.8, respectively. Moreover, nanosheets result in a markedly slower response upon delithiation 
(charge) as compared with nanowires. The linear voltage profile of the galvanostatic cycling curves given in 
Figure 1d,e provide additional support of intercalation in a solid-solution as the charge storage mechanism for 
both morphologies, as similarly observed in other published works.11,30–33 Interestingly, the nanowires are able 
to insert nearly 0.8 Li+ per transition metal center (~160 mAh·g-1) at a rate of 0.1C, while nanosheets can only 
store 0.55 Li+/Nb (~110 mAh·g-1). Additionally, when imposing faster charge/discharge rates, the capacity 
decrease for nanosheets is more pronounced (Figure 1f). The capacity retention between 0.1C and 10C for 
nanowires and nanosheets is 62.5% and 36.4%, respectively. Additional results can be derived from long 
cycling tests at 1C (Figure S1a), where nanowires retain 120 mAh·g-1 and nanosheets just 72 mAh·g-1 after 
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100 cycles, and from impedance spectroscopy (Figure S1b) displaying lower electrode resistance in the case 
of nanowires.  

 
Figure 1: Electrochemical performance of TT-Nb2O5 electrodes. a), b): cyclic voltammograms between 0.2 and 1.0 mV·s-1; c) the b-
value analysis retrieved from CVs; d), e) galvanostatic cycling between 0.1C and 10C (with respect to the theoretical capacity of 202 
mAh·g-1 for 1 e- redox); f) rate capability plot in the 0.1-10C range. 

We carried out entropic potential measurements on both of the nanostructured TT-Nb2O5 materials to confirm 
intercalation in solid-solution as the charge storage mechanism. Figures 2a and 2b show the GITT results as 
a function of lithium content for nanosheets and nanowires, while Figures 2c and 2d depict the open circuit 
voltage (UOCV), potential (V) and entropic potential (∂UOCV/∂T) derived from the analysis. In the GITT 
experiments, both UOCV and ∂UOCV/∂T varied monotonically with lithium composition, confirming that the 
solid-solution regime is maintained throughout the entire Li+ (de)intercalation process.27 In addition, both the 
overpotential and hysteresis of the entropic potential are larger in the case of nanosheets as compared to the 
nanowires, indicating better reversibility in the latter (see also Figure S2). These results also show that despite 
the clear differences in the electrochemical responses reported in the CV experiments, neither of the 
nanostructures undergoes any first-order phase transition, ion ordering, or amorphization upon cycling. 

TT-Nb2O5 is well known for fast diffusion of lithium upon intercalation, even in bulk micron-sized particles.11 
As such, one could logically assume that nanostructures exposing preferential facets to the electrolyte should 
display comparable electrochemical performances. As discussed in the following paragraphs, this assumption 
holds true as long as the concentration of oxygen vacancies remains unaffected upon nanostructuring. The fact 
that the two nanostructured anodes performed differently upon (de)lithiation, is associated with the difference 
in the distribution of oxygen vacancies arising during the synthesis of the nanosheets and nanowires.  
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Figure 2: GITT measurements at 20 °C for TT-Nb2O5 a) nanosheets, b) nanowires; c) and d) depict the open circuit voltage UOCV and 
entropic potential ∂UOCV/∂T of TT-Nb2O5. 

The sheet-like and 1-D wire morphologies of the two TT-Nb2O5 nanostructures are apparent in the SEM images 
(Figures 3a and 3b), as is their uniformity. Complementary TEM images (Figures 3c and 3d) indicate that 
both have comparable cross-sectional thickness, roughly ranging between 8 to 20 nm. Therefore, we can 
assume that Li+ diffusion lengths are comparable in the two microstructures. Fast Fourier Transform (FFT) 
analysis (Figures 3f and 3g) of bright-field TEM confirmed that both nanostructures possess the P6-mmm 
symmetry of pseudohexagonal TT-Nb2O5. The nanowires grow preferentially along the [001] direction, while 
nanosheets mainly expose {h00} planes. Visible d(100) lattice fringes also revealed that the d-spacing in 
neighboring {h00} planes is slightly larger in nanowires (3.15 Å) than in nanosheets (3.12 Å), suggesting that 
the crystal structure is distorted by its large anisotropy. 

Additional insights regarding the structures of both nanosheets and nanowires were obtained via synchrotron 
XRD analysis (Figure 3e). There is preferential orientation in the case of nanowires, where the only intense 
peaks are associated with (001) and (002) reflections of the P6-mmm structure (JCPDS card No. 07-0061). 
Nanosheets resulted in a larger degree of crystallinity, as nearly all diffraction peaks belonging to TT-Nb2O5 
are visible. Rietveld refinement confirmed that these nanosheets preferentially expose {h00} facets, along with 
{h0l} and {00l}, suggesting that crystal growth is not highly selective (Figure S3 and Figure S4). Rietveld 
refinement also revealed that while the unit cell in nanosheets coincides with that of the bulk TT-Nb2O5 
standard (ICSD 177672), that of nanowires is expanded by 5% in volume (Tables S1 and S2). Unit cell 
expansion is largely reported in nanoscale materials as a result of atomic structure relaxation effects and due 
to the presence of point defects such as oxygen vacancies.34–36 From Raman spectroscopy (Figure S6) and 
XAS results (Figure 4), we attribute this lattice expansion to the presence of oxygen vacancies in the bulk of 
the nanowires, and not just on the surface, as expected for nanosheets. 
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Figure 3: SEM and TEM images of a), c) nanosheets and b), d) nanowires, respectively. The observable diffraction patterns in the TEM 
analyses correspond to {001} and {100} planes of TT-Nb2O5. Accordingly, nanowires preferentially grow along the [001] direction 
while nanosheets mainly expose the {100} plane.  e) Qualitative synchrotron XRD patterns of nanowires (red) and nanosheets (lime 
green) with peaks indexed to the pseudohexagonal P6/mmm structure support the preferential growth of the nanowires in the {001} 
direction. f) FFT image of nanosheets originated from the area selected in c. g) FFT image of nanowires originated from the areas 
selected in d.  

Since the presence of oxygen vacancies may alter the oxidation state of a redox-active metal center, Nb K-
edge XAS was used to probe the oxidation state and local site symmetry of the TT-Nb2O5 systems. Figure 4a 
shows the Nb K-edge X-ray absorption near-edge spectroscopy (XANES) spectra of TT-Nb2O5 nanowires and 
nanosheets along with a reference spectrum for Nb2O5, while Figure 4b shows the Fourier-transformed R-
space data. The XANES (Figure 4a) region shows a pre-edge peak at ~ 18984 eV, which arises due to the 
dipole-forbidden 1s → 4d transition. In view of the fact that the structure of TT-Nb2O5 consists of corner- and 
edge-sharing NbO6 and NbO7 polyhedra that are distorted,37 the pre-edge peaks provide a direct probe of the 
degree of polyhedral distortion. The intensities of the pre-edge peaks of nanowires and nanosheets are 
comparable to one another and greater than that of the oxide standard, thus indicating there are more distorted 
NbOn polyhedra in the nanoarchitectures than in the oxide standard. Although oxygen vacancies may induce 
multivalence in transition metals, the edge energy (E0) across the systems was found to be ~18992 eV, similar 
to the Nb2O5 reference standard, suggesting that the average oxidation state of Nb remained 5+.38 Prior research 
has shown that an energy gap of 3 eV is expected between Nb4+ and Nb5+ oxidation states.39 Since the energy 
shifts among the nanostructures and oxide reference are less than 1 eV (Figure S7), there is apparently no 
change in the oxidation state across Nb-containing systems.  

The Fourier transformed R-space spectra (Figure 4b) show two distinct regions: the Nb-O bonding at around 
1.5 Å and the Nb-Nb nearest neighbor interactions between 2-4 Å. The amplitude reduction in the Nb-O peak 
in the nanosheets and nanowires suggests that the coordination number of O around Nb decreases, relative to 
the T-Nb2O5 standard. This is consistent with the presence of vacancies in the nanoarchitectures.40 A lower 
EXAFS signal suggests more disorder in the nanowires and nanosheets than in the standard, as also reported 
in other systems.41 Given that the nanowires exhibit the lowest amplitude in the signal at 1.5 Å, we can 
conclude that they are characterized by a larger concentration of vacancies, which is consistent with the unit 
cell expansion observed from XRD. Accordingly, these results suggest that vacancies permeate into the bulk 
structure, a feature also discussed in the Raman spectroscopy section (Figure S6) in the Supplemental 
Information. The Nb-Nb peaks at radial distances of ~2.9 Å and ~3.5 Å arise from the edge- (ab-plane) and 
corner-sharing (c-plane) polyhedra, respectively (Figure 4c).42 The most noteworthy change is the variation in 
peak intensity in the Nb-Nb interactions at ~3.5 Å. A smaller crystallite size as observed in the nanowires and 
nanosheets, leads to a higher surface-to-bulk ratio as compared to the bulkier standard, resulting in more 
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exposure of under-coordinated Nb-terminating surfaces, hence a decrease in the peak amplitude.35 The first 
Nb-Nb shell at ~2.9 Å (edge-sharing polyhedra) does not show the same drop in intensity as the second shell. 
The nanosheets show preferred exposure of the {100} facet, among others, which would primarily decrease 
the peak amplitude of the first Nb-Nb shell. However, contrary to expectation, a small peak amplitude decrease 
is observed. The findings from XRD show all the other reflections expected from the TT-Nb2O5 structure, thus 
a higher degree of random orientation is exhibited by the nanosheets. The volume of preferred {h00} surfaces 
could, therefore, be lower than that of the nearly bulk-like surfaces, resulting in quenched surface exposure 
effects. The findings from EXAFS suggest that the nanowires and nanosheets both possess oxygen vacancies 
with respect to the standard (from the Nb-O peak amplitude decrease), with the nanowires exhibiting a larger 
Nb- Nb coordination along the [00l] direction (from the second Nb-Nb shell). 

Figure 4:a) Nb K-edge XANES spectra of a reference Nb2O5 and TT-Nb2O5 nanowires and nanosheets; b) non-phase-corrected Fourier-
transformed R-space data. The k-range is 3.0 to 12.0 Å-1, with dk of 1 and an arbitrary k-weight of 0.5; c) Projected TT-Nb2O5 structure 
with oxygen partial occupancies. 

The XRD and XAS results are consistent with the synthetic methods used to prepare the different 
morphologies. The use of hexamethylenetetramine in combination with oxalic acid hinders the growth of TT-
Nb2O5 nuclei along high energy facets through a multistep process controlled by surface adsorption of oxalate 
complexes and by pH.19,43 As a result, growth is highly favorable along the [00l] direction. In fact, nanowires 
precipitate under hydrothermal conditions as soon as hexamethylenetetramine undergoes hydrolysis, which 
increases the pH concentration to controllable levels at which niobium oxalate anions dissociate and release 
transition metal cations. Nanosheets are formed by a different process, as a consequence of a capping effect of 
ethylenediamine-derived NH4+, or other organic ammonium cations, to facets that expose negatively charged 
terminal oxygens. Crystal growth occurs in-plane under anisotropic conditions.44 For this reason, we expect 
most of the induced oxygen vacancies to be located at the surface of the nanosheets and have relatively little 
effect on their electrochemical response. Oxygen-deficient T-Nb2O5, of which the TT-phase is a metastable 
polymorph, has been previously reported to feature enhanced (de)lithiation mechanisms.14,37 Accordingly, our 
electrochemical analyses prove that, despite having comparable diffusion lengths, the TT-Nb2O5 nanowires 
possess better cyclability and rate capability than the nanosheets. This result is consistent with our hypothesis 
that oxygen vacancies which permeate the bulk crystal and induce a volumetric expansion of the unit cell are 
beneficial for lithium intercalation.  

Surface defects cannot be neglected when studying nanostructured anodes that possess large morphological 
anisotropy and surface to volume ratios. For this reason, we carried out DFT calculations on the lithiation 
mechanism of defective TT-Nb2O5 surfaces. The pseudohexagonal structure is the least stable niobium 
pentoxide phase thermodynamically. A structure stacked along the c-axis is formed by niobium polyhedra 
joined by shared oxygens through the ab-plane (Figure 5a). Along a- and b-axes, on the other hand, a tunnel-
like pattern extends across the entire structure with a diameter of about 4 Å. As previously discussed, nanowires 
preferentially grow along the [001] direction, whereas nanosheets manly expose {100} facets. Therefore, 
defective TT-Nb2O5 {100} and {001} surface models were constructed from a TT-Nb2O5 bulk structure by 
removing oxygen atoms, thus leaving Nb as a terminating ion, (Figures 5b and 5c) and accounting for crystal 
distortion by using unit cell parameters retrieved from our Rietveld refinement analysis (Table S1, S2). In 



9 
 

particular, {001} facets were constructed to model surface defects in nanowires, while {100} was utilized to 
describe nanosheets. The calculated surface energy was 0.79 J m-2 for {001}, and 0.44 J m-2 for the {100} 
facets, respectively, while the calculated oxygen vacancy formation energy per oxygen was found to be 0.58 
eV for the nanowires and 1.73 eV for the nanosheets. These values suggest that oxygen vacancies are more 
energetically favorable in nanowires as compared to nanosheets. We calculated the adsorption energy of Li+ in 
several positions on the two surfaces and beneath the first layer of niobium atoms. The lowest adsorption 
energies resulted in -2.78 eV and -5.86 eV for {100} and {001} surfaces, respectively. This means that 
defective {001} surfaces are able to provide relatively stable locations for adsorbing lithium ions and that 
lithiation is therefore energetically more favorable than on the oxygen-deficient {100} surface. To be thorough, 
we also calculated the adsorption energy on a defective {010} surface resembling the lateral area of the 
nanowires, and values were found to be close to -2 eV. Given that the nanowires grow along the [00l] direction, 
this implies that the least exposed facets from the electrolyte are indeed the {00l}. Thus, their contributions to 
the electrochemical properties displayed by the nanowires are minimal. Overall, the DFT calculations confirm 
that nanostructure-induced vacancies in TT-Nb2O5 are expected to be beneficial for (de)lithiation mechanisms 
regardless of the exposed surface. 

 
Figure 5: (a) Structure of TT-Nb2O5; (b) Nb-terminated {001} surface; (c) ) Nb-terminated {100} surface. In all projections, vacuum 
is in the direction of the vertical axes. The crystal structures were visualized using Vesta.  

 

3. Conclusions 
The lithiation mechanisms of TT-Nb2O5 have been studied in relation to the disorder generated by oxygen 
vacancies for certain morphologies. We synthesized nanosheets whose oxygen deficiencies are mostly limited 
to the surface exposed to the electrolyte, and nanowires that possess vacancies permeating their bulk structure. 
The difference in the distribution of vacancies was validated via experimental techniques and analyzed through 
DFT calculations to account for surface phenomena. While the two synthesized nanostructures feature short 
and comparable diffusion lengths of about 5-10 nm, our results demonstrate that the distribution of vacancies 
is a determining factor in the electrochemical performances of TT-Nb2O5. Oxygen vacancies limited to the 
surface do not seem beneficial to lithium adsorption, while those reaching the bulk of the TT-Nb2O5 network 
induce a volume expansion of the unit cell that facilitates lithium hopping mechanisms. Moreover, our DFT 
calculations highlight preferential Li+ insertion through defective {00l} surfaces rather than {h00} ones, 
suggesting a direction for future research on the interfacial electrochemistry of TT-Nb2O5. 
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Additional electrochemical results  

Figure S1a shows long term cycling capacity retention at 1C over 100 cycles, while Figure S1b reports the 
Nyquist plots of the two TT-Nb2O5 electrodes. For both morphologies, the intercept with the real axis, 
corresponding to the electrode resistance, is around 5 Ω. Only one semi-circle is apparent for both 
morphologies.1 That semi-circle is smaller for the electrode made of TT-Nb2O5 nanowires, indicating lower 
charge and mass transfer resistance. 

 
Figure S1: a) Capacity retention over 100 cycles at a rate of 1C; b) electrochemical impedance spectroscopy results plotted on a 
Nyquist plot for the two nanostructures in the delithiated (charged) state. 
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Figure S2: Values of η overpotential in the two nanostructures as a function of lithium fraction x, upon a) lithiation and b) delithiation. 
Scaled for comparison. The overpotential 𝜂𝜂 (in mV) is given as 𝜂𝜂(𝑥𝑥) = 𝑉𝑉(𝑥𝑥) − 𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂(𝑥𝑥) where 𝑉𝑉(𝑥𝑥) is the measured potential and 
𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂(𝑥𝑥) the open circuit voltage. 

 
High-resolution XRD measurements 

High-resolution XRD was performed at BL 2-1 at the Stanford Synchrotron Radiation Lightsource (SSRL), 
with an incident X-ray energy of 16.99 keV (λ = 0.7295 Å) in transmission mode, with a Si (111) double crystal 
monochromator. A Pilatus 100K area detector was used for data collection. The powdered Nb2O5 samples were 
packed into Kapton capillaries with an outer diameter of ~ 0.7 mm, sealed on both ends with clay. Phase 
identification was done using QualX,2 and subsequent non-linear least squares Rietveld refinements were 
performed using TOPAS-Academic V7,3 using the pseudohexagonal P6/mmm structure (ICSD Collection 
Code 177672) as a starting model.4 The instrumental resolution profile was determined from LaB6 NIST 660c 
standard, using the Thompson-Cox-Hastings pseudo-Voigt equation. The resulting wavelength and peak 
profile were kept constant during the refinements of Nb2O5 compositions. Lattice parameters, fractional 
coordinates and atomic displacement parameters were refined, with the nominal site occupancies kept constant. 
The sample peak broadening contributions were modeled using the anisotropic crystal size macros to account 
for crystallite shape-dependent anisotropic peak broadening (biaxial ellipsoid and cylinder models for the 
hexagonal crystal system).5,6  

 
Figure S3: Rietveld refinement result of TT-Nb2O5 nanowires. 
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Table S1: Crystallographic data obtained from the Rietveld refinement of TT-Nb2O5 nanowires. 

TT-Nb2O5 (ICSD 177672) 

RBragg 2.52% 

Space group P6/mmm 

a (Å) 3.71(1) 

b (Å) 3.71(1) 

c (Å) 3.893(3) 

Cell volume (Å3) 46.5(0) 

Phase density (g/cm3) 4.37(2) 

Crystallite size (nm) 4.077 

 

Whole pattern refinement parameters: Rexp = 26.67%, Rwp = 6.98%, Rp = 5.31%, GOF = 0.26. 

 

 
Figure S4: Rietveld refinement result of TT-Nb2O5 nanosheets. 

 

Table S2: Crystallographic data obtained from the Rietveld refinement of TT-Nb2O5 nanosheets. 

TT-Nb2O5 (ICSD 177672) 

RBragg 2.96% 

Space group P6/mmm 

a (Å) 3.610(1) 

b (Å) 3.610(1) 

c (Å) 3.926(1) 
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Cell volume (Å3) 44.32(5) 

Phase density (g/cm3) 4.588(4) 

Crystallite size (nm) 13.159 

 

Whole pattern refinement parameters: Rexp = 26.96%, Rwp = 6.89%, Rp = 5.67%, GOF = 0.26. 

 

 
Figure S5: Rietveld refinement result of T-Nb2O5 reference standard used in the Nb K-edge XANES fingerprinting.  

 

Table S3: Crystallographic data obtained from the Rietveld refinement of T-Nb2O5 reference standard. 

T-Nb2O5 (ICSD 1840) 

RBragg 2.29% 

Space group Pbam 

a (Å) 6.171(1) 

b (Å) 29.262(4) 

c (Å) 3.931(3) 

Cell volume (Å3) 709.90(1) 

Phase density (g/cm3) 5.222(1) 

Crystallite size (nm) 51.228 
 

Whole pattern refinement parameters: Rexp = 28.82%, Rwp = 7.70%, Rp = 5.88%, GOF = 0.27. 

 

Raman Spectroscopy results 

Figure S6 compares the Raman spectra of TT-Nb2O5 nanosheets, nanowires and a standard TT-Nb2O5 powder. 
The vibrational stretching of NbO6 and NbO7 polyhedra at ~700 cm-1 generates an asymmetric Raman peak, 
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which accounts for a distribution in the length of Nb-O bonds.7,8 The fact that this peak is shifted by about 10 
cm-1 in the two spectra is evidence of the distortions occurring in the nanowires due to oxygen vacancies 
permeating the whole crystal structure. While a certain degree of distortion is inherent for the pseudohexagonal 
phase, the Raman spectrum of the nanosheets does not seem to be affected by major structural rearrangements, 
as the main peak falls close to that of standard TT-Nb2O5 and previously reported values for defective T-Nb2O5.

 

9 For these reasons, we can assume that the distribution of vacancies in the nanosheets is mostly limited to 
their exposed surfaces. These results are in agreement with the Rietveld refined unit cell volumes of the two 
nanostructures, where nanosheets do not seem to possess significantly distorted unit cell parameters as 
compared to the bulk TT-Nb2O5 standard (ICSD 177672). 

 

 
Figure S6: Raman spectra of nanowires, nanosheets and a TT-Nb2O5 standard analyzed for comparison 
purposes.  

 

X-ray Absorption Spectroscopy measurements 

All reported XAS spectra were acquired using a 2.0 T wiggler source, with the beamline being equipped with 
a LN2-cooled Si (220) double-monochromator crystal at an orientation of φ = 90°. Nb K-edge spectra were 
measured across the edge (18 986 eV), along with a Nb foil to calibrate the energy. High-energy harmonics 
from the incident X-ray beam were removed by detuning the monochromator, and the energy of the incoming 
beam was reduced by 45%. Samples were prepared by grinding ~ 10 mg of TT-Nb2O5 along with ~ 25 mg of 
cellulose powder (microcrystalline 20 μm, Aldrich Chemistry) in an agate mortar and pestle into a 
homogeneous powder. The homogeneous powders were held between Kapton windows in an 8-slot sample 
holder with slot dimensions of 18 mm x 3 mm. Data were collected in transmission mode using N2-filled 
ionization chambers. Data were processed and analyzed using the Demeter software suite,10 where Athena was 
used for background subtraction and normalization, along with X-ray absorption near-edge structure (XANES) 
qualitative analysis. The absorption edge position (E0) for every sample was determined as the maximum below 
1 Å, of the first derivative (Figure S7). The integrated AUTOBK (Rbkg) was set to 1, to minimize background 
effects with a kw of 2. The average structure of the reference oxide was T-Nb2O5 phase, as shown by Rietveld 
refinement (Figure S5, Table S3) 
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Figure S7 Normalized derivative spectra of Nb K-edge XAS of nanowires, nanosheets and the T-Nb2O5 standard. The line shows the 
maximum of the first derivative taken as E0 to determine the average oxidation state of Nb. 

 

Density Functional Theory computations background 

All DFT calculations were performed considering the following assumptions and definitions in accordance 
with state-of-the-art literature sources. The surface Gibbs free energy is hereby defined as:11,12 

𝛾𝛾(𝑇𝑇,𝑃𝑃) =
1

2𝐴𝐴 �
𝑁𝑁𝑁𝑁2𝑂𝑂5

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑁𝑁𝑁𝑁𝑁𝑁𝜇𝜇𝑁𝑁𝑁𝑁(𝑇𝑇,𝑃𝑃) −𝑁𝑁𝑂𝑂𝜇𝜇𝑂𝑂(𝑇𝑇,𝑃𝑃)� (1) 

where A is the area of the surface unit cell and 𝑁𝑁𝑁𝑁𝑁𝑁 and 𝑁𝑁𝑂𝑂 are the numbers of Nb and O atoms in the three-
dimensional supercell, respectively. The potentials are related by the Gibbs free energy of the bulk oxide as 
follows: 

2𝜇𝜇𝑁𝑁𝑁𝑁(𝑇𝑇,𝑃𝑃) + 5𝜇𝜇𝑂𝑂(𝑇𝑇,𝑃𝑃) = 𝑔𝑔𝑁𝑁𝑁𝑁2𝑂𝑂5
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑇𝑇,𝑃𝑃) (2) 

where lower case g is henceforth used to denote a Gibbs free energy per formula unit. Inserting this constraint 
into Equation 1 leads to: 

 𝛾𝛾(𝑇𝑇,𝑃𝑃) =  
1

2𝐴𝐴
[𝑁𝑁𝑁𝑁2𝑂𝑂5

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −
𝑁𝑁𝑁𝑁𝑁𝑁

2
𝑔𝑔𝑁𝑁𝑁𝑁2𝑂𝑂5
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑇𝑇,𝑃𝑃) + �

5𝑁𝑁𝑁𝑁𝑁𝑁
2

−𝑁𝑁𝑂𝑂�𝜇𝜇𝑂𝑂(𝑇𝑇,𝑃𝑃) (3) 

Where, 
𝜇𝜇𝑂𝑂(𝑇𝑇,𝑃𝑃) = 𝜇𝜇𝑂𝑂(𝑇𝑇,𝑃𝑃0) + 1

2
𝑘𝑘𝐵𝐵𝑇𝑇𝑇𝑇𝑇𝑇 �𝑃𝑃 𝑃𝑃0� � (4) 

Here, the oxygen chemical potential, 𝜇𝜇𝑂𝑂(𝑇𝑇,𝑃𝑃), can be obtained using the experimental values for enthalpy and 
entropy at different temperatures from the NIST Databook.13 

In our models, oxygen defects are generated by removing the terminal oxygens from the surfaces. The O 
vacancy formation energy is defined as: 
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𝐸𝐸𝑂𝑂𝑣𝑣𝑣𝑣𝑣𝑣 =
𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝜇𝜇𝑂𝑂

𝑛𝑛
 (5) 

Where Eremoved and Enot removed are the energies of the slab when the O atoms are removed and before removal, 
respectively 14; μO is the oxygen chemical potential that was calculated from the energy of an isolated O2 
molecule in vacuum; n is the number of oxygen atoms in the analyzed systems. Accordingly, our models are 
constructed using a constant molar ratio of Nb:O=1:2.3.  
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