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Increasing global energy demand has intensified the pursuit of 
high-performance, cost-effective and sustainable energy stor-
age technologies1. While rechargeable lithium-ion batteries are 

the current market leader, innovative battery materials created with 
novel processing techniques are needed to reach new performance 
benchmarks. Niobium oxides are promising negative electrode 
materials for rechargeable lithium-ion batteries due to their rich 
redox chemistry (Nb5+ to Nb1+), chemical stability, and numer-
ous metastable and stable polymorphs2–8. The higher intercalation 
potential of Nb2O5 (~1.7 V versus Li/Li+) relative to commercial 
graphite electrodes (<0.3 V) makes it less susceptible to Li plating 
and electrolyte decomposition, and therefore safer8. However, slug-
gish Li+ diffusion, poor electrical conductivity (~3 × 10–6 S cm−1)5 
and low capacity have hindered the deployment of Nb2O5 elec-
trodes8–10. To address these issues, work has focused on increasing 
charge storage and transport properties by developing nanoarchi-
tectures and/or adding conductive materials (for example, graphene 
and carbon coatings)8,11–13.

Another strategy to improve the performance of Nb2O5 elec-
trodes is to optimize the crystal structure for lithium ion intercala-
tion. There are at least 12 different polymorphs of Nb2O5 (ref. 5).  
Polymorphs of Nb2O5 previously studied as lithium-ion bat-
tery negative electrodes include pseudohexagonal (TT-Nb2O5),  

orthorhombic (T-Nb2O5) and monoclinic (B-, M- and H-Nb2O5)14,15. 
The average capacity of the most studied T-Nb2O5 electrodes 
is around 170 mAh g−1 (refs. 5,10,16), while a higher capacity of 
227 mAh g−1 has been reported for a monoclinic structure6, which is 
beyond the theoretical capacity of 202 mAh g−1 based on Li2Nb2O5, 
that is, one electron redox per Nb.

Currently, strategies for the synthesis of new intercalation metal 
oxide electrode materials include traditional ceramic processing by 
solid-state reactions, hydro(solvo)thermal processing and ionother-
mal processing. However, metastable structures with unique prop-
erties cannot be easily obtained through such approaches. Recent 
studies on other transition metal oxides have suggested that elec-
trochemical cycling may present a new synthetic avenue to obtain 
novel structures and frameworks17–21.

The first demonstration of this phenomenon in transition 
metal oxide negative electrodes was with titanium dioxide nano-
tubes (TiO2NT)18, wherein amorphous TiO2NT underwent 
spontaneous phase transformation into a long-range-ordered/
short-range-disordered cubic structure when cycled with Li+ 
(ref. 18). Studies showed that when Li+ reached a high concentra-
tion, atomic rearrangements were initiated within the material to 
minimize the energy, resulting in a cubic structure18,19. Recently, a 
disordered rock-salt (DRX) Li3+xV2O5 electrode obtained through 
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electrochemically lithiating V2O5 to 1.5 V exhibited an excep-
tional rate capability for fast-charging lithium-ion batteries21. 
Furthermore, it was also shown in a manganese oxide system that 
a tunnel-structured todorokite, which is common in nature but dif-
ficult to synthesize in the laboratory at room temperature, can be 
obtained through repeated electrochemical cycling from a layered 
MnO2 (ref. 20).

Here, we report an electrochemically driven amorphous- 
to-crystalline (a-to-c) transformation of nanostructured Nb2O5 
upon cycling with Li+, and demonstrate the insertion of three  
lithiums into Nb2O5 (~1.5 electron redox per Nb). Amorphous 
Nb2O5 (a-Nb2O5) transformed spontaneously to a rock-salt  
structure (RS-Nb2O5) when the electrode was cycled to a poten-
tial of 0.5 V versus Li/Li+, as identified by transmission electron 
microscopy (TEM) and synchrotron X-ray diffraction. Density 
functional theory (DFT) calculations revealed that RS-Nb2O5 
exhibits an exceptionally high capacity for Li+ storage and low 
migration barriers for Li+ diffusion. Results from X-ray photo-
electron spectroscopy (XPS) and X-ray absorption spectroscopy 
(XAS) indicated that the high capacity of RS-Nb2O5 was associ-
ated with its ability to go beyond the Nb5+/Nb4+ redox. In addition, 
the RS structure benefited from an increase in Li+ diffusivity and 
electrical conductivity compared to its amorphous counterpart, as 
shown by galvanostatic intermittent titration technique (GITT), 
peak force tunnelling atomic force microscopy (PF-TUNA) and 
two-point probe conductivity measurement, which correlated 
closely with its rate performance. Electrochemically induced 
crystallization of nanomaterials therefore offers an innovative 
approach for the discovery of high energy/power and stable elec-
trode materials that were previously inaccessible using conventional  
synthesis methods.

Characterization of As-prepared nanochanneled Nb2O5
As-prepared samples consist of vertically oriented nanochanneled 
niobium oxide (NCNO) electrically connected to a Nb current col-
lector (Fig. 1 and Supplementary Fig. 1). This particular nanoar-
chitecture facilitates fast access of the electrolyte to the active walls, 
as well as facile electron and ion transport for enhanced kinetics22. 
Selected area electron diffraction (SAED; Fig. 1d), X-ray diffraction 
and Raman spectroscopy (Supplementary Fig. 2) showed that the 
as-prepared NCNO was amorphous.

the a-to-c transformation of NCNO via electrochemical 
cycling
The as-prepared NCNO samples were subjected to electrochemical 
cycling between 3 V and 0.5 V versus Li/Li+, and the voltage (V) pro-
files and corresponding differential capacity (dQ/dV) plots for the 
electrode are shown in Fig. 2. The voltage profile of the initial dis-
charge is characterized by a shallow, linear slope, which upon subse-
quent cycling develops a plateau-like feature centred around 1.67 V 
(Fig. 2a). The appearance of a plateau is indicative of an increased 
number of equivalent intercalation sites in a crystalline host mate-
rial representing a first-order phase transition during intercalation/
deintercalation23, which suggests an a-to-c phase transformation 
initiated by electrochemical cycling with Li+.

Figure 2a exhibits a large hysteresis during the initial cycle, 
which may result from mechanical stress, thermodynamic entropic 
effects, activation polarization, nucleation barriers and/or lattice 
distortions within the active material24–28. A substantial reduction in 
the hysteresis was observed on the 5th and 20th cycles. This dem-
onstrates that the electrode self-improved its thermodynamic and 
kinetic properties through repeated Li insertion/extraction.

The corresponding differential capacity analysis is shown in 
Fig. 2b, which allows in-depth identification of phase evolution 
and self-improvement within the material upon electrochemi-
cal cycling. The results highlight the a-to-c phase transformation 
occurring below 1.1 V (blue dashed box in Fig. 2b). In the first cycle, 
the electrode exhibited a capacitor-like response within the major-
ity of the potential window, consistent with previous work by Kim 
et al.7, with the exception of below 1.1 V during lithiation. In this 
region, a cathodic peak developed around 0.78 V and continued to 
appear on the initial three cycles, which is associated with the a-to-c 
phase transformation. The corresponding anodic peak appeared 
near 2.31 V. The large peak-to-peak separation is consistent with the 
large hysteresis seen in Fig. 2a, suggesting initially high nucleation 
barriers and sluggish kinetics in the intermediate phase, as sluggish 
charge transfer kinetics cause greater separation of the cathodic  
and anodic peaks (ΔEp). By the fourth cycle, the redox peaks near 
0.78 V and 2.3 V almost disappeared. Concurrently, a distinct redox 
peak pair started to evolve around 1.67 V, which suggests a new 
phase was formed. The ΔEp decreased from 140 mV on the 5th cycle 
to 74 mV on the 100th cycle, indicating continued improvement 
of the newly formed phase (Supplementary Fig. 3). This observa-
tion also implies that the new Nb2O5 structure, formed upon a-to-c 
transformation electrochemically, offers improved charge storage 
and transport kinetics.

Structural characterization of a-to-c Nb2O5 electrode
TEM, grazing-incidence synchrotron X-ray diffraction and ex situ 
extended X-ray absorption fine structure (EXAFS) were conducted 
to elucidate the new rock-salt phase of Nb2O5 (Fig. 3). The phase 
transformation upon electrochemical cycling between 3 V and 0.5 V 
was first evaluated via SAED and high-resolution TEM (Fig. 3a–
f). The pristine sample exhibited diffuse rings in SAED (Fig. 3a), 
consistent with the amorphous feature observed in high-resolution 
TEM (Fig. 3d). The SAED pattern began to sharpen after the first 
cycle (Fig. 3b), suggesting the formation of nanocrystallites within 
the amorphous matrix (Fig. 3e). After the 20th cycle, both SAED 
and high-resolution TEM showed that the oxide had become 
fully crystalline (Fig. 3c,f). In addition, focused ion beam - TEM 
and ex situ TEM were performed at different locations on an elec-
trode after 100 cycles (Supplementary Figs. 4 and 5) as well as on 
electrodes at different states of charge (Supplementary Fig. 6). It 
was shown that the electrode remained crystalline, with no evi-
dence of large amorphous regions or intermediates. Furthermore, 
grazing-incidence synchrotron X-ray diffraction of the delithi-
ated sample (Supplementary Fig. 7) showed no notable change in  
peak shape or peak position at different incidence angles, that is, 

a

500 nm 3 µm

b

100 nm 5 nm–1

c d

Fig. 1 | Characterization of the as-prepared NCNO. a,b, Top view (a) 
and side view (b) scanning electron microscopy (SEM) images of the 
as-prepared samples. The NCNO has uniform pores with ~56.3 ± 2.3 nm 
average pore diameter and ~28 ± 8 nm wall thickness. c,d, Low 
magnification TEM image (c) and SAED (d) of the as-prepared NCNO, 
where the diffuse ring indicates its amorphous nature.
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probing depths. Thus, the sample remains nanocrystalline through-
out, indicating the uniformity of the film and insignificant sur-
face disorders. This further suggests the new crystalline structure 
obtained through electrochemical cycling accounts for the perfor-
mance improvement compared to its initial amorphous counter-
part, which will be discussed later.

We determined the structure of the crystalline phase after the 
20th cycle with ex situ grazing-incidence synchrotron X-ray dif-
fraction (Fig. 3g). We indexed all major peaks to a (to the best of 
our knowledge) previously unreported Nb2O5 cubic rock-salt phase 
with the space group of Fm3̄m. The lattice parameter a of the cubic 
structure is 4.146(7) Å. Based on the Scherrer equation29, the new 
phase has a crystallite size of ~10 nm. To exclude the possibil-
ity that the charged (delithiated) electrode could be the rock-salt 
lithium niobate (Li3NbO4), additional results were obtained from 
the secondary-ion mass spectrometry depth profile (Supplementary 
Fig. 8) and inductively coupled plasma mass spectrometry. The 
results confirm that the new phase is RS-Nb2O5 and not RS-Li3NbO4 
(Supplementary Information). Notably, the a-to-c phase transfor-
mation was not observed when the NCNO electrode was cycled 
above 1.1 V even with extended cycling, and the electrode remained 
amorphous (Supplementary Figs. 2a and 9).

Ex situ EXAFS analysis was used to examine the local struc-
tural evolution of Nb during the first discharge (lithiation; Fig. 3h). 
EXAFS spectra for Nb, NbO2 and Nb2O5 standards are provided in 
Supplementary Fig. 10. In the pristine sample, two broad peaks near 
1.6 Å and 2.5 Å were assigned to the Nb–O and Nb–Nb bonds10, 
respectively. The amorphous material contains distorted NbO6, 
NbO7 and NbO8, causing large variation in the Nb–O and Nb–Nb 
distances4. Discharging to lower voltages led to narrowing of the 
Nb–O peak, accompanied by an intensity increase in the Nb–Nb 
peak (Supplementary Table 1). This implies the a-to-c transforma-
tion. The a-to-c transformation would require ordering of the dis-
torted polyhedra, leading to converging radial distances, and higher 
intensity from the coordinated Nb–O and Nb–Nb shell.

Multielectron redox of the rS-Nb2O5 electrode
Ex situ Nb K-edge X-ray absorption near edge structure (XANES) 
and XPS were carried out to evaluate the valence state of Nb in the 
sample at various states of discharge (Fig. 4a,b). The XANES spec-
trum from the pristine sample most closely matched the H–Nb2O5 

standard, indicating a Nb oxidation state in the bulk of around +5. 
Upon discharging to 1 V, the edge position of the sample nearly 
matched the NbO2 standard, suggesting the Nb oxidation state 
decreased to +4. A further discharge to 0.5 V shifted the edge of 
the spectrum to even lower energy, indicating a Nb oxidation state 
below +4 in the bulk of the electrode.

Ex situ Nb 3d core level XPS spectra (Fig. 4b) were obtained from 
electrodes at open-circuit voltage, discharged to 1.0 V and 0.5 V, and 
charged back to 3.0 V. At open circuit, the sample exhibited Nb3/2 
and Nb5/2 peaks at 209.5 and 206.7 eV, indicating Nb5+ (refs. 30,31). 
Upon discharging to 1 V, the primary peaks were shifted 1.0 eV 
lower, consistent with the reduction from Nb5+ to Nb4+ seen in the 
XANES spectra32. In addition, two new sets of doublets appeared at 
lower binding energies of 206.5/203.6 eV and 205.4/202.6 eV, cor-
responding to Nb2+ and Nb1+, respectively33,34. Further discharging 
to 0.5 V resulted in increased intensity of the Nb1+ peak relative to 
the Nb2+ and Nb4+ peaks, suggesting significant reduction of Nb. As 
XPS is a surface technique (probing the top 10 nm of a surface)35, 
the results suggest that the surface of the RS-Nb2O5 may experi-
ence larger reduction, forming suboxides not present in the bulk36. 
Upon charging back to 3.0 V, the electrode returned to Nb5+, with 
only minimal residual Nb4+ and Nb2+. The XPS results demon-
strate that the Nb in RS-Nb2O5 undergoes multielectron redox in 
Nb (>1:1 Li/Nb) upon lithiation/delithiation and that the process is 
reversible. By comparison, a DRX Li3NbO4 has been reported as a 
high-capacity positive electrode, but it was claimed that the Nb ion 
stayed pentavalent throughout the charging/discharging processes 
and the charge compensation was achieved through solid-state 
redox of oxygen ions37.

The voltage profile for lithium intercalation into RS-Nb2O5 was 
simulated using DFT. The pseudo-binary RS-Nb2O5-Li3Nb2O5 
phase diagram constructed from these calculations is shown in  
Fig. 4c, and the calculated and experimental voltage profiles are 
plotted in Fig. 4d. Overall, the average Perdew–Burke–Ernzerhof 
voltage is 1.76 V, which is in excellent agreement with the experi-
mental average voltage of 1.67 V.

High rate performance and cycling stability
The rate capability of RS- and a-Nb2O5 electrodes at different cur-
rent rates of 20, 50, 100, 200 and 1,000 mA g−1 is shown in Fig. 5a.  
The RS-Nb2O5 electrode exhibited a high reversible capacity of 
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269 mAh g−1 at a current density of 20 mA g−1, corresponding to 
~1.42 electron redox per Nb. The high capacity of RS-Nb2O5 is 
among the best of reported values for Nb2O5 and niobate elec-
trodes (Supplementary Fig. 11)6,16,38,39. Additionally, we observed a 
<10% drop in capacity at an increased current rate of 200 mA g−1 
(243 mAh g−1), while at a current rate of 1,000 mA g−1 the elec-
trode capacity was slightly lower at 191 mAh g−1. By comparison, 
an a-Nb2O5 electrode at the rate of 1,000 mA g−1 showed a con-
siderably lower capacity (73 mAh g−1). The a-Nb2O5 electrode 
retained only 43% of its low-rate capacity, while the RS-Nb2O5 
was able to retain over 70% of its low-rate capacity when dis-
charging/charging within 12 min. When the current rate was sub-
sequently returned to 20 mA g−1, the capacity of the RS-Nb2O5 
electrode returned to 267 mAh g−1, suggesting its great revers-
ibility and rate capability. These results are further elaborated in 
Supplementary Fig. 12, which highlights the dramatic difference 
of the two electrodes through cyclic voltammetry, dQ/dV and  
rate capability.

The cycle life of the RS-Nb2O5 and a-Nb2O5 electrodes at a cur-
rent rate of 200 mA g−1 is shown in Fig. 5b. The RS-Nb2O5 electrode 
exhibited a high reversible capacity of 224 mAh g−1 at the 400th cycle 
with a 0.02% capacity loss. During the first four formation cycles of 

RS-Nb2O5 (at 20 mA g−1), the initial Coulombic efficiency was 75%. 
After ten cycles, the Coulombic efficiency of the electrode exceeded 
99%. By the 400th cycle, the electrode demonstrated a Coulombic 
efficiency of more than 99.93%. By comparison, the a-Nb2O5 elec-
trode exhibited a Coulombic efficiency of 98.78% and experienced 
a capacity loss of more than 15% by the 400th cycle. The improved 
stability of the RS-Nb2O5 electrode can be attributed to the retention 
of its cubic framework and its nanostructure throughout the lithia-
tion/delithiation processes (Supplementary Fig. 13).

Charge storage and transport kinetics of rS-Nb2O5
To elucidate the lithium migration mechanisms in Li3Nb2O5, we 
calculated the kinetically resolved activation barriers40 for 38 Li 
hopping paths sampled from six representative low-energy configu-
rations to account for the possible effect of the local environments. 
In contrast to the DRX lithium transition metal oxide cathodes21,41, 
we find that a direct octahedral–octahedral hop is preferred com-
pared to an octahedral–tetrahedral–octahedral hop (Supplementary 
Fig. 14). The local environment along the octahedral–octahedral 
hop can be characterized by x-Li, where 0 ≤ x ≤ 4 is the number of 
Li ions occupying the neighbouring edge-sharing octahedral sites 
of a migration path (Supplementary Fig. 15). The number of Nb 
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(0 ≤ x ≤ 3) upon electrochemical cycling. The average Perdew–Burke–Ernzerhof voltage of 1.76 V agrees with the measured voltage of 1.67 V.
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occupying the neighbouring sites is 4 – x. As shown in Fig. 5c, an 
increase in x-Li significantly decreases the migration barriers due to 
lower electrostatic repulsion from Li+ compared to Nb3+/4+.

While the migration barriers for two or fewer Li in neighbouring 
octahedra are >750 meV, the 4-Li and 3-Li pathways have barriers 
below 350 meV, which are significantly lower than the 420–520 meV 
observed for lithium migration in graphite42. This observation is 
similar to what has been reported for DRX cathodes, where a larger 
number of transition metals adjacent to the intermediate tetra-
hedral site also leads to higher barriers43. Assuming a completely 
random arrangement of Li and Nb, we expect that 4-Li and 3-Li 
hops would form ~47% (0.64 + 4C3 0.63 0.4) of migration pathways 
in Li3Nb2O5, creating a percolating network of low-barrier pathways 
for fast Li diffusion.

To comprehensively investigate the charge storage and transport 
kinetics of RS-Nb2O5, we conducted kinetic analyses through GITT 
and cyclic voltammetry with varying scan rates44,45, respectively 
(Extended Data Fig. 1 and Supplementary Fig. 16). The studies 
provide further evidence of the enhanced kinetics of the new cubic 
phase compared to its amorphous counterpart through improved 
ion mobility. These exceptional properties of RS-Nb2O5 facilitate 
high power performance.

Electrical properties of rS-Nb2O5
Intercalation electrode materials are mixed ionic and electronic 
conductors. The electrical conductivity of the materials has a signif-
icant impact on their power performance46. Therefore, the electrical 
conductivity of RS- Nb2O5 was evaluated through Mott–Schottky 
analysis and two-point probe conductivity measurement, as well as 
PF-TUNA for comparison to a-Nb2O5 (Fig. 6 and Supplementary 
Table 2). Mott–Schottky analysis (Supplementary Fig. 17) was car-
ried out for pristine, a-Nb2O5 and RS-Nb2O5 samples (Fig. 6a). The 
positive slope in Fig. 6a for each sample indicates an n-type semi-
conductor response where electrons are the major charge carriers, 
as expected for Nb2O5 (refs. 5,6,47). The more depressed the slope in 
the Mott–Schottky curves, the higher the concentration of carriers 
accordingly. As shown in Supplementary Table 2, RS-Nb2O5 exhib-
ited the highest charge carrier concentration.

Besides the Mott–Schottky measurements, a two-point probe 
measurement (Supplementary Fig. 18 and Supplementary Table 
2)46,48 was carried out to determine the overall electrical conductiv-
ity of the samples. The electrical conductivity of RS-Nb2O5 is ×33 
higher than that of a cycled a-Nb2O5, and over four orders of mag-
nitude higher than the pristine amorphous Nb2O5. Together with 
the Mott–Schottky results, the increased electrical conductivity of 
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RS-Nb2O5 indicates that both charge carrier concentration and elec-
tron mobility have increased in the new RS-Nb2O5 structure.

PF-TUNA imaging was conducted on cycled a-Nb2O5 and 
RS-Nb2O5 samples (Fig. 6b–d) to simultaneously map the electrical 
conductivity and topography of each sample. PF-TUNA imaging of 
the pristine sample suggests negligible conductivity (Supplementary 
Fig. 19a), indicating its insulating nature. While conductance in 
the cycled a-Nb2O5 sample (Fig. 6b) increased compared to the 
pristine sample, the observed average current of RS-Nb2O5 (Fig. 
6c) was two orders of magnitude higher than that of a-Nb2O5. The 
three-dimensional image in Fig. 6d features electrical current map-
ping overlaid on topography to provide direct visualization of the 
current distribution across the surface of RS-Nb2O5. The higher 
TUNA current in RS-Nb2O5 suggests that the a-to-c transformation 
has led to higher electrical conductivity, consistent with the results 
from the two-point probe measurements. The PF-TUNA imaging 
indicates that despite the greatly increased electrical conductivity of 

the RS-Nb2O5 electrode relative to the a-Nb2O5 electrode, the surface 
was still heterogeneous at the nanoscale. Within the 5 × 5 μm2 region 
shown in Fig. 6d, uneven current distribution was observed over the 
surface. We postulate that the observed heterogeneity is associated 
with the phase transformation process, which self-adapts to promote 
the lowest migration barriers for both ion and electron transport.

rock-salt formation of various ceramic materials
Previously, Xiong et al. have discovered an a-to-c transformation in 
a TiO2 nanotube electrode during electrochemical lithiation18. We 
resolved the structure of the crystalline TiO2 through Rietveld refine-
ment as a rock-salt phase (Fm3̄m) instead of the initial assignment of 
a spinel phase (Fd3̄m; Supplementary Fig. 19a,b and Supplementary 
Table 3). The RS-TiO2 exhibited a superior rate performance 
(Supplementary Fig. 19c). Mott–Schottky analysis of RS-TiO2 
showed that the electrode has a three-orders-of-magnitude-higher 
charge carrier concentration (8.76 × 1021 N cm−3) than that 
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(2.01 × 1019 N cm−3) of a typical anatase TiO2 (ref. 46). Based on our 
studies in both Nb2O5 and TiO2 systems along with recent works 
in other metal oxide systems18,21, we postulate that electrochemi-
cally driven crystallization in metal oxide electrodes may provide a  
generalizable concept in materials synthesis for electrode materi-
als with high capacity, power and cycling stability. We underscore 
the importance of overcoming the nucleation barriers for the new 
rock-salt phase by manipulating the overpotential for the trans-
formation during electrochemical cycling (for example, lithiation 
below 1.1 V for the a-to-c transformation in Nb2O5).

We evaluated the energy difference between the rock-salt struc-
ture and the ground-state structure for other transition metal oxides 
(Supplementary Fig. 21) as a metric for the likelihood of rock-salt 
formation. TiO2 (ref. 18), V2O5 (ref. 21) and Nb2O5, which have all 
been demonstrated to form DRXs during electrochemical cycling, 
have low calculated energy differences. In general, the group VIB 
and VIIB transition metal oxides are less stable (larger energy dif-
ferences) than group IVB and VB transition metal oxides, with the 
exception of Mn. In particular, Ta2O5 is predicted to be another 
potential candidate for DRX formation.

In summary, we report a rock-salt Nb2O5 electrode material 
produced through an electrochemically driven crystallization of an 
amorphous nanochanneled Nb2O5. The RS-Nb2O5 exhibits multi-
electron redox per Nb for Li-ion storage. DFT calculations reveal 
significant low-energy lithium migration paths that lead to the 
exceptional electrochemical performance of the RS-Nb2O5. The 
cubic structure affords a material with high rate performance due to 
increased Li-ion diffusivity and electrical conductivity. In parallel, 
the crystal displays high stability owing to the structural integrity 
upon lithiation/delithiation. The self-organization of atoms into the 
optimal crystalline structure during electrochemical cycling sug-
gests a synthetic avenue to access rare metal oxide structures with 
unique properties. The utilization of electrochemical cycling to 
form novel crystalline structures can be advantageous in designing 
other enhanced electrode materials.
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Methods
Electropolishing of Nb metal. The NCNO samples were prepared based on a 
method reported previously49. In short, Nb foil of 127 μm thickness (35 × 40 mm2, 
Alfa Aesar, 99.8% annealed) was cut; sonicated sequentially in acetone, isopropanol 
and deionized water for 5 min each; and electropolished in 2 M sulfuric acid 
(Fisher Scientific, 95–98%) in methanol (Fisher Scientific, 99.9%) solution. 
Electropolishing was conducted at 15 V with a Pt mesh counter electrode at –70 °C 
for 2 hours.

NCNO synthesis. NCNOs were prepared by electrochemical anodization of Nb 
metal, using a method adopted from work by Schmuki et al.50. Using 10 wt% 
K2HPO4 in glycerol solution at 180 °C, the Nb film was anodized at 25 V from 
5 min up to 15 min. The as-anodized samples were then ultrasonically cleaned in 
deionized water for 2 min. NCNO samples were then placed under vacuum and 
dried overnight at 110 °C. The NCNO electrode contains a high density of channels 
(4 × 1014 pores m−2), resulting in a surface area of 60–80 m2 g−1 (via SEM image 
analysis). This agrees with results from anodized aluminium oxides with similar 
pore structures51.

TiO2 nanotube synthesis. Ti foil (Alfa Aesar, 32 μm thick) was cut into 
4 cm × 4.5 cm pieces and sonicated in acetone, isopropanol and deionized water 
for 5 minutes each. The prepared foil was then anodized in a solution of 0.27 M 
NH4F in formamide (Fisher Scientific), with Pt mesh as the counter electrode, for 
30 minutes at 15 V. The as-anodized samples were then ultrasonically cleaned in 
nanopure water. Samples were dried overnight in a vacuum oven at 110 °C.

Structural characterizations. Grazing-incidence synchrotron X-ray diffraction 
measurements were conducted at Sector 12-ID-D, Advanced Photon Source at 
Argonne National Laboratory. The X-ray wavelengths of both λ = 0.684994 Å 
and 0.61990 Å were used in this study. For varying the structural probing 
depths, a series of incidence angles (α) from 0° up to 1° were adopted in the 
grazing-incidence synchrotron X-ray diffraction measurements. In order to 
minimize the scattering contribution from the bulk Nb foil substrate, we placed the 
sample on top of a convex Teflon support for the measurements where the tail of 
the incident X-ray beam sweeps through the surface layer of the electrode samples. 
Additional in-house X-ray diffraction measurements were taken with a Rigaku 
Miniflex diffractometer with Cu Kα irradiation at λ = 1.5406 Å. XPS samples were 
loaded without air exposure through an Ar glove box connected directly to the 
ultra-high vacuum system. XPS measurements were performed using a Specs 
PHOIBOS 150 hemispherical energy analyser with a monochromated Al Kα 
X-ray source. Survey and core level spectra were collected using a pass energy of 
40 and 20 eV, respectively, and all spectra were referenced to the binding energy of 
sp3-hybridized carbon at 284.8 eV. XAS at beamline 12-BM-B at Argonne National 
Laboratory was used to determine the chemical environment of the materials. 
Samples for XAS were prepared with free-standing NCNO films peeled off from 
a Nb substrate. The films were placed onto a copper current collector and cycled 
in a Li half-cell. SEM images were taken with an FEI Teneo field emission SEM 
instrument. SEM images were analysed using the National Institutes of Health 
ImageJ v.1.8 to determine pore size, size distribution and surface area of the 
oxides. TEM, high-resolution TEM and SAED characterizations of the samples 
were completed on a JEOL JEM-2100 at an acceleration voltage of 200 kV. TEM 
characterizations were also completed on a JEOL JEM2100F microscope with a 
working voltage of 200 kV. A Zeiss NVision 40 was employed to prepare a TEM 
specimen (RS-Nb2O5 electrode after 100 cycles). By following the standard focused 
ion beam lift-out procedure, the lamella was transferred to a TEM grid. A 30 kV Ga 
beam was employed for general milling. The final lamella was showered by a 5 kV 
Ga beam to reduce the ion beam damage from the 30 kV Ga beam.

Inductively coupled plasma mass spectrometry was conducted on a Thermo 
Fisher iCAP RQ ICP-MS coupled to a Teledyne Analyte Excite+ 193 nm laser 
ablation system. Each sample measurement is an average of three replicate analyses, 
each consisting of a gas-blank-subtracted ablation peak, and each of which are the 
average of 100 sweeps over 5 s. Elemental concentrations are standardized against 
standard glasses (GSD and GSE*), except P, Ge and Se, which were standardized 
against sequential dilutions of single-element inductively coupled plasma mass 
spectrometry standards. Concentrations are reported in the form of grams of 
analyte per gram sample ×100 (wt%) assuming a sample volume for samples and 
standards. No detection indicates samples that had a reading below the limit of 
detection, which is defined as three times the background measured before each 
ablation pass. GSE was measured at the largest possible spot size to compare 
accuracy at count rates comparable to that of the unknowns. Accepted values are 
from the GeoReM database preferred values (mean of new analyses).

Time-of-flight secondary-ion mass spectrometry measurement was performed 
at Environmental Molecular Sciences Laboratory, which is located at Pacific 
Northwest National Laboratory. A TOF.SIMS5 instrument (IONTOF) was 
used. Dual beam depth profiling was used. A 2.0 keV Cs+ beam was used as the 
sputtering beam, and a 25 keV Bi+ beam was used as the analysis beam for signal 
collection. The Cs+ sputtering beam (~65 nA) was scanned over a 200 × 200 µm2 
area, and the equivalent sputter rate (SiO2 as a reference) was about 0.75 nm s–1. The 
Bi+ beam was focused to be about 5 µm in diameter with a beam current that was 

about 0.70 pA with a 10 kHz frequency. The Bi+ beam was scanned over an area of 
70 × 70 µm2 at the Cs+ sputter crater centre. A low-energy (10 eV) electron flood 
gun was used for charge compensation in all measurements.

Electrochemical characterizations. Working electrodes were cut into 
15-mm-diameter discs using a disc cutter (EQ-T06-Disc, MTI, Corporation). 
All batteries were prepared in an argon-filled glove box (MBraun) where oxygen 
levels were maintained below 0.5 ppm. Electrodes removed from cells for analysis 
were thoroughly washed with dry dimethyl carbonate (Aldrich) and allowed to 
dry under the inert atmosphere. Li half-cells were assembled in coin-type cells 
(Hohsen 2032) with Li metal foil (FMC) as the counter electrode, microporous 
polyolefin separators (Celgard 2325) and 1.2 M LiPF6 in ethylene-carbonate/
ethyl-methyl-carbonate (3:7 weight ratio) electrolyte (Gen II, Tomiyama). 
Half-cells were cycled galvanostatically between 3 and 0.5 V versus Li/Li+ using an 
automated Maccor battery tester at 25 °C. Four cells were electrochemically tested 
to confirm reproducibility (Supplementary Fig. 22). A three-electrode cell ECC-ref 
(EL-Cell) was used for the GITT measurements. The cell was made with Li metals 
as both the reference electrode and the counter electrode, glassy fibre separators 
(Whatman 2325) and Gen II electrolyte. The current was applied at 60 μA for 
30 min, which was followed by a 12 h relaxation to approach the steady state, where 
the voltage variation is <2 mV h−1.

The mass of the Nb2O5 films was determined by dissolution of the oxide film in 
1% HF in concentrated HCl solution and by measuring the weight difference of the 
samples before and after etching. This solution allows selective etching of Nb2O5 
over Nb. The remaining substrate was examined by SEM and energy-dispersive 
X-ray spectroscopy at 5 kV using an FEI Teneo field emission SEM instrument to 
ensure that no residual Nb2O5 was left on the substrate. The mass loading of the 
electrodes was determined to be ~1.06 ± 0.25 mg cm−2.

Two-point probe measurements, Mott–Schottky analysis and PF-TUNA. 
Two-point electrical conductivity measurements and PF-TUNA were used to 
determine the out-of-plane (that is, through-sample) conductivity of NCNO. For 
the two-point probe measurements, a silver paint contact was placed on the surface 
of the oxide film with another point of contact to the Nb foil. The contacts were 
then connected to the measurement device set-up with Au wires. A current ranging 
from 0.2 to 20 μA was applied by a Keithley 237 High Voltage Source Measurement 
Unit, and the resulting voltage was recorded by a Keithley 2000 Multimeter.

Mott–Schottky analysis was performed using the SPEIS program on a 
Bio-Logic VMP-240 in a three-electrode cell (EL-Cell). Kapton tape was used as a 
mask, leaving a disc electrode of 12.7 mm diameter for the niobium oxide sample. 
A Pt mesh counter electrode and a Ag/AgCl reference electrode were used in an 
aqueous 1 M NaOH solution for Nb2O5 samples or 1 M KOH for TiO2 samples. The 
charge carrier concentration of the samples was determined by the space charge 
capacitance (Csc)52 obtained from the imaginary part of the impedance Z″:

Csc = −

1
2πfZ′′

(1)

where f is the frequency. Bode plots in the frequency range of 100 mHz to 100 kHz 
with a voltage amplitude of 10 mV from 0.1 to −1 V versus Ag/AgCl in 0.05 V 
increments were collected to determine the frequency at which the impedance |Z| 
is constant for all samples and is suitable for Mott–Schottky analysis, as seen in 
Supplementary Fig. 17.

The |Z| plateaus at a frequency of about 1 kHz; therefore, the curves at 
1.486 kHz were used to calculate the charge carrier density for each sample. The 
flat-band potential can also be obtained from the Mott–Schottky plots by finding 
the x intercept of the tangent line to the linear region of each curve. The following 
equation relates the charge carrier density to the capacitance of the sample, where 
q is the charge of an electron, ε is the dielectric constant (assumed to be a constant 
value of 42), ε0 is the vacuum permittivity constant, ND is the charge carrier density, 
A is the geometric surface area, Vfb is the flat-band potential, V is the applied 
potential, k is Boltzmann’s constant and T is the absolute temperature in Kelvin52.

C−2
sc =

(

2
qϵϵ0NDA2

)(

V − Vfb −
kT
q

)

(2)

Equation 2 is then differentiated with respect to the voltage to obtain the charge 
carrier density, as shown in equation (3).

ND =

2
qϵϵ0A2

(

dC−2

dV

)

−1
(3)

Ex situ PF-TUNA was performed using a Bruker Dimension Icon atomic force 
microscope in an Ar-filled MBraun glove box with <0.1 ppm water and oxygen. 
PF-TUNA provides spatially resolved nanoscale through-sample conductivity 
maps of resistive materials in response to an applied bias. A Bruker DDESP 
conductive diamond tip probe (100 nm nominal radius of curvature tip composed 
of 0.01–0.025 Ω cm antimony-doped (n-doped) Si) with a set-point force of 70 nN 
was used to simultaneously image the electrode topography and conductivity. 
The electrodes were placed directly onto the metallic vacuum chuck, and a bias 
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voltage of –10 V was applied to the chuck (that is, bottom surface of the electrode). 
Then 20 × 20 µm2 images were acquired at a TUNA gain sensitivity of 20 pA V–1 
(±10 V full scale, corresponding to ±200 pA sensitivity) with 1,024 × 1,024 pixels 
(i.e., ~20 nm x 20 nm square pixels, although the actual lateral resolution is a more 
complicated function of probe contact area and effective sampling volume) to 
generate high resolution current maps. Images were processed and analysed in 
Nanoscope Analysis version 1.90. A first-order plane fit was applied to the raw 
topographical data to account for sample tip and tilt, with an additional first-order 
flatten applied to correct for small line-to-line offsets in the piezo for Z direction.  
A conductivity skin was then overlaid on the three-dimensional topography image 
to visualize variations in current density via colour contrast.

DFT calculations. All DFT calculations were carried out using the Vienna Ab 
initio Simulation Package53 within the projector augmented-wave approach54. The 
Perdew–Burke–Ernzerhof generalized gradient approximation55 was adopted for 
the exchange–correlation functional. The kinetic energy cut-off was set to 520 eV, 
and a k-point density of at least 1,000 per reciprocal atom was used for structural 
relaxations of Nb2O5. The electronic energy and atomic forces were converged 
to within 10−5 eV and 0.02 eV Å–1, respectively, in line with the settings in the 
Materials Project database56.

Structure enumeration. First, we enumerated and calculated the energies of all 
orderings in a 

√

5 ×

√

5 × 2 supercell of cubic rock-salt Li3Nb2O5. The Li and Nb 
occupancy of the octahedral sites (Wyckoff symbol, 4b) in a face-centred cubic 
oxygen lattice was set at x-Li/0.4-Nb, where x ranges from 0 to 0.6 in increments 
of 0.1. Lithium was then removed in 0.5 increments from Li3Nb2O5, and the 
symmetrically distinct orderings were then calculated for each composition. All 
symmetrically distinct orderings were generated with an enumeration algorithm 
interfaced with the Python Materials Geomics (pymatgen) library57,58. These 
orderings were then fully relaxed using DFT calculations, and the lowest energy 
configurations were used for subsequent analysis.

Intercalation voltage profile. The pseudo-binary stability diagrams for LixNb2O5 
(0 ≤ x ≤ 3) were constructed from previous structure enumeration and DFT 
relaxations. The stable intermediate phases in the stability diagram were used 
for static calculations with a denser Γ-centred k mesh of 9 × 8 × 7 to obtain more 
accurate energies. The voltage profile was then obtained by computing the average 
voltage between any two stable intermediate phases: where E is the total DFT 
energy and e is the electronic charge59.

V = −

E (Lix1Nb2O5) − E (Lix2Nb2O5) − (x1 − x2)E(Li)
(x1 − x2)e

(4)

Nudged elastic band calculations. The migration barriers were calculated using 
climbing image nudged elastic band methods. The calculations were performed 
on 2

√

5 × 2
√

5 × 4 supercells of the rock-salt primitive cell. These configurations 
were directly obtained by doubling each lattice vector of the low-energy structures 
from previous voltage profile calculations. The number of images used for all 
climbing image nudged elastic band calculations was five. The energies and 
forces were converged to 5 × 10−5 eV per supercell and 0.05 eV Å–1, respectively. 
It is expected that the neighbouring atoms around the migration paths would 
have substantial effects on the barriers. In particular, there are four octahedral 
neighbouring atoms sharing edges with the two octahedral migrating Li atoms, 
and these neighbouring atoms can be occupied by either Nb or Li. Herein, six 
representative low-energy configurations were used as starting structures to 
construct the Li migration paths with x-Li and 4x-Nb occupying the edge-sharing 
neighbouring atoms (Fig. 5c). The barrier variation for each x is marginal, 
justifying the use of these representative configurations.

Data availability
The data that support the findings of this study are available from the 
corresponding authors on reasonable request.
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Extended Data Fig. 1 | Characterization of lithium ion diffusivity and charge storage of RS-Nb2O5 and a-Nb2O5 sample. a, GITT measurements of the  
RS- and a-Nb2O5 electrodes. b, The logarithmic plot of Li ion diffusivity as a function of voltage by GITT measurements. Overall, RS-Nb2O5 exhibited an 
order of magnitude higher Li ion diffusivity compared to a-Nb2O5 within the potential window during lithiation. During the cathodic scan, both samples 
experienced a gradual decrease in diffusivity as more Li+ occupied the vacant sites in the host material. It is worth noting that below 1.1 V, Li+ diffusivity 
in RS-Nb2O5 slightly increased, concurrent with the ongoing phase transformation upon cycling. Li+ diffusivity in RS-Nb2O5 is also higher than that of 
other polymorphs of Nb2O5 electrodes. c and d, cyclic voltammograms of RS- and a-Nb2O5 electrodes at varying scan rates. Insights in terms of diffusion 
and capacitive contribution to Li storage can be obtained by analyzing the peak current (i) dependence on scan rate (ν). For a redox reaction limited by 
semi-infinite diffusion, the peak current is proportional to the square root of the scan rate (ν1/2); while for a capacitive process it varies linearly with ν44,45.  
A b value can be obtained by analyzing the power law relationship between i and ν via i = aνb, where a and b are adjustable parameters. It was found that 
the b values for RS-Nb2O5 and a-Nb2O5 sample were ~0.85 and ~0.80, respectively. The results suggest both electrodes have mixed contribution from 
diffusion and capacitive process with RS-Nb2O5 electrode having a slightly higher capacitive contribution indicative of a faster kinetic in RS-Nb2O5.
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