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Abstract

PNb9O25, a Wadsley-Roth compound whose structure is obtained by appropri-

ate crystallographic shear of the ReO3 structure, is a high-power electrode material

that can reach 85 % of the equilibrium capacity in 30 minutes and 67% in 6 minutes.

Here we show that multielectron redox, as observed through X-ray absorption spec-

troscopy and X-ray photoelectron spectroscopy, and an insulator-to-metal transition

upon lithium insertion, as suggested by a number of complementary techniques, con-

tribute to the impressive performance. Chemically tuning the tetrahedral site between

phosphorus and vanadium leads to significant changes in the electrochemistry and ki-

netics of lithium insertion in the structure, pointing to larger implications for the use

of crystallographic shear phases as fast-charging electrode materials.

Introduction

The next-generation of Li-ion batteries requires both higher energy density and higher

power to overcome the challenges of breaking with fossil fuels, especially when it comes

to electric vehicles. Both increased range and faster charging times are critical to the

widespread adoption of electric vehicles, which requires designing new electrode materi-

als.1 Current anode technology relies mostly upon the use of carbon-based materials (such

as graphite), which are unsuitable to fast-charging applications for several reasons. Since

the average potential of graphite versus lithium is 0.1 V, the anode faces increased unfavor-

able reactions with the electrolyte,2,3 as well as significant dendrite formation especially

at high current densities.4–6 While the former impacts long-term performance in the cells,

the latter poses a significant safety issue that can lead to runaway heat generation and

explosions.7 Furthermore, volume expansion leads to significant particle fracturing, espe-

cially at high rates.8 Therefore, anodes with higher voltages and small volume expansion

are more suitable for high-power applications, with the compromise of reduced energy

density.3
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There has been a wealth of research on hierarchical and nanoscaled anode materials.

Nanostructuring provides the most direct approach to reducing diffusion pathways for

lithium to insert, therefore allowing higher rate cycling.9–11 This approach has proven

successful in a variety of materials, particularly TiO2 and Li4Ti5O12.12–14 With the example

of Li4Ti5O12, there is almost zero volume change upon lithium insertion, allowing fast

lithium insertion and deinsertion without the negative effects of particle fracturing that

degrades the electrode material with repeated cycling, as well as an average voltage of

1.5 V, avoiding the aforementioned issues with cycling to low-voltage.15,16 However, in

order to circumvent the low ionic conductivity in the delithiated and lithiated phases, the

material must either be nanostructured or prepared with induced porosity to create short

Li diffusion path lengths.13 Despite starting as electronically insulating, the lithiated phase

Li7Ti5O12 is electronically conductive, which allows for cycling of the material without the

addition of conductive carbon additives at reasonably high rates.16,17 This is not the only

example of a host electrode material undergoing an insulator-to-metal transition. The

canonical intercalation material LiCoO2, popularized by Goodenough and coworkers and

later commercialized,18 undergoes an insulator-to-metal transition,19,20 which is highly

favorable, especially when it comes to fast cycling when the transition metals are required

to aquire and release electrons rapidly.

More recently, crystallographic shear phases derived from the ReO3 structure — also

known as Wadsley-Roth phases — have been popularized for their record-breaking rate-

capabilities as electrodes in lithium batteries despite electrodes being prepared with par-

ticle sizes on the order of microns.21–23 While few so far have been studied in-depth to

understand the origin of their high rate capabilities, it is believed that the regions of edge-

sharing octahedra are the key to success, providing delocalized pathways for electrons,

and structural rigidity to suppress large changes in the structure upon lithiation.24,25 In

the absence of crystallographic shear, as in the case of ReO3, the octahedra are allowed

to freely rotate upon lithium insertion, which appears to degrade the material upon cy-
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cling.26,27 Additionally, many Wadsley-Roth phases are attractive electrode materials due

to their high capacity as compared to conventional materials, arising from more than one

Li ion inserted per transition metal. For example, TiNb2O7, which is now commercialized,

is able to accommodate 1.25 Li per transition metal at a rate of C/5,24 in conjunction

with a small unit cell volume expansion of 7 % when Li+ is inserted, which is then al-

most entirely reversible.28 In the same vein, PNb9O25 has previously been reported to have

little lattice expansion upon lithium insertion by operando diffraction, about 7.5 %, sug-

gesting promise as a high rate electrode material.29 Additionally, both of these materials

have demonstrated high Li diffusion coefficients, with PNb9O25 three orders of magnitude

higher than that of Li4Ti5O12,30 further alluding to its promise as a high rate electrode

material without nanostructuring.

The existence and preparation of such non-stoichiometric transition metal oxides, in-

cluding bronze phases and Wadsley-Roth phases31–34 have been known since the 1950s

and 1960s. Chemical and electrochemical lithium insertion into these materials began in

the 1980s. Seminal work by Murphy et al.35,36 and Cava et al.37 introduced reversible

lithiation in shear phases such as V6O13, TiNb2O7, Nb2O5, W8Nb18O69, W2.5V0.5O7, and

VNb9O25. Through the amount of lithium inserted, and later through ex situ and operando

diffraction, it was presumed that a common trait of these crystallographic shear structures

is more than one Li inserted per transition metal.29,36,38,39

PNb9O25 is an interesting model system to study in the realm of the Wadsley-Roth

crystallographic shear structures, in that most of the structures contain only corner- and

edge-sharing octahedra. First reported in 1965 by Roth et al.,31,40 the structure of PNb9O25

is created from shearing 3× 3 blocks of ReO3-type metal-oxygen octahedra, leaving space

for a tetrahedral bridging site between blocks (Figure 1), which has been refined to be half-

occupied.41 The phosphorus is incorporated in PO4 tetrahedra and can also be substituted

by redox-active vanadium, and presumably other elements that have affinities for tetrahe-

dral environments, in the same crystal structure. While the small abundance of phosphorus
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and vanadium initially seems inconsequential, the difference between a redox active and

redox inactive element in the tetrahedral site changes the fundamental redox mechanisms

underlying the battery performance. This opens a wide range of chemical tuning to target

electrochemical properties of interest in identical structures. Interestingly, incorporating

vanadium actually leads to a decrease in rate performance and capacity retention despite

providing another redox active element. The comparison between PNb9O25 and VNb9O25

shows that small chemical changes within these structures can lead to disproportionately

large electrochemical differences.

Figure 1: Crystal structure of PNb9O25 as derived from the ReO3 structure. On the left is
the real structure, and on the right, a scheme comprising 3×3×1 blocks of Nb–O octahedra
offset to create corner- and edge-sharing moieties. P (or V) bridge the offset Nb–O blocks
with half-occupancy on the tetrahedral site. The distinct colors of the octahedral blocks on
the right indicate their relative positions along the c direction. The space group is I4/m
(# 87).

We report fast, reversible cycling up to 60C in PNb9O25 and VNb9O25 on the order of mi-

crons, with greater capacity in PNb9O25 despite having fewer redox active elements, as well
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as high capacity retention over 500 cycles at a rate of 2C. This motivates the practical use

of PNb9O25 as a next-generation Li-ion electrode material that can be charged to 85% of

its theoretical capacity in 30 minutes, even without much electrode optimization. Kinetic

analysis shows the underlying difference in rate performance in PNb9O25 and VNb9O25

to be related to many redox reactions in PNb9O25 being surface-controlled versus bulk-

controlled in VNb9O25. Additionally, X-ray absorption near-edge spectroscopy (XANES)

and X-ray photoemission spectroscopy (XPS) provide direct evidence of multielectron re-

dox in both materials and point to the fundamental cause for electrochemical differences

in these isostructural electrode materials. Finally, through a combined experimental and

computational approach, we propose the occurrence of an insulator-to-metal transition in

PNb9O25, which likely is a larger feature of crystallographic shear structures with chan-

nels of edge-sharing octahedra, as suggested here from Density Functional Theory-based

calculations of the electronic structure of pristine and lithiated PNb9O25.

Methods

Solid-state preparation of PNb9O25 and VNb9O25

PNb9O25 and VNb9O25 were prepared using bulk solid state methods, starting from sto-

ichiometric ratios of Nb2O5 (Materion, 99.95%) and (NH4)3PO4 (Sigma Aldrich, 98%)

or Nb2O5 (Materion, 99.95%) and V2O5 (Materion, 99.9%), respectively, following previ-

ous procedures.29,42 To prepare PNb9O25, a ground stoichiometric mixture of Nb2O5 and

(NH4)H3PO4 was pressed into a 6 mm pellet under 2.5 metric tons of force with a total

mass of 500 mg. Pellets were annealed in an alumina crucible in air at 623 K for 20 h

and subsequently annealed at 1523 K for 18 h before being allowed to slow cool. To pre-

pare VNb9O25 a ground stoichiometric mixture of Nb2O5 and V2O5 was pressed into 6 mm

pellets under 2.5 metric tons with a total mass of 500 mg. Pellets were annealed in an

alumina crucible in air at 1053 K for 48 h, and then allowed to slow cool. Purity was con-
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firmed through powder diffraction data collected at the high-resolution beamline 11-BM at

the Advanced Photon Source at Argonne National Laboratory for PNb9O25 (λ= 0.457841)

and at the high-throughput beamline 17-BM for VNb9O25 (λ= 0.4524 Å). The patterns

were refined using the Rietveld method using TOPAS Academic v6. Both patterns were

well-refined within previously reported structures in the I4/m (# 87) space group.41,43

Electrochemical testing

The active material was cast on copper foil in a ratio of 75% active material, 10%

polyvinylidene fluoride (Solef), and 15% carbon black (TIMCAL Super P). First, the ac-

tive material was ball milled for 30 minutes with the appropriate ratio of carbon black in a

2 cm3 canister. The active material/carbon mixture was then added to a mixing cup with

PVDF dissolved in NMP. The slurry was mixed in a FlackTek speed mixer at 2000 rpm for

15 minutes. Approximately 1.5 cm3 of NMP was used for 100 mg of slurry. The slurry

was cast onto copper foil using a 150 µm doctor blade, dried under vacuum at 90 ◦C, and

punched into 10 mm diameter discs such that there is approximately 1.5 mg cm−2. The

cells were cycled in coin cell configuration (MTI parts, 2032 SS casings) using 1 M LiPF6

in EC/DMC 50/50 v/v (Sigma Aldrich) versus a polished Li foil counter electrode with Cel-

gard C480 polypropylene/polyethylene separators. Based on the number of pockets for Li

to sit and the number of redox-active elements, 12 Li were assumed to insert into PNb9O25,

and 14 Li were assumed to insert into VNb9O25 for calculating C rates, e.g. for PNb9O25:

C/10 = 12Q/10 = 254 mAh g−1/10 h = 25.4 mA g−1; for VNb9O25: C/10 = 14Q/10 =

292 mAh g−1/10 h = 29.2 mA g−1. Here Q is the charge.

X-ray photoelectron spectroscopy

The same samples prepared for ex situ X-ray diffraction were used for XPS and were loaded

onto an air-free sample holder in an Ar-filled glovebox. The powder was spread onto
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double-sided scotch tape attached to a stainless steel sample holder. A lid with an o-ring

seal was secured onto the sample holder to transfer the samples into the XPS chamber.

Once under vacuum, the lid was removed such that the samples were never exposed to

air. The samples were measured using a Thermo Fisher Escalab Xi+ XPS equipped with

a monochromated Al anode (E = 1486.7 eV). Survey scans were collected at 100 eV

pass energy for 20 ms, averaged 2 times. High resolution scans were collected in the Nb

3d, P 2p, V 2p, O 2p, and Li 1s regions at 20 eV pass energy for 100 ms, averaged 15

times. All spectra were referenced to adventitious carbon at 284.8 eV. Fits were executed

using CasaXPS: Shirley backgrounds, GL(30) peak shapes, and peaks within elemental

regions with spin-orbit splitting were locked to their appropriate ratios and energy splitting

according to the element.

Operando X-ray Absorption Spectroscopy

Pellet electrodes were fabricated with 60% active material, 10% acetylene black, 10%

graphite powder (300 mesh) and 20% polytetrafluoroethylene (Sigma Aldrich, 1 um aver-

age particle size), pressed in a 10 mm die under a hydrostatic pressure of 1 metric ton with

approximately 20 mg total material. The pellet electrodes were cycled versus polished Li

foil with glass fiber GF/D separators soaked in LiPF6 in EC/DMC 50/50 v/v in AMPIX cells

at Beamline 12-BM at the Advanced Photon Source, Argonne National Laboratory. This

method was adapted from Borkiewicz et al.44 The cells were cycled at a C/10 rate. Simul-

taneously, the absorption was measured at the Nb K-edge (18.9 keV), calibrated using Nb

foil. Data was collected in transmission mode over 8 minutes. Processing and analysis of

the XANES region was done using ATHENA, an open source software package for XAS, and

the edge position was determined by the zero-crossing of the second derivative.45
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Magnetic susceptibility measurements

LixPNb9O25 at discrete lithiated states was prepared in 1.5 inch diameter Swagelok cells

to accommodate approximately 100 mg of pure PNb9O25 powder in a thin layer without

the addition of binder or carbon. The active material was cycled against polished Li metal

using 1 M LiPF6 in EC/DMC 50/50 v/v (Sigma Aldrich). The cells were discharged at a

C/60 rate to the chosen potentials. The active material was extracted from the cells in an

Ar-filled glovebox and ground with an agate mortar and pestle. Magnetic susceptibility as

a function of temperature was collected using a Quantum Design Magnetic Property Mea-

surements System (MPMS-3). Measurements were performed on three powder samples

with different levels of lithiations, with no binder or additive. The cells were discharged

to 1.75 V, 1.4 V, and 1 V corresponding to Li1.8PNb9O25, Li8.0PNb9O25, and Li11.2PNb9O25,

respectively. Weighed, powdered samples were loaded into sealed polypropylene capsules

within an argon glovebox and transferred to the magnetometer without exposure to air.

From magnetization vs. field hysteresis loops at room temperature, all samples were found

to contain small amounts of a ferromagnetic impurity, which was traced back to the ball-

milling process. In order to measure the true susceptibility of the bulk sample without the

ferromagnetic impurity signal, magnetization measurements at each temperature were

performed at two different fields which were chosen to be above the field at which the

ferromagnetic impurity saturates. The differential magnetic susceptibility was then cal-

culated from those data points. Details of this procedure are provided in the Supporting

Information.

Nuclear Magnetic Resonance

Solid-state MAS 31P NMR spectra were acquired on a Bruker AVANCE III Ultrashield Plus

800 MHz (18.8T) NMR spectrometer equipped with a Bruker 2.5mm HX MAS probe.

PNb9O25 was packed in a 2.5 mm zirconia rotor in air. Li11.2PNb9O25 was prepared iden-
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tically to the sample described for the corresponding EIS measurement (discharged to 1

V) and was packed in a 2.5 mm zirconia rotor in an Ar-filled glovebox. Both spectra were

referenced to solid triphenylphosphine and processed using Bruker TopSpin software. The

recycle delay was optimized and found to be 3.2s for quantitative analysis. Single pulse

experiments were used to obtain the 1d spectra.

Electronic structure calculations

Density functional theory (DFT) calculations were performed with the Vienna ab initio

Simulation Package (VASP)46–49 using the Perdew-Burke-Ernzerhof (PBE) functional.50

The plane wave basis energy cutoff was set at 550 eV. All relaxations were followed with

static calculations. The fully relaxed energies of a total of 1130 different Li-vacancy or-

derings over horizontal and vertical square coordinated sites within the blocks, and square

pyramidal sites within the edges of the blocks of the PNb9O25 host were calculated. Bench-

mark calculations showed that spin polarization has a negligible effect on the energies,

and subsequent relaxations were performed in the absence of spin polarization. For each

of the calculated ground state configurations, the spin polarized electronic density of states

was calculated. A k-point mesh of density 50 Å was employed. Charge density calculations

were performed for bands beneath and within the range of the Fermi level. Gaussian

smearing was used with a width of 0.1 eV. Visualization of the Nb t2g state density on

discrete lithiated states was done using VESTA.51

Results and discussion

Electrochemical properties

Understanding the electrochemistry of PNb9O25 is enhanced by comparing it to its closely

related counterpart VNb9O25. Despite PNb9O25 and VNb9O25 being isostructural, varying
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the tetrahedral site atom immensely alters the electrochemistry and mechanism in which

lithium inserts into the structure, particularly at varying rates and over long-term cycling.

This is especially surprising given the low abundance of phosphorus or vanadium in the

structure. The difference, however, lies in the fact that vanadium is redox active, whereas

phosphorus is redox inactive, lending a clue into the importance of the surrounding pocket

sites or pyramidally coordinated sites available for lithium to insert. PNb9O25 exhibits more

structure in its galvanostatic response, which can be observed in detail when cycled slowly

at a C/20 rate [Figure 2(a)]. There is a small initial plateau at 1.95 V that incorporates

about 0.3 Li experimentally, which leads into a sloped region until about 1.69 V for a total

of 1.85 Li. The largest plateau at 1.69 V ends at about 4.5 Li, and then a large, undulating

sloping region incorporates up to 10.3 Li total. Finally, there is a small plateau at 1.6 V,

and a total of about 11.5 Li inserts into the structure. The capacity loss associated with the

first charge is the largest, 1 Li, but thereafter is only small fractions of Li. The structure

of the galvanostatic curve maintains its integrity throughout cycling, and the slopes and

plateaux are highly repeatable.

The galvanostatic behavior from inserting Li into VNb9O25 shows a quite different pro-

file [Figure 2(b)]. The first discharge has a large sloping region incorporating about 4 Li, a

small plateau at 1.7 V inserting a total of 7 Li, and a large sloping region until about 13.5

Li. The subsequent charge is much less reversible – more than 3 Li are not removed. This is

in agreement with previous slow cycling results on both micron-sized and nano-sized parti-

cles.29,37,52 Subsequent cycles do not exhibit the same large sloping region at the beginning

of discharge. The capacity loss cycle-to-cycle is much more significant than with PNb9O25.

For both materials, the lower voltage cutoff (1 V) was chosen to avoid convolution with Li

storage in carbon, which can add anomalous capacity.53

When the rate is increased to 2C, the differences in electrochemistry are further ex-

acerbated [Figure 2(c) and (d)]. The same plateau and structure are maintained in the

PNb9O25 electrochemical curve, with slightly increased polarization. VNb9O25 still exhibits
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Figure 2: Cycling comparisons between PNb9O25 and VNb9O25 at slow and fast rates, as
well as long-term cycling. (a) PNb9O25 cycled at C/20 over 10 cycles shows its distinct
plateau and reversible cycling. (b) PNb9O25 cycled at 2C still maintains the same structure
in the electrochemical curve with more polarization and slightly reduced Li incorporation.
(c) VNb9O25 cycled at C/20 shows the irreversible capacity loss on the first cycle equivalent
to about 4 Li, then less capacity fade thereafter. (d) VNb9O25 cycled at 2C still has the
same capacity loss now equivalent to about 3 Li and a large increase in polarization. Li
incorporation in VNb9O25 is significantly reduced at 2C. (e) Long-term cycling comparison
between PNb9O25 and VNb9O25 at 2C. Both show relatively high capacity retention, though
PNb9O25 maintains higher reversible capacity over 500 cycles.

the large irreversible capacity on the first discharge and greatly increased polarization.

When cycled at 2C long-term, both have high capacity retention over 500 cycles, though

interestingly PNb9O25 maintains much higher capacity than VNb9O25 by almost a factor
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of two (190 mAhg−1 versus 100 mAhg−1 at the 500th cycle, respectively), as seen in Fig-

ure 1(e).

Figure 3: Variable rate electrochemistry comparison of PNb9O25 and VNb9O25. (a) Cyclic
voltammetry performed at sweep rates from 0.1 mVs−1 to 1.0 mVs−1 allows for analysis
of the value of the exponent b for PNb9O25. (b) Cyclic voltammetry performed at sweep
rates from 0.1 mVs−1 to 1.0 mVs−1 allows for b to be evaluated for VNb9O25. (c) PNb9O25

cycled galvanostatically from C/10 to 60C, and its recovery. The second cycle (out of four
for each rate) is shown for clarity. (d) VNb9O25 cycled galvanostatically from C/10 to 60C,
and its recovery. The first and second cycles are shown for C/10, but the second cycle
is shown thereafter to see the evolution of the curves. (e) Cycle number versus capacity
corresponding to the variable rate galvanostatic cycling depicted in (b) and (d). PNb9O25

consistently shows higher capacity after the first discharge. Both PNb9O25 and VNb9O25

recover to almost their starting C/10 capacities.
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Cyclic voltammetry at varying rates makes the underlying kinetic differences more ap-

parent. Multiple redox processes can be teased out in the CV curve of PNb9O25 from 1 V to

3 V, whereas there is only one distinct redox reaction revealed in the CV curve of VNb9O25.

Varying the rates allow values of the exponent b to be calculated for each of these pro-

cesses, which reveals which redox reactions are bulk- or surface-limited according to the

power law relationship Ip = avb, where Ip is the peak current, v the voltage sweep rate

and a and b are fitting parameters.54–56

Values of the exponent b calculated for different peaks in the CV of PNb9O25 and

VNb9O25 are presented in Table 1, and the calculations for these values in Figures S6 and

S7 and Table S1. Both b-values calculated for the reduction and oxidation reactions in

VNb9O25 are closer to 0.5, suggesting diffusion-limited processes are associated with the

bulk of the material. Conversely, PNb9O25 has four distinct redox reactions, and while

the high voltage reduction and oxidation peaks suggest diffusion limitations in the bulk,

the redox reactions between 1.37 V and 1.57 V appear to be associated with the diffusion-

limiting steps associated with the surface. It is important to distinguish that both PNb9O25

and VNb9O25 behave as battery materials, and not pseudocapacitors, as evidenced through

the phase changes that occur in their diffraction patterns during cycling (Figure S8).29

Overall, the b-value analysis lends quantitative insight into the improved rate capabilities

in PNb9O25 over VNb9O25.

Table 1: Quantitative insight into the kinetic variations between PNb9O25 and VNb9O25 is
gleaned from varying the cyclic voltammetry sweep rate [Figure 3(a) and (b), and Figure
S6 and S7]. Values of the exponent b for the four distinguishable peaks in the PNb9O25

CV curve upon oxidation and reduction, and the one observable, reversible peak in the
VNb9O25 CV curve are listed for comparison.

reduction oxidation
position b position b

PNb9O25 1.11 V 0.80 1.28 V 0.56
1.37 V 0.95 1.49 V 0.91
1.46 V 0.97 1.57 V 0.94
1.62 V 0.62 1.79 V 0.70

VNb9O25 1.56 V 0.59 1.93 V 0.69
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Both compounds exhibit impressive rate capabilities, with measurable capacity up to

60C, and more than 99% recovery of capacity when the rate is reduced back to C/10.

This demonstrates a wide range of practical applications for electric vehicles and portable

electronics, in which one may wish to discharge their batteries slowly but charge them

within minutes. In this instance PNb9O25 can reach 85% of its C/10 capacity in 30 minutes

or 67% in 6 minutes. The surprising result from comparing the rate capabilities between

PNb9O25 and VNb9O25 is that we would expect VNb9O25, if anything, to exhibit higher

capacity given the higher ratio of redox active atoms per formula unit. However, the

rate capabilities of PNb9O25 far exceed those of VNb9O25. For example, at 2C, PNb9O25

exhibits an additional 77 mAhg−1 capacity than VNb9O25. Further, at 60C the capacity

of VNb9O25 diminished to almost zero, while in PNb9O25 it is still 30 mAhg−1. This wide

range in performance given the very small chemical variations in these structures points

to significant mechanistic differences in their redox properties.

Characterization of multielectron redox

Operando Nb K-edge X-ray absorption spectroscopy, especially the near edge region shown

in Figure 4(a) and (c), lends insight into the reversibility of the niobium redox throughout

the first cycle. The overall spectra and changes observed throughout the first cycle of

PNb9O25 and VNb9O25 look similar, as expected for isostructural compounds. Both show a

slight pre-edge feature in the pristine material centered at 18990 eV that is reversible once

the material is re-oxidized. They both also show the same restructuring of the peak after

the energy onset that shows a shift to lower energy upon reduction, which is restored to

its position in the pristine state upon re-odixation.

The relationship between composition and the associated change in energy yields

mechanistic information about how niobium is reduced and oxidized in both structures

and highlights their differences. With PNb9O25, both the reduction and oxidation result

in a single linear relationship between the composition and energy. This is the expected
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Figure 4: (a) Evolution of the XANES region of the Nb K-edge as PNb9O25 is reduced to 1 V
and subsequently oxidized to 3 V (one full cycle). (b) The energy change of the onset after
the pre-edge region as a function of composition as Li is inserted into PNb9O25. There
is a linear relationship upon discharge and charge. (c) Evolution of the XANES region
of the Nb K-edge as VNb9O25 is reduced to 1 V and subsequently oxidized to 3 V (one
full cycle). (d) The energy change of the onset after the pre-edge region as a function of
composition as Li is inserted into VNb9O25. In contrast with what is seen for PNb9O25, the
initial change in energy VNb9O29 is slower upon discharge, marked by a linear relationship
with a shallower slope.

result for a single redox active element, which is continually being reduced at the same

rate throughout discharge and subsequent charge. VNb9O25 shows different trends, owing

to the fact that vanadium is also redox active. While not probing the vanadium oxidation

state directly, we can infer from the slow initial reduction of Nb up to Li5VNb9O25 that

vanadium is simultaneously being reduced during this stage of irreversible capacity loss

[Figure S9]. Interestingly, there is still some reduction in niobium until this point, which
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differs from the hypotheses in previous reports. It was earlier believed that only vanadium

is initially reduced, linked to the irreversible capacity loss observed in VNb9O25 in the first

discharge. It is likely that the irreversible reduction of not only vanadium but also niobium

is responsible for the diminished rate capabilities and capacity retention in VNb9O25.

We have employed ex situ XPS to quantitatively track the changes in oxidation states in

niobium, phosphorus, and vanadium in both structures. The lithiated states were chosen

based on clear changes in the galvanostatic response, such as before and after the dis-

cernible plateau [Figure 5(a) and (d)]. While XPS is quantitative and the measurements

were done using air-free transfer from a glovebox, slight surface oxidation is still likely,

skewing the results slightly toward Nb5+. As expected, in the pristine state niobium only

exists in the Nb5+ state [Figures 5(b), S13]. Even at the very beginning of lithiation with

only 0.06 Li, 4% of niobium are converted to Nb4+. This increases incrementally to 21%

Nb4+ through x=1.4. At the end of the largest plateau, experimentally corresponding to

x=4, 7% of niobium are converted to Nb3+, but still a significant amount exists as Nb5+.

An interesting shift occurs in the sloping region between x=4 and x=9.4, in which the

percentage of Nb3+ is almost 3 times that of Nb4+ (33% Nb3+ versus 13% Nb4+). This

indicates a complex mechanism in which either Nb5+ directly converts to Nb3+ or quickly

reduces through Nb4+ to Nb3+. Either way, Nb3+ is the favored reduced state toward the

end of the discharge. After the final plateau at the end of discharge when x=11.2, an in-

crease in Nb4+ is observed, such that 25% is Nb4+ and 29% is Nb3+. Finally, upon charge,

almost all of the niobium is oxidized back to Nb5+, with only 2% remaining in the reduced

Nb4+ state. Complete oxidation back to Nb5+ leads to the high capacity retention observed

in PNb9O25.

To confirm that phosphorus does not participate in redox, high resolution XPS was

measured in the P 2p region as well [Figure 5(c)]. Though the signal-to-noise ratio is

diminished due to phosphorus being lighter and in much lower abundance than niobium

in the sample, there is no emergence of a new signal to indicate that phosphorus is being
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Figure 5: (a) The first galvanostatic discharge for Li insertion in PNb9O25 and the states
of charge corresponding to the XPS spectra in the Nb 3d binding energy region (b) and P
2p binding energy region (c). Similarly, (d) is the VNb9O25 first galvanostatic discharge
annotated to indicate the states of charge reflected in the Nb 3d region (e) and V 2p region
(f). The oxidation state assignments were made using both literature references as well as
Nb2O5, NbO2, and NbO references collected on the same spectrometer. The duplication of
peaks arises from spin-orbit splitting – the Nb 3d states split into Nb 3d 5

2
(lower binding

energy) and Nb 3d 3
2

(higher binding energy). This is the case for V 2p and P 2p splitting
into 2p 3

2
(lower binding energy) and 2p 1

2
(higher binding energy). For clarity, only the 3d 5

2

and 2p 3
2

peaks are marked. The grey line on each spectrum is the total fit arising from the
peaks fitted to each oxidation state.

reduced during discharge.

High resolution XPS of VNb9O25 lends insight into the electrochemical processes in this

crystal structure, as well. Previous reports have speculated through XRD and limited XPS of
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Table 2: Quantitative analysis of the evolution of oxidation states from fitting the high
resolution spectra found in Figure 5.

LixPNb9O25

x in LixPNb9O25 % Nb5+ % Nb4+ % Nb3+ average
0.06 96 4 0 4.95
0.34 91 9 0 4.91
1.40 79 21 0 4.79
4.00 70 23 7 4.62
9.40 54 13 33 4.20
11.2 46 25 29 4.18
charged to 3.0 V 98 2 0 4.98

LixVNb9O25

x in LixVNb9O25 % Nb5+ % Nb4+ % Nb3+ average
3.50 96 4 0 4.96
7.30 72 19 9 4.38
13.3 32 29 39 3.93
charged to 3.0 V 88 12 0 4.88

VNb9O25 that the irreversible capacity in the first discharge is due to irreversible reduction

of V5+ to V3+. However, this is only partly the case. There is irreversible capacity loss due

to both incomplete oxidation of niobium back to Nb5+ and vanadium back to V5+ [Figures

5(e),(f) and S14 and S15]. Approximately 12% of the niobium remains as Nb4+ at the end

of charge. The low signal-to-noise ratio of the vanadium binding energy region prevents

the same quantitative analysis with confidence, especially at the bottom of discharge when

the total intensity is broadened by all three oxidation states, but a non-trivial fraction of

vanadium oxidizes completely to V5+. The largest fraction remains as V4+, though this is

still oxidized as compared to when VNb9O25 is most lithiated [Figure S15]. Quantitative

analysis of the percentages of oxidation states arising from fitting the spectra can be found

in Table 2. It is likely that the irreversibility due to niobium is the driving force for the

larger capacity loss over extended cycling, since niobium comprises the majority of the

structure, though this is conjecture. When evaluated with the significant differences in the

galvanostatic behavior between PNb9O25 and VNb9O25, the small chemical difference of re-

placing phosphorus with vanadium in low overall concentration leads to surprisingly large
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mechanistic deviations in an otherwise identical crystal structure, which has implications

for future design of new complex oxides for electrode materials.

Evidence of an insulator-to-metal transition in LixPNb9O25

Figure 6: (a) magnetic susceptibility vs. temperature for three samples. Li1.8PNb9O25, a
lightly-lithiated sample, shows Curie-Weiss (CW) paramagnetism consistent with the local-
ization of the Nb d-electrons into discrete magnetic moments. The Curie-Weiss fit shown is
performed between 30 K and 300 K, and extrapolated to lower temperatures. The heavily-
lithiated Li8PNb9O25 and Li11.2PNb9O25 samples, on the other hand, show much lower
susceptibility and are not well-fit with the Curie-Weiss relation, consistent with delocaliza-
tion of the d electrons. (b) 31P NMR spectra of PNb9O25 before cycling and fully lithiated
at Li11.2PNb9O25 (cycled to 1 V) both referenced to solid triphenylphosphine. The MAS
speeds were respectively 30 kHz for PNb9O25 and 25 kHz for Li11.2PNb9O25.
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Given the technical difficulties in carrying out reliable ex situ electrical transport mea-

surements on the lithiated samples (described in detail in the Supporting Information), the

potential insulator-to-metal transition in Li-inserted PNb9O25 was probed using magnetis

susceptibility measurements and solid-state NMR studies.

Figure 6(a) shows magnetic susceptibility as a function of temperature for Li1.8PNb9O25,

Li8.0PNb9O25, and Li11.2PNb9O25, expressed per mol formula unit. The lightly-lithiated

sample (x = 1.8) shows a magnetic susceptibility χ that follows the Curie-Weiss law:

χ =
C

T − θ
+ χ0 (1)

where C is the Curie constant, T is the temperature, θ is the Weiss temperature, and χ0

is the temperature-independent proportion of the magnetic susceptibility. Fitting the sus-

ceptibility between 30 K and 300 K to this equation yields C = 0.375 emu K mol−1 Oe−1,

θ= –15.9 K, and χ0 = –0.000177 emu mol−1Oe−1. This value of C computes to a local

paramagnetic moment µeff = 1.29µB per inserted Li, which is in reasonable agreement

for the theoretical value expected for a single Nb4+ ion (µeff = 1.55µB).57 Therefore, this

susceptibility data suggests a picture where, for low levels of lithiation, the electrons intro-

duced by adding lithium to PNb9O25 remain localized as discrete paramagnetic ion spins

sitting on individual Nb atoms, rather than becoming delocalized into a metallic state.

This mechanism points to why the introduction of electrons to the Nb d-band via lithiation

does not, for low levels of lithiation, immediately result in a metal. Upon the introduc-

tion of larger quantities of Li (x= 8.0 and x= 11.2), this paramagnetic signal is greatly

suppressed. Attempts to fit the susceptibility to the Curie-Weiss law resulted in poor fits

with nonphysical parameters, and µeff values ≤ 0.2 per Li inserted. This loss of Curie-Weiss

paramagnetism is consistent with the formation of metallic conducting state where the Nb

d electrons now form a delocalized band instead of remaining in localized in paramag-

netic moments. Furthermore, some temperature-independent paramagnetism is seen in

these samples, consistent with the Pauli paramagnetism that occurs in systems with metal-
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lic electrons. These susceptibility results are similar to those observed in the LixTiNb2O7

electrode system, which is also believed to become close to metallic upon lithiation.24

Figure 6(b) shows the 1D 31P NMR spectrum of pristine PNb9O25 and fully-lithiated

Li11.2PNb9O25. The signal in PNb9O25 is relatively sharp, close to –15 ppm. The spectrum

of Li11.2PNb9O25, however, is dramatically different. The main chemical environment is

shifted to 50 ppm and is much broader, spanning 75 ppm, suggestive of a Knight shift due

to the delocalized electrons in the (metallic) compound, similar to what is observed in the

7Li NMR spectrum upon delithiation in LiCoO2.19 A more complete temperature-dependent

study of the Knight shift and NMR studies across the range of lithiation, in addition to 7Li

solid-state NMR studies would further strengthen these arguments, but the interpretation

of the NMR spectra is consistent with the magnetic susceptibiility studies.

Figure 7: Nb partial densities of states (DOS) across various compositions of LixPNb9O25

and the corresponding structures and d-electron densities, showing Nb d states, which are
empty in PNb9O25 case but become occupied as the compound is lithiated. The charge
densities correspond to electronic states with energies that extend from the bottom of the
d block up to the Fermi level. In each DOS panel, majority spin states are depicted in the
right panel, and minority states in the left. In the upper panels, the P atoms are magenta
and in the background.
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Electron delocalization at high states of lithiation can be best visualized by separating

the crystal structure into distinct regions of structural features and Nb t2g state density.

PNb9O25 has three symmetrically nonequivalent niobium in its unit cell. Two form NbO6

octahedral units that are edge sharing with the octahedra in the blocks above and below

them. These units merely differ by one octahedra sharing a corner with phosphorous and

the other not. These octahedral units connect the blocks along the infinite axis through

their edges forming a jagged network of NbO6 octahedral units. There is also a single nio-

bium that forms an NbO6 octahedra where the oxygens are shared only along octahedral

vertices. Edge- and vertex-sharing octahedra exhibit large differences in d-orbital overlap,

and in both cases, the bonding changes dramatically with composition.

LixPNb9O25 starts as a d0 band insulator prior to lithiation (x = 0). From the partial

Nb t2g state density plots (Figure 7), at low lithium composition we observe little d orbital

overlap. This is a result of the electrons occupying t2g orbitals, effectively preventing

orbital overlap and therefore, delocalization. At this stage, we anticipate that electron-

electron correlation (not described here) would be important, forcing the d electron to

remain localized into discrete spins on Nb ions, as is also seen in the magnetic susceptibility

data. In this picture, any electrical transport would require a hopping mechanism,58 which

would result in the thermally-activated conduction. As the lithium composition increases,

d orbital overlap between the edge-sharing octahedra increases as electrons further fill t2g

orbitals. This occurs along the edge-sharing connections, allowing a network of electronic

conductivity through the length of the crystal [Figure 7(d) and (e)]. The transition from no

orbital overlap between the edge-sharing octahedra and electronic conductivity between

them appears to initially occur at Li5PNb9O25 [Figure 7(c)], and increases further in the

Li8PNb9O25 configuration, where the electronic density begins to emerge along the oxygen

atoms [Figure 7(d)]. This effect is amplified when the composition reaches over x = 11

for the LixPNb9O25 system, where there is a large increase in the electronic density of the

edge-sharing octahedra [Figure 7(e)]. The evolution described here is consisted with all of
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the experimental observations, notably the magnetic susceptibility, NMR, the impedance

shown in the SI, and the sample color changes.

Figure 8: Schematic of (a) the initial localization of electron density on a t2g orbital on
an octahedron that is only corner-connected with other octahedra, and (b) delocalized
electron density extended along edge-sharing regions as a result of t2g being able to com-
municate with each other through the shared octahedral edges. This takes place at higher
levels of lithiation.

Along the vertex sharing octahedra, there is charge localization on the niobium at low

lithium compositions. Since electrons fill the t2g orbital, there is no d orbital overlap with

surrounding octahedra. The electron density in corner-sharing and edge-sharing regions

is conveyed with greater clarity in the schematic representation in Figure 8. Localiza-

tion of electrons near the vertex-sharing octahedra was also found for other Wadsley-Roth

structures including Nb14W3O44, Nb16W5O55, and Nb12WO36,25 suggesting similarities in

electronic conductivity and charge localization among crystallographic shear structures.
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For higher compositions, the electron density on the vertex-sharing octahedra appears to

decrease with increasing composition and instead is mainly present on the edge-sharing

octahedra for lithium compositions over x = 8 in LixPNb9O25. A detailed first-principles

thermodynamics study of the crystal and electronic structure evolution with Li insertion in

PNb9O25 is forthcoming.

Summary of the complex processes in PNb9O25

A summary of the discussed, complex processes occurring throughout the PNb9O25 dis-

charge curve is shown in Figure 9. Niobium oxidation states are tracked using a combi-

nation of XANES and XPS. Initially, Nb is reduced from Nb5+ to Nb4+ as up to 2 Li are

inserted. After the first extended plateau at 1.72 V, the evolution of Nb3+ is observed,

signaling multielectron redox properties. Through the sloping region up to Li10PNb9O25,

there is a sharp increase in the percentage of Nb3+, surpassing the amount of Nb4+. This

suggests that Nb5+ is being reduced to Nb3+ either directly or moving through Nb4+. Fi-

nally, more Nb5+ is reduced through the end of discharge. Also mapped onto the discharge

curve is where the expected insulator-to-metal transition occurs based on a combination

of experimental measurements, the optical color change, and DFT calculations. At low

levels of lithiation, the material remains insulating due localization of the electron density.

At full lithiation, the material becomes metallic, and the density maps of the Nb t2g states

reflect delocalization along the edge-sharing regions in the structure. From DFT, we can

extrapolate that this delocalization occurs around x = 5. The color of the purely lithiated

samples (no carbon or binder additives) reflects these changes in the electrical conduc-

tivity. The material changes from white in its pristine state to grey at very low levels of

lithiation (x = 0.06). By x = 0.33, the material is blue, and at x = 2 the color deepens

to a dark blue. Thereafter, and first observed at x = 4.75, the material is black, coinciding

with the expected insulator-to-metal transition as a function of composition.
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Figure 9: PNb9O25 goes through a complicated redox mechanism that involves multielec-
tron redox on Nb and induces an insulator-to-metal transition. The conversion from Nb5+

to Nb3+ is summarized on top of the discharge curve, and the color evolution as Li is
progressively inserted from white, to grey, to blue, to black is shown at the bottom.

Conclusion

Electrochemical comparisons of PNb9O25 and VNb9O25, particularly the use of variable

rate testing, indicate very small amounts of chemical substitution can dramatically influ-

ence electrochemical behavior, diffusion kinetics, and cycling performance in the high-

performing Wadsley-Roth family of fast-charging electrode materials. PNb9O25 exhibits
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impressive rate capabilities with observed capacity up to 60C and more than 1 electron

stored per transition metal, leading to its high capacity retention over hundreds of cycles.

Additionally, we directly observe an insulator-to-metal transition in the material, which

is highly desirable for applications and likely contributes to its fast rate capabilities in

micron-sized particles. Irreversible reduction of vanadium and niobium in VNb9O25 results

in lower capacity retention and contributes to its comparably sluggish rate capabilities as

compared to PNb9O25, exemplifying that not all shear structures are created equally for

Li insertion. Chemical tuning of this structure type and other structure types within the

broader crystallographic shear structure family may allow for optimization of the electro-

chemical features observed.

Supporting Information Available

X-ray diffraction Rietveld fits and scanning electron micrographs of the samples described

here prior to lithiation, electrochemical and battery cycling data including replicate cells,

b-value analysis, cycling data corresponding to the operando XAS data, operando XRD data

of the two compounds as they are lithiated and delithiated, XPS data, including standards,

and temperature-dependent impedance studies on lithiated PNb9O25 samples.
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ter, M.; Wohlfahrt-Mehrens, M.; Vogler, C.; Hammouche, A. Ageing Mechanisms in

Lithium-Ion Batteries. J. Power Sources 2005, 147, 269–281.

(5) Downie, L. E.; Krause, L. J.; Burns, J. C.; Jensen, L. D.; Chevrier, V. L.; Dahn, J. R.

In situ Detection of Lithium Plating on Graphite Electrodes by Electrochemical

Calorimetry. J. Electrochem. Soc. 2013, 160, 588–594.

(6) Burns, J. C.; Stevens, D. A.; Dahn, J. R. In-situ Detection of Lithium Plating Using

High Precision Coulometry. J. Electrochem. Soc. 2015, 162, A959–A964.

(7) Ribière, P.; Grugeon, S.; Morcrette, M.; Boyanov, S.; Laruelle, S.; Marlair, G. Investi-

gation on the Fire-Induced Hazards of Li-Ion Battery Cells by Fire Calorimetry. Energy

Environ. Sci. 2012, 5, 5271–5280.

(8) Zhao, K.; Pharr, M.; Vlassak, J. J.; Suo, Z. Fracture of Electrodes in Lithium-Ion

Batteries Caused by Fast Charging. J. Appl. Phys. 2010, 108, 1–7.

29
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Figure S1: PNb9O25 was synthesized by solid state methods as described in the main text.
Rietveld refinement of high-resolution synchrotron powder XRD from beamline 11-BM at
the Advanced Photon Source revealed the sample to be single phase, and the Bragg reflec-
tions are shown below for reference. Rwp = 15.1, Rexp = 10.3, and GOF =Rwp/Rexp =1.46,
with the cell parameters a = 15.61810(4) Å and c = 3.82869(1) Å. Additionally, the SEM
images from the as-prepared sample and the ball-milled sample show that all of the elec-
trochemistry and characterization has been done using micron-sized particles. Primary
particles are on the order of 1 µm. Images were collected using a FEI Nova Nano 650 FEG
SEM on uncoated pristine powder.
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Figure S2: PNb9O25 was synthesized by solid state methods as described in the main text.
Synchrotron powder XRD from beamline 17-BM at the Advanced Photon Source and sub-
sequent Rietveld refinement confirm the successful synthesis of VNb9O25. The obtained
lattice parameters are a= 15.7101(7) and c= 3.8284(2). Rwp = 4.00, Rexp = 1.88, and
GOF =Rwp/Rexp =2.13. The sample was subsequently ball-milled, and SEM reveals the
particle size of the primary particles is on the order of 1 µm. Images were collected using
a FEI Nova Nano 650 FEG SEM on uncoated pristine powder.
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Figure S3: Derivative curves calculated from the first discharge, first charge, and second
discharge of the C/20 galvanostatic cycling traces from PNb9O25 (a) and VNb9O25 (b).
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Figure S4: Expanded cyclic voltammagrams at 0.1 mV/s for PNb9O25 (a) and VNb9O25 (b).

5



Figure S5: Replicate cells for PNb9O25 and VNb9O25 show similar behavior and capacities at
2C over 500 cycles. (a) Capacity as a function of cycle number for PNb9O25 in two distinct
coin cells prepared according to the description in the main text and (b) the corresponding
Coulombic efficiencies (CE) as a percentage. (c) Capacity as a function of cycle number for
VNb9O25 in two distinct coin cells prepared according to the description in the main text
and (d) the corresponding Coulombic efficiencies (CE) as a percentage. After the first 5
cycles across all cells and materials, the discharge and charge capacities within each cycle
are roughly even.
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Figure S6: Cyclic voltammetry of PNb9O25 at varying sweep rates and the b-values overlaid
at the corresponding redox peaks (a). Power law fits for each oxidation peak as a result of
relating the scan rate and current (b). Power law fits for each oxidation peak as a result of
relating the scan rate and current (c).
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Table 1: The corresponding equations and coefficient of determination that fit the rela-
tionship between current and sweep rate for PNb9O25.

avg. b-value power law fit R2

red

1.11 V 0.80 y = 583.9x0.7969 0.998
1.37 V 0.95 y = 1028.6x0.9499 0.999
1.46 V 0.97 y = 1051.2x0.9686 0.999
1.62 V 0.62 y = 1126.1x0.6225 0.999

ox

1.28 V 0.56 y = 491.48x0.5628 0.998
1.49 V 0.91 y = 857.17x0.9109 0.999
1.57 V 0.94 y = 864.07x0.9438 0.999
1.79 V 0.70 y = 945.44x0.6953 0.998
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Figure S7: Cyclic voltammetry of VNb9O25 at varying sweep rates and the b-values overlaid
at the corresponding redox peaks (a). Power law fits for each oxidation peak as a result of
relating the scan rate and current (b). Power law fits for each oxidation peak as a result of
relating the scan rate and current (c).
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Figure S8: Operando XANES data for PNb9O25 and VNb9O25 with the corresponding gal-
vanostatic cycling for the first cycle during which the data was collected at a rate of C/10.
The electrochemical data observed in the AMPIX cells reflect the same trace observed from
data collected in coin cells.
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Figure S9: Operando XRD for PNb9O25 (top) and VNb9O25 (bottom) during the first gal-
vanostatic cycle at a rate of C/10 shows the structural transformations as the materials are
cycled. Both compounds have an initial unit cell expansion in common, corresponding to
the discharge plateau at 1.7 V. After they get in formation, they both show reversible cy-
cling, recovering the initial powder pattern prior to cycling. Operando XRD measurements
were performed using a Bruker D8 diffractometer with a Cu Kα source (λ1 = 1.5406 Å,
λ2 = 1.5444 Å), equipped with a Lynxeye XE-T detector. A modified Swagelok cell, with
Be window serving as a current collector, allowed for diffraction patterns to be collected
during electrochemical cycling. XRD scans were collected in a Bragg-Brentano geometry
over a range of 20◦, to 50◦, 2θ with a total scan time of 20 minutes.
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Figure S10: Select patterns from the operando XRD for PNb9O25 (top) and VNb9O25 (bot-
tom) during the first galvanostatic cycle at a rate of C/10.
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Figure S11: Select patterns from the operando XRD for PNb9O25 (top) and VNb9O25 (bot-
tom) during the first discharge at a rate of C/10.
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Figure S12: Standards sourced from Sigma Aldrich (Nb2O5, NbO2) and prepared via arc
melting Nb and Nb2O5 (NbO). They were measured using the same spectrometer and
settings used for the Nb high resolution regions in the samples of interest. The oxidation
states are in agreement with other literature values. There is significant surface oxidation
in NbO2 and NbO, but the reduced states are still prominent for fitting purposes. The
shifts observed for the respective oxidation states were used to assign oxidation states in
PNb9O25 and VNb9O25.
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Figure S13: Expanded view of the Nb states for PNb9O25 with expected shifts for Nb5+,
Nb4+, and Nb3+.
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Figure S14: Expanded view of the Nb states for VNb9O25 with expected shifts for Nb5+,
Nb4+, and Nb3+.
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Figure S15: Expanded view of the V states for VNb9O25. For completeness, the spectra were
fit according to expected peak positions and constraints for V5+, V4+, and V3+, however
low signal-to-noise prevents quantitative analysis. Qualitative assessments can be made,
though. The smearing of intensity especially at highest lithiation suggests the emergence
of V3+, and the peaks become sharper again (intensity in a narrower spectral region),
which suggests reoxidation to a combination of V5+ and V4+.
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Figure S16: XPS showing the full spectral region for O 1s and V 2p at the specified states
of charge mapped onto the discharge curve (left), which, for accuracy, have been fitted
together. Since vanadium is not very abundant in VNb9O25, the signal for the V 2p region
is much weaker than the O 1s region. The O 1s region illustrates a convolution of the
M -O reduction between the V-O sites and the Nb-O sites, heavily weighted toward the Nb
octahedra. The addition of higher BE peaks as the material is reduced reflects reduction of
the transition metal.
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Figure S17: High resolution comparisons between the same PNb9O25 sample (x = 9.4
Li) both Ar etched (bottom) and not etched (top). The left shows the Nb 3d region for
both, not scaled to compare the difference in intensity. Etching removes much of the SEI
layer, which reveals higher Nb intensity, which is then closer to the surface of the sample.
Despite the difference in intensity, the fits are very similar in both position and areas. The
right shows the P 2p region, where Ar etching has the opposite effect – since P is present in
the SEI layer, intensity is slightly decreased after etching. However, there is no discernible
difference in binding energies or number of states present in the etched and non-etched
sample. This suggests etching is not necessary for getting a spectrum representative of the
active material at different states of charge as prepared.
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Figure S18: Room-temperature magnetization vs. field measurements for ex situ samples
of LixPNb9O25 showed the presence of very small quantities of ferromagnetic impurities,
which were traced back to the use of steel ball mill during electrode fabrication. As a result,
the samples showed a M(H) curve as displayed here for Li1.8PNb9O25. At low fields, a
ferromagnetic impurity signal is seen. Fortunately, this signal saturates at moderate fields,
and the expected linear M(H) of the bulk paramagnetic sample can be clearly observed at
higher fields. The observed magnitude of the ferromagnetic impurity signal is consistent
with the presence of just 0.01 wt-% iron metal (Msat = 217 emu g−1). In order to correctly
calculate the magnetic susceptibility of the LixPNb9O25 phase, a differential calculation is
performed as illustrated on the graphic. For each temperature, magnetization is measured
at two different fields (5 kOe and 10 kOe for Li1.8PNb9O25 and Li11.2PNb9O25 and 20 kOe
and 30 kOe for Li8PNb9O25) and the susceptibility χ is calculated as ∆M/∆H.
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Electrochemical impedance spectroscopy

LixPNb9O25 at discrete lithiated states was prepared in 1.5 inch diameter Swagelok cells to

accommodate approximately 100 mg of pure PNb9O25 powder in a thin layer without the

addition of binder or carbon. The active material was cycled against polished Li metal us-

ing 1 M LiPF6 in EC/DMC 50/50 v/v (Sigma Aldrich). The cells were discharged at a C/60

rate to the chosen potentials. The active material was extracted from the cells in an Ar-

filled glovebox and ground with an agate mortar and pestle. In order to probe the intrinsic

conductivity, the samples were washed three times with dimethyl carbonate in order to

remove LiPF6 from the electrolyte, centrifuged, and dried under vacuum. Approximately

60 mg of powder was pressed into a blocking electrode cell, using stainless steel plungers

and a Delrin body (electrically insulating). A full description of the cell and setup has been

previously reported in Preefer, M.B.; Grebenkemper, J.H.; Schroeder, F.; Bocarsly, J.D.; Pi-

lar, K.; Cooley, J.A.; Zhang, W.; Hu, J.; Misra, S.; Seeler, F.; Schierle-Arndt, K.; Seshadri, R.

Rapid and Tunable Assisted-Microwave Preparation of Glass and Glass-Ceramic Thiophos-

phate “Li7P3S11” Li-Ion Conductors. ACS Appl. Mater. Interfaces 2018, 11, 42280–42287.

The end caps are greased in order to maintain an air-free environment within the cell.

The material was cold pressed to 10 MPa, then transferred to an environmental chamber

and continuously pressed to approximately 100 MPa using a vise and a load cell for mon-

itoring the force. Before measurements were started, the material densifies under these

conditions for 15 hours. The conditions for the electrochemical impedance spectroscopy

measurements are as follows: 1 MHz to 100 mHz at an amplitude of 25 mV to 100 mV, de-

pending on the signal from each sample, averaged twice per measurement, with 10 points

per decade. Temperature was swept from 258.15 K to 318.15 K, and the samples were

allowed to equilibrate for 45 minutes. in between each temperature point.

The absence of a Warburg tail in the data points to the conductivity measurements be-

ing overwhelmed by electronic conductivity, and only one semicircle could be fit in a simple

equivalence circuit of a resistor and capacitor in parallel. Therefore, the total resistance
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Figure S19: (a) Nyquist plot of Li1.2PNb9O25 washed free of LiPF6 from 256 K to 318 K
such that only the intrinsic conductivity is measured. Resistance decreases with increasing
temperature in low lithiated states. (b) Nyquist plot of Li11.2PNb9O25 washed free of LiPF6

from 256 K to 318 K. Resistance increases with increasing temperature in high lithiated
states. (c) Resistance normalized to the highest temperature value for discrete states of
lithiation, suggesting that PNb9O25 undergoes an insulator-to-metal transition at higher
states of lithiation.

found by fitting the circuit was used as an approximation for electronic conductivity. The

resistance values were normalized to the resistance at the highest temperature measured

to remove the influence of sintering and poorly conducting grain boundaries on the trends

observed as lithium is inserted. At higher states of lithiation it is particularly challenging

to densify the pellets sufficiently to ascertain the absolute value of the resistance. This is

reflected in the Nyquist plots presented in which the recorded absolute resistance for the
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highest lithiated state reaches the order of MΩs. Additionally, some deviation from linear-

ity can be attributed to small deviations in the thickness of the materials as they are heated

and cooled. While there is constant pressure applied, the natural expansion and contrac-

tion of the sample slightly changes the force applied by as much as 0.5 kN as monitored by

a load cell. These deviations are especially pronounced in the highly lithiated sample due

to the densification challenges previously mentioned. However, the trends observed by

comparing the slopes of the normalized resistance as a function of temperature on a semi-

log scale are indicative of how the electronic conductivity changes throughout progressive

lithiation. The reversal in slope from lightly lithiated samples to highly lithiated samples

suggests that LixPNb9O25 changes electronically from insulating to metallic behavior.
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