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Abstract

Wadsley-Roth crystallographic shear phases are a family of transition metal oxides that

show tremendous promise as electrode materials in Li-ion batteries. Despite their ability to

intercalate lithium at high rates, little is known about their structural, thermodynamic and

electronic properties as a function of Li concentration. In this study, we use �rst-principles

statistical mechanics methods to explore the lithium site preference, lithiation strain and elec-

tronic structure of PNb9O25, a Wadsley-Roth phase that has been shown to reversibly cycle

at a rate of 60C and that can accommodate more than one Li per Nb. We �nd that Li ions

can occupy �ve symmetrically distinct interstitial sites within the PNb9O25 crystal structure,

three being pyramidal sites coordinated by �ve oxygen and two being window sites with

square planar oxygen coordination. The insertion of Li into PNb9O25 leads to a complex site

�lling sequence, with pyramidal sites preferred at low Li concentrations followed by the �ll-

ing of window sites at higher Li concentrations. Our �ndings are aided by neutron di�raction

where pyramidal sites are found to be �lled at low compositions. The order in which sites are

�lled is strongly in�uenced by the chemical strain due to Li insertion. The strain arises from

the delocalization of donated electrons over the d orbitals of the structure’s edge-sharing nio-

bium, which leads to a tetragonal distortion along the c-axis, thereby making vertical window

sites favorable for Li occupancy at intermediate to high Li concentrations. Given the crystal-

lographic similarities among di�erent shear phases, we expect that the results of this study

will also shed light on the electrochemical properties of other Wadsley-Roth chemistries.

Introduction

Secondary lithium-ion batteries have become a standard for portable electronics and electric ve-

hicles due to their reliability, high cycle lives, and high e�ciencies.1 Despite their widespread

use, Li-ion batteries continue to face challenges in high-power applications, where they have a

propensity for thermal runaway reactions due to the formation of lithium dendrites on the an-

ode during fast charging.2–5 The Li dendrites can pierce the separator and lead to direct contact

between the anode and the cathode, thereby increasing explosion risks. These safety concerns
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put constraints on the charging times of Li-ion batteries, which limits their use in mobile appli-

cations, including electric and hybrid electric vehicles. There is, therefore, a tremendous interest

to identify new anode chemistries that are able to rapidly intercalate large quantities of Li and at

a slightly higher voltage than the voltage window of graphite based anodes.

The Wadsley-Roth crystallographic shear phases have received much attention in recent years

due to their ability to intercalate Li at exceptionally high rates6 and at voltages that make them

viable anode materials. The early studies of lithium insertion into 14 di�erent Wadsley-Roth

chemistries by Cava et al.7 demonstrated their ability to accommodate multielectron reduction

and oxidation, thereby enabling higher energy densities when compared to intercalation com-

pounds that exchange only one electron per redox center. More recent studies of the electrochem-

ical properties of the Wadsley-Roth chemistries, including VNb9O25,8,9 TiNb2O7,10–13 Ti2Nb10O29,14,15

Nb12O29,16,17 Nb12WO33,18,19 Nb14W3O44,20,21 Nb16W5O55,22 H-Nb2O5,23,24 and T-Nb2O5,25–27 have

further con�rmed their high capacities and high rate capabilities.

Despite their favorable electrochemical properties, very little is known about the crystallo-

graphic changes, electronic structure, and lithium ordering tendencies of Wadsley-Roth phases

as a function of Li concentration. Here we report on a combined �rst-principles and experimental

study of the structural and electrochemical properties of the PNb9O25 Wadsley-Roth phase. First

studied as an electrode material for Li-ion batteries by Patoux et. al.8, recent cycling data has

shown that PNb9O25 can reversibly cycle for over 500 cycles at a rate of 2C, which corresponds

to a thirty minute charge or discharge when tested in a half-cell against lithium.9 These half-cells

were able to maintain a gravimetric capacity of 190 mAhg−1. PNb9O25 has also been shown to

reversibly cycle up to rates of 60C, though with lower capacities and Coloumbic e�ciencies. The

insertion of Li into PNb9O25 activates not only the Nb5+/4+ redox couple, but also the Nb4+/3+

couple.8,9 A Li:Nb ratio above 1 can, therefore, be achieved, which is greater than the Li to tran-

sition metal ratio of 1 that limits the capacity of most other transition metal oxide intercalation

compounds. The open structure of PNb9O25 allows for rapid lithium di�usion while operating in

a potential window between 2V and 1V and accommodates approximately 11.5 Li when cycled
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at a C/20 rate against Li. The higher operating voltage window of PNb9O25 makes it possible

to discharge at higher current densities than graphite based anodes that operate at an average

potential of 0.1V.28

Our systematic study of the electrochemical properties of PNb9O25 as a function of Li concen-

tration reveals a complex site �lling sequence that is strongly in�uenced by the chemical strain

induced by changes in the electronic structure that accompany Li insertion. PNb9O25 can host Li

in three pyramidal sites and two window sites. The pyramidal sites are �lled �rst, but are then

slightly depopulated in favor of window sites. We identify a favorable Li ordering motif over the

vertical window sites that forms a persistent backbone at intermediate to high Li concentrations,

with the remaining sites accommodating Li through a solid solution. We �nd that the ordered

motif becomes stable after the host undergoes a tetragonal strain due to the delocalization of do-

nated electrons over the d orbitals of edge-sharing Nb cations. Our results show a strong coupling

between changes in electronic structure and variations in structural and chemical properties as

a function of Li concentration.

Methods

First-principles statistical mechanics calculations

Density Functional Theory (DFT) calculations were performed with the Vienna Ab initio Simu-

lation package (VASP)29–32 and were used to predict the energies of di�erent lithium-vacancy or-

derings in LixPNb9O25. The generalized gradient approximation (GGA) as formulated by Perdew,

Burke, and Ernzerho� (PBE)33 was used. The SCAN meta-GGA34,35 functional was also used to

assess the sensitivity of the predictions to the exchange-correlation approximation. This analysis

can be found in the Supplementary Information (Figure S1). The interactions between the valence

and core electrons was treated with the projector augmented wave (PAW) theory36,37 and a plane

wave energy cuto� of 550eV was used. A fully automatic k-point mesh setting corresponding to

a 2×2×7 Monkhorst-Pack grid was used for the primitive unit cell. Crystal structures and charge
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densities were visualized with VESTA.38 A charge density isosurface of 0.004 Å−3 was used for

all calculations.

The electrochemical properties associated with Li insertion into PNb9O25 were studied with

a cluster expansion approach in combination with Monte Carlo simulations using the CASM

code.39–42 The PNb9O25 unit cell contains 20 stable lithium sites. Without taking symmetry into

account, there are over 1 million di�erent Li-vacancy orderings over the sites of the primitive unit

cell of PNb9O25. This number of Li-vacancy orderings increases considerably within supercells of

PNb9O25. To sample important Li-vacancy con�gurations, we used an iterative approach whereby

the energies of an initial sampling of Li-vacancy con�gurations were used to parameterize a clus-

ter expansion, which was subsequently used to identify low-energy Li-vacancy con�gurations.

The cluster expansion �t was iteratively improved with every batch of new low-energy order-

ings. Cluster expansion Hamiltonians were used in Monte Carlo simulations to predict �nite

temperature thermodynamic properties such as the voltage curve.41,43–53

Experimental Methods

Materials preparation

PNb9O25 was prepared using traditional solid-state methods. Stoichiometric ratios of (NH4)3PO4

(Sigma Aldrich, 98%) and Nb2O5 (Materion, 99.95%) were ground together using an agate mortar

and pestle for 20 minutes. The resulting powder mixture was pressed into a 13 mm pellet under 2.5

tons of force with a total mass of 1.5 g. The pellet was placed into an alumina crucible on a bed of

the powder mixture and annealed at 623 K in air. After 20 hours, the furnace was adjusted to 1523

K, and the pellet annealed for another 18 hours. The pellet was slow-cooled in the atmosphere of

the furnace and reground in a mortar and pestle for use. Additional descriptions can be found in

previous work.8,9
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Electrochemical characterization

The material was ball-milled in a 5 mL stainless steel grinding vial with SuperP (TIMCAL). A

slurry was prepared by speedmixing a polyvinylidene �uoride binder (Kynar, Arkema) with N-

methyl-2-pyrrolidone at 2000 rpm for 10 minutes until dissolved. Then the active material and

SuperP mixture was added to the mixture and speedmixed at 2000 rpm for 10 minutes until a

uniform suspension was formed. The resulting viscosity was equivalent to honey, and the ratio

of active material:carbon:binder was 72:18:10 by weight. The mixture was cast onto Cu foil using

a doctor blade set to 150 µm and dried under vacuum at 90 deg C. 10 mm diameter discs were

punched, and a typical mass loading is 1.5 mg/cm 2. 2032 coin cells were assembled in an Ar-

�lled glovebox (H2O < 0.1 ppm, O2 < 0.1 ppm) using a polypropylene separator (Celgard 2500)

and �ooded with 1 M LiPF6 in ethylene carbonate/dimethyl carbonate (EC/DMC, Sigma Aldrich).

Polished Li discs were used as a combined counter and reference electrode. Galvanostatic inter-

mittent titration technique (GITT) was performed using a VMP3 potentiostat (Bio-logic) at a rate

of C/40 with a 30-minute current step and 90-minute rest periods between a voltage window of

1 – 3V. To be consistent with prior work on LixPNb9O25,9 we calculate the rate based on 12 Li

ions inserted into the formula PNb9O25, such that C/40 = 12Q/40 = 254 mAh g−1 /40 h = 6.35 mA

g−1. We point out, however, that the maximum theoretical capacity based on crystallographically

available Li sites is 20 per PNb9O25 formula unit.

Neutron scattering and re�nements

In order to produce ex-situ material at di�ering states of lithiation, PNb9O25 was electrochem-

ically cycled as loose powder that was mechanically ball milled with SuperP (TIMCAL) in a 5

mL stainless steel can for 30 minutes (80% active material by weight). Approximately 200 mg

of the mixture was carefully loaded onto a stainless steel plunger of a swagelok cell with a 1.5

inch diameter. The powder was compacted with two glass �ber separators (Whatman GF/D) cut

to size and compressed with another plunger. The cells were assembled in an Ar-�lled glovebox

(H2O < 0.1 ppm, O2 < 0.1 ppm) using enriched 7Li as the counter electrode (Sigma Aldrich) and
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Figure 1: (a) The crystal structure of PNb9O25 as viewed down the c axis. The octahedra corre-
spond to NbO6, the tetrahedra correspond to PO4. (b) The pyramidal and square polyhedra show
one example of each symmetrically distinct lithium site.
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enriched 7LiPF6 (Sigma Aldrich) made into a 1 M electrolyte solution in 1:1 v/v EC/DMC (Sigma

Aldrich). The cells were cycled at a rate of C/80 to ensure expected lithiation in the bulk, loose

powder format. The �rst cell was cycled to 1.695 V (OCV = 3.1 V, 1.5 Li inserted), and the second

cell was cycled to 1.635 V (OCV = 3.2 V, 4.3 Li inserted). The Galvanostatic discharge pro�les

are provided in the Supplementary information (Figure S2). The cells were deconstructed in the

Ar-�lled glovebox, and the cycled materials were scraped o� of the stainless steel plunger. The

powders were washed three times in dimethyl carbonate and dried under vacuum. Once dry,

they were loaded into glass capillaries as provided by the mail-in program at NOMAD (BL-1B,

Spallation Neutron Source, Oak Ridge National Laboratory), where the time-of-�ight data was

collected at room temperature (Figure S3). Rietveld re�nements on the di�raction data were

done using GSAS-II using both banks 4 and 5.54 The non-lithiated structure was re�ned using

the previously-reported structure solution for PNb9O25 (space group I4/m, 87).55 Both atomic

positions and atomic displacement parameters were allowed to re�ne. The lithiated structures

were re�ned by placing Li onto the expected Wycko� positions within the parent structure based

on the predicted structures from the DFT calculations. The structure was �rst re�ned against

the original PNb9O25 structure without Li. Then, Li was systematically placed onto each of the

5 identi�ed sites, separately. Position (except special positions), isotropic atomic displacement

parameters, and lattice parameters were allowed to re�ne. All occupancies, including Li, were

�xed to the nominal stoichiometry as derived from the electrochemical experiments. The un-

physical results were separated from the physical results to identify the plausible experimental

structures. For all patterns, backgrounds were initially �t graphically with a 36-term polynomial

to account for the amorphous nature of the carbon additive and left �xed for the remainder of

the re�nements. Visualizations of the crystal structures from the resulting cif �les were done us-

ing VESTA.38 Partial pair distribution functions can be found in the Supplementary information

(Figure S4) and were calculated using the PDFgui program.56
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Results

Lithium site preferences and lithium ordering

The PNb9O25 compound is a member of the Wadsley-Roth family of crystallographic shear phases.18,57–59

The PNb9O25 unit cell, shown in Figure 1(a), consists of 3×3×∞ blocks of corner-sharing NbO6

octahedra that are connected to each other by edge sharing NbO6 octahedra along each block pe-

riphery. The blocks are o�set along the a and b lattice vectors, allowing for a tetrahedral PO4 site

at the block corners. There are two symmetrically equivalent tetrahedral sites per unit cell, one

above the other along the c axis, that can be occupied by P. In experimentally prepared samples,

P �lls these sites with equal probability, leading to a partial occupancy of 0.5. In all our calcu-

lations, we picked one of the two sites, and thereby work with a model that has an increased

degree of order and hence a lower symmetry. Furthermore, the experimentally re�ned structure

of PNb9O25 has the Nb at the center of the block distributed over two o�-centered positions with

partial occupancies of 0.5. These o�-centered positions cannot be simultaneously occupied by

two Nb. In all our calculations, the position of the Nb at the center of the block was initialized at

the geometric average of the o�-centered positions.

We have identi�ed �ve symmetrically distinct candidate lithium sites in PNb9O25. An example

of each type of site is shown in Figure 1(b). The Pe, Pc and Ps sites are pyramidally coordinated by

oxygen and reside along the block periphery. Each Pe site shares an edge with a PO4 tetrahedron

while each Pc site shares a corner with a PO4 tetrahedron. The Ps sites are located in the middle

of the block periphery and are coordinated by six NbO6 octahedra. Li can also reside in two

symmetrically distinct window sites: the vertical Wv sites and the horizontal Wh sites. These

sites reside in the interior of the 3×3×∞ blocks of corner-sharing NbO6 octahedra and are each

coordinated by a planar square of oxygen ions. Each of the �ve symmetrically distinct Li sites

have a multiplicity of four per unit cell. The stability of pyramidal and window sites in PNb9O25 is

consistent with past neutron di�raction and �rst-principles studies by Catti et al60–62 and Morris

et al22,63 of other Wadsley-Roth phases.
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Figure 2: (a) Energies per unit cell of di�erent Li-vacancy orderings in LixPNb9O25 at x=0.5. The
energies were calculated with DFT-PBE in a super cell containing 2 unit cells stacked along the
c-axis. The lowest energy con�guration was chosen as the reference (i.e. the zero of the energy
scale). Pe, Ps, and Pc refer to di�erent pyramidally coordinated Li sites (b) Energies per unit
cell of LixPNb9O25 at x=4, in which all symmetrically equivalent sites of a particular Li site are
completely �lled.

We �rst investigated Li site preferences at very dilute Li concentrations. All symmetrically

distinct arrangements of a single Li within a super cell containing two units of PNb9O25 stacked

along the c-axis were enumerated. This corresponds to a Li concentration of x=0.5 in LixPNb9O25.

Figure 2(a) shows their energies as calculated with DFT-PBE. At this very dilute concentration,

Li prefers the pyramidal Ps sites. The least favored site is the vertical window site Wv. The Li site

preference changes upon the addition of more Li. This is evident in Figure 2(b), which shows the

energy at x=4 in which all four symmetrically equivalent sites of each type of Li site are �lled.

At this concentration, the Pc sites are preferred over the Ps sites. Note the large change in energy

scale in Figure 2(b) compared to that in Figure 2(a).

We further explored Li site preferences and ordering tendencies over the whole composition

range 0 < x < 20 in LixPNb9O25 by calculating the formation energies of 4298 Li-vacancy order-

ings over all �ve candidate Li-sites within di�erently sized super cells with DFT-PBE. The calcu-

lated formation energies are shown in Figure 3. The majority of these orderings were enumerated

with CASM39,40,42,64 using the cluster expansion in an iterative approach to identify low-energy
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Li-vacancy orderings within LixPNb9O25. To highlight changes in site preference as a function of

Li concentration, we have color-coded con�gurations based on their site occupancies. The three

formation energy plots and the accompanying schematics show which site types are �lled in the

lowest energy orderings in three separate composition intervals.

Figure 3: Calculated formation energies of 4298 Li-vacancy orderings within LixPNb9O25. (a)
Con�gurations in which Li only occupies the Ps and/or Pe sites are highlighted. (b) Con�gurations
with some degree of Li occupancy of the Pc sites as well as Wh and/or Wv sites are highlighted.
(c) Con�gurations with all Pc sites �lled by Li and a partial �lling of Ps, Wh and/or Wv sites by
Li are highlighted.

At low compositions (0 < x < 3), the low energy Li-vacancy orderings have Li occupying

the Ps and/or Pe sites. The energies of these con�gurations are shown in pink in Figure 3(a). A

site preference inversion occurs at x=4 where the lowest energy Li-vacancy ordering has three

Li per unit cell occupying the Pc site and one Li per unit cell occupying the Pe site. Beyond

x=4, the Ps and Pe sites are no longer preferred and all ground states and low energy orderings

have completely �lled Pc sites. Furthermore, both the horizontal and vertical window sites, Wh
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and Wv, which are not favored at dilute Li concentrations, start �lling as more Li is added. The

energies of orderings with Pc, Wh and Wv partially or fully �lled are shown in purple in Figure

3(b). As the Li concentration increases further, the Ps sites start �lling again in the low energy

orderings. The energies of con�gurations in which all the Pc sites are �lled and where the Wh,

Wv and Ps sites are fully or partially occupied are shown in light blue in Figure 3(c).

An intriguing feature about the ground states and a large number of low energy orderings

in the interval 7 < x < 14 is that almost all share a common Li-vacancy ordering over the Wv

vertical window sites. This ordering leads to a doubling of the unit cell along the c-axis and can be

described as an interweaved pattern with pairs of occupied Wv sites alternating their orientation

by 90o upon moving along the c-axis as shown in Figure 4. The composition at which this ordering

can set in is x=6, with all four Pc sites and two of the four Wv sites �lled per unit cell. Additional

Li is then accommodated by the gradual �lling of the horizontal Wh sites followed by the Ps sites.

Schematics of the ground state orderings can be found in the Supplementary Information (Figures

S5-9).

Figure 4: The interweaved Li-vacancy ordering over the Wv sites that forms the backbone of all
ground states as predicted with DFT-PBE between x=7 and x=14. The ordering consists of pairs
of occupied Wv sites that alter their orientation by 90o upon moving along the c axis.

The convex hull connecting the formation energies of the ground state orderings can be used

to calculate the voltage pro�le of LixPNb9O25 relative to a pure Li anode at zero kelvin. The
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slopes along the convex hull are linearly related to the Li chemical potential µLi, which in turn

determines the voltage according to the Nernst equation.43 Figure 5 shows the zero kelvin voltage

curve of LixPNb9O25. Each step corresponds to a stable Li-vacancy ordering over the sites of

LixPNb9O25, while the plateaus represent equilibrium voltages at which one stable Li-vacancy

ordering transitions to another through a two-phase reaction. The plot also summarizes the site

preference in the ground state orderings as a function of Li concentration, clearly showing a

dramatic shift in site preference between x=3 and x ≈ 4 through a two-phase reaction. The

interweaved ordering of Figure 4 sets in around x=7 and is present in most subsequent ground

states up to x =14.

Figure 5: Calculated voltage curve of LixPNb9O25 at zero kelvin. Each step corresponds to a
ground state Li-vacancy ordering and each plateau corresponds to the voltage of a two-phase
reaction. Also shown are the occupied sites in the ground states as a function of Li concentration
x.

Electrochemical properties at Finite Temperatures

We next explored the e�ect of temperature and thermal excitations on the electrochemical prop-

erties of LixPNb9O25 using statistical mechanics approaches that rely on the cluster expansion

method and Monte Carlo simulations. The inclusion of the e�ects of temperature facilitates com-
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parisons to experimentally measured electrochemical properties. We only considered con�gura-

tional degrees of freedom associated with the many possible ways of arranging Li and vacancies

over the sites of LixPNb9O25. The cluster expansion approach was used to extrapolate the DFT-

PBE formation energies of Figure 3 within Monte Carlo simulations. More details about this

approach can be found elsewhere.41,43

Two separate cluster expansions were trained using the formation energies calculated with

DFT-PBE. The �rst cluster expansion was restricted to the Ps and Pe sites and was used to cal-

culate electrochemical properties at low Li concentrations, where these sites are preferred. A

second cluster expansion was constructed that explicitly treated Li occupancy on the Wh, Wv

and Ps sites while keeping the Pc sites �lled. This cluster expansion was used to predict �nite

temperature properties between x=4 and x=16, where as predicted by the DFT formation ener-

gies of the previous section, all low energy con�gurations (with the exception of the ground state

at x=4) have completely �lled Pc sites and varying degrees of Li occupancy over the Wh, Wv and

Ps sites. Details about the cluster expansion �ts can be found in the Supplementary Information

(Figures S10-11).

Figure 6(a) shows the voltage curve (dark blue) of LixPNb9O25 as calculated with Monte Carlo

simulations at 300 K. The Monte Carlo simulations were applied to the cluster expansions to cal-

culate the concentration dependence of the Li chemical potential, which was in turn substituted

into the Nernst equation43 to obtain the voltage curve. A 10×10×20 super cell of the PNb9O25

primitive cell was used. Most of the steps and plateaus that are present in the zero kelvin voltage

curve of Figure 5 have been smoothed out due to contributions from con�gurational entropy at

300 K. A sloping voltage pro�le is generally a sign of a disordered solid solution. Also shown is

an experimental voltage curve (purple) of LixPNb9O25 measured with GITT. While the calculated

voltage curve has a similar shape, it is lower than the experimental curve. It is common that

approximations to density functional theory, such as the PBE approximation used in this work,

systematically under predicts voltages.43

Both the calculated and experimental voltage curves exhibit a plateau signifying a two-phase
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reaction between x=2 and x=4. The existence of a two-phase reaction between x=2 and x=4 was

�rst reported by Patoux et al8 and was recently con�rmed by others9,65 using in-situ di�raction.

The Monte Carlo simulations indicate that the two-phase reaction arises from a change in site

preference. This is evident in Figure 6(b), which plots the average concentrations of each type of

Li site as calculated with the Monte Carlo simulations. Below x=2, the Li predominantly occupies

the Ps sites (green), with some occupancy on the Pe sites (blue). Upon crossing the two-phase

region between x=2 and x=4, the site preference switches abruptly, with four Li per unit cell

occupying the Pc sites (light orange) and none occupying Ps and Pe. The abrupt increase in the

number of occupied Pc sites at x=4 is an artefact of our cluster expansion model. Our zero kelvin

DFT-PBE calculations predict that the ground state at x=4 has only 3 Li in Pc and a fourth in Pe

and we therefore expect some Pe occupancy at �nite temperature.

A second plateau is evident in the calculated voltage curve that is not present in the experi-

mental voltage curve between x=5 and x=7. It is possible that there is more structural disorder

in the experimental samples (e.g. due to partial occupancy of the two equivalent P sites) such

that the predicted two-phase region between x=5 and 7 gives way to a solid solution. The av-

erage site occupancies as calculated with Monte Carlo simulations in Figure 6(b) indicates that

passage through the second two-phase region leads to an abrupt increase in the concentration

of occupied vertical window sites Wv. This is due to the onset of the interweaved Li-vacancy

ordering over half the Wv sites shown in Figure 4. The interweaved ordering remains locked in

place until x=14, with additional Li �lling the Wh horizontal window sites and then the Ps sites

in a continuous and disordered manner. This is a unique example of an intercalation process

where Li ions adopt a stable ordered arrangement over a subset of sublattices and a solid solution

over the other sublattice sites. While some Li are locked into a well ordered arrangement over

the Pc and Wv sites, their disordered arrangement over the Wh and Ps sites leads to a smooth

and sloping voltage curve. It is likely that this partial ordering tendency that is restricted to one

sublattice will have signi�cant implications for the kinetics of Li di�usion and reversibility of the

compound.
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Neutron Di�raction

Our systematic investigation of Li-vacancy orderings in LixPNb9O25 with DFT-PBE calculations

predicts a change in Li site preference between x=2 and x=4. At dilute concentrations, Li ions

prefer the Ps and Pe sites, but they switch their preference to the Pc sites, albeit with a small frac-

tion of Li still in the Pe sites, when the Li concentration x is in the vicinity of 4. The calculations

also clearly predict the absence of Li in window sites below x=6. To validate these predictions,

we used neutron di�raction to determine site occupancy in Li1.5PNb9O25, a composition before

the plateau, and in Li4.3PNb9O25, a composition immediately after the plateau (Figures 7(b-g)).

Extreme care was taken to measure lithiated samples that are representative of the galvano-

static discharge of cast electrodes. Typical open circuit voltages for PNb9O25 as cycled in coin

cells range between 3.0 – 3.2 V. The cell that resulted in the insertion of an average of 1.5 Li into

PNb9O25 (as determined by the galvanostatic discharge) started with an OCV of 3.1 V. Similarly,

the cell that resulted in the insertion of 4.3 Li into PNb9O25 started with an OCV of 3.2 V. The

galvanostatic discharge pro�le of both cells cycled at a rate of C/80, with an average of 200 mg

of loose powder (160 mg active material) per cell, mirrored that of the GITT experiment (Figure

7(a)). The large mass loadings are necessary to acquire neutron scattering data, and one giant cell

was used to minimize the possibility of combining material across multiple cells that may have

lithiated inhomogeneously. The characteristic initial plateau observed at 2 V, corresponding to

the insertion of roughly 0.4 Li per formula unit, can be clearly seen in both traces. Therefore,

we are con�dent that the collected Neutron scattering data is an accurate representation of the

structures of previous studies8,9 at the selected states of discharge.

Rietveld re�nements were performed on the Li1.5PNb9O25 and Li4.3PNb9O25 samples by con-

sidering each of the �ve Li sites, Pc, Pe, Ps, Wh, Wv. All structures retained the symmetry

of the parent compound and could be �t to the I4/m space group. For both Li1.5PNb9O25 and

Li4.3PNb9O25, the results from �tting the structure with the two window sites, Wh and Wv, led to

unphysical bond lengths (highly distorted Li–O polyhedra and in some cases Nb–O polyhedra).

Key parameters from these re�nements can be found in Supplemental Tables 1 and 2. Therefore,
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Figure 7: (a) GITT of PNb9O25 between 3 and 1 V (�rst discharge). Neutron di�raction from
NOMAD at the Spallation Neutron Source at Oak Ridge National Lab (bank 5 represented) of
(b) pristine PNb9O25 mixed with SuperP, (c) Li1.5PNb9O25 lithiated as loose powder mixed with
SuperP, and (d) Li4.3PNb9O25 lithiated as a loose powder mixed with SuperP. The �t and di�erence
curves are a result of Rietveld re�nements, and all structures were �t with the I 4/m space group
(87). Representations of the crystal structures as determined by the shown Rietveld re�nements
for (e) the pristine material, (f) Li1.5PNb9O25, and (g) Li4.3PNb9O25. Li1.5PNb9O25 is best described
by the con�guration with Li in the Pe site, though Ps is also a candidate site. Li4.3PNb9O25 is
best described by the con�guration with Li in the Pc site, though Pe and Ps are very statistically
similar. Further re�nements for these alternate con�gurations can be found in the Supplementary
Information (Figures S12-17).
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the window sites are deemed as unlikely candidates for Li insertion at these compositions from

the experimental data. Among the �ts that gave physical results for Li1.5PNb9O25, the re�nement

for Li in the Pe site yielded the lowest re�ned Li thermal parameter and lowest Rwp (weighted

pro�le residual) values for both banks 4 and 5. Li occupancy in Ps is also a candidate structure,

as Li–O bond lengths, thermal parameters, and Rwp values are all reasonable, as well. Li in the

Pc site yields highly distorted Li–O tetrahedra, pointing to an unlikely solution. Both window

sites yielded unphysical values. It is worth noting that while peak position and peak shape are

being �t well in the candidate structures, peak intensities, particularly at high Q, are not. This

points to some disorder that is not being captured adequately in the structure, together with the

already relatively high thermal parameters. This is not surprising given that the �ts only take

into account one Li site at a time, which are already partially occupied. The structure at x=1.5

likely has combined Li occupancy in the Pe and Ps sites, and possibly in the Pc site. Similarly, the

re�nements for the Pc, Ps, and Pe sites yielded reasonable �ts for Li4.3PNb9O25, suggesting any

of these sites are candidates at this composition. Among these three, Li in the Pc site gave the

lowest thermal parameters and lowest Rwp values for banks 4 and 5. However, all three re�ne-

ments are statistically similar. Likely all three Li environments can be found in the structure at

this composition.

E�ect of Lithium Insertion on Strain and Volume

The insertion of Li into an intercalation compound usually results in a change of its volume and

unit cell shape, which can lead to electrode fragmentation and fracture, and thereby capacity

fade.66,67 Dimensional changes of an intercalation compound can be measured with symmetry

adapted strain order parameters.41,68,69 A convenient set of symmetry adapted strain order pa-
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rameters for a tetragonal crystal such as PNb9O25 takes the form68



e1

e2

e3

e4

e5

e6


=



(Exx+Eyy+Ezz)√
3

(Exx−Eyy)√
2

(2Ezz−Exx−Eyy)√
6

√
2Eyz

√
2Exz

√
2Exy


(1)

where Exx, etc. are conventional strains of the LixPNb9O25 unit cell relative to the fully relaxed

PNb9O25 reference state having tetragonal symmetry with its c axis aligned parallel to the Carte-

sian ẑ axis.

The �rst strain order parameter, e1, measures dimensional changes of the unit cell that are

symmetry invariant. When using Hencky strains, e1 becomes equal to the change in the volume

of LixPNb9O25 relative to that of the PNb9O25 reference volume.68 Figure 8(a), shows the e1 strain

order parameter for each of the 4298 fully relaxed Li-vacancy orderings of LixPNb9O25 consid-

ered in this work. Figure 8 clearly shows an overall increase in the volume of the cell upon the

insertion of Li. The volume of the lowest energy con�gurations (darker points) increase mono-

tonically up to x=4, decrease slightly between x=4 and 7, but then increase again beyond x=7.

The overall increase in volume is consistent with the in-situ di�raction study of Patoux et al.8 For

example, the calculated volume change at x=10.25 is approximately 7%. This value is in quanti-

tative agreement with the value extracted from in situ XRD,8 where the volume changed by 7.4%

upon the insertion of 10.25 Li. The slight reduction in volume between x=4 and 7, however, is

not observed experimentally, with the study of Patoux et al8 showing instead a slight expansion.

The other strain order parameters are plotted in Supplementary Information (Figure S18).

One that varies appreciably with Li concentration is e3, which is also shown in Figure 8(b). The

e3 strain order parameter �lters out tetragonal distortions of the crystal. For LixPNb9O25, a pos-

itive value of e3 measures an elongation along the c axis, which is parallel to the block length,
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and a uniform contraction perpendicular to the c axis as shown in Figure 9(a). It is a measure

of the change in the c/a ratio of a conventional tetragonal unit cell. Figure 8(b) shows that e3

remains close to zero up to x ≈ 4, increases over a narrow concentration interval to a value of

approximately 7%, and subsequently remains relatively unchanged beyond x=7. While there is

a large scatter in e3 values between x=4 and x=7, outside of this interval the e3 values are rela-

tively insensitive to the Li-vacancy ordering and are instead largely determined by the average

concentration. This implies that the dimensional changes with Li concentration as measured by

e3 are a�ected by a global property, such as a shift in the Fermi-level, that is more sensitive to

the average concentration than to any particular Li-vacancy ordering. It should be noted that the

abrupt increase of e3 around x=7 for the ground state structures (connected by the blue line in

Figure 8(b)) coincides with the onset of the interweaved ordering over the Wv vertical window

sites (Figure 4). A similar elongation of the blocks coupled with an in-plane constriction perpen-

dicular to the blocks was observed by Patoux et al 8 for LixPNb9O25 and by Kocer et al 22,70 in

other Wadsley-Roth phases.

The variation of e3 with Li concentration in the ground states is strongly correlated with

changes in the Nb-Nb pair distances of edge sharing NbO6 octahedra at the periphery of the

blocks. Figure 8(c) shows that the average Nb-Nb distances decrease from values that range

between 3.4 and 3.5 Å for x < 4 to values that average around 3.0 Å above x=7. Below x=4, the

edge sharing NbO6 octahedra of the block peripheries are highly distorted due to the o�-centering

of the Nb cations that arises from a second-order Jahn-Teller distortion as shown in Figure 9(b).

The four coordinating oxygen ions of the vertical window sites form a highly distorted square for

x < 4, with two sets of oxygen pairs having a larger bond length than the remaining two. The

distortions of the edge-sharing NbO6 octahedra and the vertical window sites are largely absent

above x=7 as shown in Figure 9(c). A shortening of the Nb-Nb distance for the edge-sharing

NbO6 octahedra leads to an elongation along the block length (i.e. c axis) and a simultaneous

contraction in a plane perpendicular to the block length. These dimensional changes have their

origin in modi�cations to the electronic structure that occurs upon Li insertion, as is described
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Figure 8: (a) The volume change of LixPNb9O25 relative to that of fully relaxed PNb9O25 for each
of the 4298 Li-vacancy orderings studied with DFT-PBE. Darker colors, tending towards purple,
correspond to orderings with a lower energy, while lighter colors signify orderings with a high
energy (measured as the distance from the convex hull). The ground states are connected with
a black line. (b) The e3 strain order parameter for the same 4298 Li-vacancy orderings, which
measures an elongation along the c axis (parallel to the block length) and a contraction in the
plane perpendicular to the c axis. (c) Bond distances between niobium ions in the edge-sharing
octahedra at the perifery of the blocks of the ground state structures.
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Figure 9: (a) Schematic of the strain measured with the e3 strain order parameter. An increase in e3
corresponds to an expansion along the c axis and a constriction in the plane perpendicular to the c
axis. (b) Visualization of the edge-sharing niobium octahedra at a low composition, Li0.5PNb9O25.
At low Li compositions, Nb5+ of the edge-sharing NbO6 octahedra undergo a second-order Jahn-
Teller distortion. (c) At high Li concentrations, the distortions go away and the distance between
edge-sharing Nb decreases.
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in the next section.

Electronic Structure

The Nb cations of PNb9O25 have a formal oxidation state of 5+. The Nb d levels, when octahe-

drally coordinated by oxygen, split into three degenerate t2g (dxy, dxz , dyz) levels with lobes that

point between oxygen ions and two eg levels (dz2 and dx2−y2) with lobes that point towards the

oxygen as shown in the Supplementary Information (Figure S19). The degeneracy of the t2g and

eg levels are lifted further when the symmetry of the NbO6 octahedra are lowered by the sur-

rounding crystal and/or distortions of the octahedra themselves. In PNb9O25, all the t2g and eg

levels are empty and the compound is an insulator. The eg levels, which are anti-bonding states

that arise from a hybridization between Nb dz2 and dx2−y2 orbitals and the surrounding oxygen

p orbitals, have a higher energy than the t2g levels. When Li atoms are added to PNb9O25, they

will, therefore, donate their electrons to the t2g levels.

Figure 10 shows the charge density of the occupied t2g levels upon the addition of a very dilute

concentration of Li. The calculation was performed on a supercell consisting of four PNb9O25

unit cells and one Li ion, constituting a Li concentration of x=0.25. As is evident in Figure 10,

the electron donated by the Li atom �lls a t2g orbital on a Nb that resides in a corner sharing

NbO6 octahedron at the center of the 3×3×∞ block. The t2g orbitals in these octahedra are

non-bonding and, therefore, highly localized, as is evident in Figure 10.

It is only after the non-bonding t2g orbitals at the centers of the blocks are �lled that a further

addition of Li leads to a gradual �lling of t2g levels on the Nb cations that reside in the edge-

sharing NbO6 octahedra at the periphery of the blocks. This is evident in Figure 11. The charge

density of the �lled t2g states of Li5PNb9O25 shown in Figure 11 reveals not only electron density

on all the non-bonding t2g levels at the center of the blocks, but also an appreciable density on

the Nb in the edge-sharing octahedra. An increase of the Li concentration to x=7 results in a

further accumulation of charge on the t2g states of the edge-sharing NbO6 octahedra as is evident

in Li7PNb9O25. In fact the charge density of Li7PNb9O25 in Figure 11 suggests the onset of Nb-Nb
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Figure 10: Charge density of the electron denoted by Li in Li0.25PNb9O25 having a 1×1×4 super
cell of the PNb9O25 primitive cell. The donated electrons localize on a Nb of a corner sharing
octahedron at the center of the 3×3×∞ perovskite block. (Left panel is a side view of the crystal,
with the c axis pointing up while the right panel is a view down the c axis.)

bond formation, which is made possible by the overlap of t2g-like orbitals between the metals

of edge-sharing octahedra. The charge density plots also suggest an increase in the degree of

electron delocalization, which is expected to enhance electronic conductivity.9

A similar progression of orbital �lling was predicted by Kocer et al.22 in their study of Wadsley-

Roth phases containing Nb and W. They pointed out that the electrons donated by Li �rst accu-

mulate on localized, non-bonding t2g orbitals at the center of the blocks before they start �lling

t2g levels on the edge-sharing transition metals. This order of orbital �lling has also been used to

explain the origin of the insulator-metal transition at low Li concentrations in LixPNb9O25.9

Filling of the t2g orbitals of the edge-sharing NbO6 octahedra plays an important role in e�ect-

ing the structural changes that occur as the Li concentration of the host increases, including the

shortening of the Nb-Nb bond lengths between edge-sharing NbO6 octahedra and an increase in

the e3 strain order parameter. The Nb of the edge-sharing blocks are distorted away from the cen-

ters of the octahedra in PNb9O25. The o�-centering is likely a result of a combination of factors.22

The Nb5+ oxidation state makes the cation susceptible to a second-order Jahn-Teller distortion,

which leads to cation o�-centering in octahedral environments. The o�-centering may also arise

from an electrostatic repulsion between edge-sharing Nb5+ cations, biasing the o�-centering in

directions that increase the Nb-Nb distance. As electrons �ll the edge sharing t2g levels, the ef-

fective valence of the Nb is no longer 5+ but progressively becomes closer to 4+ and then 3+.
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This should lead to a reduction in electrostatic repulsion between edge-sharing Nb and eliminate

the susceptibility for second order Jahn-Teller distortions. Furthermore, the t2g orbitals of the

edge-sharing NbO6 octahedra appear to form metal-metal bonds beyond x=7 (Figure 11), which

should also tend to shorten Nb-Nb distances. The shortening of the Nb-Nb distances along the

block peripheries relieve the distortions of the NbO6 octahedra. As a consequence, the Wv verti-

cal window sites become less distorted making them more amenable for Li occupancy. It is likely

that these structural changes in response to electron �lling are responsible for the stability of the

interweaved ordering that forms a backbone of the majority of low energy structures between

x=7 and x=14. Density of states and charge densities for low energy structures between x=4 and

7 are shown in the Supplementary Information (Figure S20)

Figure 11: Charge density along the edge-sharing niobium octahedral sites with increasing com-
position. The charge density is viewed perpendicular to the c lattice vector. At low compositions,
electrons localize on the central, corner-sharing niobium in the middle of the perovskite blocks.
As more electrons are added at higher Li concentrations, electrons begin �lling d orbitals in the
edge-sharing NbO6 octahedra and delocalize. Increasing electron delocalization occurs in con-
junction with decreasing edge-sharing niobium-niobium distances and increasing values of the
e3 strain order parameter.

Discussion

The Wadsley-Roth phases are a promising class of anode materials for high power Li-ion batteries.

They exhibit a rich variety of open crystal structures that can host Li ions over multiple types of

interstitial sites. A common structural feature among all Wadsley-Roth phases are their blocks

of corner sharing octahedra that are held together by edge-sharing octahedra. While they have
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impressive electrochemical properties and can accommodate more than one Li per transition

metal, very little is known about the mechanisms of Li insertion into Wadsley-Roth phases.

The results of our study on LixPNb9O25 show that the electronic and thermodynamic prop-

erties associated with Li insertion into Wadsley-Roth phases is more complex than those of most

other common intercalation compounds.71,72 PNb9O25 can host Li in �ve symmetrically distinct

sites, three of which have pyramidal coordination by oxygen (Ps, Pe and Pc) and two that are

coordinated by four coplanar oxygen ions (Wv and Wh) also known as window sites.22,60 An im-

portant prediction of this work is the occurrence of a site preference inversion upon Li insertion

into PNb9O25. Using an iterative approach that relies on the cluster expansion method to extrap-

olate computationally expensive DFT calculations, we predict that Li initially �lls the Ps and Pe

pyramidal sites, but that these sites fall out of favor at higher Li concentrations where Li �rst �lls

the Pc sites (with some residual occupancy on the Pe sites) and then gradually �lls the two window

sites, Wv and Wh. Only at much higher Li concentrations (x ≈ 8) does Li return to the Ps sites.

The site inversion from Ps and Pe at x=2 to predominantly Pc at x=4 is responsible for a plateau

in the voltage curve at low Li concentrations. The plateau is present in both the experimental

voltage curve8,9 as well as the calculated voltage curve and appears to be a common feature of

many other similar Wadsley-Roth phases. Our neutron di�raction re�nements, while somewhat

ambiguous in its assignments of site occupancy over the pyramidal sites, Ps, Pe and Pc, do not

contradict our DFT predictions. Furthermore, the neutron di�raction re�nements unequivocally

con�rm that Li does not �ll window sites during the early stages of Li insertion (i.e. x < 4.3).

A second important prediction of this study is the stability of the interweaved backbone or-

dering over the Wv vertical window sites that sets in between 7 < x < 14 and is present in

almost all ground states and low energy Li-vacancy orderings in that concentration interval. The

interweaved ordering leads to a doubling of the unit cell along the c-axis. While the ordering

on average remains locked in place over a wide concentration interval, the remaining Wh and

Ps sites accommodate Li in a disordered manner. This leads to a unique intercalation process in

which Li orders over one sublattice (i.e. Wv) but forms a solid solution over other sublattices
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(Wh and Ps). The result is a sloping voltage pro�le that is characteristic of a solid solution, with

occasional kinks due to secondary ordering tendencies over the Wh and Ps sites. The in�uence of

this partial ordering on kinetic properties is likely to be signi�cant and will be the focus of future

studies. Our DFT calculations predict that the interweaved backbone ordering can easily tolerate

defects whereby pairs of Li in Wv sites in a given layer rearrange and occupy Wv sites that form

a 90o angle with each other (as opposed to pairs of Wv sites that form a 180o angle with each

other in the interweaved ordering). The preference for window sites at higher Li concentrations

is consistent with neutron di�raction studies of other Wadsley-Roth phases by Catti et al.60–62

Our calculations have also shown that changes in electronic structure due to the �lling of

the t2g levels upon Li insertion results in structural distortions that in turn a�ect Li-site pref-

erences. The Nb of the edge-sharing octahedra distort o�-center in the pristine PNb9O25 com-

pound, likely due to a combination of factors that includes a second-order Jahn-Teller distortion

of the Nb5+ cations within their octahedra and electrostatic interactions between edge-sharing

Nb5+ cations.22 This leads to highly distorted NbO6 octahedra that then distort the neighboring

Wv vertical window sites, making them unfavorable for Li occupancy. The addition of electrons

to the host upon Li insertion reduces the Nb5+ to lower oxidation states, thereby eliminating

the susceptibility for second-order Jahn-Teller distortions and promoting the formation of metal-

metal bonds between edge-sharing Nb. The combination of these factors results in a shortening

of Nb-Nb distances between edge-sharing octahedra and a reduction in the degree with which

the octahedra are distorted. As a result, the Wv sites become more square planar and therefore

more favorable. Our calculations clearly show that it is only after the structural distortions of

the edge-sharing octahedra are eliminated beyond x=7 that the �lling of the Wv vertical window

sites sets in. Similar behavior has been observed in other Wadsley-Roth phases by Gri�th et al.
6,12 and Kocer et. al.22,63,70, who found an increased stability of the window sites due to the dis-

appearance of the distortions of the edge-sharing transition metal-oxygen octahedra at high Li

concentrations. The phenomenon has also been noted in other intercalation compounds such as

anatase TiO2, where the elimination of structural distortions due to the reduction of Ti was shown
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to deleteriously a�ect Li di�usion kinetics.73 Our results taken together with the earlier work of

Kocer et al.22,63,70 suggests that the coupling between electronic structure and crystallographic

distortions is a common phenomenon of Wadsley-Roth phases.

The ability to predict stable Li-site preferences and ordering tendencies in Wadsley-Roth

phases is made especially challenging by the combinatorial explosion of all the possible ways of

distributing Li ions and vacancies over the many sites of these phases. The number of Li-vacancy

orderings within the primitive cell of PNb9O25, for example, is already 220 or 1,048,576 due to the

fact that the primitive cell contains 20 candidate Li sites. Often stable orderings form in super

cells of the primitive cell. The doubling of the PNb9O25 unit cell along the c-axis, for instance,

increases the number of candidate Li-vacancy orderings to 240 or over 1012. Overcoming these

combinatorial challenges requires tools such as the cluster expansion, as they allow for a rapid

search over con�guration space with Monte Carlo techniques to identify low energy Li-vacancy

orderings. It should be noted, however, that while cluster expansions are generally superior to

other approaches that screen candidate orderings based on electrostatic energy, for example, they

are not necessarily exhaustive. The approach is iterative, whereby cluster expansions are trained

to an ever increasing database of �rst-principles energies to increase their predictive accuracy.

As with any method that relies on extrapolation, however, there is no guarantee that it accurately

predicts the true ground state Li-vacancy orderings.

While the calculated and measured voltage curves of Figure 6 show reasonable qualitative

agreement, there is a systematic under prediction above x=2. This is not unexpected as DFT-PBE

is known to systematically under predict voltages.43,74 Below x=2, the quantitative agreement is

better, however, the shape of the calculated voltage pro�le di�ers from the experimental one (Fig-

ure 6). The experimental voltage curve exhibits a small plateau followed by a step around x=0.5

that is not present in the calculated voltage curve. The discrepancy may arise from the neglect

of additional degrees of freedom in the statistical mechanics calculation of the room temperature

voltage curve. LixPNb9O25 undergoes an insulator to metal transition at low Li concentrations

that may require more accurate electronic structure methods to describe correctly. Our DFT-PBE
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calculations already indicate a high degree of electron localization at very dilute concentrations.

It is possible that these localized states may have a high degree of degeneracy with respect to

their placement within the crystal, leading to an additional source of con�gurational entropy

that was not accounted for in this study. A similar phenomenon was proposed to explain the role

of the metal-insulator transition in causing a two-phase reaction in LixCoO2 between x=0.93 and

x=0.75.75 It is suggested that the electronic properties of LixPNb9O25 at dilute Li concentrations

receive further attention both experimentally and theoretically.

Conclusion

We have performed a �rst-principles statistical mechanics study of the electrochemical properties

of PNb9O25 as a function of Li concentration. PNb9O25, which is a Wadsley-Roth phase made of

3×3×∞ perovskite-like blocks, can host Li in three symmetrically distinct types of pyramidal

sites at the block edges and two types of window sites within the blocks. Our �rst-principles DFT-

PBE calculations predict that Li initially prefers pyramidal sites, only �lling the window sites at

intermediate to high Li concentrations. Neutron di�raction is consistent with DFT predictions of

pyramidal site occupancy at low Li concentrations. The window sites only become favorable after

the host undergoes a tetragonal distortion due to a chemical strain that accompanies Li insertion.

The tetragonal distortion of the host is found to correlate with the �lling of Nb d orbitals in the

edge-sharing NbO6 octahedra, which relieves second-order Jahn-Teller distortions and leads to

metal-metal bonding. The lowest energy con�gurations above x=7 are found to share a common

Li-vacancy ordering motif over the vertical window sites, with the other sites accommodating Li

as a solid solution. Our predictions of the sequence of site �lling and the nature of Li-vacancy

ordering in PNb9O25 set the stage for studies of Li di�usion mechanisms within this complex

host. Due to the vast structural similarities among di�erent Wadsley-Roth phases, many of our

�ndings for PNb9O25 should also apply to other Wadsley-Roth phase chemistries.
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Supplementary Information

Time-of-�ight data, Neutron Di�raction Rietveld �ts and �t comparisons, and neutron pair distri-

bution function data can all be found in the Supplementary Information. The zero kelvin voltage

curve as calculated with SCAN meta GGA density functional theory, schematics of the ground

state orderings as predicted with DFT-PBE, comparisons of the DFT-PBE and cluster expansion

formation energies, strain order parameters as a function of Li concentration, molecular orbital

diagrams and charge density plots of ground state orderings between x=4 and x=7 are also in the

Supplementary Information.
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Figure 1: Voltage curve at 0 Kelvin (blue
lines) as calculated with SCAN along with the
experimental voltage curve at room temper-
ature (orange curve). Energies were calcu-
lated for the ground states as determined with
DFT-PBE. Vertical lines correspond to stable
ground states and horizontal lines correspond
to two-phase regions. SCAN predicted volt-
ages are overall higher than those predicted
with PBE.
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Figure 2: Galvanostatic discharge of PNb9O25

in large format, loose powder Swagelok cells.
Each cell contained an average of 200 mg of the
electrode mixture (160 mg of active material).
The cells were discharged at a rate of C/80
with a lower voltage cutoff of (a) 1.695 V and
(b) 1.635 in order to capture the structural
changes before and after the main plateau at
1.65 V. The electrochemistry seen here directly
corresponds to the samples used for all of the
refinements.
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Figure 3: Time-of-flight data for PNb9O25,
Li1.5PNb9O25, and Li4.3Nb9O25 collected at
the Spallation Neutron Source at Oak Ridge
National Lab (NOMAD, wavelength = 1.4
Angstroms) (a) in the full range of data col-
lection for bank 5, and (b) the selected range
used for refinements. The range was chosen to
capture a consistent range of complete, well-
defined peaks between all samples.
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Figure 4: (a) Neutron pair distribution func-
tion data of PNb9O25, Li1.5PNb9O25, and
Li4.3PNb9O25 from 2-5 Å. The arrow points
to the shifting of the peak at 3.8 Å to shorter
distances. (b) Calculated atomic distances for
all of the atom pairs from the known crystal-
lographic structure of PNb9O25 (space group I
4/m, 87) showing the deconvolution of each
peak. The peak centered at 3.81 Å corre-
sponds to the Nb-Nb atomic distance, marked
with a grey dashed line. The shift in the peak
at 3.8 Å in Li4.3PNb9O25 to shorter distances
supports the result from DFT that Nb-Nb dis-
tances become shorter with lithiation.
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Figure 5: Formation energies and schematics of ground state orderings of LixPNb9O25 at low
compositions as determined with DFT-PBE calculations. The Li ions of the ground states
at low compositions exclusively fill Ps sites. Many ground states are Li-vacancy orderings
in super cells of the primitive cell obtained by doubling (or quadrupling in the case of
Li4.25PNb9O25) the primitive cell c axis. Orderings in each layer are shown side by side.
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Figure 6: Formation Energies and schematics of ground state orderings of LixPNb9O25 at
intermediate compositions as determined with DFT-PBE calculations. Between composi-
tions of x=4 and x=8, Li no longer fills Ps sites, but instead fills Pc sites. The interweaved
ordering over the Wv sites is stable at compositions greater than x=7.

7



Figure 7: Formation energies and schematics of ground state orderings of LixPNb9O25 at in-
termediate compositions as determined with DFT-PBE calculations. Between compositions
of x=8.5 and x=12, Li fills Ps sites in addition to the Pc sites and the window sites. The
interweaved ordering over the Wv sites is stable in most ground states in this composition
range.
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Figure 8: Formation energies and schematics of ground state orderings of LixPNb9O25 be-
tween x=13 and x=14 as determined with DFT-PBE calculations.
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Figure 9: Formation energies and schematics of ground state orderings of LixPNb9O25 beyond
x=15 as determined with DFT-PBE calculations.
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Figure 10: Comparison of formation energies as calculated with DFT-PBE and the cluster
expansion at low Li concentrations. At low Li concentrations Li preferentially fills the Pe

and Ps sites. The cluster expansion model for low concentrations explicitly treated the Pe

and Ps sites.
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Figure 11: Comparison of formation energies as calculated with DFT-PBE and the cluster
expansion at intermediate to high Li concentrations. Between x=4 and x=16 Li fills Ps, Pc,
Wh and Wv sites. The cluster expansion model treats configurational degrees of freedom
over the Ps, Wh and Wv sites, with the Pc sites fully filled by Li.
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Figure 12: Neutron diffraction from NOMAD
at the Spallation Neutron Source at Oak Ridge
National Lab of Li1.5PNb9O25 lithiated as a
loose powder mixed with SuperP. Rietveld re-
finement with Li in the Ps site using (a) bank
4 and (b) bank 5, which were refined together.
(c) The resulting structure determined by the
refinement.
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Figure 13: Neutron diffraction from NOMAD
at the Spallation Neutron Source at Oak Ridge
National Lab of Li1.5PNb9O25 lithiated as a
loose powder mixed with SuperP. Rietveld re-
finement with Li in the Pe site using (a) bank
4 and (b) bank 5, which were refined together.
(c) The resulting structure determined by the
refinement.
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Figure 14: Neutron diffraction from NOMAD
at the Spallation Neutron Source at Oak Ridge
National Lab of Li1.5PNb9O25 lithiated as a
loose powder mixed with SuperP. Rietveld re-
finement with Li in the Pc site using (a) bank
4 and (b) bank 5, which were refined together.
(c) The resulting structure determined by the
refinement.
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Figure 15: Neutron diffraction from NOMAD
at the Spallation Neutron Source at Oak Ridge
National Lab of Li4.3PNb9O25 lithiated as a
loose powder mixed with SuperP. Rietveld re-
finement with Li in the Ps site using (a) bank
4 and (b) bank 5, which were refined together.
(c) The resulting structure determined by the
refinement.
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Figure 16: Neutron diffraction from NOMAD
at the Spallation Neutron Source at Oak Ridge
National Lab of Li4.3PNb9O25 lithiated as a
loose powder mixed with SuperP. Rietveld re-
finement with Li in the Pe site using (a) bank
4 and (b) bank 5, which were refined together.
(c) The resulting structure determined by the
refinement.
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Figure 17: Neutron diffraction from NOMAD
at the Spallation Neutron Source at Oak Ridge
National Lab of Li4.3PNb9O25 lithiated as a
loose powder mixed with SuperP. Rietveld re-
finement with Li in the Pc site using (a) bank
4 and (b) bank 5, which were refined together.
(c) The resulting structure determined by the
refinement.
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Table 1: Table of most relevant results from Rietveld refinements of 6 total configurations
for Li1.5PNb9O25 (Table 1) and Li4.3PNb9O25 (Table 2) used to judge which Li sites are
experimental candidates at each composition. The atomic positions were allowed to refine
(excluding special positions), along with the thermal parameters (Uiso). The site occupan-
cies were fixed according to the stoichiometry given by the galvanostatic discharge used to
generate the samples.

The structures that most obviously did not fit the diffraction patterns, namely the two

window sites (Wv, Wh), lead to Li-O bond lengths that are not physical. For the most

part, the host structure remained stable in all refinements, though for Li4.3PNb9O25, the

refinement with the Wv site led to significant Nb-O bond distortion as well. Uiso values

above 0.2 were also deemed to be unphysical. The structures represented in the main text

were chosen by the results giving the most reasonable Li-O bond lengths, Uiso values, and

lowest Rwp values. The other candidate structures shown in (white) are also statistically

similar and are treated as candidates as well. All of the sites were tried in isolation of one

another, so these results do not speak on the likelihood of any combination of sites explicitly,

though likely the candidate sites do occur simultaneously within the structure.
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Figure 18: Distortions of the LixPNb9O25 unit cell (relative to that of PNb9O25) upon
lithiation as measured with symmetry adapted strain order parameters. The formulation of
the strain order parameters can be found in the text.
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Figure 19: Illustration of the eg and t2g states on Nb of a NbO6 octahedron.
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Figure 20: (a-d) Calculated charge density and density of states at x=4, 5, 6, and 7 in
LixPNb9O25. An increase in the magnitude of delocalization occurs when the interweaving
Wv sites are occupied

22




