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ABSTRACT: The tremendous growth of Li-ion batteries into a wide
variety of applications is setting new requirements in terms of cost,
energy density, safety, and power density. One route toward meeting
these objectives consists in finding alternative chemistries to current
cathode materials. In this Article, we describe a new class of materials
discovered through a novel high-throughput ab initio computational
approach and which can intercalate lithium reversibly. We report on the
synthesis, characterization, and electrochemical testing of this novel
lithium-carbonophosphate chemistry. This work demonstrates how the
novel high-throughput computing approach can identify promising
chemistries for next-generation cathode materials.
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■ INTRODUCTION
Since their commercial introduction in the early 1990s, lithium-
ion batteries now power applications from portable electronics
to electric vehicles. A critical element of a Li-ion battery is the
Li-intercalation cathode material as it determines much of the
energy and power density of the battery. There are currently
only a handful of cathode materials that can meet the
commercial requirements in terms of energy density, safety,
rate capability, and cost.1,2

Chemists and material scientists traditionally search for new
materials by a subtle combination of chemical intuition and
serendipity.3 In a departure to those traditional materials design
approaches, we have set up a high-throughput ab initio
computational environment4 capable of screening thousands
of potential new materials. Such ab initio calculations have
already helped researchers understand5−9 known materials and
guided their optimization.10,11 In this computational route to
materials discovery, new chemistries are suggested by
compound prediction algorithms12,13 that data-mine known
information in the Inorganic Crystal Structure Database
(ICSD).14 These candidates are then rapidly evaluated for
their voltage, stability, and lithium diffusivity15 using high-
throughput computing, thereby providing reliable and unbiased
guidance toward promising new chemistries.
Following this computational approach we have identified

recently the lithium−carbonophosphates as a new class of
potential cathode materials.16 This class of compounds has the

potential to retain the safety of LiFePO4 while having a
theoretical specific energy that is almost 50% greater. In this
work, we present follow-up computations and present the
synthesis and electrochemical test results of two representative
compounds of this chemical family identified computationally:
the iron and manganese lithium carbonophosphate.

■ COMPUTATIONAL AND EXPERIMENTAL
METHODS

All ab initio computations were performed using the plane-wave based
Vienna ab initio Simulation package (VASP)17 within the projector
augmented-wave approach18 using the generalized gradient exchange
and correlation functional parametrized by Perdew−Burke−Ernzer-
hof.19 We used a U parameter20 for the transition metals (for Fe, U = 4
eV; Mn, U = 3.9 eV; Co, U = 5.7 eV; Ni, U = 6 eV). An energy cutoff
of 520 eV was used for all computations.

A k-point density of at least 500/(number of atoms in unit cell) k-
points was used for all the Brillouin integrations. The Monkhorst−
Pack method was used to obtain k-points distributed as uniformly as
possible.21 A Γ-centered grid was used for hexagonal cells.

Accurate structural parameters (lattice parameters and atomic
positions) were obtained with a higher convergence criteria than that
was used for the energy optimization (5 × 10−7 eV for electronic
convergence and 5 × 10−5 eV for ionic convergence).
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A very important problem

What structure will a collection of 
atoms adopt? What will they do?

Material

Typically answered by experiment



Pickard & Needs, PRL 2006 and JPCM 2011

AIRSS
Ab initio random structure searching



Discovery through virtual experiments

Hydrogen is 
polar and 
“graphene”

Nature Physics, 2007

Ammonia is ionic

Nature Materials, 2008

Aluminium is complex

Nature Materials, 2010

CO is not a molecule

Physical Review Letters, 2011



HCP Lennard-Jones Crystal
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Constraints

Stoichiometry Symmetry

Structural Units Energy

Experiment

Hard and soft

Cell shape
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Cell shape
gamma-Boron 28 atoms

~330

Oganov et al Nature 2009 ~550

Comparing to EAs

Ji, Wang & Ho PCCP 2010 ~288



Units
2B12 + 4B

~22

Oganov et al Nature 2009 ~550

Comparing to EAs

Ji, Wang & Ho PCCP 2010 ~288



Symmetry
B12 + 2B, 2 symm ops

~12

~108

Free cell

Fixed cell



Experiment
Ammonia monohydrate

Input lattice parameters and density
Output solved crystal structure containing 112 atoms

JACS, 2009 with Dom Fortes

“easy experiment, easy theory - new science”
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s-d transfer



Aluminium at Terapascals
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Boron
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Carbon to PPa
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FIG. 2. (color online). Evolution of the phonon dispersion
relations of sc carbon with pressure. As the pressure is in-
creased the acoustic phonon branch becomes unstable at X
and a phase transition to the sh structure occurs.

dynamically stable. Examination of the phonon disper-
sion relations of the different structures reveals no other
soft modes. Including the zero point enthalpy reduces
the bC8→sc transition pressure to 2.5 TPa, the sc→sh
transition pressure to 4.8 TPa and the sh→fcc transi-
tion pressure to 19 TPa. The stable structures at higher
pressures are all close packed and have almost identical
zero point enthalpies, so that the transition pressures are
unaffected.
The wide range of vibrational data computed allows us

to extend our 0K DFT phase diagram to finite tempera-
ture using the quasiharmonic approximation (QHA), as
show in figure 3. The main change introduced is the con-
siderably reduced stability of sc C, which would no longer
be stable beyond 5000 K. Additionally, this phase is now
favoured by less than 0.1 eV at 0 K. This sheds more light
as to why sc is not found in molecular dynamics runs.
There has been much recent discussion of the forma-

tion of electride-like structures in sp bonded elements at
high pressures, in which the interstitial electrons form
the anions. [21, 31–33]. Designating a phase as an elec-
tride is, to some extent, a qualitative judgement about
its electronic structure. We designate a carbon phase to
be an electride if its 2s/2p-derived charge density and
electron localization function (ELF) have well-developed
maxima which are well away from the ions and the C–C
“bonds”. Under this definition the sc and lower pressure
phases are not electrides, sh is a marginal case showing
some electride-like features, and the fcc phase is clearly
an electride. The ELF of fcc carbon at 25 TPa is il-
lustrated in Fig. 4. The carbon atoms occupy the 4a
Wyckoff orbit of the fcc lattice. The maxima of the
2s/2p-derived charge density and the ELF coincide and
there are two interstitial maxima per atom which are cen-
tered on the octahedrally-coordinated 8c orbit. An anal-
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FIG. 3. (color online). Phase diagram of Carbon, after consid-
ering vibrational effects within the QHA. The melting curve
of bC8 is obtained from [30], while the dots represent an es-
timate.

FIG. 4. (color online). Crystal structure and ELF isosurface
of fcc carbon at 25 TPa. The carbon atoms are depicted in
grey while the green pockets enclose the maximally localized
electrons. Taken together, the positions of the carbon atoms
and the maxima in the ELF form the CaF2 structure.

ysis of the band structure further confirms the flatness,
and therefore localization, of the sp conduction band.
This phase can therefore be described as an ionic crystal
with the carbon ions being the cations and the inter-
stitial electron maxima the anions. The fcc phase can
therefore be viewed as forming the CaF2 ionic structure
with Ca≡ carbon ions and F≡ interstitial electron max-
ima. The higher pressure dhcp and bcc phases are not
electrides as their charge densities are too diffuse.

The dhcp phase is stable between 270 and 650 TPa
and has a c/a ratio of 3.28, which is very close to the
ideal value of 3.266. The carbon dhcp structure has 12
nearest neighbors and is very different from those found
in potassium (K) [34] and sodium (Na) [33] which have
much smaller c/a ratios and only 6 nearest neighbors.
The lower coordination numbers of the K and Na dhcp
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with the carbon ions being the cations and the inter-
stitial electron maxima the anions. The fcc phase can
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The dhcp phase is stable between 270 and 650 TPa
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nearest neighbors and is very different from those found
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as restrictions on the crystal symmetry or using experi-
mental information [19], but in this study we have used
the “primitive” unconstrained AIRSS method which is
unbiased and allows any structure to be formed. This
method has already been applied successfully to hydro-
gen [20] and other systems under extreme conditions such
as lithium [21], Al [17], and iron [22].
We used the castep [23] plane-wave basis set DFT

code and the Perdew-Burke-Ernzerhof (PBE) [24] Gen-
eralized Gradient Approximation (GGA) density func-
tional. Searches were performed at 1, 1.5, 2, 4, 10, 25,
50, 100, 300, and 1000 TPa (= 1PPa). The searches en-
compassed structures with 2, 4, 6, 8, 10 and 12 atoms per
unit cell (the latter only between 4 and 100 TPa), but
we also performed searches at 10 TPa with 5, 7, 9 and 11
atoms. For each pressure and number of atoms, random
structures were generated and relaxed until the lowest
enthalpy structure was found several times. Above 10
TPa we found that the energy landscape simplifies and a
large fraction of the random structures relax to the most
stable structure, even with 10 or more atoms. In total,
more than 5000 structures were relaxed.
In order to approach all-electron accuracy we used ul-

trasoft pseudopotentials [25] treating all six electrons ex-
plicitly. At pressures above 300 TPa we used a pseudopo-
tential with a very small core radius of 0.6 a.u. to obtain
converged energy differences between the phases. Such
a pseudopotential is, however, very inefficient at lower
pressures because the volumes per atom and hence the
required basis set size are much larger, and to reduce the
computational cost we used pseudopotentials with larger
core radii at lower pressures [26]. Between 50 and 300
TPa we used a pseudopotential with a core radius of 0.8
a.u. and below 25 TPa we used a pseudopotential with a
core radius of 1 a.u. Using different pseudopotentials cre-
ates discontinuities in the enthalpy curves at 50 and 300
TPa, but they are only a few meV per atom and cannot
be resolved in Fig. 1. Details of the plane-wave basis set
cutoff energies and the Brillouin zone integration grids
are given in the auxiliary material [27].
The relative enthalpies of the most stable structures

over the pressure range 0.8–1000 TPa are shown in Fig.
1. Our results agree with the sequence of phase tran-
sitions diamond→bC8→sc reported previously [13–15],
and lend support to this sequence because we have ex-
plored structures corresponding to many different local
minima in the potential energy surface. We find pres-
sures of 0.99 TPa for the diamond→bC8 and 2.9 TPa for
bC8→sc transitions, which are in good agreement with
previous theoretical values [13–15]. At higher pressures
we find the sequence sc→sh→fcc→dhcp→bcc, with tran-
sition pressures of 6.4, 21, 270, and 650 TPa, where sh
denotes the simple hexagonal structure and dhcp denotes
the double hexagonal close packed phase.
The compactness of the structures, measured as the

percentage of space filled by non-overlapping ellipsoids
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FIG. 1. (color online). Variation of the enthalpies of the most
competitive phases with pressure. The enthalpy of sc carbon
is taken as reference in the main graph while the fcc structure
is the reference for the inset showing the ultra-high pressure
regime.

of revolution centered on each atom [28], increases at the
phase transitions (34% in diamond, 39% in bC8, 52% in
sc, 60% in sh, 74% in fcc and dhcp), before dropping
again for the bcc structure (68%). This is different from
the alkali metals where pressure induces phase transi-
tions to less compact structures [16], although they are
expected to return to close packing at higher pressures.
The 2s/2p charge density of the bcc phase is quite uni-
form, which gives a low kinetic energy, and bcc is then the
most favorable structure as it has the lowest electrostatic
energy or, equivalently, the largest Madelung constant.

A deformation of the sc phase with Pmma symmetry
has an almost identical enthalpy to sc in the range 3–
6 TPa. To establish which phase is stable, the phonon
spectrum of sc carbon was computed at several pressures
(see Fig. 2). The transverse phonon at X, corresponding
to the Pmma distortion, is very soft, and the band struc-
ture indicates that a Peierls distortion might take place.
Computing the energy along the path of the phonon dis-
placement reveals two local minima separated by ∼0.05
Å, with an energy barrier of about 1 meV per atom. As a
result, we expect the vibrationally averaged structure to
be sc. Beyond 6.4 TPa, however, the Pmma structure,
with an unrestricted c/a ratio, can immediately deform
to sh carbon. Note also that as the pressure is decreased
to 2 TPa the transverse acoustic branches of the sc phase
become unstable at the R point, showing that sc carbon
is dynamically unstable at lower pressures. Stabilizing
this distortion requires a unit cell with at least 8 atoms
per primitive cell, which is consistent with metadynamics
calculations that recover bC8 carbon from sc on pressure
release [29].

Phonon calculations of the higher pressure phases over
a wide range of pressures, pictured in the supplementary
material [27], show that all the newly proposed phases are

Miguel Martinez, CJP & RJN, PRL,2012

The fcc phase is an electride (CaF2)



Nitrogen:
from cages to salt to waves

Wang et al, PRL, 2012

Diamondoid 
Nitrogen

Sun et al, condmat, 2012

Remarkably 
rich behaviour 
at terapascals



Oxygen:defeating O2

Sun et al, PRL, 2012Zhu et al, PNAS, 2012
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H2O at TPa
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Electronic properties



Does H2O exist?
Maybe not - H2O2 is very stable



Decomposition of H2O

H2O is not a thermodynamically stable composition above 5TPa



A hydrogen sponge



Fermi surface effects

The doping of C2/m with H moves Ef to a minimum in the eDOS



Perspective
Virtual experimentation
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