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Abstract

Li4Ti5O12 is a “zero-strain” lithium-ion anode material that shows excellent stabil-

ity over repeated lithium insertion–extraction cycles. Although lithium (de)intercalation

in the bulk material has been well characterised, our understanding of surface atomic-

scale–structure and the relationship with electrochemical behaviour is incomplete.

To address this, we have modelled the Li4Ti5O12 (111) , Li7Ti5O12 (111) and α-

Li2TiO3 (100), (110), and (111) α-Li2TiO3 surfaces using Hubbard-corrected density-

functional theory (GGA+U), screening more than 600 stoichiometric Li4Ti5O12 and

Li7Ti5O12 (111) surfaces. For Li4Ti5O12 and Li7Ti5O12 we find Li-terminated surfaces

are more stable than mixed Li/Ti-terminated surfaces, which typically reconstruct. For

α-Li2TiO3, the (100) surface energy is significantly lower than for the (110) and (111)
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surfaces, and is competitive with the pristine Li7Ti5O12 (111) surface. Using these

stoichiometric surfaces as reference, we also model variation in Li surface coverage as

a function of lithium chemical potential. For Li4Ti5O12, the stoichiometric surface

is most stable across the full chemical potential range of thermodymamic stability,

whereas for Li7Ti5O12, Li deficient surfaces are stablised at low Li chemical potentials.

The highest occupied electronic state for Li7Ti5O12 (111) is 2.56 eV below the vacuum

energy. This is 0.3 eV smaller than the work function for metallic lithium, indicating

an extreme thermodynamic drive for reduction. In contrast, the highest occupied state

for the α-Li2TiO3 (100) surface is 4.71 eV below the vacuum level, indicating a substan-

tially lower reduction drive. This result demonstrates how stoichiometry can strongly

affect the thermodynamic drive for reduction at metal-oxide–electrode surfaces. In this

context, we conclude by discussing the design of highly-reducible metal-oxide electrode

coatings, with the potential for controlled solid-electrolyte–interphase formation via

equilibrium chemistry, by electrode wetting in the absence of any applied bias.

Methods

Calculations were performed using the DFT code VASP,1,2 with valence electrons described

within a plane-wave basis and an energy cutoff of 500 eV. Valence–core interactions were

treated with the projector augmented wave (PAW) method,3,4 with cores of [Mg] for Ti,

[He] for O, and [He] for Li. Calculations were performed using the PBE generalised gradient

approximation (GGA) functional,5 supplemented with a Dudarev +U correction applied to

the Ti d states (GGA+U). The previous study of Lu et al. presented EELS data for Li7Ti5O12

that showed distinct “Ti3+” and “Ti4+” oxidation states,6 alongside DFT calculations using

both standard GGA (PBE), and GGA+U (PBE+U) functionals. These GGA calculations

qualitatively failed to describe the distinct Ti oxidation states observed in the EELS spectra.

This is due to the self-interaction error inherent to standard GGA (and LDA) functionals,7–9

and similar behaviour is well known for many transition metal oxides with mixed formal
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oxidation states.10–12 By applying a +U correction of U = 4.5 eV to the Ti d states, Lu

et al. predicted charge disproportionation into distinct “Ti3+” and “Ti4+” oxidation states,

recovering qualitative agreement with the experimental EELS data. We use this same value

of UTid = 4.5 eV, noting this is close to the value of UTid = 4.2 eV used previously to study

partially reduced TiO2.
13,13,14

To obtain equilibrium structures and reference energies for bulk Li4Ti5O12 and Li7Ti5O12,

full geometry optimisations were performed for hexagonal cells with compositions Li8Ti10O24

and Li14Ti10O24 respectively, oriented with the close-packed (111) layers perpendicular to the

c axis. k-point sampling used a 3×3×2 Monkhorst-Pack mesh. Bulk α-Li2TiO3 was modelled

using 3
√

2×3
√

2×3 supercells of Li24Ti12O36, with a 2 × 3 × 2 Monkhorst-Pack mesh. All

calculations were spin-polarised. Structures were deemed converged when all atomic forces

were smaller than 0.01 eV Å
−1

. For each structure zero-pressure volumes were obtained

by performing a series of constant-volume cell relaxations and fitting the resultant energy–

volume data to the Murnaghan equation of state. The optimised bulk structures were used as

starting points for the surface models. For all surface models, to minimise spurious slab–slab

interactions a vacuum gap of at least 15 Å was placed between slab periodic images along

the c direction normal to the surface plane. The reference energy for metallic lithium, used

to calculate surface energies as a function of the lithium chemical potential, was calculated

using a body-centered cubic 2-atom unit cell with a 16 × 16 × 16 Monkhorst-Pack k-point

mesh.
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