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S1. COMPARISON OF HSE06, PBESOL+U, AND
PBESOL FUNCTIONALS FOR THE V;; DEFECT
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FIG. S1. Density of state plots for the V;; using as-labelled
exchange-correlation functionals. Source: The data and code
used to generate this figure, and the figure file, are available
under the MIT license as part of Ref. 1.

When modelling defects, it is desirable for both the
band gap of the stoichiometric system, and the ener-
gies of different defect charge states, to be accurate.? In
this work we have used the HSE06 hybrid functional,
which is expected to give more accurate results relative
to standard, cheaper, LDA or GGA functionals, for both
the band gap and defect formation eneriges. To illus-
trate the advantages of using a hybrid functional, such
as HSE06, here we show the calculated densities of states
for the V[ defect as predicted using HSE06,> PBEsol
with a “+U” on-site Hubbard correction,* and standard
PBEsol® (Fig. S1). HSE06 predicts a band gap of 5.9¢eV,
which is close to experimental values of ~ 6.0eV.% The

neutral V7 introduces an excess hole. In wide gap ox-
ides, holes are typically expected to localise on oxygen
2p orbitals as small polarons,” and this is indeed the be-
haviour obtained with HSEQ6, which predicts an empty
defect state ~ 1.5eV above the valence-band maximum,
corresponding to a localised oxygen 2p state (Fig. S2a)).
Using PBEsol+U, with U(O,,)=6.7eV,® again we obtain
a localised oxygen 2p hole-state in the gap (Fig. S2b)).
While the +U correction does give an approximate cor-
rection to the self-interaction error for these oxygen-hole
states, the band gap is underestimated relative to the
HSEO6 and experimental values. Finally, PBEsol not
only underestimates the band gap, but gives a quantita-
tively incorrect description of the Vi defect state: The
excess hole now occupies the top of the valence band, and
is delocalised over all oxygen atoms in the calculation,
corresponding to a “shallow” defect state (Fig. S2c)).

S2. COMPETING PHASES AND
STABILITY-REGION ANALYSIS

The region of thermodynamic stability for LLZO was
calculated with respect to the following bounding phases:
Li7 Ligo, LiQZI‘Og,, Li6ZI‘O7, LigZI‘OG, La, La203, Zl“,
ZrOs, and Os. Details of these calculations can be
found in the accompanying dataset (Ref. 9). The
competing phases define the stability regions shown in
Fig. S3. These stability regions show how, with re-
spect to each metal, stability with respect to oxygen
chemical potential appear as narrow strip, with the ex-
trema broadly characterised as metal-rich/oxygen-poor
and metal-poor/oxygen-rich environments. Fig. S4 shows
these stability regions again, but with the additon of
the path taken through the stability region to generate
the defect concentrations shown in Fig. 2 in the main
manuscript.

S3. INTRINSIC DEFECT CHEMISTRY:
DEFECT CONCENTRATIONS VERSUS Ay,

Fig. S7 shows the change in defect chemistry for a fixed
1o, as pr; is varied. The nature of the dominant defects
changes much more strongly that under variations in po,
as described in the main manuscript.
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FIG. S2. Partial charge density plots for the excess hole-charge associated with the V;; defect, using (a) HSE06, (b) PBEsol+U

and (c) PBEsol.

HSE06 and PBEsol+U localise the excess hole-charge-density as a small polaron.

PBEsol erroneously

delocalises the hole across several oxygen ions. Source: The data used to generate this figure are available under the MIT

license as part of Ref. 9.
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FIG. S3. Chemical potential stability regions with respect to po and pmetar for each of Li, La, and Zr. Source: The data and
code used to generate this figure, and the figure file, are available under the MIT license as part of Ref. 1.

S4. OXYGEN VACANCY MOBILITY
CALCULATIONS

FIG. S5. Network graph of the nearest-neighbour—oxygen
conduction network in tetragonal LLZO. The three distinct
oxygen sites in the tetragonal phase give six inequivalent
nearest-neighbour pathways.

Tetragonal LLZO contains six inequivalent O—O
nearest-neighbour pairs.The potential paths in tetrago-
nal LLZO for oxygen migration are shown in Fig. S5.
Table S1 contains the diffusion barriers for each path,
obtained from climbing-image nudged elastic band calcu-

lations (CI-NEB).!® Each CI-NEB calculation included
seven images between the two relevant end-points, and
was performed using the PBEsol GGA functional.’

Pathway Energy [eV]
A— A 0.89

A—-B 0.78
A—-C 0.73
B—+B 0.78
B—C 0.77
C—C 1.15

TABLE S1. Oxygen vacancy migration energy barriers deter-
mined from CI-NEB calculations.

S5. FULL TRANSITION LEVEL DIAGRAMS
FOR SUPERVALENT DOPING UNDER VARIED
CHEMICAL POTENTIAL REGIMES

Fig. S6 shows the full transition-level diagrams for all
native defects under the two different doping regimes (Li-
poor / Zr-rich and Li-rich / Zr-poor) described in the
main manuscript.
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FIG. S4. Chemical potential stability regions with respect to po and pimetar for each of Li, La, and Zr plotted showing (in
white) the path taken through each stability region to calculate the concentrations through Fig. 2 in the main manuscript.
Source: The data and code used to generate this figure, and the figure file, are available under the MIT license as part of Ref. 1.
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FIG. S6. Defect formation energies as a function of Fermi energy for the given chemical potentials. In each diagram we show
the Fermi level position before, and after supervalent doping (0.15 MY per formula unit). These plots are equivalent to those
shown in Fig. 5 in the main manuscript, but with all defect formation energies shown. Source: The data and code used to
generate this figure, and the figure file, are available under the MIT license as part of Ref. 1

S6. RELATIONSHIP BETWEEN ZIRCONIUM
AND LITHIUM CHEMICAL POTENTIALS

To understand whether a set of chemical potentials
that LLZO is formed under will give rise to the sim-
ple compensation mechanism suggested by Eqn. 1 in the
main manuscript upon doping, we discuss the relation-
ship between the two chemical potentials. The equation
of the V7, line and the Liy, line on a transition level dia-
gram (plot of defect formation energy and Fermi energy)
are:

By = EP[Vi;] — By (S1)
and,
E; = EP[Lif)] - 3Bk (52)

respectively. Ef is the formation energy, Er the Fermi
energy, and y-intercept is the formation energy of the de-
fect in the relevant charge state at Fp = 0. Assuming
equal treatment of corrections and potential alignments,

Eqgns. S1 and S2 above can be re-written—considering
Eqgn. 3 in the main manuscript as:

Er =cy, + pi + Ex (S3)

and

CLiy, + pri + pizr + Bt

Er = 3

(S4)

where c¢ is the concentration of the subscript defect
species. The point at which these two lines cross will
share the same Eg, therefore:

3(ewy, + pui + Er) = cLiy, — pi + pize + Ef. (S5)

This indicates that the relative balance of chemical po-
tentials for determining whether the formation energy
of the Liz, defect will become lower than the forma-
tion energy of Vi; is pz, — 4uri. This linear relation
only approximately describes the data as for each value
of pz, — 4py;, the chemical potentials of lanthanum and
oxygen are bounded, but not fixed.
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FIG. S7. Equilibrium defect concentrations (middle panels) and defect formation-energies as a function of Fermi energy (bottom
panels) at three sets of elemental chemical potentials within the LLZO thermodynamic stability region (top panel). Defect
concentrations are calculated at 7" = 1500 K. In each case, the bottom panel also shows the corresponding self-consistent Fermi
energy (vertical dotted line). *The concentration of lithium vacancies/interstitials is given as a net value, i.e. [V{5] = [Vii] —[Lii].
Source: The data and code used to generate this figure, and the figure file, are available under the MIT license as part of Ref. 1.
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