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ons of Li solid state electrolyte
Li7La3Zr2O12†

Kristoffer Eggestad, Sverre M. Selbach and Benjamin A. D. Williamson *

Solid-state electrolytes, like Li7La3Zr2O12 (LLZO), can enable safer, more energy dense and longer lasting

batteries. We investigate the effect of doping in LLZO with Al, Ga, Nb, Ta, and Y by hybrid density

functional theory calculations and a full defect model. The site preferences of Al, Ga, Nb, and Ta result in

donor defects that favour more Li vacancies and thus a more disordered Li substructure. This also

implies stabilisation of the more ionic conducting cubic phase at the expense of the tetragonal, as seen

experimentally. Furthermore, our calculations indicate that the effect of the dopants on the sintering

process is even more important than the ability to induce more ionic charge carriers. Finally, differences

in Li vacancy formation energies suggest a new possible explanation for the two orders of magnitude

increase in ionic conductivity upon stabilising the cubic phase.
1 Introduction

Li-ion batteries are present in almost all portable electronic
devices and play a crucial role in modern society. There is,
however, a rising demand for safer batteries with both higher
energy density and longer lifetime. One possibility is to replace
the current liquid electrolyte with a solid-state electrolyte (SSE).
In this way, one can theoretically increase the energy density
with the use of Li metal anodes1 by physically hindering Li
dendrite formation and growth.2 Additionally, the use of SSEs
will result in safer batteries due to the removal of the highly
ammable liquid electrolyte, thus facilitating a wider range of
operating temperatures.3 However, the implementation of SSEs
has proven challenging as current materials suffering from low
ionic conductivities,4,5 poor air and water stability,6,7 poor elec-
trolyte–electrode interfaces,8 as well as dendrite growth across
grains and cracks, in spite of the solid electrolyte.9,10 Good
contact between the electrolyte and the electrodes is necessary
to realise a well-functioning battery with long-term cyclability.
Chemical expansion as well as different thermal expansion
coefficients make good electrode–electrolyte interfaces very
challenging to prepare and to maintain throughout operation.8

In 2003 a group of materials with the garnet structure were
suggested as potential SSEs.11 Early studies on garnet materials
displayed high stability alongside Li-ion conductivities of about
10−6 S cm−1. To date, arguably the most well studied garnet SSE
is Li7La3Zr2O12 (LLZO) displaying relatively high Li-ion
conductivities of ∼10−6 − 10−3 S cm−1 depending on doping,
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synthesis technique and environment, and the structural phase
of LLZO.12–17 At room temperature (RT), the structure is stable in
its tetragonal form (space group: I41/acd), whilst at higher
temperatures it undergoes a phase transition into the disor-
dered cubic phase (space group: Ia�3d) which possesses ionic
conductivities around two orders of magnitude higher than the
tetragonal phase.12,18

The wide electrochemical stability window of LLZO allows it
to benignly contact with Li metal anodes.12,19,20 However, a very
thin layer of tetragonal-like LLZO structure has been observed at
the interface between cubic LLZO and Li metal19,21 potentially
resulting in a bottleneck to the Li-ion conductivity at the elec-
trolyte–anode interface. Such a phenomenon means that it is
important to understand Li transport and defects within both
tetragonal LLZO as well as cubic LLZO.

In the rst reported synthesis Murugan et al. made use of
a conventional solid-state method with LiOH, La2O3, and ZrO2

with a sintering temperature of 1230 °C.12 Unfortunately, such
a high sintering temperature results in substantial Li loss22 and
can furthermore lead to destabilisation of the LLZO structure
and formation of the competing pyrochlore: La2Zr2O7.23 Undo-
ped materials prepared by sol–gel synthesis has been shown to
have approximately 3 times higher conductivity than solid-state
prepared, most likely due to more homogenous and dense
samples. However, LLZO prepared by the sol–gel method show
lower thermal stability, due to larger grain size.24 A further
alternative is to use pulsed laser deposition (PLD) allowing for
precise control of composition and stoichiometry, and can be
used to prepare thin lms of LLZO.25,26

One of the challenges concerning LLZO is the relatively poor
ionic conductivity at grain boundaries,27 the reasons for which
are debated.28,29 In general, grain boundaries in oxide electro-
lytes are known to reduce the overall ionic conductivity,12,29
This journal is © The Royal Society of Chemistry 2024
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although the opposite30 can also be true for some materials. As
a result, the sintering process of the electrolyte is important for
reducing the grain boundary to bulk ratio. Grain boundaries in
LLZO have also shown a susceptibility to Li dendrite formation
and propagation. Additionally, good electrode–electrolyte
contact is difficult to achieve, and easily forms cracks, leading to
poor ionic conductivities as well as dendrite growth.10

The main difference between the cubic and the tetragonal
LLZO structure is the Li substructure. In the tetragonal struc-
ture there are three fully occupied Li Wyckoff sites; Li8a, Li16f,
Li32g, a tetrahedral, an octahedral and a distorted octahedral
site, respectively.31 In the cubic structure there are only two
different Wyckoff sites; Li24d, Li96h, a tetrahedral and a distorted
octahedral site.31 Both sites are partially occupied32 and thus the
Li substructure in the cubic structure is oen described as
disordered. Furthermore, a third Wyckoff site, Li48g, is also
oen mentioned, but is an average position of a pair of Li96h
sites.33 The tetragonal and the cubic structure are visualised
together with their Li Wyckoff sites in Fig. 1 and ESI S1,†
respectively.

Stabilising the cubic structure at RT is oen achieved
through aliovalent doping motivated by increasing the disorder
on the Li substructure. Bernstein et al.31 postulate that there is
a critical amount of VLi which results in an increased congu-
rational entropy on the Li substructure, thus disfavouring an
ordering of the Li sites and stabilising the cubic structure. The
large increase in ionic conductivity is oen attributed to the
slightly shorter distances between the Li sites in the cubic
structure and to the partial occupancy of these sites.31 Several
different dopants have been shown experimentally to enhance
Li-ion conductivity in LLZO, however the mechanism of the
resulting enhancement in conductivity is not well understood.
Additionally, reported ionic conductivities are typically not
easily comparable between studies due to differences in exper-
imental setups.

The Li24d site preference of Al in LLZO is well
documented34–36 and is also reported for Ga.37,38 However, NMR
Fig. 1 (a) The tetragonal LLZO structure. La and Zr polyhedra are
coloured in blue and green, respectively, O is omitted for clarity, and Li
Wyckoff sites (16f = orange, 32g = purple, and 8a = yellow) are dis-
played in more detail in (b). The figure is made using the visualisation
software VESTA.72

This journal is © The Royal Society of Chemistry 2024
studies found both Al and Ga ions to be equally distributed over
the 24d and 96h sites.39 NMR spectroscopy studies also indicate
that Al substitutes both Zr and La sites at high doping
concentrations.40 Experiments with co-doping with both Al and
Ga have been shown to stabilise the cubic phase and increase
the ionic conductivity39,41,42with Ga oen reported to give higher
ionic conductivities,43,44 however the reason for this is not well
understood. In garnet materials, other phases with relatively
low melting temperatures, such as LiAlO2, Li5AlO4, and LiGaO2,
are oen reported in the grain boundaries and are believed to
aid grain growth and densication during sintering.45,46

Nb and Ta have also been shown to stabilise the cubic LLZO
structure,47,48 both preferring Zr sites,49 thus acting as donor
dopants and increasing the V0

Li concentration.
Y is commonly used as a sintering aid in LLZO50 helping with

densication, which in turn results in higher ionic conductivi-
ties.15,51 Gai et al.52 have shown that co-doping with Nb and Y
gives good ionic conductivity and improved air stability. The
effect of Y-doping on the stabilisation of the cubic phase has not
been explicitly studied despite Y-doped cubic LLZO having been
reported.15 The site preference of Y and the resulting defects are
also not clear, with YZr and YLa sites being reported in the
literature.15,51 Out of the common dopants, Y is the only dopant,
which is predicted by Liu et al.53 to result in a thermodynami-
cally stable structure against Li metal anodes.

Here we use hybrid density functional theory (DFT) to
investigate the role of Al, Ga, Nb, Ta, and Y doping in tetragonal
LLZO. We calculate and compare defect formation energies,
and investigate binding energies between dopants and charge
carriers. Furthermore, we use calculated defect formation
energies to predict changes in V0

Li concentrations resulting
from the addition of the different dopants.

2 Computational methods

Density functional theory (DFT) calculations have been per-
formed with the VASP54–56 code to investigate the effect of Al, Ga,
Nb, Ta and Y doping on the defect chemistry of tetragonal
LLZO. Handling partial occupancies with DFT is computation-
ally demanding as a large number of possible congurations
needs to be evaluated and as such, no calculations were per-
formed on the cubic LLZO structure. Additionally, the cubic
structure is not the ground state structure and thus relaxing
different congurations of the cubic structure can result in the
cells transforming into the tetragonal structure as symmetry
constraints must be turned off. The PBEsol57 (Perdew–Burke–
Ernzerhof revised for solids) functional was used for the initial
screening of dominant intrinsic defects to reduce computa-
tional cost which were then treated with the Heyd–Scuseria–
Ernzerhof screened hybrid functional (HSE), with mixing
parameter a = 0.25 and screening parameter u = 0.11 bohr−1

(HSE06).58 Hybrid functionals have consistently been shown to
offer a greater agreement with experiment, particularly with
respect to defect chemistry.59–61 All defects cells (96-atom unit
cell) and their respective charge states were subjected to
a geometry relaxation, keeping the cell parameters xed, using
a plane wave cutoff energy of 600 eV and a Monhorst-Pack k-
J. Mater. Chem. A, 2024, 12, 15666–15675 | 15667
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point of 2 × 2 × 2. The geometry was optimised until the forces
on the ions were below 0.01 eV Å−1. Li (1s2, 2s1), La (4s2, 4p6, 5s2,
5d1), Zr (3s2, 3p6, 4s2, 4d2), O (2s2, 2p4), Al (3s2, 3p1), Ga (3s2,
3d10, 4p1), Nb (3s2, 3p6, 4s2, 4d3), Ta (4p6, 5s2, 5d3), Y (3s2, 3p6,
4s2, 4d1) were treated as valence electrons, and the interactions
between valence electrons and cores were described by the
projector-augmented wave method (PAW).62 Inequivalent
interstitial sites were determined using a Voronoi tessellation
approach as implemented within the pymatgen package.63

2.1 Thermodynamic transition levels

Defect formation energies were calculated using.64

DHFðD; qÞ ¼ EDðqÞ � EH þ
X
i

niðEi þ miÞ

þq
�
EF þ Evbm þ Epot

corr

�þ EIC
corr

(1)

where q is the charge of the defect D, ED(q) is the energy of the
defect cell, EH is the energy of the host cell, i is the elements
added to or removed from the host cell, ni is the number of
element i removed from the cell, Ei is the reference energy of
element i, mi is the chemical potential of element i, EF is the
Fermi level, and EVBM is the energy of the valence band
maximum (VBM). Epotcorr is the potential alignment correction
aligning the defect potential to that of the bulk and EICcorr is the
image charge correction calculated within the formalism
developed by Lany and Zunger65 and adapted for non-cubic cells
by Murphy and Hine.66

2.2 Chemical potential limits

The thermodynamic stability region at the athermal limit of
tetragonal LLZO was found by calculating possible competing
phases. All structures were rst geometrically optimised using the
PBEsol functional to the same convergence criterion as bulk LLZO.
Individual k-points and formation enthalpies for each phase are
provided in ESI Tables S3–S8.† Thereaer, the Chemical Potential
Limits Analysis Program (CPLAP)67 was used to determine the
thermodynamic stability region and thus the constrained chem-
ical potential limits for LLZO. The phases that make up the
boundaries of the stability region were then subjected to a geom-
etry optimisation using HSE06 and new enthalpies of formation
were calculated the details or which are given in ESI Table S9.†

2.2.1. Chemical potentials at experimental conditions. The
chemical potentials were chosen to best resemble typical
experimental synthesis conditions: sintering at 1200 °C in air,
the latter environment has been shown to result in the optimum
ionic conductivities in LLZO.68 The chemical potential of oxygen
in this environment can be calculated (mO = ∼ −1.90 eV) using
thermochemical tables69 within the formalism outlined by
Reuter and Scheffler:70

mOðT ; pÞ ¼ mOðT ; p�Þ þ 1

2
kBT ln

�
p

p�

�
(2)

mOðT ; p�Þ ¼ 1

2
½HðT ; p�;O2Þ �Hð0 K; p�;O2Þ�

þ1

2
½SðT ; p�;O2Þ � Sð0 K; p�;O2Þ�

(3)
15668 | J. Mater. Chem. A, 2024, 12, 15666–15675
where H, S, p, T and kB are the enthalpy, entropy, partial pres-
sure of oxygen, temperature, and Boltzmann's constant,
respectively. The chemical potentials for the constituent
elements follow from the stability region displayed in ESI
Fig. S2.†

2.3 Equilibrium defect concentrations

The equilibrium defect concentration for a defect D with charge
q is given by:

cðD; qÞ ¼ NDgD;qexp
�DHfðD; qÞ

kBT
(4)

where ND is the density of possible sites for defect D, gD,q is the
degeneracy of the defect state, kB is Boltzmann's constant, and T
is temperature.59 The formation energy of charge state q is
dependent on the Fermi energy (EF) which can itself be deter-
mined self consistently within the charge neutrality condition:

rðEFÞ ¼
X
Dq

q$cðD; qÞ þ p0 � n0 ¼ 0 (5)

where electron (n0) and hole (p0) concentrations are functions of
the Fermi energy (EF) and the electronic density of states for the
bulk material (g(E)):

n0 ¼
ðN
ECBM

1

exp

�
E � EF

kBT

�
þ 1

gðEÞdE (6)

p0 ¼
ðEVBM

�N

0
BB@1� 1

exp

�
E � EF

kBT

�
þ 1

1
CCAgðEÞdE (7)

SC-FERMI by Buckeridge71 was used to calculate the self
consistent Fermi level within this work. Defect concentrations
and Fermi levels are determined for a range of temperatures
from the sintering temperature of 1200 °C to RT.

3 Results and discussion

The DFT optimised tetragonal LLZO structure with its three Li
Wyckoff sites: 8a, 16f, and 32g are displayed in Fig. 1.

The calculated lattice parameters, displayed in ESI Table S1†
are in excellent agreement with reported experimental XRD data
(within∼0.6%).73,74 The calculated band gap of 5.92 eV is also in
good agreement with experiments showing an optical band gap
of ∼6 eV.75 Other DFT simulations using HSE06 show a similar
band gap to our results76 and hybrid functionals such as HSE06
are known to accurately reproduce the electronic structure of
semiconductors and insulators.61 The PBEsol bandgap is
calculated to be ∼4 eV in line with PBEsol's typical underesti-
mation of the bandgap due to the well known self-interaction
error.77,78

3.1 Intrinsic defects

The thermodynamic transition levels for the dominant intrinsic
defects (a) and dopant species (b–f) calculated using the HSE06
This journal is © The Royal Society of Chemistry 2024
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functional at chemical potentials representative of the sintering
temperature in air at 1200 °C are given in Fig. 2. Based on the
study by Squires et al.76 and an initial screening using PBEsol
(transition levels given in ESI Fig. S4†), it can be seen that the
formation energies of the Li Frenkel defect V0

Li and Li�i , eqn (8),
are >1 eV lower than all other intrinsic defects at the Fermi level
(EF), with the exception of V��

O and O00
i at very O poor or rich

conditions respectively. As both Li and O defects dominate the
defect chemistry in LLZO these were calculated using HSE06 in
order to determine the effects of extrinsic doping. Our initial
screening and calculations performed by Squires et al.76 show
a very small difference in formation energy (<0.05 eV) between
tetrahedrally and octahedrally coordinated V0

Li. In spite of these
results, our calculations using HSE06 result in notably larger
differences in the formation energies of these defects. V0

Li(32g)
and V0

Li(8a) possess very similar formation energies of ∼0.47
and ∼0.55 eV, respectively. However, the formation energy of
V0

Li(16f) is ∼0.76 eV, which is 0.29 eV higher than the formation
energy of V0

Li(32g) thus we expect a strong ordering of the V0
Li

defects at the sintering temperature. It can be proposed that
this will result in larger migration barriers to and from the 16f
sites than between the 8a and 32g sites. If one were to assume
an increase in the migration barrier of ∼0.2 eV, (similar to
DHf[V

0
Li(16g)] − DHf[V

0
Li(8a)]) a reduced jump probability at RT

from Boltzmann distribution of almost four orders of
Fig. 2 Transition level diagrams for the formation energies of intrinsic d
each panel, the Fermi energy ranges from the valence band maximum (V
chemical potentials, used for the calculated formation energies, were c
Fig. S2.† The black dashed vertical lines display the self-consistent Fermi
transparent lines for clarity. Transition level diagrams for oxygen poor an

This journal is © The Royal Society of Chemistry 2024
magnitude would be expected resulting in a drastically reduced
ionic conductivity. More likely, however, Li ions will instead
favour an alternative path without the 16f sites (8a 4 32g 4

32g 4 8a) and slightly longer jumps, thus also likely slightly
larger migration barriers. This path is displayed in ESI Fig. S3.†

In the cubic LLZO structure, however, there are only two
different Li sites: 24d and 96h which are similar in symmetry to
the 8a and 32g sites in the tetragonal structure, respectively.
Both the 8a and 24d sites are tetrahedrally coordinated, while
the 32g and 96h sites are octahedrally coordinated. Further-
more, the 16f sites are slightly less distorted than the 32g and
the 96h sites thus it is reasonable to argue that the 16f sites
disappear when the cubic structure is formed and thus the
removal of the 16f sites could explain the large difference in
ionic conductivity between the tetragonal and cubic LLZO
structure.

LixLi þ Vx
i /V

0
Li þ Li�i (8)

3.2 Extrinsic defects

3.2.1. Al and Ga doping. Both dopants show very similar
results preferring Li8a substitution at the EF with formation
energies of ∼0.62 eV and ∼1.66 eV for Al and Ga respectively
(Fig. 2(b) and (c)). The AlðGaÞ0Zr defects have the second lowest
efects (a) and selected dopants: Al (b), Ga (c), Nb (d), Ta (e) and Y (f). In
BM) at 0 eV to the conduction band minimum (CBM) at ∼5.9 eV. The
hosen to resemble sintering in air at 1200 °C and are displayed in ESI
level. Intrinsic defects are also displayed together with dopants as grey,
d oxygen rich environments are displayed in ESI Fig. S5 and S6.†

J. Mater. Chem. A, 2024, 12, 15666–15675 | 15669
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formation energies of ∼1.72 eV (∼2.31 eV) followed by
AlðGaÞ��

Li32g and AlðGaÞ��
Li16f and lastly Al(Ga)xLa with formation

energies of ∼1.99 eV (∼2.56 eV), ∼2.25 eV (∼2.77 eV), and
∼3.01 eV (∼3.69 eV) respectively. As both Al and Ga prefer Li
sites, these dopants will be charge compensated mainly by the
formation of V0

Li, see eqn (9). All Ga defects have formation
energies 0.5–1 eV higher than the corresponding Al defects at
the EF, indicating much lower solubility than Al.

ðAl=GaÞ2O3 þ 6LixLi/2ðAl=GaÞ��

Li þ 4V
0
Li þ 3Li2O (9)

Considering the ionic radii of 4 and 6 coordinated Al (0.39 Å,
0.535 Å) and Ga (0.47 Å, 0.62 Å) ions, a preference for the smallest
sites, Li8a/24d (0.59 Å), is expected. However, despite what is re-
ported on the site preference of Al and Ga ions in cubic LLZO,34–38

the low formation energy for AlðGaÞ0Zr is likely due to the small
charge difference between the Al(Ga) and Zr ions. Considering
the similarity between the Zr sites in the tetragonal and the cubic
structure, we do not expect the formation energies of dopants at
Zr sites to be notably different in the cubic structure. However,
the same argument cannot be made for the Li sites, and there-
fore, the formation energies of dopants at Li sites in the cubic
structure could be slightly different to what is presented in Fig. 2.
There exists a high degree of ambiguity on the site preference of
Al and Ga in cubic LLZO in the reported literature;34–40 our results
suggest a preference for the Li24d sites, but do not discount the
possibility of Al or Ga being located on Zr or Li96h sites.

3.2.2. Y doping. It is evident from Fig. 2(f) that YLa is
dominant at EF (DHf = ∼0.50 eV). This is reasonable consid-
ering the +3 charge of both ions in addition to the large ionic
radii of both La and Y ions of 1.16 Å and 1.019 Å, respectively. As
a charge neutral defect, YLa will not require charge compensa-
tion and will only result in more cation disorder in the struc-
ture. More surprising is the low formation energy of∼0.78 eV of
Y0

Zr at EF. Y
0
Zr enhances Li�i concentration as charge compen-

sation, eqn (10).

Y2O3 þ 2ZrxZr þ 2Li2Oþ 2Vx
i /2Y

0
Zr þ 2Li�i þ 2ZrO2 (10)

3.2.3. Nb and Ta doping. Nb and Ta show an almost
exclusive preference for Zr sites, Fig. 2(d) and (e), with forma-
tion energies of ∼0.80 eV and ∼0.59 eV, respectively and is in
agreement with previous DFT studies.49 NbðTaÞ��

La possess
formation energies ∼3.5 eV higher than NbðTaÞ�

Zr at EF. The
formation energy for Nb�

Zr is about 0.2 eV higher than Ta�
Zr

implying a higher solubility of Ta than Nb in LLZO. Similar to Al
and Ga, Nb and Ta will be charge compensated by the formation
of additional V0

Li, eqn (11).

ðNb=TaÞ2O5 þ 2ZrxZr þ 2LixLi/2ðNb=TaÞ�

Zr þ 2V
0
Li þ Li2O

þ 2ZrO2 (11)

3.3 Electronic conductivity

Electrical conductivity (se) in LLZO which has been linked to
dendrite formation and growth;79,80 thus a low se is essential for
longterm cyclability.81 The electronic conductivity of tetragonal
15670 | J. Mater. Chem. A, 2024, 12, 15666–15675
LLZO has also been investigated by rst principles calculations
by Squires et al.82 wherein it is suggested that the bulk electronic
conductivity of the structure is too low for governing dendrite
growth and attributes the dendrite growth to surface and defect
contributions. Our calculations show that in doped LLZO, EF is
trapped mid gap (∼2.5 eV above the VBM) and each transition
level of the aliovalent dopants occurs far from the band edges
(tabulated in ESI Table S10†) thus no increase in conductivity is
expected. Additionally, donor defects, such as AlðGaÞ��

Li and
NbðTaÞ�

Zr, are compensated for by V0
Li, while acceptor defects,

such as Y0
Zr, are compensated by Li�i .
3.4 Defect concentrations

Li ions are highly mobile in LLZO even at very low temperatures,
which is obviously also a prerequisite for its application as
a solid-state electrolyte.36 Two implications of this mobility is
that, rstly, aer sintering, all Li Frenkel pairs that emerge at
elevated temperatures will relax back to the equilibrium RT
concentration upon cooling. Secondly, when LLZO as an elec-
trolyte layer is in electrical contact with a Li reservoir, like e.g.
a Li metal anode, the Li concentration in LLZO will adjust
according to the concentration of aliovalent dopants in the
structure, regardless of possible Li loss during high-
temperature synthesis and processing. In contrast with highly
mobile Li, cation dopants are expected to be highly immobile
due to their higher formal charge, low polarizability and general
refractoryness of LLZO as a host crystal. Hence, the concentra-
tion of dopants is expected to freeze-in at elevated specic
temperatures, causing non-equilibrium defect concentrations
at lower temperatures. This situation has been described as
broken ergodicity by Grande et al.83 and the freezing-in of point
defect populations is well-known in solid state ionics.84

In the following we discuss the experimentally important
distinction between synthesis methods were the nal cation
stoichiometry (with the exception of Li) of the sample is con-
strained to the nominal stoichiometry of the precursor mate-
rials, and the situation where the nal sample of interest can
freely exchange dopants with the surroundings. Examples of the
former situation are solid-state and sol–gel synthesis where all
reactants contribute to the nal sample material, thus main-
taining the nominal stoichiometry. The latter situation applies
to e.g. thin lm deposition methods like pulsed lased deposi-
tion (PLD) or sputtering where there is not necessarily sto-
chiometric transfer from target to lm, and where there can be
substantial segregation to the lm edges, which are usually not
investigated. Single crystal growth from melt and hydrothermal
crystallization are also methods where the nominal composi-
tion of the reactants are not necessarily reected by the true
composition of the nal material.

We rst discuss the situation with constrained dopant stoi-
chiometry. Typical nominal dopant concentrations in LLZO are
0.25 dopant per formula unit.15,43,44,47,48 Assuming that all
dopants are incorporated into the LLZO structure, this results in
expected V0

Li concentrations of∼0.5 and∼0.25 per formula unit
for Al/Ga and Nb/Ta, respectively, dashed lines in Fig. 3. This is
typically what is assumed as the response to the addition of
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 VLi concentration as a function of temperature with dopants
related defects frozen-in at a sintering temperature of 1200 °C. Solid
lines display calculated equilibrium VLi concentrations, while dashed
lines depict the VLi concentration resulting from a nominal doping
concentration of 0.25 per formula unit. A concentration of 1021 cm−3 is
equivalent to∼0.27 per formula unit of Li7La3Zr2O12. The different lines
correspond to the VLi concentrations resulting from the different
dopants.
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dopants when making LLZO by solid-state and sol–gel
syntheses. However, as indicated by the differences in the defect
formation energies, some dopants are less energetically fav-
oured than others, and thus may result in the formation of
secondary phases or segregation towards grain boundaries or
surfaces. Strain elds associated with grain boundaries are
known to oen reduce defect formation energies,85 and lead to
defects accumulation at or close to grain boundaries. Secondary
phases at grain boundaries may be difficult to detect, but may
still strongly affect the sintering properties, density and elec-
trical properties of polycrystals.

Equilibrium dopant concentrations, Table 1, and resulting
V0

Li concentrations, solid lines in Fig. 3, have been calculated to
better address the solubility of the different dopants as well as
dopant concentrations from open system synthesis methods.
These concentrations have been estimated from athermal
defect formation energies at the dilute limit with the assump-
tion of equilibrium, meaning that elements can freely be added
to or removed from the system. Except for Y, typical dopant
concentrations are >10 times higher than the equilibrium
Table 1 Typical nominal dopant concentrations and calculated
equilibrium dopant concentrations given per formula unit of
Li7La3Zr2O12

Dopant Nominal (p.f.u.) Equilibrium (p.f.u.)

Al 0.25 7.8 × 10−3

Ga 0.25 2.1 × 10−6

Nb 0.25 3.6 × 10−3

Ta 0.25 2.0 × 10−2

Y 0.25 5.9 × 10−1

This journal is © The Royal Society of Chemistry 2024
concentrations calculated herein. In for example solid state
synthesis, only volatile elements such as Li can disappear from
the system, and thus lower equilibrium concentrations than
nominal concentrations imply that there is a driving force for
the formation of secondary phases.

As equilibrium concentrations give an indication of the
solubility of a specic dopant, out predicted value for Ga is
several orders of magnitude lower than the other dopants, and
doping with Ga is known to result in the formation of secondary
phases.46 Moreover, it has been reported by Schwab et al.86 that
0.20 Ga per formula unit exceed the solubility limit of Ga in
LLZO, and in their study, the amount of the secondary phases
formed could not be detected by XRD. Furthermore, if we
assume that all Ga added in this experiment result in the
formation of LiGaO2, the resulting volume fraction is ∼3%,
relatively close to the detection limit of regular XRDs. Therefore,
the formation of relatively small amounts of secondary phases
can easily be missed.

Fig. 3 shows how the V0
Li concentration changes as a func-

tion of cooling temperature for the pristine structure and
different doping regimes, where the dopant concentrations are
frozen-in at the sintering temperature. The dashed lines
describe [V0

Li] resulting from a nominal dopant concentration
of 0.25 per formula unit and the assumption that all added
dopants will be incorporated into the structure. The solid lines
show [V0

Li] resulting from equilibrium dopant concentrations.
Regardless of the synthesis technique, dopants incorporated
into the structure require charge compensation and will sta-
bilise additional defects. Therefore, a dopant's “success” is
highly dependent on both the quantity of dopant incorporated
into the structure during sintering as well as the temperature at
which its defects freezes-in. At what temperature the different
dopants freezes-in is highly complex and has not been investi-
gated in our work.

From our analysis, it is clear that all dopants, with the
exception of Y, result in a drastic increase in the V0

Li concen-
tration at RT. Ta-doping results in the largest estimated equi-
librium [V0

Li] at RT of 7.4 × 1019 cm−3 corresponding to ∼0.02
defects per formula unit. The [Ta�

Zr] frozen in at the sintering
temperature is also 7.4 × 1019 thus it can be assumed that this
is solely responsible for the increased [V0

Li]. Low formation
energies of Yx

La and Y0
Zr result in a higher equilibrium concen-

tration than the nominal dopant concentration and hence the
nominal dopant concentration showing less destabilisation of
V0

Li.
Furthermore, it is oen assumed that the added dopants

only will reside on the lowest energy sites. This, however, is not
true and is especially important to keep in mind when investi-
gating dopants that result in defects with relatively high and
similar formation energies at the Fermi level such as Ga:LLZO.
There will be a Boltzmann distribution over all available lattice
sites, and for Ga, this means that the dopants will mainly be
located at Li and Zr sites, but also at La sites. This type of non-
convergent disordering of cations has for instance been studied
in spinels,87,88 complex oxide LaSr2−xCaxCu2GaO7

89 and more
recently in tetragonal tungsten bronzes.90
J. Mater. Chem. A, 2024, 12, 15666–15675 | 15671
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3.5 Binding energies

Binding energies between dopants and V0
Li give an indication of

whether or not a dopant acts as a trapping point. Substantial
binding energies could in turn result in reduced Li-ion mobility,
and thus a reduced ionic conductivity. The binding energies
displayed in Table 2 were calculated by subtracting the energy of
a cell with a defect pair, where the defect related to a dopant is
located close to (∼3 Å) a V0

Li, from the energy of a cell, where they
are located far away (∼6 Å) from each other. Neutral cells (q = 0)
were used for all calculations. The shortest distance between two
Li8a sites is ∼6 Å, and therefore there are no calculated binding
energies for Al(Ga)Li8a with V0

Li8a . This is also true for the Li16f
sites. The Y defects show the largest binding energies, closely
followed by Ga. Both Nb and Ta show very small binding ener-
gies, indicating only weak trapping. A couple of the defect pairs
show negative binding energies which means that the V0

Li is
repelled by the dopant. At RT kBT ∼ 0.025 eV, and thus defect
pairs with binding energies lower than 0.025 eV will not be
noticeably affected by this barrier. However, small binding
energies can contribute to a slight increase in migration barriers.

Neither Nb nor Ta are located on the Li substructure, and
thus do not give strong V0

Li trapping, and have very low
formation energies. However, both Al and Ga are reported with
similar ionic conductivities despite being located on the Li
substructure, and showing relatively high binding energies.
Doping with Al, Ga, Nb or Ta increases disorder within the
structure, in particular on the Li substructure, and therefore
helps stabilise the cubic phase. We can therefore conclude that
the stabilisation of the cubic structure is the main contribution
to the high ionic conductivity and that the differences in the V0

Li

concentrations are less important. Such a conclusion is in good
agreement with the work carried out by Allen et al.91 wherein
they showed that codoping Ta-stabilised cubic LLZO with Al and
Ga resulted in a reduction in the ionic conductivity from the
monodoped Ta:LLZO (cubic phase), furthermore indicating
that Al and Ga doping into the Li substructure disrupts Li-ion
mobility. In addition, signicant binding energies between Al/
Ga and V0

Li suggest increased migration barriers, which
supports the deactivation of Li-ion diffusion around Al and Ga
ions observed in molecular dynamics simulations performed by
Garćıa Daza et al.92 Moreover, NMR studies by Posch et al.93 also
suggest enlarged migration barriers around Al ions. It is also
important to note that not only migration energy barriers, as
emphasized here, are important to the ionic conductivity, but
Table 2 Binding energies between different VLi and dopants given
in eV. The missing values arises due to some sites not existing close to
each other in the structure. Positive values describe attraction while
negative values describe repulsion

VLi8a VLi16f VLi32g

AlLi8a — — 0.060
GaLi8a — — 0.183
NbZr 0.013 0.016 −0.006
TaZr 0.003 0.013 −0.016
YZr 0.144 0.221 0.063
YLa 0.213 −0.033 −0.088

15672 | J. Mater. Chem. A, 2024, 12, 15666–15675
also Arrhenius prefactors, as found in NMR studies of LLZO
doped with Mo and Ta.94,95
3.6 Solid solubility, grain boundaries and sintering

Ga-doped LLZO is commonly reported with a higher ionic
conductivities than the Al-doped variations. Our results, showing
lower formation energies for Al defects, indicate that Al should be
easier to incorporate into the structure, thus stabilising more V0

Li

and increasing the number of charge carriers. However, this
enhanced incorporation of Al in the structure will, in addition to
increase the V0

Li concentration, result in more disruption of the
Li diffusion paths than Ga. Furthermore, Al and Ga are known to
segregate towards the grain boundaries forming competing
phases with relatively low melting temperatures which bene-
cially act as sintering aids.45,46 In so, Al and Ga crucially affect the
poor grain boundary conductivity in polycrystalline LLZO. Based
on Ga substitutional defects being less energetically favourable
than Al defects in the structure, and thus Ga is expected to show
a lower solid solubility, we expect this effect to be greater in Ga
doped structures. The effect of Al and Ga acting as a sintering aid
is likely a part of the explanation for why the reported ionic
conductivities of both Al and Ga doped LLZO are similar to the
Nb and Ta doped structures.
4 Conclusion

In summary, our calculations performed on the tetragonal LLZO
polymorph are in agreement with published experimental work
on the cubic polymorph. This implies that our results on the
tetragonal phase are good indications of what to expect of the
cubic. We suggest the disappearance of the Li16f sites as a possible
explanation for the large difference in ionic conductivity between
the tetragonal and cubic polymorphs. Doping with Y does not
result in an increased V0

Li concentration. Doping with Al, Ga, Nb,
or Ta will increase the V0

Li concentration and increase disorder on
the Li substructure, thus stabilising the cubic LLZO structure. Al
and Ga are located on tetrahedrally coordinated Li sites andwill as
a result block Li paths and disrupt Li ion mobility. Doping LLZO
with Ga has been shown experimentally to give the best ionic
conductivities, but our calculations show that doping with Ga will
result in some trapping and less stabilisation of V0

Li than the other
donor defects. Therefore, we suggest that the effect of dopants on
the sintering process is themost important property of the dopant
aer the ability to stabilise the cubic LLZO structure.
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