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Theoretical approaches to defect mechanisms and
transport properties of compounds used for
electrodes and solid-state electrolytes in alkali-
ion batteries†
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The transition from fossil fuels to cleaner energies employing different renewable sources constitutes one

of the primary worldwide challenges. The search for appropriate solutions is becoming more urgent in

view of the severe consequences of climate change. As for a perspective, stationary energy storage, alkali-

ion batteries and hybrid supercapacitors are, among others, considered as efficient and affordable

solutions. Alkali-ion batteries have proved to be the most investigated products in the past decade

including optimizations for cost, energy density and safety. In this Perspective, a computational approach

and its applicability in the inverse material design are presented. This approach includes density functional

theory calculations, force field-based determinations and both static and molecular dynamics simulations.

As for an illustration, the main properties of a selected series of battery materials, including oxides and

sulfides Li2SiO3, Li2SnO3, SrSnO3, and A2B6X13 (A = Li+, Na+, K+; B = Ti4+, Sn4+; X = O2�, S2�), and mixed

halide antiperovskite A3OX (A = Li+, Na+; X = Cl�, Br�) are explored in depth using these theoretical

approaches. Doping strategies, new dopant incorporation mechanism, treatment with alkali insertion/de-

insertion cycle in electrodes, transport properties, as well as thermodynamic stability, are discussed.

Theoretical approaches reveal that the oxygen–sulfur exchange in alkali hexatitanates and hexastannates

induces remarkable improvement of the required properties for electrode and electrolyte materials. In

addition, doping of Li2SiO3 with low Na-concentration enhances the room temperature Li-diffusivity by a

reduction of the activation energy. The effects of transition-metal and divalent dopants on the defect

chemistry and transport properties of Li2SnO3 are also disclosed. The interstitial trivalent doping mecha-

nism is a friendly synthesis strategy to improve the large-scale diffusion in Li2SnO3. The potential of SrSnO3

as an anode in alkali-ion batteries, and the influence of a particular grain boundary in nanocrystalline anti-

perovskite A3OX are also revealed by using advanced atomistic simulations. The computational approaches

described here provide us with a convenient tool for the determination of the properties of battery materi-

als with high accuracy and for the prediction of characteristics of a new generation of alkali battery materi-

als that could be used in improved technologies.

1. Introduction

For a successful use as an electrode and electrolyte in an alkali-ion
battery, the material should satisfy specific requirements, some of
those key requirements are common for both the electrode and

the electrolyte.1–13 The principal prerequisites for a material to be
considered as a main component of a rechargeable alkali-ion
battery are: the material (a) contains a reducible/oxidisable ion,
such as a transition metal atom (for the positive electrode being
called the cathode), (b) has high chemical and mechanical
stability, reacting reversibly with the alkali-ion with a minimal
structural change upon insertion/extraction of the alkali-ion lead-
ing to good cycle life, (c) has excellent electronic and alkali-ion
conductivity facilitating the electrochemical reaction, (d) accom-
modates several alkali-ions per metallic alkali in order to provide
high capacity and energy density, (e) having a high voltage for the
cathode (E4 V) and a low voltage for the anode (E0.5 V) to satisfy
the 5 V electrochemical window for the electrolyte stability, and (f)
low cost and environmentally benign. In addition, the solid-state
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electrolyte must be malleable (having a reasonably small Young’s
Modulus and being mechanically stable), ensuring good contact
with the electrodes, and possessing insulating electronic charac-
teristics to avoid reactions with the electrodes which cause
undesirable alkali loss during the charge/discharge process, den-
drite formation and high electronic conductivity through the
electrolyte (producing possible short-circuit).1–13 Throughout this
paper, a material with a potential application as an electrode
(either a cathode or an anode) and an electrolyte, as well as a
coating electrode, is labelled a battery material.

As for the anode, a comprehensive evaluation of its perfor-
mance is still needed to select the best candidate material.14–16

For instance, carbon-based anodes have a specific capacitance
lower by a factor of 10 compared to alkali-containing anodes.14–16

Lithium titanium oxide (Li4Ti5O12) remains the most commonly
used Li-containing anode due to its relatively high ionic conduc-
tivity at operating temperatures and zero-stain upon cycling.15,17

On the other hand, sulfide-containing compounds have
been shown to be potentially suitable for energy storage
applications.18–21 The advantages of this class of compounds
are that they behave as better ionic conductors and are deform-
able compared to their oxygen-containing counterparts. Their
intrinsic deformability allows better contact between the electrode
and the electrolyte and reduces grain boundary resistance.18–24 Of
particular interest are the alkali hexatitanates, which have a
tunnel structure responsible for their key physicochemical
properties.1–4,25–28

Several studies have been devoted to the improvement of
different properties of battery materials. The most popular
method used for such a purpose consists of a compositional
modification of the lattice structure upon creation of ionizable
species within the compound thereby leading to free mobile
charge carriers. This concept is well known as doping.29,30

Various synthesis methods have been designed for doping and
tuning the charge carrier concentration in the sample.30–33 A
majority of these experimental methods are rather expensive,
especially for research groups from developing countries. There-
fore, advanced atomistic simulations can help the experimental-
ists to select appropriate dopants to improve a particular
property, alleviating negative effects.1–10,22,23

This manuscript is devoted to a review of our recent advances
in the design of selected battery materials. The structural and
electronic properties, thermodynamic stability, defect chemistry
and transport properties of a series of compounds, including
Li2SnO3, Li2SiO3, SrSnO3, A2B6X13 (A = Li+, Na+, or K+; B = Ti4+ or
Sn4+; X = O2� or S2�) and alkali–halide oxides A3OX (A = Li, Na,
X = Cl or Br), are explored employing advanced atomistic
simulations. A clear description of the computational protocols
used for atomistic simulations is essential for inverse material
design. A number of relevant questions need to be answered in
this process, namely, how these computational protocols help
the experimentalists in selecting a battery material? What are the
precautions to be taken when these computational approaches
are used for prediction? How transferable are these computa-
tional protocols for predicting the properties of other classes of
compounds? In this manuscript, we set out to provide convin-
cing answers, illustrated by our recent work, to these questions.
We intend to disseminate these computational protocols as a
reasonable tool for exploring the meaning of some main proper-
ties of current and future battery materials including their defect
mechanisms and transport properties at the molecular level.

2. Computational approaches

The relevance of employing computational approaches in materials
design, synthesis strategies and defect engineering investigations
has been proven during the development of energy storage
devices.15,22–24 We have used various computational methods to
investigate the structural and electronic properties, mechanical and
thermodynamic stability, defect formation and migration in rele-
vant battery materials.1–10 These methods are summarized in the
ESI† for disseminating these computational protocols and stimu-
lating their use by the readers.

Fig. 1 displays the computational approaches used in this
manuscript. These computational protocols – that are categorized
as force field-based and quantum chemical-based methods –
include different sets of computations using density functional
theory (DFT) computations, static simulations based on the
nudged elastic band (NEB), synchronous transition state (Sync),
defect energetics computations and large-scale molecular
dynamics (MD) simulations. The band structure, density of the
states, open cell voltage, and mechanical and thermodynamic
stability are properties predicted using DFT computations. Static
simulations are used to explore the solution and binding energy
of dopants for understanding the defective energetic behavior
of a given structure. The NEB method is useful for studying
the migration path and evaluating the transport properties at
different temperatures. The MD protocol is mainly used to
disclose the alkali transport properties for large systems with
defect engineering included. In what follows, applications of these
protocols to a selection of battery materials are discussed in detail.

Let us stress again that the primary aim of this paper is to
share our computational approaches, protocols and experience
in identifying the key properties of battery materials and their
potential transferability to the theoretical study of other typesFig. 1 Integrated computational approaches.
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of solid-state compounds. The sections of the present paper
describe in some detail the findings from our computational
protocols, as outlined in the ESI† file, through a series of case
studies. Each section provides a comprehensive analysis and
discussion of the physicochemical properties of the com-
pounds investigated. In each case study, we emphasize the
particular computational methods utilized and the corres-
ponding properties determined from them.

3. Selected case studies
3.1 Disclosing the effect of oxygen–sulfur exchange on the
relevant properties of alkali-metal hexastannates and
hexatitanates employing DFT computations

Alkali hexatitanates A2Ti6O13, with A = Li+, Na+ or K+, exhibit a
tunnel structure facilitating the intercalation of alkali-ions.3,4,28–32

These compounds can accommodate about three alkali-ions per
formula unit in the potential range of 0.9–1.5 V.3,4,28–32 Sulfur-
containing compounds have been shown to have better ionic
conductors and deformability.11,21,22 Taking advantage of both
sulfur-containing compounds and A2Ti6O13 tunneled structures,
we explored relevant properties of A2B6X13 with A = Li+, Na+ or K+;
B = Ti4+ or Sn4+ and X = O2� or S2� compounds.

New battery materials can be obtained by simple full sub-
stitution of one host ion by another with the same valence
charge; this method is known as the ion exchange. Fig. 2(a)
includes two specific ion exchange cases, with the aim of
obtaining Na2Ti6X13 from Li2Ti6X13 via Na/Li ion exchange,
and the second example results in A2Sn6X13 from their
A2Ti6X13 counterpart via Sn/Ti ion exchange. Following the
DFT protocol described in the ESI† file, DFT computations
were carried out to determine their respective ground state
properties.3,4 The designed monoclinic A2B6X13 structure con-
tains an array of three zig-zag [BX6] octahedral sharing edges
forming a chain (cf. Fig. 2(a)).3,4,28–30 The results regarding the
variation of the lattice parameter show that O2�/S2� exchange
induces expansion of the cell parameters, reducing the b angle
as compared to their oxygen-containing counterpart.3,4 Such a
change in the cell parameters is a direct consequence of the ion
exchange.3,4

Fig. 2(b) and (c) depict the energy gap (Eg) values of A2B6X13

structures derived from various exchange functionals within
the generalized gradient approximation (GGA),3,4 including
the Perdew, Burke and Ernzerhof (PBE), Revised Perdew, Burke
and Ernzerhof (RPBE), Perdew–Wang (PW91) and PBE with
Wu-Cohen (WC). The predicted sulfur A2Sn6S13 materials have
smaller Eg values as compared to their oxygen A2Sn6O13 counter-
parts. A2Sn6X13 are semiconductors in which K2Sn6S13 has the
smallest Eg value. The new sulfur compounds A2Ti6S13 have smaller
Eg values (cf. Fig. 2(c)). The metallic character is emphasized for
Li2Ti6S13 and K2Ti6S13, making these sulfur compounds promising
electrode materials.

Tables S1 and S2 provided in the ESI† file show that all of
these compounds are stable with respect to decomposition
processes.1,3,4 Furthermore, the values of decomposition

reaction energy of the alkali-ions are the lowest ones,1,3,4

implying that the alkali-ion comprises the charge and mass
carriers responsible for the overall transport properties in these
compounds. These results reveal the ability by which the alkali-
ion exchange occurs during the synthesis, suggesting a real
possibility of the formation of these new compounds.

In view of their energy gap, A2B6O13 oxides remain as
semiconductors, whereas A2B6S13 sulfides take on accentuated
metallic character. A comparison of the electronic properties

Fig. 2 (a) Outline representation of the A2B6X13 structures. The figure
inset shows the conventional cell of the A2B6X13 structures and the ion
exchange methods. Band gaps (in eV) of (b) A2Sn6X13 and (c) A2Ti6X13

structures calculated using different functionals. Experimental values of
A2Ti6O13 are included in (c) for comparison.
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and stability points out that the O2�/S2� ion-exchange results in
better electronic properties and higher thermodynamic stabi-
lity for A2B6S13 structures.3,4 The open cell voltage ranges
between the values previously reported for known battery
materials.3,4,17–19 In summary, the oxygen–sulfur exchange in
alkali hexatitanates and hexastannates improves the required
properties for battery materials.

3.2 Combining lattice static simulations with MD computations
for evaluation of Li2SiO3 as an inorganic solid electrolyte

The solid-state electrolyte is the other important component in
energy storage devices. Of particular interest, we used the com-
putational protocol exposed in the ESI† to explore the Na+ and K+

storage proficiency of the lithium silicate Li2SiO3 for alkali-ion
batteries. Defect energetics of various alkali incorporation
mechanisms into the Li2SiO3 lattice structure were studied.5

The first incorporation scheme involves a replacement of alkali
leading to no charge defects in defective Li2SiO3. The second
defect scheme is the Li2O Schottky defect, which involves two Li
vacancies V0Li

� �
and one oxygen vacancy V��O

� �
for charge compen-

sation, resulting in a Li2�xSiO3�0.5x sample. The last incorporation
mechanism is a combination of these schemes resulting in the
formation of Li2�xNaxSiO3�0.5x and Li2�xKxSiO3�0.5x samples.5

The results of static simulations reveal the favorable incor-
poration of Na- and K-ions into the Li2SiO3 lattice structure.5 The
binding between Li and O vacancies is favorable and reduces the
formation energy of Li2O Schottky defects.5 Formation of defect
clusters is confirmed by binding energy values. Na- and K-doping
schemes are favorable to the presence of Li2O Schottky defects.
The strength of the Coulombic A–O interactions is the source of
such strong binding energies.5

Following the MD protocol described in the ESI† and in detail
in ref. 5, the transport properties of the pristine Li2�xSiO3�0.5x,
and doped Li2�xNaxSiO3�0.5x and Li2�xKxSiO3�0.5x samples were
further studied. Fig. S3 (ESI†) displays the temporal evolution of
the MSDs of the Li-ion in Li2�xSiO3�0.5x, Li2�xNaxSiO3�0.5x and
Li2�xKxSiO3�0.5x at different temperatures and defect concentra-
tions (x). All MSDs increase linearly with time, which indicates
favorable Li-ion migration within Li2SiO3 structures. In the case
of Na- and K-doped samples, reduction of Li-ion diffusion for the
majority of dopant concentrations is observed, except for x =
0.06, where Li-ion diffusion is considerably improved. Besides,
Na- or K-ion diffusion is lower than the Li counterpart in
Li2�xNaxSiO3�0.5x and Li2�xKxSiO3�0.5x systems.5

Fig. 3(a)–(e) show the Arrhenius dependence of Li-ion diffu-
sion for each system. At concentrations of x = 0.02 and 0.06, the
Na-doped sample exhibits higher Li-ion diffusion than the pris-
tine sample; while at x = 0.06 the K-doped sample has higher
Li-ion diffusion as compared with the pristine sample. The
calculated activation energies (denoted as Ea) range between 0.3
and 0.6 eV,5 in agreement with previous findings.34 The Na-doped
sample has the lowest Ea value of 0.3 eV at a defect concentration
of 0.02. This value is lower than others calculated for similar
compounds, showing the potential of this composition as a solid-
state electrolyte for alkali-ion batteries. The K-doped sample has

the lowest Ea at a defect concentration x = 0.14. For the pristine
sample upon defect concentration change, the corresponding
activation energies are practically constant (E0.5 eV).5

Fig. 3(f) shows the diffusion coefficients of these systems at
300 K extrapolated from the previous Arrhenius fit. As is shown
in Fig. 3(f), the highest diffusion coefficient is obtained for the
Na-doped sample with x = 0.02. The influence of Na-doping on
Li-ion diffusion is not significant at higher Na concentrations
in the Li2�xNaxSiO3�0.5x system. Besides, the K-doped sample
results in a higher Li-ion diffusion coefficient at higher dopant
concentrations (x 4 0.06). In this sense, Na-doping at low and
K-doping at high dopant/defect concentrations can be used to
improve the Li-ion transport of Li2SiO3, thus encouraging
further experimental verifications and application as a solid-
state electrolyte for current or future rechargeable alkali-ion
batteries.

3.3 Disclosing the lithium and sodium ion migration in
Li2Ti6O13, Na2Ti6O13 and Li2Sn6O13 structures with the aid of
NEB computations

Of particular interest, the migration path of the Li+ and Na+ ions
in the Li2Ti6O13, Na2Ti6O13 and Li2Sn6O13 compounds were
explored using NEB computations, disclosing their capability
to act as anode materials for alkali-ion batteries. The potential-
based method is applied using force field parameters discussed
in ref. 1 and 22 was adopted to model the pair ion interactions in
Li2Ti6O13, Na2Ti6O13 and Li2Sn6O13 structures. Supercells of 2 �
3 � 2-unit cells of Li2Ti6O13, Li2Sn6O13 and Na2Ti6O13 were
selected to create the initial, final and replica (image) structures.
Fig. 4(a) displays the conventional representation of Li2Ti6O13,
Li2Sn6O13 and Na2Ti6O13, a scheme of the [AO4] (A = Li, Na, K)
channel of the initial and final structures is depicted in Fig. 4(b).
Two main incorporation mechanisms involving alkali substitu-
tion, and alkali and oxygen vacancies were considered for defect
engineering in the host Li2Ti6O13, Na2Ti6O13 and Li2Sn6O13

lattice structures.

Fig. 3 (a)–(e) Arrhenius-type plots for Li-ion diffusion in Li2�xSiO3�0.5x

(LSO), Li2�xNaxSiO3�0.5x (LNSO) and Li2�xNaxSiO3�0.5x (LKSO) as a function
of the dopant concentration (x). (f) Dependence of the Li-ion diffusion
coefficient with respect to the dopant concentration (x) at 300 K.
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From the results of defect energetics computations, we
found that the energy of an alkali vacancy creation is lower
for Na in Na2Ti6O13 as compared to the Li vacancy in the
Li-containing counterpart.2 The Na substitution energy in
Na2Ti6O13 is negative, revealing the good Li storage capability
of Na2Ti6O13.2 The solution energies for Na substitution at the
Li-site in Li2Ti6O13 and Li2Sn6O13 lattice structures, and Li at
the Na-site in Na2Ti6O13 are negative, inferring that these
compounds do not accept this modification without a signifi-
cant structural change as a consequence.2

The results of NEB calculations of Li and Na migration of
Li2Ti6O13, Li2Sn6O13 and Na2Ti6O13 are shown in Fig. 4(c). The
computed energy barriers (Ea) are 0.47 and 0.52 eV for Li
migration in Li2Ti6O13 and Li2Sn6O13 structures, respectively.
These values are smaller than those previously reported for
other Li and Na containing compounds.2,35 Concerning Li
migration, the energy barrier is smaller in Li2Ti6O13, which is
attributed to the shorter Li–Li jump distance through the [LiO8]
channel.2,26–28 The small difference in Ea values reveals that
Li2Sn6O13 is a potential anode candidate.

The most effective alkali diffusion corresponds to Li migration
in Na2Ti6O13 with the lowest energy barrier (0.4 eV), followed by
Na migration in Li2Sn6O13 and Li2Ti6O13. Experimental studies
explained a mechanism for Li insertion, which involves Ti4+ to
Ti3+ reduction.36,37 In our case, Ti4+ reduction is not considered as
an incorporation mechanism and neutrality scheme.2

The Na2Ti6O13 structure has potential transport properties
for the anode in Li-ion batteries due to its better Li diffusion, in line
with previous reports regarding Li insertion into the Na2Ti6O13

anode.26–28 Values of Na and Li migration in Na2Ti6O13 point out
the difference in diffusivity of four orders of magnitude higher for
Na+-migration.2 This is also in line with the report of fast Na and
low Li diffusion in the Na2Ti6O13 structure.37 The presence of
multiple transition state structures can be the source of the
performance deterioration as anodes of these compounds.2 The
influence of such pseudo-transition state structures on transport
properties is discussed in detail in ref. 2.

3.4 Exploring the underutilized potential of strontium
stannate as an anode for alkali-ion batteries with the aid of DFT
and MD simulation computations

The strontium stannate material (denoted as SrSnO3 or SSO) is
involved in many technological applications.38–40 Concerning its
application in batteries, SSO has been studied experimentally as
an anode,39,40 but the lithiation/delithiation mechanism remains
unresolved. Fig. 5(a) displays a conspectus of this section.
Advanced atomistic simulations were performed to investigate
the electronic properties and migration in alkali-doped SSO
disclosing the influence of alkali ion inclusion on the electronic
structure and alkali transport properties of mono- and polycrystal-
line SSO. Defect energetics computations were performed in
considering the incorporation mechanism involving A+ interstitial
and Sr-vacancy as predominant point defects.8,9

Fig. 4 (a) Li2Ti6O13, Li2Sn6O13 and Na2Ti6O13 lattice structures, green
polyhedra represent the TiO6/SnO6 octahedra, blue and red balls repre-
sent the A+ (Li+ or Na+) and O ions, respectively, (b) initial and final
structures for NEB and Sync calculations of the [AO8] channel, and
(c) energy profiles obtained by NEB computations.

Fig. 5 (a) Research workflow used in ref. 8 and 9. (b) Discharge voltage/
capacity profile of A+ doped SrSnO3 (A = Li+, Na+, K+). A-SSO denotes Li-,
Na- and K-doped SrSnO3. (c) Temporal evolution of MSD at each tem-
perature in nanocrystalline A-SSO samples, and (d) Arrhenius plots of
diffusion coefficient (D) for A-SSO samples.
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The results of defect energetics computations point out that
the SSO structure accepts the inclusion of A+ interstitially with a
low energetic cost. In addition, the trapping effect of the Sr-
vacancy of alkali-ions is reported.8,9 From the results of defect
energetics computations, the alkali interstitial mechanism
allows the reactivity of the alkali ion with the SSO host structure
to be explained, with consequences on the performance of SSO
as anode.8,9

Commonly the SSO anode operates mainly in two steps;
firstly by a conversion and secondly by an alloying/dealloying
process.39–41 A proposal for a complete set of first discharge
reactions for SSO anode, where the A+ interstitial mechanism is
involved, was discussed in ref. 8 and 9. Fig. 5(b) shows the
evolution profile of open cell voltage vs. theoretical capacity of
A-SSO samples in which the common slope and plateau profiles
in this anode material are observed in experiments employing
SSO as anode for Li-ion batteries.39,40 During the discharge
progress, the Li-SSO shows the highest voltage variation. The
plateau region for Na-SSO is observed at E0.6 V, while those for
Li- and K-ions appear at E0.5 V. These low voltage values make
the SSO compound quite suitable as an anode in alkali-ion
batteries. In addition, our detailed description (disseminated in
ref. 9) can be used to explain the unexpected high capacity of
SSO nanorods, by estimating the amount of alkali-ions in the
sample.9,39,40

Fig. 5(c) displays the of MSD plot versus simulation time for A+-
ions in nanocrystalline SSO at different temperatures. A mono-
tonic increase of the MSD is observed upon temperature change.
In comparison to Li-diffusion, both Na- and K-migrations are
discreetly lower (cf. Fig. 5(d)), which is attributed to their larger
ionic radius and heavier molar mass. The calculated Ea values for
Li-, Na- and K-SSO samples point out that Li-doped samples have
better transport properties.9 While the transport properties are
improved by the Li and Na interstitial incorporation mechanism,
K-doping is less promising.9

The predicted values of diffusion coefficient at ambient
temperature are similar to other anode materials used in
alkali-ion batteries.8,9 Considering the high capacity, low open
cell voltage, and low diffusion barrier, the SSO compound
represents a potential candidate for anode in Na-ion batteries,
but again, less promising for K-ion batteries.

3.5 Static and molecular dynamics simulations providing
doping strategies for improving the transport properties of
Li2SnO3

Lithium stannate (Li2SnO3) is currently considered for many
energy storage applications, including solid-state electrolyte,
electrode and coating material in Li-ion batteries. By combin-
ing static and large-scale MD simulation, transition metal and
divalent-doped Li2SnO3 derivatives were discussed in terms of
transport properties, providing doping strategies to enhance
the transport properties of this material.6,7

In order to disclose the transport properties, we studied
various incorporation mechanisms: (a) Li2O Schottky defect in
undoped Li2SnO3, (b) divalent dopant (M2+) at the Li-site with

Li-vacancy formation M�Li � V0Li
� �

, and (c) substitution of M2+ at

the Sn-site leading oxygen vacancy M00Sn � V��O
� �

. In addition, for
trivalent dopants (M3+), various defect reaction equations were
considered.6,7

The solution, binding and final solution energies (Es, EB and
Ef, respectively) were computed accordingly following the defect
energetics protocol. Fig. 6(a) shows the results of Es, EB and Ef

of each dopant. The formation energy of Li2O Schottky defects
is 2.0 eV per defect, close to the reported values in previous
works.6,7,42

The Es value varies from 1.8 to 2.8 eV per dopant for M2+ at
the Li-site giving rise to a Li-vacancy as a compensation/incor-
poration scheme. The Cd2+, Sc2+ and Mn2+ dopants have the
lowest Es and Ef values. In this direction, the Cd2+, Sc2+ and Mn2+

dopants are favorable in controlling the Li-vacancy concen-
tration in the sample with favorable energetic cost. All binding
energies are negative, showing the effective formation of defect
clusters within the incorporation mechanisms considered.

The introduction of a divalent dopant at the Li-site generates
strong attractive interactions, while the interaction becomes
even stronger for M00Sn � V��O pairwise. For divalent dopants,
Zn2+, Fe2+ and Co2+ emerge as the best dopants controlling the
oxygen vacancy concentration, whereas Sc2+ and Cd2+ are more
appropriate for fine tuning the Li-vacancy concentration in M2+-
doped Li2SnO3 samples. Fig. 6(b) shows the defect energetic
behavior for transition metal dopant, specifically for the 3+
charge state. The Li-interstitial mechanism has lower Es and Ef

values, suggesting that the Sn-site with Li-interstitial charge
compensation is the preferential incorporation mechanism for
trivalent dopants. Binding energies for trivalent dopants are
similar to those discussed above for divalent dopants.

The Li-transport properties of doped Li2SnO3 samples were
evaluated.6,7 Fig. 6(c) shows the Arrhenius dependence of both dc-
conductivity and diffusion coefficient for divalent doped Li2SnO3

samples. For divalent dopants (Sc2+, Zn2+, Cd2+ and Eu2+), the dc-
conductivity (s) values were derived from the diffusion coefficient
by using the Nernst–Einstein transformation.7 Li-transport prop-
erties were evaluated for both mono- and nanocrystalline Li2SnO3

divalent-doped samples.7 In monocrystalline divalent-doped
Li2SnO3, all studied dopants tend to improve the Li-transport
properties with low activation energies and diffusion/conduction
of more than one order of magnitude, as compared to the
undoped Li2SnO3 case.7 The activation energy is calculated
to amount to between 0.40–0.44 eV for diffusion and 0.34–0.38 eV
for conduction. In monocrystalline divalent-doped Li2SnO3,
Zn2+ is the best candidate for enhancement of transport proper-
ties. A reduction of the activation energy to 0.39–0.43 and 0.33–
0.36 eV for diffusion and conduction, respectively, is detected
in their polycrystalline counterparts. Besides, activation ener-
gies are smaller in polycrystalline samples, except for the
nanocrystalline Zn2+ doped sample.7 Consequently, the Li-ion
transport properties can successfully be improved by doping
with divalent dopants, leading to a better battery performance
of polycrystalline samples.6,7

In the case of transition metal dopants, our results pointed
out that the Li-diffusion coefficient is higher by one or two
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orders of magnitude as compared to the undoped Li2SnO3,
where the Li-interstitial scheme is involved.6 The reduction of
the average Li–Li distance constitutes the source of such
improvements in transport properties, reducing the activation
energy and alleviating Li-migration. As Mn3+ and Co3+ dopants
have the lowest Ea with respect to the charge state and relatively
low Ef, they can be considered for improvement of the transport
properties in transition metal doped Li2SnO3 samples.6

Furthermore, the inclusion of transition metal and pure diva-
lent dopant into the Li2SnO3 structure effectively improves the
quality of transport properties of Li2SnO3 with direct improve-
ment for electrode/electrolyte in alkali-ion batteries.6,7

3.6 Transport properties of alkali–halide oxides A3OX (A = Li,
Na, X = Cl, Br) nanocrystalline samples by MD simulations

The Li-rich antiperovskite Li3OX (X = Cl�, Br�) has attracted
much scientific interest as an inorganic electrolyte.43–45 In
mixed anionic samples such as Li3OCl1�yBry and Li3�xNax-

OCl1�yBry, the Cl/Br mixing has an irrelevant contribution to
the conducting properties, but these doping strategies can be
considered for gauging their transport properties.43–48 In ear-
lier studies the explicit influence of the grain boundaries on the
transport properties in polycrystalline A3OX samples was dis-
cussed, but this needs further revision.45,46 High density of

P
3

grain boundary type is expected to appear in real polycrystalline
samples due to their low formation energy.45,46

By using large scale MD computations, we disclosed the
transport properties of nanocrystalline A3OX (A = Li, Na, X = Cl,
Br) samples with the presence of

P
3(111) grain boundaries.

Following the coincidence site theory,45,48 the symmetric tiltP
3(111) grain boundary was constructed from the A3OX (A =

Li+, Na+, X = Cl�, Br� in an ionic form) unit cell structures (see
Fig. 7a).

We used the
P

3(111) grain boundary as the seed, applying
the Voronoi tessellation method for generating the nanocrystal-
line A3OX simulation boxes of 80 � 80 � 80 Å3. These nano-
crystals contain three grains connected with

P
3(111) grain

boundaries.10 The migration mechanism considered involves
the A+- and X�-vacancies forming an alkali-halide Schottky
defect in these structures, facilitating the alkali migration.10

Fig. 7(b) and 7(c) show the results of the stransport properties of
A3OX, Li2NaOX and Na2LiOX compounds. From the activation
energies given in Fig. 7(b), Na3OBr appears to have better transport
properties with low activation energy for both conduction (Es

a)
and diffusion (ED

a ), and with higher conductivity at ambient
temperature.10

The results collected in ref. 10 disseminate the effect of grain
boundary on the transport properties in these nanocrystalline

Fig. 6 Solution (Es), binding (EB) and final solution (Ef) energy of (a) (brown blocks) M2+ at Sn-site with an oxygen vacancy and (blue blocks) M2+ at a Li-
site leading a Li-vacancy compensation mechanism, respectively. (b) Es, EB and Ef for transition metal dopant incorporation schemes, and (c) Arrhenius
plot of Li-ion diffusion coefficient (D) and dc-conductivity (s) of mono- and polycrystalline M2+-doped Li2SnO3 samples, respectively.
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samples.10 The magnitude of the conductivity agrees with the
available experimental findings.10,45,46,48 In this sense, our com-
puted results are not only consistent with previous findings, but
also explicitly explain how the presence of the

P
3(111) causes

the high grain boundary resistance affecting the transport
properties in real samples.10,45

The Li2NaOX nanocrystals have the lowest activation energies
for both charge and mass transport processes (see Fig. 7(c)). The
Na-conductivity at 300 K of 10�7 S cm�1 for conduction in Li2NaOCl
nanocrystal is in good agreement with reports in the pristine
Na3OCl.10,43,45,46 In the case of the other mixed alkali bromide
Li2NaOBr nanocrystal, we found that the Li- and Na- conductivity at
300 K is in the order of 8 � 10�8 S cm�1.10 The Na+ conduction
induces improvements in transport properties in Na2LiOX nano-
crystals. Comparing the Na2LiOX nanocrystals, the Na2LiOCl has
better Na-transport properties instead of Li-migration.10

Analysis of the trajectory density map is a powerful tool to
elucidate the dimensionality (1D, 2D and 3D) of alkali migra-
tion within a lattice structure.7,10,45,46 The 3D characteristics of
alkali-ion migration are confirmed from the analysis of the
trajectory density map.10 Data concerning trajectory density
maps are given in the ESI† file (see Fig. S4 and S5). There is
observable evidence for the grain resistance with high density
maps near the grain boundaries.

In summary, large-scale molecular dynamic simulations
show that the nanocrystalline alkali-ion mixed halides–bro-
mides exhibit higher activation energies for transport processes
as compared to previous theoretical computations,10,43–45 and
the activation energies found to lie much closer to the experi-
mental data. This can be attributed to the introduction in our
model of higher atomic density at the

P
3(111) grain bound-

aries. Despite some observations for deterioration of transport
properties in mixed alkali halide–bromide samples (Li2NaOX

and Na2LiOX), they can still be considered as alternative solid-
state electrolytes in both Li- and Na-ion batteries.

4. Concluding remarks

In this Perspective, we have presented a set of practical theore-
tical protocols based on density functional theory, and static
and large-scale molecular dynamics computations to determine
the main properties of battery materials. These computational
protocols allowed the exploration and prediction of their struc-
tural and electronic properties, together with a determination
of the open cell voltage, thermodynamic stability and transport
properties.

Of particular interest, a set of new compounds have been
proposed by using cation and/or anion substitution in A2B6X13

(A = Li+, Na+ or K+; B = Ti4+ or Sn4+; X = O2� or S2�) structures.
Such a substitution is based on experimental backgrounds
concerning the ion exchange method. Following DFT protocols
presented throughout the sections, exploration of the structural,
electronic and thermal stability of the A2B6S13 and A2B6O13 struc-
tures disclose that the sulfur derivatives have larger lattice para-
meters, better electronic structures and stability as compared to
their oxygen counterparts. The potential application of the A2B6X13

compounds including A = Li+, Na+ or K+; B = Ti4+ or Sn4+; X = O2� or
S2� as an anode/electrolyte can now be presented to the experi-
mental community.

Defect chemistry and MD simulations allowed us to propose
the silicate Li2SiO3 compound as a potential material for solid-
state lithium batteries. Static simulations based on combined
nudged elastic band computations were carried out for an
understanding of the Li- and Na-ion migration process of
Li2Ti6O13, Li2Sn6O13 and Na2Ti6O13. Calculated results empha-
sized the presence of quasi-transition state structures lowering
the energy barriers of Na+- and Li+-ion migrations in Na2Ti6O13

electrode.
DFT computations, together with MD simulations and

defect energetic analysis, revealed the underutilized potential
of SrSnO3 as an anode for alkali-ion batteries. Trivalent/divalent
doping emerges as an improvement of the transport properties
of Li2SnO3, highlighting the substantial enhancement of the
Li-ion migration in this compound. The influence of

P
3(111)

grain boundaries on the transport properties of A3OX nano-
crystals was also discussed. These polycrystalline samples are
characterized by higher activation energies as compared to
values reported in previous theoretical studies, but much closer
to the experimental data, which is attributed to the higher
density at the

P
3(111) grain boundaries considered in our

model. The Na3OBr is a promising compound for solid-state
electrolytes in Na-ion batteries technologies. In addition, mixed
alkali halides–bromides nanocrystals (Li2NaOX and Na2LiOX)
can also be considered as inorganic solid-state electrolytes for
both Li- and Na-ion batteries.

Remarks concerning the advantages and disadvantages
inherently associated with the computational protocols were
presented by means of many specific examples presented in

Fig. 7 (a) Outline of alkali-halide oxides A3OX (A = Li, Na, X = Cl, Br)
nanocrystalline samples in the presence of

P
3(111) grain boundaries.

Activation energy (in eV) for Li- and Na-diffusion (ED
a ) and conduction (Es

a )
of (b) A3OX and (c) Li2NaOX and Na2LiOX compounds.
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this manuscript. For instance, the DFT method is good for
relatively small systems, but it is necessary to use various
exchange–correlation functionals. The intrinsic underestima-
tion problem needs also to be examined carefully. For force
field-based computations, the selection of the force field is
another crucial criterion to be considered. While the NEB
computation is good for a rapid prediction of transport proper-
ties, large–scale MD computations are more appropriate to
consider explicitly the temperature dependence of the struc-
tural and transport properties of the compounds considered.
For the NEB and synchronous transition state computations,
the selection of initial and final structures, together with the
number of replicas connecting the reactant and product in a
hypothetical reaction, as well as the spring constant, are of vital
importance for confident prediction of transition state struc-
ture and transport properties.

To perform more accurate MD computations, it is necessary
to first perform an equilibration and relaxation with periodic
boundary conditions to ensure that the thermodynamic equili-
brium of the system is reached. For the production run the use
of the NVT ensemble is needed to avoid the volume change in
order to obtain reasonable diffusion data.

The theoretical protocols presented and discussed in the sec-
tions can, in principle, be applied to other types of solid-state
compounds to predict, with reasonable accuracy, their properties
related to their possible applications as battery materials.
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E. Baudrin, J. Power Sources, 2007, 174, 1172–1176.

29 J. Maier, Z. Anorg. Allg. Chem., 2017, 643, 2083–2087.
30 M. Shimizu, K. Kimoto, T. Kawai, T. Taishi and S. Arai, ACS

Appl. Energy Mater., 2021, 4, 7922–7929.

PCCP Perspective

Pu
bl

is
he

d 
on

 2
8 

 2
02

3.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3.

07
.2

02
5 

10
:5

7:
55

. 
View Article Online

https://doi.org/10.1039/d3cp03627h


This journal is © the Owner Societies 2023 Phys. Chem. Chem. Phys., 2023, 25, 27926–27935 |  27935

31 N. Sarukura, T. Nawata, H. Ishibashi, M. Ishii and
T. Fukuda, Czochralski growth of oxides and fluorides, in,
Handbook of Crystal Growth, ed. P. Rudolph, Elsevier, Bos-
ton, MA, USA, 2nd edn, 2015, pp.131–168.

32 H. Kim, Y. W. Byeon, J. Wang, Y. Zhang, M. C. Scott,
K. J. Jun, Z. Cai and Y. Sun, Energy Storage Mater., 2022,
47, 105–112.

33 S. Katayama, T. Katase, T. Tohei, B. Feng, Y. Ikuhara and
H. Ohta, Cryst. Growth Des., 2017, 17, 1849–1853.

34 N. Kuganathan, L. H. Tsoukalas and A. Chroneos, Solid
State Ionics, 2019, 335, 61–66.

35 M. M. Islam, T. Bredow and P. Heitjans, J. Phys.: Condens.
Matter, 2012, 24, 203201.

36 P. Li, P. Wang, S. Qian, H. Yu, X. Lin, M. Shui, X. Zheng,
N. Long and J. Shu, Electrochim. Acta, 2016, 187, 46–54.

37 C. Ling and R. Zhang, Phys. Chem. Chem. Phys., 2017, 19,
10036–10041.

38 S. M. de Freitas, P. C. L. dos Santos and M. V. dos
S. Rezende, J. Solid State Chem., 2019, 279, 120928.

39 X. Hu, Y. Tang, T. Xiao, J. Jiang, Z. Jia, D. Li, B. Li and L. Luo,
J. Phys. Chem. C, 2010, 114, 947–952.

40 C. Li, Y. Zhu, S. Fang, H. Wang, Y. Gui, L. Bi and R. Chen,
J. Phys. Chem. Solids, 2011, 72, 869–874.
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