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Theoretical predictions on structural, electronic and transport properties of pristine and alkali-doped strontium
stannate (SrSnO3) were made using density functional theory and force field methods. Results of electronic
structure computations show that a doping of alkali-ion (Li*, Na* and K™) into SrSnO3 induces the apparition of
extra energy bands on the valence and conduction bands and small translation of the valence and conduction
band limits. This is more accentuated in K'-ion doped samples with lower energy gap. Defect energetics com-
putations reveal a low energetic cost associated the alkali incorporation mechanism proposed in this work. Such
a mechanism provides us with an intermediate first discharge reaction to describe the delithiation process.
Results on alkali ion transport properties in interstitially doped nanocrystalline SrSnO3 samples reveal lower
diffusion activation energies of 0.25, 0.28 and 0.44 eV and diffusion coefficient at 25 °C of 9.6, 2.9 x 10~ and
4.8 x 1073 cm?s7! for Li-, Na- and K-doped samples, respectively. These predicted properties bring in new
evidence to stimulate a consideration of strontium stannate for use as an alternative anode, in particular for both

Na- and K-ion batteries.

1. Introduction

The alkaline earth (A™) stannates MSnO3 (M = Sr, Ca, Ba) have
extensively been studied [1-14] in part due to their important industrial
application features for, among others, the dielectricity, photocatalyst,
superconductivity, photoelectric sensors, capacitor components, solid
oxide fuel and li-ion batteries (LIB). Especially, the strontium stannate
SrSnO3 (SSO) based materials are involved in other related applications
such as transparent solar photovoltaics and displays [10,11]. The dis-
torted perovskite SSO exhibits an orthorhombic structure (space group
Pbnm) at ambient temperature and is based on tilted octahedra. It takes
four phase transitions upon heating going from a space group of Pbnm to
a Pm3 m when octahedral tilts are removed [12,13].

Numerous synthetic methods have been proposed leading to SSO
based materials with improved physicochemical properties [1-9]. On
the other hand, doping has been known as one of the effective ways of
improving the properties of a material. For instance, upon doping with

La at the Sr-site, the transparent conducting properties of SSO are
enhanced thanks to an avoidance of SnOg octahedral tilting [12]. The
shape and size of SSO materials, such as monocrystal, polycrystal,
powder, nanoparticles and nanorods, are also key factors for improve-
ment of their physicochemical properties. Chao et al. [7] reported that
the use of SrSn(OH)e as the main precursor for their synthesis of SSO
nanorods. These authors proposed a possible formation mechanism of
SSO with a nanorod structure under certain conditions for a promising
electrochemical performance in LIBs. In addition, Hu et al. [8] reported
that a calcination of the hydrothermally synthesized SrSn(OH)¢ nano-
wires could also produce SSO nanorods. It is worth noting that the SSO
nanorods show a longer cyclability with a capacity of 200 mAh/g (over
50 cycles) than that of SSO nanoparticles [8].

There are in general various key requirements for a material to be
used as an electrode in alkali-ion batteries [13]. Indeed, for providing a
good cyclability the material should a) well react reversibly with the
alkali-ion, b) possess a good electronic and ionic conducting, and c)
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rapidly behave on insertion and removal of alkali-ion by accepting at
least one alkali-ion per unit cell to ensure a high capacity, power density,
and fast alkali-ion diffusion [13]. Based on these requirements, the SSO
have been considered as an anode in LIBs [7,8]. However, none of
previous studies have explored the full discharge process and particu-
larly Li-diffusion mechanisms.

As far as the theorical approaches on these systems are concerned,
atomic simulations are well recognized as a valuable technique for
prediction of physicochemical properties of compounds and other pro-
cesses, for example defect chemistry, diffusion and mechanical stability
[15-26]. Density functional theory (DFT) is effective for investigation of
the underlying conditions of small structures [15-17,21-26]. While
large scale molecular dynamics (MD) simulations are ideal for repro-
ducing and/or predicting the transport properties in nanostructures,
force field-based simulations are convenient for an analysis of defect
energetics [16-21].

In our recent work [27] the intrinsic Li-insertion mechanism was
revealed, including the performance of SSO as an anode in LIB. Struc-
tural, electronic, mechanical and transport properties of SSO were
determined using both DFT computations and force-field-based simu-
lations [27]. Accordingly, SSO is calculated to exhibit an indirect energy
gap of ~3.0 eV, in agreement with experiment [23-27]. SSO is me-
chanically stable and more isotropic with respect to the volume change
than the shape change. A comparison of the Li-ion transport properties
of Li-doped mono- and nanocrystalline SSO samples emphasizes that the
nanocrystalline material is characterized by a lower diffusion activation
energy and a higher diffusivity at the operative temperature [27].

To the best of our knowledge, there is no report yet concerning the
Na- and K-transport properties and their migration mechanism in SSO.
Strontium stannate has interstitial sites where other alkali metal ions
such as Na™ and K can be accommodated, suggesting the need of
similar studies to explore the capability of SSO as an anode in Na- and K-
Ion batteries.

Despite the current progress in Na- and K-ion batteries development,
the search of efficient anodes is still a candent research topic [28-33]. In
this context, we set out to perform a theoretical study with the aim to
determine the electronic and transport properties of the pristine and
alkali-doped SrSnO3 (A-SSO) using DFT and force field-based methods.
In this paper we propose an interstitial incorporation mechanism for the
alkali-ion AT (AT = Li", Na™ and K™) into the SSO lattice structure,
giving a reasonable understanding of the alkali insertion/de-insertion
process as well as the large-scale diffusion mechanism in A-SSO nano-
crystalline sample. Study of alkali transport properties in SSO structure
would drive further exploration and experiment on the actual capability
of this material for Na- and K-ion battery applications.

2. Methodology

Fig. la displays the unit cell of SrSnOs in the conventional
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representation. The orthorhombic SSO is characterized as a distorted
perovskite type structure with a [SnO»] tilted octahedral having the
lattice parameters a = 5.697 A, b = 8.052 A and ¢ = 5.699 A. The
CASTEP computer code [34] is used to probe the influence of the in-
clusion of Li*-, Nat- and K'- ion onto the electronic structure of SSO.
The cell parameters and atomic positions of pristine SSO are adopted
from our previous work [27] to study the A-SSO, where the RPBE
exchange-correlation functional is employed within the generalized
gradient approximation (GGA) [34-36]. The pseudo atomic functionals
for Li-2s', Na-3s', K-4s!, 0-2s> 2p4, Sr-4s? 4p6 552 and Sn-5s> sz in the
reciprocal representations are used. The net charge of system of +1
(formal charge of the A*-ion) for A-SSO is adopted during the band
structure and density of the state computations. In this case, alkali ions
are interstitially located as shown in Fig. 1b. The plane-wave energy
cut-off of 600 eV is adopted for the standard norm-conserving pseudo-
potentials. The convergence thresholds criteria are taken with a total
energy per atomic convergence tolerance of 1 x 105 eV, resulting in an
eigen-energy convergence tolerance of 2.73 eV. A custom k-point set of
4 x 3 x 4 for SSO (space group P1) is used to calculate the total and
projected density of states in the SSO conventional representation. A
I'-centered Monkhorst-Pack scheme is used to sample the Brillouin zone
[371.

The General Utility Lattice Program (GULP) is used to perform lattice
static calculations.3® The force-field parameters used in this work
contain two main components, namely, Buckingham-type potentials
that are used to model the short-range interactions, and Coulombic
forces for long-range interactions. These parameters are taken from the
literature and our recent works [18,19,27]. To complete the force-field
parametrization, the shell model [39] is included for static simulations
to consider ion polarization for the O-O interactions. The Broyden—-
Fletcher-Goldfarb-Shanno (BFGS) method [38] is used to update the
cell parameters and fractional positions of the equilibrium SSO lattice
structure.

The LAMMPS code [40] is used to determine the alkali diffusion via
force-field based MD simulations. In this study the transport properties
of nanocrystalline A-SSO samples are predicted. To build the nano-
crystals, we first set simulation boxes of 5 x 3 x 5 supercells of SSO, with
1650 ions (150 A, 300 sn**, 300 Sr**, and 900 0*") with periodic
boundary conditions. These initial supercells are taken as a random seed
to generate polycrystals of 80 x 80 x 80 A (3728-A", 7478 sn**, 5621
Sr?* and 22441 0% ions, leading a similar A" concentration) with 12
grains employing the Voronoi tessellation method using the Atomsk
code [41] (see Fig. 1c). Due to the tessellation process and the intro-
duction of the AT ions, additional charge in the simulation boxes is ex-
pected, which is balanced introducing Sr vacancies randomly.

The first step involves the use of an isothermal-isobaric ensemble
(NTP) to equilibrate the simulation boxes. After equilibration, the NVT
ensemble is used to produce, record, and calculate the mean square
displacement (MSD) of the A7 ions to obtain the diffusion coefficient (D)

Fig. 1. a) Crystal structure of SrSnO3, b) alkali interstitial site in SrSnO3 where the alkali-nearest neighbor distances are included. Green, red and blue balls represent
the Sr2*, 0%~ and A" ions, cyan polyhedron in a) represents the [SnO2] octahedral, and ¢) polycrystalline (with 12 grains) of SrSnO3z sample, color coding is referred

to a unique grain.
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from the slope of the straight-line MSD vs time plots:
MSD = 6Dt (€8]

where t is the simulation time. For MD simulations the production run is
limited to 2 ns with a time step of 2 fs and the temperature ranges be-
tween 800 and 1200 K. Alkali migration is a thermally activated process
quantified by an Arrhenius-type dependence between diffusion coeffi-
cient and the temperature. In this sense the activation energy for
diffusion is obtained by equation (2):

D =Dyexp(—E, | KgT) 2)
where Dy is the diffusion coefficient at high temperature, E, the diffusion

activation energy, Kp the Boltzmann constant and T the temperature
[16,17].
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3. Results and discussion
3.1. Effect of the alkali introduction on the electronic structure of SrSnOs

Electronic properties are imperatively needed for evaluation of the
performance of energy storage devices. Compounds considered for en-
ergy storage applications must indeed be efficient electronic and ionic
conductors [13]. Electronic properties are examined with the aim of
revealing the effect of the alkali inclusion on the electronic structure of
SSO. Fig. 2 displays the calculated total (DOS) and partial (PDOS)
density of states of Li*-, Na*- and K™-doped SSOs. As it was described in
our previous work on pristine case [27] the energy gap value of SSO
depends on the relative energy position of O-2p and Sn-5p states. While
the PDOSs at the conduction band are dominated by the Sn-5p states,
while the valence band by the O-2p states. The O-2p states have a small
contribution to the conduction band, and the Sn-5p atomic orbitals have
small role on the electronic properties in the valence band. The overlap
of Sn-5p and O-2p levels at the valence and conduction bands is an
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Fig. 2. Densities of the states (DOS) and projected densities of the states (PDOS) of A*-doped SrSnOs. SSO denotes SrSnO3 and A-SSO is referred to A*-doped SrSnOs.
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indicator of a bonding—antibonding energy splitting for Sn-5p and O-2p
hybrid states, resulting in a SnOg octahedral hybridization.

In order to investigate the effect of an A*-ion inclusion, PDOS of each
host species of A-SSO structures are depicted in Fig. 3 a, b and c. As it is
shown, addition of A™-ions induces the apparition of extra energy bands
on the valence and conduction bands and small shift of the valence and
conduction band limits.

Fig. 3d depicts the PDOS of Li*-, Na'- and K'-ions. For the three
cases considered, a larger contribution is noticeably made to the con-
duction band; therefore Na-3s orbitals appear to contribute more at
higher energy level to the conduction and valence bands. At the con-
duction band, the PDOS curve of K-4s is clearly sharper (i.e. more peaks)
than for those of Na-3s and Li-2s, which implies that, as a consequence,
larger contributions to the levels of the conduction band spectra tend to
reduce the Eg.

The computed values of Eg are ~3.0 eV for both Li- and Na-SSO,
whereas it amounts to 2.3 eV for K-SSO. These Eg values for Li- and
Na-SSO are in line with the predicted values for pristine SSO and
experiment [27]. The inclusion of large K'-ion into the SSO lattice
structure modifies the electronic structure of SSO by a reduction of the
Eg values. In summary, a doping of alkali metal ions in SSO results in a
significant improvement of electronic properties by adding extra energy
bands at valence and conduction bands, and reducing the Eg values with
direct implication on the electrochemical windows in battery
applications.

3.2. Defect chemistry of alkali-doped SrSnOs

In order to identify the alkaline interactions with the SSO lattice
structure, defect energetics computations are performed, in considering
only the A" interstitial and Sr-vacancy as point defects. Description of
other types of point defects can be found in Refs. [18,19].

Equation (3) is proposed to describe the A" incorporation mecha-
nism into the SSO lattice structure:

A20 + St —2A! + VI + St0 ©))
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where Srg;., A] and V¢, represents strontium ion at its crystallographic
site in SSO, A" introduced interstitially and strontium vacancy. SrO and
A0 (AT = Li", Na*, K") denotes strontium and alkaline oxides,
respectively. In equation (3), for each two A? in the SSO lattice structure
one V§ is created in the defective A-SSO to maintain the charge
neutrality of the system, leading the stoichiometric formula
Aszrl,xSIlO3.
The solution energy (E;) is computed by equation (4):

E,—. (2B} +E3,

5 ‘'vac + Eiro - ECZO)

4

where E» represents the energy of the inclusion an A" ion in an inter-

stitial site, ES"_ the energy of a Sr-vacancy creation, E© and Ef° the

lattice energies of SrO and A0 oxides, respectively.

The binding energy (Eg) of A} -Vg, - A} interaction is computed from
the calculated defect cluster energy from the trimer and the energies of
the isolated Vg, and A? defects. The final solution energy (E) is obtained
by the difference between the solution energy and a fraction of the
binding energy related to incorporation mechanisms.

The two-region strategy [42] is now used for the calculation of
binding and substitution energies. In this method, the crystal structure is
divided into two concentrical spherical regions where the radius of the
inner sphere is smaller than that of the external region. The isolated
defect or defect cluster is placed at the inner sphere with strong inter-
action between the defect/cluster with the local structure. A qua-
si-continuum approximation is assumed for the outer region for ionic
interactions [42]. Radius values for the inner and outer regions of 13 and
25 A, respectively, are selected after convergence proofs to obtain the
best accuracy. The computational procedure for defect energetics used
in this work has previously been applied to describe and evaluate the
defect formation and migration in other materials [15,16,18,19].
Computations of solution, binding and final solution energies provide
useful information regarding transport properties, bonding nature and
more importantly, doping strategies to improve transport properties of
ionic compounds [15,16,18,19].

Table 1 summarizes the results of defect energetics computations.

25 : : : 6 ; -
- -Ep a) ---Bp i b)
20 F|— 0-Total (Li-s50) 5T |—sn-Total (Li-ss0) |
_ ——0-Total (Na-SSO) i~ . ——Sn-Total (Na-SS0) | 1
> 15 | [ 0-Total (K-S50) 2 Sn-Total (K-550) | | «A
o o
) — 3 ' M ]
3 2 .
8 10 2, : 0\
a [ :
= ‘ b, .
| ﬂ[ \ J ! JV\ v \'\ |
\ ldl ! / ' /
A WY.L S I C B SN s
-20 -10 0 10 -20 -10 0 10
Energy (eV) Energy (eV)
10 T T T T 10 T
H T 'EF L : d)
8F o : ——Sr-Total (SSO) gl Pl
= ! ——Sr-Total (Li-SS0) I~ —Li |!
2L ! ——Sr-Total(Na-SSO) 2 .l f —Naf:
‘o 6 ! Sr-Total (K-SSO) ‘o K '
— 1 — 1
wn E § 4t 2 4 :
2 : 2 |
- A i ]
/A 0 /. P JVMN
-20 -10 0 10
Energy (eV) Energy (eV)

Fig. 3. Total densities of states of a) 0?7, b) Sn** and c) Sr*>" of A*-doped SrSnO3 (A* = Li*, Nat and K*) where SSO denotes SrSnOz and A-SSO is referred to A*-
doped SrSn0Os. d) densities of the states Li*, Na™ and K™, the subfigure inset is an augmented PDOS near the forbidden bands range.
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Table 1
Results of defect energetics computations (values for the Li* dopant are taken
from Ref. [27]).

Alkali ion (Ionic  E? (eV/ ES. (eV/defect) EF™© (eV/ EPC (ev/

Radius) defect) fu) fu)

Li (0.76 A) —5.88 19.27 —35.26 —31.32

Na (1.02 A) -2.53 —26.93

K (1.38 &) 0.61 —-23.42

Alkali ion (Ionic Es (eV/ Cluster Energy Ep (eV/ Er (eV/
Radius) dopant) (eV/defect) defect) dopant)

Li (0.76 ;\) 1.79 4.34 -3.16 0.20

Na (1.02 A) 2.94 9.13 —5.08 0.40

K (1.38 A) 4.33 15.74 —4.74 1.95

Upon ionic radius, the SSO accepts inclusion of A™ interstitially with low
values of EX. Results concerning Li* ion was already discussed in our
previous work [27]. The small (positive) ElA value in the case of K' ion
indicates a structural rejection of the interstitial inclusion of K'. Nega-
tive binding energy of A} -Vg, - A} cluster provides us with an evidence
for the Sr-vacancy trapping effect of A*-ions. Such an effect is more
emphasized for Na* dopant with lower binding energy. While the final
solution energy for the K™ dopant is the highest value of 1.95 eV/dopant,
those for Na© and Li* ions amount to 0.40 and 0.20 eV/dopant,
respectively. The tendency of Er value is quite similar to Es following a
change of the A™ ionic radius. The lower values of Eg for Li* and Na*
emphasize the stronger A} -Vg. - A} interactions, thus facilitating an
A;-ion migration at higher temperature. Despite the unfavorable defect
energetic results for K, the values of solution and binding energies are
similar to the reported values for divalent/pentavalent dopants substi-
tution [18,19]. Computed results of defect energetics computations
point out that the A" incorporation mechanism, described by equation
(3), explain satisfactorily the reactivity of the alkali-ion with the SSO
host structure, with implications on the performance of SSO as anode
[13,27].

3.3. Alkali diffusion in nanocrystalline SrSnOs

Studies concerning the first discharge process in SrSnO3 have been
reported [7,8]. Similar to other Sn-containing compounds, it was
accepted that an SSO anode is operative in two steps, namely a con-
version and an alloying/dealloying process [7,8,43-45]. Other inter-
mediate reactions dealing with Li- and Na-intercalation into an SnOy
anode have been emphasized by both theoretical computations and
scanning transmission electron microscopy measurements [43-46].
Compared to other Sn-containing anodes, the discharge process of SSO is
still incomplete due to the lack of a reasonable description of the alkali
ion diffusion. To complete the discharge reaction, we can extrapolate the
intermediate step from SnOy to SrSnOs anode and would thereby pro-
pose a complete set of first discharge reactions as follows:

SrSn0; 4+ xA™ + xe” —A,SrSn0; (5)
SrSnO; 4+ 4A™ 4 4e~ —SrO + 2A,0 + Sn 6)
Sn+xA" +xe” < ASn(0 < x<4.4) 7

Note that the stoichiometric composition of the intermediate product
A,SrSnO; in equation (5) is A, Sr;_,SnOs3, which is consistent with the
incorporation mechanism proposed in equation (3). The intrinsic
composition of reactants and products of equation (5) is typical for an
intercalation anode, where alkali ions occupy interstitial sites during its
diffusion through the anode lattice structure [46,47]. This means that
both equations (3) and (5) have equivalent significance with respect to
defect formation and migration in combining with the discharge pro-
cess. In the case of AT = Li", the commonly reported conversion and
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alloying/dealloying processes for SSO anode are well described by
equations (6) and (7), respectively [7,8]. Reaction (6) implies the for-
mation of the Sn-metal and inactive SrO [7,8]. During the first
discharge, 8.4 Li-ions are stored per unit cell in the SSO anode [7,8].

Two key factors frequently used to explore the capability of a com-
pound as an anode include the open cell voltage (V) and the theoretical
capacity (Q) [15,17]. On the one hand, the open cell voltage determines
the electrochemical window of the battery, and a low value of V is
desirable for the anode. On the other hand, the theoretical capacity (Q)
deals with the amount of alkali ion stored by the anode during the
charge/discharge process [17]. In neglecting the entropic and pressure
effects, the V value can be obtained through the total energy computa-
tions by equation (8) [15,17]:

V = [E(SrSn0O;) — E(A,SrSn0;) — xE(A)] / xF (8)

where E(A,SrSnOs), E(SrSn03) and E(A) represent the total energies of
lithiated SrSnOs with a specific A*-concentration (%), pristine SrSnOs
and A*-metal, respectively, and F = 9.65 x 10* C mol™! being the
Faraday’s constant [15,17]. The theoretical capacity can also be deter-
mined form the Faraday’s Law described by equation (9):

Q=zFn/3.6M )

where the constant of 3.6 is a conversion factor, n and z represent the
number of alkali-ions and the valence charge of the alkali ion consid-
ered, respectively, and M the molar mass of SSO as an anode [17,27].
Taking the fact that the maximum amount of Li-ion in SSO is known
[from Eq. (6)] during discharge into account, without considering the
Sn/Li allowing reaction, we assume the same n maximum value for both
Na- and K-ions to be stored by SSO.

A supercell of 2 x 1 x 1 = 2-unit cells of SSO is now considered to
probe the open cell voltage and the theoretical capacity of the alkali-
nated SSO, with n = {2, 4, 6, 8}. Total energy computations of these A-
SSO and pristine phases, including the A*-metal are conducted using the
force-field approach. Previous studies [47] used potential-based com-
putations for prediction of V instead of the common DFT approach,
taking the advantages of force-field methods to simulate larger systems,
and that the force-field parametrization is commonly based on repro-
duction of the main properties obtained from DFT computations. For the
voltage and theoretical capacity computations, equation (3) is also

0.8
< o075
~~
+
< o7
wn
S
2 065
(o]
=
= 0.6
o
S

0.55

200 400 600 800
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Fig. 4. Discharge voltage/capacity profile of A" doped SrSnO; (A = Li*, Na™,
K™). A-SSO denotes Li-, Na- and K-doped SrSnOs.
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considered to maintain the neutrality.

Fig. 4 shows the evolution of the open cell voltage with respect to the
theoretical capacity computed from equations (8) and (9). Spline
interpolation lines are included to idealize the tendencies of the data.
Fig. 5 represents the typical voltage/capacity curve for the first cycle [7,
8,47,48]. In our model, using the data computed after the initial dis-
charging process, the common slope and plateau profiles usually appear.
During the discharge evolution, the Li-SSO shows the highest voltage
variation (AV = 0.21 V) as compared to the Na- and K-SSO samples
(AV = 0.02 V). The plateau region for Na-SSO appears at ~0.63 V
whereas those for Li- and K- ions emerge at ~0.54 V. In all cases,
compounds having the lower voltage values are preferable for an anode
in alkali-ion batteries [46,48]. Despite an expected underestimation of
DFT and force-field methods in the prediction of the open cell voltage
[47,49], the discharge curves follow the common experimental behavior
previously reported for Li-SSO sample and other anode compounds [17,
46,48].

The morphology and particle-size (micro or nano-size) are factors of
significance for the capacity and the long-term Li-cycling stability. For
instance, SSO nanorods show a better cycling performance and a higher
reversible capacity value than that of its nanoparticle counterpart [8].
The first discharge capacity of SSO nanorods reaches a value of 1400
mAhg ™! which is clearly higher than the theoretical value, due to the
nanorod structure [7]. Analogously for the SnO; anode, the particle size
and morphology determine the capacity and cycling of the anode [45,
46]. As in nanosized samples, in view of the large surface area and short
alkali-diffusion path (due to the presence of unoccupied crystallographic
sites, grain boundary or other kind of defects), the intermediate reaction
(5) together with equations (6) and (7) can be used to explain the higher
capacity of SSO nanorods, by estimation of the amount of alkali ions
stored in the sample according to the Faraday’s Law.

The main reason to impede a commercialization of Sn-based anodes
is their capacity loss during the first cycles attributed to the large volume
changes through the discharge process [45,46]. Indeed, a volume
change obstructs the formation of the solid electrolyte interface which is
decisive for the stability and durability of the battery in preventing
further electrolyte decomposition. As the ionic radius of Na™ and K"
(larger than the ionic size of Li") tends to intensify the volume change,
our results concerning the voltage vs theoretical capacity profile of
A-SSO are mainly referred to the first discharge cycle. It is not possible to
predict the voltage-capacity behavior in the following cycles.

Another key factor determining the anode performance is the alkali
diffusion through the anode [13]. A fast alkali ion diffusion ensures a
good cyclability in the battery [13]. Diffusion properties are evaluated
by the protocol described in Section 2. Fig. 5 displays the temporal
evolution of MSD for At-ion in nanocrystalline SSO at different tem-
peratures. Upon temperature change, a monotonic increase of the MSD
is observed as shown by the slope. Accordingly, a favorable alkali
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migration through the crystal structure of SSO is actually occurred. In
comparison to the Li-diffusion, both Na- and K-migrations are moder-
ately lower, which can be attributable to their larger ionic radius and
heavier molar mass.

Diffusion coefficients are computed by fitting with equation (1) using
the most linear segments of the MSDs plots. Fig. 6 shows the linearized
Arrhenius-type dependency of diffusion coefficient with respect to the
inversed temperature. After fitting the diffusion data by equation (2),
the activation energies E, values of 0.25, 0.28 and 0.44 eV are calculated
for the Li-, Na- and K-SSO samples, respectively. In addition, the diffu-
sion coefficient at 298 K (Dg) amounts to 9.6 x 10’11, 2.9 x 10~ and
4.8 x 10713 em?s ! for LiT, Na* and K*-doped samples, respectively. As
expected, the transport properties are markedly improved following a
change of the alkali ionic radius. In this sense, Li*-doped samples pre-
sent better large-scale diffusion properties with the lowest activation
energy and highest diffusion coefficient at operative temperature, and
this followed by Na™-and K'-doped samples. It can be noted that SSO
can effectively store the Li" and Na' ion interstitially, resulting in
improved transport properties. As a K-SSO sample tends to worsen
transport properties, a much more sluggish solid-state diffusion with
direct implication on the anode rate capability is probable.
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Fig. 6. Arrhenius dependence of A'- diffusivity (D) for A'- doped
SrSnO3 samples.
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Fig. 5. Alkali-mean square displacements (MSD) versus simulation time at each temperature in nanocrystalline A-SSO samples.
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The computed values of Dy are similar to those of common materials
used as electrode in alkali batteries [50-54]. For instance, a similar
Li-interstitial mechanism was proven in Li»SnOs, resulting in a diffu-
sivity ranging between 6.6 x 1071187 x 1071 ecm%s7! at operative
temperature [16]. Li;TiO3 has a diffusion coefficient of 2.1 x 101 cm?
s~1 at 25 °C [51]. Reported values of Na -ion diffusivity are in the range
between 107 11-10712 em? s~ with typical activation energy of 0.3-0.5
eV for NaVOPO, polymorphs [52]. A comparative study of graphite used
as anode for Li- and K-ion batteries pointed out the diffusion coefficients
lying in the range of 107! and 107*® cm? s™! at room temperature,
respectively [53,54]. Our calculated values for SrSnO3 thus range within
the same order of magnitude.

To our knowledge, no previous study is available dealing with the
diffusion coefficient and activation energy of Na* or K* in $SO. Our
present predictions reveal an intrinsic mechanism of alkali-insertion into
the SSO material during the cycling when it is used as anode in alkali-ion
batteries. An intermediate reaction added to complete the description of
the first discharge is proposed by the first time, which is necessary for
elucidation of the alkali diffusion in SSO lattice structure. Owing to the
low diffusion barrier, low open cell voltage, and high capacity, the SSO
compound emerges as a potential candidate for negative electrode in the
Na-ion batteries. Predictions for the alternative K-ion batteries are less
promising.

4. Concluding remarks

In the present theoretical study, various levels of atomistic simula-
tions were performed to predict the potentiality of SrSnOs as an anode in
alkali metal ion batteries. Results of the ground state properties reveal
that a doping of the cation Li*, Na" and K' into the SrSnOs lattice
structure induces the apparition of extra energy levels in both valence
and conduction bands. Energy gaps decrease with respect to the alkali
ionic radius, and values are slightly smaller in comparison to the pristine
sample. In particular, the K*-doped SrSnO3 sample is characterized by
the smallest energy gap of 2.3 eV.

Defect energetic computations confirmed the strong A7 -Vg, - A}
cluster formation and low energetic cost of the alkali incorporation
mechanism proposed in this work. The defect energetic behavior also
depends on the alkali ionic radius, in which the smaller Li* and Na™*
cations can more easily be introduced into the SrSnOs lattice structure
with a low energetic cost, whereas the larger K* ion can also occupy
interstitial sites but with a higher energy penalty.

Large-scale molecular dynamic simulations were further used to
explore the capability of SrSnOs using as an alkali ion battery material.
For this purpose, transport properties of polycrystalline samples of A™-
doped SrSnOj3; were studied. Our calculated results reveal that the
diffusion activation energy is lower in Li * - (Ea = 0.25 eV) with a higher
diffusion coefficient at operative temperature, followed by Na*- and K*-
doped SrSnOs. Overall, the present study provides us with an intrinsic
mechanism of alkali insertion into SrSnO3 during the cycling when it is
used in alkali ion batteries, and a prediction for a new anode for Na- and
K-ion batteries.
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