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The garnet-type Li;LasZr,O4, (LLZO) as one of the most promising solid electrolytes (SEs) has attracted
great research attention owing to its high compatibility with Li metal anodes. Doping with a supervalent
cation is an effective strategy to stabilize cubic LLZO with desired high ion conductivity. The behaviour
of dopants at the grain boundary (GB) (e.g. segregation) is expected to have a great influence on the
properties of LLZO but is far from understood. Here we have performed first-principles calculations to
reveal the atomic-scale impact of dopants at the GB of the LLZO SE. The results show that Al and Ga
dopants at the GB are preferentially segregated at the 24d site of Li with three neighbouring Li-ions, and
Nb and Ta dopants prefer to locate at the 5-coordinated and partially distorted 6-coordinated Zr sites at
the GB. The segregation of a Nb-like dopant at the GB will improve Li-ion conductivity, while the GB
with an Al-like dopant shows conductivity comparable to that of the undoped one and fragmentation of
the Li-ion diffusion network. Moreover, the electronic state calculations indicate electron accumulation
at the doped GBs, in contrast to the mitigation effect of the dopants on dendrite formation along LLZO
GBs revealed by the calculation of Li interstitial formation energy. We also explored the potentially
existing phases at the doped coarse GBs, and a series of products have been proposed. These
comprehensive calculations provide valuable atomistic insights into the dopants at the GB in the LLZO

Received 20th January 2022
Accepted 13th March 2022

DOI: 10.1039/d2ta00545j

Open Access Article. Published on 08 April 2022. Downloaded on 8/2/2025 4:45:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/materials-a

1. Introduction

Nowadays, energy storage devices are of great interest owing to
their high demand in the utilization of renewable and envi-
ronmentally friendly energy resources." The Li-ion battery as
one of the most important energy storage devices has been
commercialized and extensively applied in portable devices and
electric vehicles.>® However, due to the flammability of organic
liquid electrolytes, the safety issue of conventional Li-ion
batteries is always a critical concern and has to be resolved
urgently in the further development of batteries with higher
energy density. To this end, all-solid-state batteries (ASSBs) have
been developed as the next-generation batteries in terms of
their improved safety and energy density.**®
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SE and substantial knowledge of optimization of this material.

In ASSBs, non-flammable solid electrolytes (SEs) are used to
replace liquid electrolytes. Since the development over several
decades, a number of SEs with superior ion conductivity
comparable to that of liquid electrolytes have been synthe-
sized.”*® Among them, garnet-type Li;LazZr,0;, (LLZO) has
attracted tremendous attention because of its high conductivity
(1072 to 107* S cm™ %), wide electrochemical stability window
(~6 eV), and compatibility with Li metal anodes.***"**

There are two phases, tetragonal and cubic phases, existing
in garnet-type LLZO. Especially, the tetragonal LLZO (t-LLZO) is
an ordered phase with low ion conductivity (10> S cm™ ') and is
stable at the ambient temperature.'® The cubic LLZO (c-LLZO) is
a Li-disordered structure with desired high conductivity but
stable under elevated temperature.” The doping strategy with
supervalent cations has been a mainstream method to reduce Li
concentration thereby stabilizing the c-LLZO at the ambient
temperature.'’* Moreover, it has been proved that doping with
appropriate content is helpful for enhancing the ion conduc-
tivity.>*>* For example, doping of Ga or La can increase the
conductivity of LLZO to the magnitude of 10> S cm '.20%
Meanwhile, the elementary steps of Li-ion hopping have been
revealed in Mo-doped LLZO using NMR.?®

Nowadays, a variety of metal elements are adopted as
dopants.”” Among them, four important dopants, Al, Ga, Nb and
Ta, have been widely selected in the synthesis of LLZO."$*>*
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Particularly for the Al dopant, there is a debate about its stable
location site in LLZO. Part of studies based on *’Al magic angle
spinning (MAS) NMR measurement and density functional
theory (DFT) calculation reported that Al occupies the 24d site
of Li,"* while some other studies utilizing similar approaches
observed that Al can stay at another site (e.g. 96h site of Li).*®3'-
Recently, Karasulu et al. have performed a comprehensive
investigation and confirmed that the Al dopant only locates at
the 24d site.>* Similar to the Al dopant, Ga also prefers to locate
at the 24d site of Li.>*****® For Nb and Ta dopants, they usually
occupy the Zr site coordinated with 6 O ions.”>*

As most of the synthesized LLZO materials are poly-
crystalline phases, the grain boundary (GB) naturally plays an
important role in determining the material's performance. It
has been widely reported that the GB has a great impact on ion
and electron conductivities and dendrite formation.*”** Mean-
while, the behaviour of a dopant (e.g. segregation) is usually
affected by the GB. There are several studies finding the
formation of Al-rich amorphous phases at the GB in Al-doped
LLZO.**3-*¢ Moreover, Brugge et al. have observed abundance
of Al and Ga in the GB regions, indicating the segregation of
these dopants.”” Regarding the segregation preferences of Nb
and Ta dopants at the GB, to the best of our knowledge, there is
no report related to them. Nevertheless, a recent study has re-
ported a strong tendency of the Nb dopant to diffuse toward the
LLZO/Li metal interface.”” This implies that Nb can show
segregation behaviour at the LLZO/Li interface, and may be
segregated at the GB. Overall, until now, there is still a lack of
studies related to dopants at the GB, limiting the understanding
of their further influence on the performance of the LLZO SE.

In this work, we have performed comprehensive investiga-
tions on four representative dopants, Al, Ga, Nb and Ta, at the
GB of LLZO based on first-principles DFT simulations. The
energetically stable sites for dopants at the GB have been
determined from calculated segregation energies. Molecular
dynamics (MD) simulation has been carried out to reveal the
influences of dopants on the ion conductivity at the GB. The
dopant effects on dendrite formation along the GB have also
been discussed based on the calculated Li interstitial formation
energies and electronic properties. We have also investigated
the potentially existing phase at the doped coarse GB by con-
ducting thermodynamics calculation. The current work
provides a valuable atomistic insight into the dopants at the GB
and their further impact on the LLZO SE.

2. Method

The c-LLZO bulk structure has been used in this study, and the
previously proposed favourable structure with the Ilattice
parameter a = 13.03 A, obtained from a number of candidates,
has been selected.”® For the undoped GBs of LLZO, two ener-
getically stable GB models, 21(110) and =3(112) GBs (Fig. 1)
searched from a systematically high-throughput calculation in
our recent work,*" have been selected. More details about the
calculation scheme can be found in ref. *'. Here the £1(110) and
3(112) GB models contain 384 atoms with the atom compo-
sition of Li;j,LasgZr;»049,, and 576 atoms with the atom
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Fig. 1 Atomistic structures of (a) LLZO bulk, and (b) =1(110) and (c)
33(112) GBs. The green, red, blue and orange spheres represent the Li,
O, Zr and La ions, respectively. The dark blue polyhedra represent the
ZrOg units. Particularly in (c), the light blue polyhedra indicate the ZrOs
units. In (b) and (c), the grey areas indicate the regions of the GB. In
each figure, selected Li doping sites are marked and the enlarged local
configurations are shown in the panels with black borders, in which the
pink spheres represent the selected sites and the nearest neighbouring
Li ions are connected with dashed lines.

composition of Li;ggla;»Zr,30,85, respectively. In order to
maintain charge neutrality, three and one Li-ions are removed
simultaneously in the doping of one Al (Ga) and Nb (Ta) atoms,
respectively. In the geometrical optimization of the doped bulk
and GB models, the lattice parameters are fixed.

In order to examine the stability of the dopant site, the
segregation energy (Ese,) is defined as

d doped d doped
Eqp = (EGE — E&FPY) — (EooR® — Ebufio™™?). (1)
where ES9Ped and E&RI°Pe gre the calculated total energies of the

doped and undoped GB models, respectively. Efohc® and

This journal is © The Royal Society of Chemistry 2022
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Epndoped represent the total energies of the unit cells of the
doped and undoped bulks, respectively.

The defect formation energies (Egf) for Li vacancies and
interstitial were calculated using

EI(X) = Elolal(X) - Epristine - Zni:"LLi(metal)v (2)
i

where Eioa1(X) and Epigeine are the total energies of the simula-
tion models with and without defect X, respectively. n; is the
number of removed (1; < 0) or added (n; > 0) Li in the model.
Miitmetar) iS the chemical potential of Li in the BCC-type metal
phase.

The reaction energy (E,) is calculated in the investigation of
phase segregation at the doped GB. The E, is defined as

E = ZEproduct - ZEreactanta (3)

where Eproduct aNd Ereactant T€present the total energies of the
product and reactant. Here all of the crystal structures of ternary
oxides were obtained from the Material Project database.*

The DFT method was employed within the generalized
gradient approximation of the Perdew, Burke, and Ernzernhof
functional as implemented in the Vienna ab initio simulation
package (VASP).*® Electron-ion interactions were described
using projector-augmented wave pseudopotentials.”® A plane-
wave kinetic-energy cutoff of 520 eV and a k-spacing of 0.25
A~ in reciprocal space were used to achieve converged results.
The partial (band decomposed) charge density was calculated
by analysing the total charge density using VASP software. First-
principles molecular dynamics (FPMD) simulations were per-
formed in the canonical ensemble (NVT) using the Nosé-Hoover
thermostat® at 700, 1000 and 1200 K with a timestep of 1 fs. In
the MD simulations, in order to trade off the computational cost
and accuracy, the kinetic-energy cutoff was set to 450 eV, and
the only I' point is used in the k-point sampling scheme. For
each MD simulation, the total duration is set to 55 ps. Based on
the energy history profiles depicted in Fig. S1,t all of the
simulations reach the equilibrium states after 20 ps. Therefore,
the data of the last 35 ps are considered in the subsequent
analysis of ion diffusion. The detailed methods for calculating
time averaged mean squared displacement (MSD), diffusion
coefficient, conductivity, activation energy and the van Hove
space-time correlation function are described in the ESI.} All of
the structures are visualized using VESTA software.>

3. Results and discussion
3.1 Site preferences for dopants in LLZO bulk and at the GBs

Four typical dopants, Al, Ga, Nb and Ta, were considered in this
work. Note that the Al and Ga dopants locate at the Li site, and
the Nb and Ta dopants stay at the Zr site. First, we investigated
the site preference of the Al dopant in bulk. Fig. 1a shows the
atomistic structure of LLZO bulk, which contains two types of
Wyckoff positions for Li-ions: 24d and 96h sites. The Li(24d)
and Li(96h) sites are coordinated with 4 and 6 neighbouring O,
forming the LiO, tetrahedron and LiOg octahedron, respec-
tively. Particularly for the Li(24d) site, we also considered its

This journal is © The Royal Society of Chemistry 2022
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deviation in the polyhedral coordination, which has a non-
negligible effect on the NMR spectra.** There are two typical
Li(24d) sites with, respectively, 3 and 4 nearest neighbouring
Li(96h), which are denoted as 3-NN and 4-NN Li(24d), respec-
tively. These sites are the candidates for the Al dopant. Note that
a rare Li(24d) site without the nearest neighbouring Li(96h)
(only one in the cell) has been found in the cell as well. This site
can be regarded as a special case and was not considered as the
general site in the current study.

It is noteworthy that two surrounding Li-ions (in total three)
are needed to be removed when one Al dopant is introduced to
maintain charge neutrality. Therefore, for each dopant site, we
sampled a series of structures with different removed
surrounding Li sites. The calculated results show that removing
the nearest neighbouring Li-ions (solid points in Fig. 2a) is
energetically preferable. Furthermore, the calculated energies
indicate that the Al dopant prefers to locate at the Li(24d) site
with energies remarkably lower than that at the Li(96h) site.
This result is in good agreement with the former NMR
measurement.’?*** We have drawn the local configurations of
24d; and 96h sites in Fig. S2f to understand this result. We
found that the nearest distances between 24d; and Zr, and
between 96h and Zr are 3.44 and 2.87 A, respectively. The 96h is
closer to the Zr site, resulting in higher electrostatic repulsion
interaction, which may contribute to the unfavourable doping
stability compared to that of the 24d site. Besides, we found that
the lowest-energy structure with the Al dopant at the 3-NN
Li(24d) site (24d, in Fig. 2a) is slightly more stable by 25.3 meV
per cell than that at the 4-NN Li(24d) site (24d, in Fig. 2a), which
may be attributed to the weaker electrostatic repulsion

a bulk b
-1371.5

21(110) GB c 23(112) GB

-1372.0

ee0®

Eqeg (6V)
5

Eqeg (6V)
5

13725} 8
o

Energy (eV)

o .
—13730f £ 0 0.0} -+ - 0.0

.5
24d, 24d, 24d; 24d, 96h

23(112) GB

24d, 24d, 96h

d bulk e
-1368.

24d, 24d, 24d; 24d, 96h Li,

21(110) GB f

-1368.5

ee o

Energy (eV)
oo
Egeq (6V)

o =2 =
Egeq (V)

-1369.0

=000 o

e 0 O

-1369.5

-05 —05—
24d, 24d, 96h 24d, 24d, 24d, 24d, 96h Li, 24d, 24d, 24d, 24d, 96h

Fig.2 (a) Energy distributions of bulk structures with Al dopants at the
different sites shown in Fig. 1 and various surrounding Li sites. (b and c)
Calculated segregation energies for Al located at the different sites
with various surrounding Li sites at the (b) £1(110) and (c) =3(112) GBs.
(d) Energy distributions of bulk structures with Ga dopants at the
different sites and various surrounding Li sites. (e and f) Calculated
segregation energies for Ga located at the different sites with various
surrounding Li sites at the (e) £1(110) and (f) £3(112) GBs. In each figure,
the blue and black points refer to the 3-NN and 4-NN Li(24d) sites,
respectively. Particularly in (a) and (d), the solid points show that the
nearest neighbouring Li-ions are removed, and the open circles indi-
cate that the removed Li-ions are relatively far from the dopant.
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interaction between neighbouring Li-ions and the Al dopant at
the 3-NN Li(24d) site.

Taking the stable Al-doped LLZO bulk as the reference, we
have calculated the segregation energies (Ese) of the Al dopant
at the £1(110) and =3(112) GBs, whose structures are depicted
in Fig. 1b and c, respectively. The calculated E,., values are
plotted in Fig. 2b and c, respectively. Similar to bulk, the 3-NN
and 4-NN Li(24d), and Li(96h) are adopted as the dopant sites.
The calculated E,., values show a similar result to that of bulk,
where the Al dopant preferentially occupied at the Li(24d) site
rather than at the Li(96h) site. Here we also considered
a representative distorted site at the =1(110) GB, which is
formed due to structure deformation. The calculated Ei., for the
Al dopant located at this site is significantly high, proving to be
unfavourable for dopant occupation. Interestingly, we found
that all of the energetically stable structures with the Al dopant
at the 3-NN Li(24d) sites (blue points) in the £3(112) GBs show
obviously negative Ey, values (Fig. 2c). The lowest Eg, is
—0.31 eV. Although the Al at the 4-NN Li(24d) sites (black
points) shows remarkably higher E.,, one structure at the
21(110) GB (24d, in Fig. 2b) has a slightly negative E,, value.
These results clearly indicate that the Al dopant can be segre-
gated at the 3-NN 24d site at the LLZO GB.

For the Ga dopant, the calculated site preferences in the bulk
and at the GBs (Fig. 2d-f) are quite analogous with those of the
Al dopant. Nevertheless, the E., values at both GBs (Fig. 2e and
f) are totally decreased compared to that of the Al dopant. The
lowest E,., for the Ga dopant at the 23(112) GB is further
decreased to —0.37 eV. To understand this decrease in the Eg,
of the Ga dopant, we have compared the ionic radii among Li, Al
and Ga. The crystal ionic radius of 4-coordinated Ga®" is 0.61 A,
which is closer to the ionic radius of 4-coordinated Li" (0.73 A)
than to that of 4-coordinated AI** (0.53 A).** This smaller devi-
ation in ionic radius between Ga and Li ions may result in the
slightly lower Eq, at the GB.

We then investigated the preferential site for the Nb dopant.
In the doping of one Nb, one Li-ion is simultaneously removed
to maintain charge neutrality. Fig. 3a depicts the calculated
energies of Nb-doped LLZO bulks with different removed
surrounding Li sites. Generally, the structure with the removed
Li(96h) site shows a lower energy that that with the Li(24d)
vacancy. Besides, although the doped structure with a nearest
neighbouring Li(96h) vacancy has the lowest energy, the devi-
ation in energy for the structures with different removed Li(96h)
sites is not significant. The calculated Eg, values for the Nb
dopant in different sites at the £1(110) and =3(112) GBs are
shown in Fig. 3b and c. We can see that all of the selected
dopant sites give rise to positive Eg., values at the 21(110) GB,
indicating no preference of segregation of Nb at this GB.
Instead, we observed negative E,., for the dopant at the 5-
coordinated Zr (Zrs. in Fig. 3c) (the lowest value is —0.32 eV) and
some 6-coordinated Zr sites (Zre(2) in Fig. 3c) (the lowest value
is —0.17 eV) at the =3(112) GB, indicating the segregation
behaviour at this GB.

To understand why Nb-doped =3(112) GB structures with
dopants at the Zrs. and Zre(2) have lower Ec,, we calculated the
related vacancy formation energy [E¢Vy,;)] at this GB, as shown
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Fig. 3 (a) Energy distribution of the Nb-doped bulk structure with
different removed Li sites. (b and c) Calculated segregation energies
for Nb located at the different sites at the (b) £1(110) and (c) £3(112)
GBs. (d) Energy distribution of the Ta-doped bulk structure with
different removed Li sites. (e and f) Calculated segregation energies for
Ta located at the different sites at the (e) =1(110) and (f) =3(112) GBs.
Particularly in (a) and (d), the black and red points indicate the removed
Li(24d) and Li(96h) sites, respectively. The solid points show that the
nearest neighbouring Li-ions are removed, and the open circles indi-
cate that the removed ions are relatively far from the dopant.

in Fig. S31 together with the corresponding E,. We found that
the site with a small E¢(Vy;) value also shows a low Eg,. As is
known that one Li (Li vacancy) is removed (created) when
doping one Nb in LLZO, the schematic reaction for this process
can be written as

Nb + LLZO — Nb-doped LLZO + Vy;.

If E{Vy;) at the GB is lower than that of the bulk, the total
energy in the right side of this reaction is decreased. In this
sense, the feasibility of doping at the GB becomes easier than
that in the bulk, indicating the negative E, value, as shown in
Fig. S3.7 These results indeed demonstrate that the lower E{(Vy;)
is one of the main reasons for the segregation of the Nb dopant
at the =3(112) GB.

For the Ta dopant, the calculated energy distribution for
bulk structures and the E, at both GBs are shown in Fig. 3d-f,
respectively, which are evidently similar to the results for the Nb
dopant. Particularly, we found that the E., of the Ta dopant at
the Zr;. is slightly higher than that of the Nb dopant. The lowest
Egeg value is from —0.32 eV for the Nb dopant to —0.11 eV for the
Ta dopant. Here we have checked the ionic radii for these two
dopants and found that the 6-coordinated Nb°" and Ta’*
possess the same value (0.78 A), which is less than that of 6-
coordinated Zr** (0.86 A).** This increase in Eey of the Ta
dopant should be attributed to other reasons. For example, the
lower electronegativity of Ta (1.5 on the Pauling scale) than that
of Nb (1.6 on the Pauling scale) may induce weaker electrostatic
interaction between Ta and O, leading to the higher E., value.

This journal is © The Royal Society of Chemistry 2022
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The partial densities of states (PDOSs) of undoped and
energetically most stable doped bulks and GB models have been
calculated and depicted in Fig. S4.1 Note that compared to the
31(110) GB, the dopants at the £3(112) GB show an obvious
nature of segregation. Therefore, we focused on the 23(112) GB
here. For the Al, Ga-doped LLZO bulks (Fig. S4b and ct), their
valence band maxima (VBMs) and conduction band minima
(CBMs) do not show an apparent difference from those of the
undoped bulk (Fig. S4at). However, in the Nb-doped bulk, the
states of Nb are located in the region below the VBM, evidently
narrowing the band gap (Fig. S4d¥). This indicates the potential
preferential reduction of the Nb dopant, as already observed in
our previous investigation on the Nb-doped LLZO/Li metal
interface.*®* Unlike the Nb-doped bulk, the states of the Ta
dopant stay in the conduction band and contribute to the CBM
(Fig. S4et). Compared to the bulk, the undoped =3(112) GB
model has a slightly reduced band gap (Fig. S4ff).** For the
doped GB models, the calculated PDOSs (Fig. S4g—jf) show
similar results except for the Ta dopant, whose states are
marginally downshifted from the valence band (Fig. S4jT).

3.2 Ion diffusions at the doped GBs

Extensive previous studies have reported that doping with
appropriate concentration can effectively improve Li-ion
conductivity in LLZO.****” Therefore, we have explored the
dopant effect on Li-ion diffusion at the GB of LLZO using FPMD
simulations. Here we selected the Al and Nb-doped 23(112) GB
models as the representative GBs with Li and Zr-site substitu-
tions, respectively. Considering the site preference of dopants, 6
energetically stable Li(24d) sites and 4 Zr sites around the
23(112) GB were selected as the doping sites of Al and Nb,
respectively, and the corresponding chemical compositions of
the models are Lig,s5Alg,5La3Zr,04, and Lig gzsLazZry gzs-
Nby 167012, respectively. The diffusion coefficients calculated
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Table 1 Calculated activation energies (E,) and extrapolated Li-ion
conductivities at 300 K [¢(300 K)] for undoped, and Al and Nb-doped
$3(112) GB models of LLZO

E, (eV) o(300 K) (Sem™)
Undoped 0.28 4.30 x 107*
Al-doped 0.27 3.85 x 10°*
Nb-doped 0.23 2.66 x 107°

from the mean squared displacements (Fig. S51) of undoped
and doped =3(112) GB models are plotted in Fig. 4a. The
calculated activation energies (E,) and extrapolated Li-ion
conductivities at 300 K [¢(300 K)] are tabulated in Table 1.
Note that the obtained E, for the undoped =3(112) GB model
(0.28 eV) is higher than the calculated value in our previous
work (0.20 eV).** Consequently, the extrapolated Li-ion
conductivity at 300 K [¢(300 K)] of the undoped GB model
(4.30 x 107* S em™ ") is reduced compared to the previously
calculated ¢ at 298.15 K (4.73 x 10~ S em™").** This is because
of the different adopted densities of the k-grid in the calcula-
tions. As mentioned in the Method section, the I" point is used
in the current simulation in order to reasonably reduce the
computational cost. Note that compared to the experimental
observations, the previous calculation more or less under-
estimated the E, and overestimated o. Therefore, the current
results decrease the discrepancies between these theoretical
and experimental values.

Fig. 4a shows that the Nb-doped GB model exhibits
pronouncedly faster Li-ion diffusion, and the diffusivities in
undoped and Al-doped GB models are close to each other.
Accordingly, the achieved E, and ¢(300 K) of the Al-doped GB
model are comparable to those of the undoped one, while the
Nb-doped GB model shows evidently smaller E, and increased
a(300 K). These results indicate that the Nb dopant can improve
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2 48 Fo-A _ Nb-dopedGB - - - -
E = El Ey
S 56 W=siap ~ 5ok g
<} b
264 TEaag
7.2
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1000/T (K™
b undoped c Al-doped d Nb-dope

2 O ¢

Fig. 4

(a) Arrhenius plots of diffusion coefficients in undoped, and Al and Nb doped 2£3(112) GB models of LLZO. (b—d) Partial Li-ion trajectory

densities accumulated from 20 to 55 ps in the FPMD simulations at 1000 K in (b) undoped, (c) Al-doped and (d) Nb-doped £3(112) GB models.
The dashed circle indicates the disconnection of the trajectory density. The colour scheme for Li, La, Zr and O is the same as in Fig. 1. The light
blue spheres in (c) and (d) represent the Al and Nb dopants, respectively, which are marked by the arrows as well.
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Li-ion conductivity around the GB, while the Al dopant has no
obvious contribution to the improvement of conductivity at the
GB. For an in-depth understanding of this finding, we have
plotted the Li diffusion trajectories in the MD simulations in
Fig. 4b-d. Comparing the trajectories in the undoped (Fig. 4b)
and Nb-doped (Fig. 4d) GB models, we observed more discon-
nections in the diffusion network in the undoped GB models,
which may imply relatively slow diffusion. We speculated that
introducing the Nb dopant can decrease Li concentration,
thereby creating more available Li vacancies, which is beneficial
for Li diffusion. However, in the Al-doped GB model, we found
that the Al located at the Li(24d) site shows immobile behaviour
and Li transport in the vicinity of Al is blocked (Fig. 4c), leading
to a lower diffusivity than that of the Nb-doped GB model. This
fragmentation of the Li-ion diffusion network has been seen in
Ga-doped LLZO bulk in previous classical MD simulation as
well."”

Besides, we have calculated the distinct part of the van Hove
space-time correlation function [G4(¢,7)] shown in Fig. S671 to
understand the diffusion correlation of Li-ions in the investi-
gated GB models, which has been widely discussed in previous
studies on SE bulks.'*® Gq(t,r) accounts for the average proba-
bility of finding one Li-ion () at a distance r from a site that was
formerly occupied by another Li-ion (j) at time ¢. The build-up of
G4(t,r) around r = 0 with the increase of ¢ indicates that more
and more Li-ions occupy the other Li-ion sites, showing highly
concerted diffusion behaviour in the investigated GB models.

It should be noteworthy that the total ion conductivity of the
LLZO polycrystalline material is contributed to by both the bulk
and GB. Therefore, the obtained GB conductivities should have
an effect on the total conductivity instead of governing it. In
reality, a series of experiments*****>*¢ have observed quite high
conductivities in the Al and Ga-doped LLZO. We found that the
conductivities in those doped LLZO are strongly dependent on
the concentrations of Li and the dopant. The optimal Li and
dopant compositions are about 6.04-6.55, and 0.15-0.32,
respectively, from previous reports.>****>>¢ The conductivity will
decrease when the Li (dopant) composition is lower (higher)
than the optimal value. In the currently adopted Al-doped GB
model, although the Li and dopant compositions (6.25 and
0.25, respectively) are in the ranges of optimal compositions,
the Al dopants are segregated in the GB regions in the model,
resulting in a much higher dopant concentration at the GB than
the optimal value. This serves as a possible reason for the low Li-
ion conductivity in the Al-doped GB model. To further under-
stand this issue, some other approaches will be needed to be
considered in future. For example, a recently proposed
approach® which combines the methods of CAVD and band
valence site energy is a promising way by analysing the specific
ion transport path using much less computational cost than
that for FPMD simulation.

Moreover, the Li diffusion behaviour at the GB should be
influenced by many factors. For example, the reported
conductivity of Ga-doped LLZO is usually higher than that of Al-
doped LLZO.>*3**%°%° This may have led to the better densifi-
cation and smaller grains in Ga-doped LLZO.** The current
results provide the knowledge about the LLZO GB from
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a microscopic viewpoint. We expect that the obtained calcula-
tions combined with other simulations and observations can
provide a comprehensive understanding of ion conductivity in
doped LLZO.

3.3 Li interstitial stabilities at the doped GBs

To understand the dopant effect on Li dendrite formation at the
LLZO GB during cycling, we have calculated the formation
energy of Li interstitial [EfLi;)] at the doped GB. According to
the results of segregation energy, we found that Ga (Ta) dopants
show almost the same nature as Al (Nb) dopants. Therefore, Al
and Nb are selected as the typical dopants in this part. Here the
energetically most stable Al and Nb-doped X3(112) GB models
are adopted.

The calculated results depicted in Fig. 5a show that
compared to the undoped GB, the E¢Li;) at the Al and Nb-doped
GBs is slightly increased, implying that the dendrite formation
is relatively suppressed at the doped GBs. On the other hand,
electronic conductivity is also thought to have a significant
contribution to dendrite formation.***>¢* Therefore, we calcu-
lated the partial densities of states (PDOSs) of doped GBs with
one low-energy Li; (Fig. 5b and c). Our previous work has found
that the undoped =3(112) GB shows the capability of capturing
the excess electron from Li;.** For the Al-doped GB (Fig. 5b), the
dopant states have a negligible contribution to the mid-gap
states as reflected from its almost identical PDOS at the VBM
to that of the undoped GB (Fig. S71). However, in the Nb-doped
GB model, we observed that the interstitial electron is localized
around the dopant at the Zrs, site, leading to the reduction of
Nb, which is similar to that at the undoped GB, where the excess
electron prefers to locate at the same Zr site.** As discussed in
our recent study** and other experimental work* on the undo-
ped LLZO GB, this preferential accumulation of electrons can
lead to the reduction of the GB and possibly high electronic
conductivity, which has been proved as one of the key factors of
dendrite growth.®* Therefore, based on these calculations, we
concluded that doping can increase the formation energy of Li
interstitial, which may be helpful for suppressing dendrite
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Fig. 5 (a) Calculated ELi) at the undoped and Al and Nb-doped
>3(112) GBs. (b and c) Calculated PDOSs of (b) Al and (c) Nb-doped
>3(112) GB models with one Li; site. Here the dashed lines indicate the
Fermi levels. The right panels are the enlarged figures around the Fermi
level.
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Table 2 Calculated reaction energies (E,) for doped LLZO decomposing into pristine LLZO and the corresponding ternary oxides

Ereact (GV)

Al-doped LiszAlLa,,Zr,6096 + 4Li,0 — Lisglay Zr0g6 + LisAlO, —1.12
LiszAlLa, 71,6096 + 2Li,0 — Lisglag,Zri60q6 + LiAlO, —0.86
Ga-doped Lis3GaLlay ZrigOge + 4Li,0 — Lisglas Zri¢0¢6 + LisGaO, —1.21
LiszGaLay,Zri6096 + 2Li,0O — LisglayZri40qs + LiGaO, —0.93
Nb-doped LissLay,Zr;sNbOgg + 2.5Li,0 + ZrO, — Lisglas,Zr;609¢ + 0.5LigNb,Oq —1.08
LissLaz,Zr;sNbOgg + 2Li,0 + ZrO, — Lisglas,Zri609g + LizNbO, —0.92
Ta-doped LissLay,Zr;5TaOge + 3Li,O + ZrO, — Lisgla, Zrg0¢e + LisTaO5 —1.05
LissLas,Zr sTaOgg + 2Li,0 + ZrO, — LisgLassZr ¢0qs + LizTaO, —0.81

formation, but is still not able to prevent electron transport at
the GB, which also contributes to dendrite growth along the GB.

3.4 Phase segregations at the doped coarse GBs

It is noteworthy that, besides the well-contacted GBs, there is
a large proportion of coarse GBs within poor-contacted areas
and pores existing in the synthesized LLZO polycrystalline
materials. A number of experimental studies have reported the
presence of the Li-Al-O phase at the GB in Al-doped LLZO.>”*>%
Therefore, examination of the secondary phases at the doped
coarse GB is quite necessary. Here we have calculated the E, for
all of the possible reactions for doped LLZO decomposing into
pristine LLZO and the corresponding ternary oxides. The reac-
tions with relatively low and high E, are tabulated in Tables 2
and S1,7 respectively.

From the calculated results, we found that, for Al-doped
LLZO, the decomposition reaction from this phase to pristine
LLZO and LisAlO,4 has the lowest E,. This result is consistent
with the previous calculation on the decomposition of this
material.®® It is highly possible for this decomposed product to
be segregated at the coarse GB, acting as the secondary phase.
Meanwhile, some other phases, such as LiAlO, and La,Al,O,
may exist at the GB due to their relatively low E,. In Ga-doped
LLZO, the potentially existing products at the GB are similar
to those in Al-doped LLZO. LisGaO, is the main candidate and
other phases (LiGaO,, La,Ga,0, etc.) possibly emerge. More-
over, we found that the lowest E; for the decomposition reaction
of Ga-doped LLZO is slightly lower than that of Al-doped LLZO,
indicating a higher tendency of segregation at the GB in Ga-
doped LLZO, which is consistent with the obtained results of
E,cq at the well-contacted GB.

In Nb-doped LLZO, the calculated E, shows that the
secondary phases (LigNb,0,, Li;zNbO,, etc.) can be presented at
the GB. Similarly, LisTaOs, Li;TaO, and La;TaO; may emerge at
the GB in Ta-doped LLZO. Note that Ta-doped LLZO shows
slightly higher E. than Nb-doped LLZO, which is in good
agreement with the results achieved from Eg., at the well-
contacted GB. These results demonstrate that all of the inves-
tigated doped LLZO can exhibit segregations of ternary oxides at
the coarse GBs.

4. Conclusions

We have performed systematic investigations on the dopants
around the GBs in the LLZO SE by means of a first principles

This journal is © The Royal Society of Chemistry 2022

method. The results of site preferences of dopants show that Al
and Ga are preferentially segregated at the Li(24d) site with
three nearest neighbouring Li at the GB, and Nb and Ta can be
segregated at the 5-coordinated and partially distorted 6-coor-
dinated Zr sites at the GB. The FPMD simulations indicate that
the segregation of the Nb-like dopant at the GB shows improved
Li-ion conductivity, while doping Al-like atoms at the GB results
in a conductivity comparable to that of the undoped one and the
fragmentation of the Li-ion diffusion network. We also explored
the dopant influence on Li dendrite formation at the GB by
calculating the Li interstitial formation energy and found that
introducing the dopants can suppress Li accumulation at the
GB, but can't mitigate the potentially high electron conductivity
at the GB which plays an important role in dendrite growth.
Furthermore, we investigated the possible existing secondary
phases at the doped coarse GBs, and a series of segregation
products have been proposed for each dopant by calculating the
decomposition reaction energy. The current results provide
substantial knowledge about the dopant at the LLZO GB and
pave the way towards a high-performance LLZO SE by elimi-
nating the adverse effects originating from the GB.
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