Theoretical Study of Solid/Solid Interfaces in
All-solid-state Batteries

Abstract

All-solid-state batteries (ASSBs) are widely investigated as promising energy storage systems
with potentially high safety and design flexibility. Main problems to be overcome to bring current
ASSBs into real applications are their poor cyclability as well as low energy density. These problems
can be solved by using high-energy-density cathodes with higher stabilities. Ni-rich cathodes such
as bare and doped LiNixMn,Co,0, (NMC) and LiNixCo,A,O-> (NCA) are promising candidates for
these purposes. In this project, we aim to find effect of doping on the chemical and mechanical
stability of these cathode materials as well as their interfaces with solid electrolytes such as
Li7La3Zro012 (LLZO) using ab initio-based approaches. Last year, we studied effect of B doping on

surface structure and stability of a Ni-rich NCA cathode and its microstructure, mechanical stability
of a bare Ni-rich NMC cathode, cation interchange between the Ni-rich NMC and LLZO, and grain
boundaries (GBs) of the bare LNO. In this year’s project, we aim to continue our study by finding the
effect of Ti, F, and N dopants on defect formation (chemical stability) and mechanical stability of
NMC811 cathodes. In particular, we will model, for the first time, GB interfaces in NMC811
microstructures and study effect of the aforementioned dopants on properties of GBs.
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2. Introduction

All solid-state batteries (ASSBs) hold the promise of overcoming the current constraints of
conventional battery technologies such as limited long-term-stability and safety. They are currently
regarded as the next, revolutionary step in electrochemical energy storage. However, achieving the
targets of high-stability and high-energy density solid-state batteries poses significant challenges
and requires rational design of all components to increase capacity and minimize resistances. LiMO-
(M = Ni, Co, Mn, and/or Al) compositions are among the most promising cathode materials for Li-
based batteries [1,2]. In particular, Ni-rich LiIMO, cathodes deliver not only a large a capacity [3-6]
but also decrease the battery cost by reducing the use of expensive Co. However, the high capacity
of Ni-rich LiMOz is accompanied by poor cycling performance arising from microcracks that form
inside the cathode microstructures upon the deeply charged states [7]. To improve the cycling
stability, it is necessary to reduce the formation of cracks, which is induced by the large lattice size
variation during charge/discharge [8]. Doping and substitution are promising strategies to improve
the performance of cathodes [9-14]. Modeling and simulation using density functional theory (DFT)
calculation have been applied to study the occupation site, mechanism of charge compensation, and
solubility of some types of dopants as well as effect of some dopants on electronic and ionic
conductivity, and volume change of battery materials (for example please see refs. [15-21]). In our
previous projects supported by HLRN, we have studied the effect of Zr- [22], W- [23], and B-doping
[24] on LiNiO2 (LNO) as well as Fe in NaMnO, cathode materials [25]. For example, we determined
the mechanism of charge compensation and lattice parameter change for Zr-doped LNO [22] and
surface structure and stability for W-doped LNO [23]. However, effect of doping on surface and
mechanical stability of Ni-rich LiMO, microstructures had not been investigated. Last year, we
simulated, for the first time, effect of B doping on the stability of a Ni-rich LiMO, cathode material
(Li[NixCoyAl1xy]O2, so called NCA89) [26], which will be discussed in the next section. Our
simulations, in agreement with experimental results. indicate that B dopants prefer to occupy the
surface of NCA89. It was found that B dopants by tailoring the morphology of microstructures can
improve the cyclability of NCA89. However, the effect of some other types of dopants, which typically
occupy bulk sites, on defect formation and mechanical stability is unknown. On the other hand,
LizLasZr,012 (LLZO) is the most widely-studied oxide-based solid electrolyte for ASSBs [23].
Electronic and atomic structure as well as Li ion transport in LLZO bulk with and without doping have
been also studied extensively by applying DFT and ab initio molecular dynamics (AIMD) calculations
[27-29]. Elastic constants of bare LLZO has been calculated using DFT calculations [30]. However,
effect of doping, in particular with Al and Ta which are necessary to stabilize and improve Li ionic
conductivity of LLZO, on elastic constants which determine mechanical stability of LLZO have not
been addressed so far. Defect chemistry in LLZO has also been studied using experimental [31, 32]
and theoretical [33] methods. In particular, we have recently studied Li and O vacancy formation
energy in Al-doped LLZO that is, in practice, used in ASSBs [34]. Besides bulk properties, surface
and nanoparticle structures [35] as well as grain boundaries (GBs) [36] of bare LLZO have been
modelled and studied using DFT and AIMD. However, defect formation and mechanical stability in
practical solid-state electrolytes, namely Al-LLZO and Ta-LLZO, have not been studied so far.
Recently, for the first time, we simulated the atomic structure of interfaces between LLZO and a
cathode material [37]. In that study we focused on the LiCoO, (LCO) cathode. The atomic and
electronic structure of interface between Ni-rich LiMO2 and LLZO have not been simulated. In
addition, the strength of interfaces in ASSBs has not been simulated so far. In this project, by
applying DFT calculations, we aim to model and study effect of (i) Ti, F, and N doping on defect
formation and mechanical stability of bulk (WP1) and GBs (WP2) of an interesting cathode material,
namely Li[Nio.sC00.1Mng 1]O> (NCM811). The next logical steps after this project will be to study effect
of doping on mechanical properties of LLZO bulk and GBs as well as chemical and mechanical
stability of NCM811/LLZO interfaces for ASSBs. In the following, we summarize our obtained results
from 01.07.2019 to 27.04.2020 and then in the next section we discuss our strategy to continue this
project.



WP. 1 Calculate surface free energies of pristine and Me-doped NMC using DFT calculations

To investigate the effect of doping on stability of Ni-rich LiMO> cathodes, we simulated both surface
and mechanical stabilities. Motivated by measurements of our experimentalist partner on Ni-rich
Li[NixCoyAl1,]O> cathodes, we calculated surface free energies of pristine LiNip.92C00.04Al0.0402 (P-
NCA89) and B-doped LiBo.02Nio.90C00.04Al0.0402 (B-NCA88). To investigate the surface energy
modification by B doping, we compared stabilities of P-NCA89 and B-NCA88 surfaces by calculating
the surface energies of (003), (01-2), (104), and (100) surfaces using DFT. Surface energies were
computed by:

1
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Here, Eq, s and Epyx are the total energy of surface and bulk structure, respectively. Ny; and N;; are
number of Ni and Li in the surface. y;; ist the chemical potential of Li, and A is the surface area of
the slab. For all surfaces, we modelled non-polar stoichiometric structures. A reconstructed structure
was considered for the stoichiometric (003) surface to stabilize it. Moreover, we modelled non-polar
nonstoichiometric (003) and (012) surfaces with deficiency and excess of Li at the topmost layers.
The B dopant was considered to occupy the subsurface layers. Figure 1 shows y as function of Auy;
(referenced to the total energy per atom of a metal Li reservoir) for bare LiNio.92C00.04Al0.0402 and B-
doped LiBo.02Nio.00C00.04Al0.0402 surfaces. The low and high values of Auyi represent Li-poor and -rich
conditions, respectively. For Apu 1 <
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a finite element simulation. We found that the stresses are significantly smaller for the doped B-
NCA88 material in all cases. The shell part of the B-NCA88 particle is rather stress-free, which
enhances its integrity during cycling. The results of our study have been published in the journal of
Materials Today [26].

After discussion with our experimentalist partners, we realized that elastic constants and strength as
function of Li concentration in bulk and GBs of cathode and electrolyte materials are important
parameters to control the stability of cathodes. 5 . . . '
Thus, we continued this work by calculating ] ]
these quantities for LCO and LNO bulk, i.e. 44 i
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WP2. Modeling of space charge at LLZO/NMC

Before modeling the space charge, we have to determine the structure of cathode/electrolyte
interface. The first step in this direction is to study the initial stage of interaction between cathode
and electrolyte, namely cation interchange between them. Motivated by our experimentalist partners
in IEK-1, we first focused on the cation interchange process between LCO and LLZO as well as
NCM811 and LLZO. Instead of working on the proposed types of dopants, we considered the LCO
and bare NCM811 systems because our experimentalist partners have focused on these cathodes
materials. Another reason was that, as mentioned in the previous WP, we found that B dopants
occupy surface sites and not bulk, and therefore cation interchange cannot be affected by B doping.

The interchange energies E, for a variety of possible cation interchanges between LCO and LLZO
as well as NCM811 and LLZO were computed as listed in Tab. 1. Interestingly, we find that the
interchange energy between any TM cation in the cathode and Al dopant in the Li site of LLZO is

negative, meaning a spontaneous reaction o o
bet thod d Ald d LLZO Tab. 1 Calculated cation interchange energies in eV between LCO and
etween cathode an -aope * AL-LLZO as well as NCM811 and Al-LLZO
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in cathodes to investigate the stability of cathode/electrolyte interfaces as function of level of
charge/discharge. The results of this study together with experimental measurements will be an
important step toward understanding the NCM811/AI-LLZO interface structure and will be published
in a prestigious journal.

Recently, our experimentalist partners have found that it is not only the cathode/electrolyte interface
but also the GBs in the cathode and electrolyte microstructures play important roles in determining
the stability of ASSBs. For this reason, we started to investigate GBs. We first focused on LNO as a
model system for Ni-rich cathode materials. Figure
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those on doped ones (continuation of this project)

will show how doping can affect the performance of cathode microstructures.

3. Project description and computational details

Last year, we simulated surface energies and mechanical stabilities of B-doped Ni-rich NCA
cathode materials. In the continuation of this project, we aim to study effect of doping on defect
formation energies and mechanical properties of LiNiogMno.1C00.102 (NMC811) cathodes for Li-
based battery applications. Our last year experiences and discussions with experimental
collaborators show that some of the most interesting doping elements are Ti, F, and N. The first one
occupies a TM site, while the last two occupy O sites. We will focus on Li<»Ni antisite and O vacancy
defects. Their formation energies will be calculated using the following equations, respectively:

antisite _ pLicNi pristine
EF - Etot - Etot ) (2)
and
Vo _ Vo __ ppristine 1.0,
Ex” =Ey — Eior - EEtot' (3)

where ELIONI pPristine pVo ge the total energies of NCM811 bulk (or GB) with a Li<>Ni interchange

defect, without any defect, and with a single O vacancy, respectively. Et?)zt is the total energy of a
single O, molecule. We will use Perdew-Burke-Ernzerhof (PBE) [38] and SCAN [39] functional. Our
recent studies show that SCAN can predict electronic structure even better than PBE+U for different
Li concentrations without having the tunable U parameter. To calculate EZ"tsi*¢and E:Ofor bare and
doped NMC811 bulk, we will consider a 4x4x1 supercell. We will focus on Li concentrations of 1.00,
0.75, 0.50, 0.25, and 0.00. We will study concentrations of ~3, 6, and 12 percent of Ti, F, and N
dopants. We will fully optimize unit cell parameters and geometries using 2x2x1 k-points and energy
cutoff of 500 eV. To calculate total energies and stresses which are needed to compute elastic
constants and strengths, we will use the same set up as before but we will keep the unitcells fixed.



We need a set of calculated total energies and stresses for geometry optimized structures with
various unit cells. We will then use a finite difference method implemented in a home-developed
Python code with the obtained DFT data to calculate elastic constants. To compute Eg"ticit¢and

E:Ofor bare and doped tilt £3[11-20](1-102) GB of NMC811, we will consider a 2x1x1 supercell. We
will focus on Li concentrations of 1.00, 0.75, 0.50, 0.25, and 0.00. We will only study the
concentration of ~3 percent of Ti, F, and N dopants. We will fully optimize unit cell parameters and
geometries using 4x4x1 k-points and energy cutoff of 500 eV. To compute total energies and
stresses for elastic constants and strength calculations, we will use the same set up as before but
we will keep the unitcells fixed.

4. Work plan

WP1. Determine effect of doping on defect formation and mechanical properties of NCM811
bulk

We will calculate formation energies of Li«<>Ni interchange and O vacancy defects for Ti-doped, F-
doped, and N-doped LixNMC811 as function of Li concentration. Similar to the already-simulated
bare case, we will focus on 5 various Li concentrations, namely x=1.00, 0.75, 0.50, 0.25, and 0.00.
We will first perform Coulomb energy calculations for each dopant type and concentration and each
Li concentration. Since there is only one possible configuration for the cases of x=1.00 and 0.00,
Coulomb energy calculations will only be performed for x=0.75, 0.50, and 0.25. After carrying out
Coulomb energy calculations, we will list the energies and will perform DFT-PBE calculation on 20
lowest-energy structures. After determining the minimum total energy structures, we will calculate
defect formation energies as function of dopant type and concentration as well as Li concentration.
Finally, we will compute elastic constants using our Python code as well as tensile and compressive
strengths for Ti-doped, F-doped, and N-doped LixNMC811 systems. The aim of this project is to
determine effect of cation and anionic doping on defect formation and strength of cathode materials
in ASSBs. Finally, we will recalculate the electronic structures with the SCAN functional. These
calculations will show how oxidation states and magnetization will be affected by the type of the
exchange-correlation functional.

WP2. Find effect of doping on defect formation and mechanical properties of grain boundary
interfaces of NCM811 microstructures

In this work package, we will model GB interfaces in bare and doped NCM811 microstructures. To
achieve this aim, we will focus on the tilt £3[11-20](1-102) GB that we modelled in the previous
project for LNO. To find the most stable structure of the GB as function of Li in bare LikNMC811, we
will first consider LikNMC811 with x=1.00 and perform 20 DFT-PBE calculations on various possible
arrangements of Ni, Mn, and Co. We will also use our gained knowledge on the structure of
LixNMC811 bulk. After determining the atomic structure of £3[11-20](1-102) GB of Li1.coNMC811, we
will find the arrangement of Li ions in £3[11-20](1-102) GB of LixNMC811 with x=0.75, 0.50 and 0.25.
Please note that there is only one configuration for x=0.00. Afterwards, we will calculate atomic and
electronic structures of the GB as function of type of dopant and Li concentration. After determining
the minimum energy structures, we will compute defect formation energies and strengths of the GBs
as function of dopant and Li concentrations. In this case, to save the computing time and also to
study the possibility of segregation of dopant into the GB interface, we will focus on the lowest
concentration case. We will finally recalculate the electronic structures of the most favourable
structures using the SCAN functional.



5. Resource request

In our proposal for 2016-2017, we carried out geometry-optimization calculations for LCO cathode
using different number of cores and processors and plotted speedup curves. Based on this curve
and our recent calculations, | will give the details of the required number of core-hours for performing
our project.

WP1. We will simulate 3 different concentrations of 3 types of dopants and 20 configurations of 3 Li
concentrations (x=0.75, 0.50, and 0.25). There is only 1 possible configuration for each of the 2
following cases of x=1.00 and 0.00. Based on our experience on pristine NCM811 system, each full
optimization DFT-PBE calculation (with the computational set up as mentioned above) using 96
cores needs 18 hours in average. This means that we need 3*3*20*3*96*18+3*3*2*1*96*18=
964224 core hours. We will then compute formation energies of 2 defective cases, namely antisite
and O vacancy, by studying 5 possible configurations for 3 different concentrations of 3 types of
dopants and 5 Li concentrations Since the same computing time as the previous step is expected,
we need the following computing time: 2*5*3*3*5*96*18= 777600 core hours. Afterwards, we will
compute elastic constants. Based on our experience for the bare NCM811 bulk, the elastic constants
can be computed with 25 single point (without geometry and unit cell optimization) calculations which
with 96 cores it takes in average about 12 hours. This means that for 3 different concentrations of 3
types of dopants for 5 different Li concentrations we need 3*3*5*96*12= 51840 core hours. Moreover,
we will calculate tensile and compressive (2 sets of calculations) strengths of LixNMC811 along 2
directions with 3 different concentrations of 3 types of dopants for 5 Li concentrations by performing
geometry optimization for 10 different lattice parameters. Since each geometry relaxation calculation
for NCM811 bulk requires 96 cores and 3 hours we need 2*2*3*3*5*10*96*3= 518400 core hours.
We will finally recalculate the electronic structures with SCAN by focusing on the determined
structures with PBE. Since we start with PBE results the computing time is not very long and it is
similar to the PBE one: 3*3*5*96*18= 77760 core hours. We will, therefore, need the following
resources for this WP: 964224+777600+51840+518400+77760=2389824 core hours (about 199152
NPL).

WP2. To find the arrangement of TMs in the GB of Li1.0coNMC811, we will perform 20 DFT-PBE
calculations. Based on our calculation for the GB of LNO with 96 cores, one simulation will take 18
hours. We will therefore need 20*96*18=34560 core hours. To simulate 1 concentration (the lowest
one) of 3 types of dopants in the GB of LixNMC811 with 3 Li concentrations (x=0.75, 0.50, and 0.25)
we have to find the most favorable configuration of Li arrangement for each case by performing 20
DFT-PBE calculations. There is only 1 possible configuration for the case of x=0.00. We need the
same computing time as the previous step for each case. This means that we need
1*3*3*20*96*18+1*3*1*1*96*18= 316224 core hours. We will then compute antisite and O vacancy
formation energies for 1 concentration (the lowest one) of 3 types of dopants as well as the bare
case (1*3+1=4) with 5 Li concentrations. Since we have to find the most favorable configuration of
O vacancy and Ni«Li arrangement for each case by performing 10 DFT-PBE calculations we will
need: 4*5*10*96*18=345600 core hours. Afterwards, we will calculate tensile and compressive (2
sets of calculations) strengths along the GB normal direction for pristine and doped LixNMC811 GBs
cases (4 systems) with 5 Li concentrations by performing geometry optimization for 10 different
lattice parameters. Since each geometry optimization takes in average 5 hours (based on our
calculations for the GB of LNO) we will need 2*4*5*10*96*5= 192000 core hours. We will finally
perform DFT-SCAN calculation for 1*3+1=4 systems with 5 Li concentrations: 4*5*96*18=34560.
Therefore, we need 34560+316224+345600+192000+34560=922944 core-hours (about 76912
NPL).



required core

Milestones
hours

required NPL

WP1. Determine effect of doping on defect formation
and mechanical properties of NCM811 bulk 2389824 199152

WP2. Find effect of doping on defect formation and
mechanical properties of grain boundary interfaces of 922944

76912
NCM811 microstructures

Total required core hours or NPL for 1 year 3312768 276064
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