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Abstract

Here, N-doped Li¢Zr,O7 (LZON) was investigated using first-principles density functional theory
(DFT) methods to evaluate its (electro)chemical stability and Li-ion transport properties for its novel
design as a practical dual-use Li ionic conductor, both as a cathode-coating layer (CCL) and solid
electrolyte (SE) in all-solid-state Li-ion batteries (ASSBs). Thermodynamic free energy calculations
showed that LZO is chemically stable vs. most known cathode materials. Focusing on LiCoO; (LCO)
cathode, explicit hetero-interface modeling analysis of the low-energy LCO(104)[LZO(001) interface
revealed that LZO can form a strongly adhered and a low-strain contact with LCO. The electronic
structure of this interface has LCO-side states (Co-3d, O-2p) occupying the highest occupied states,
thereby facilitating a stable cell charging. Climbing-image nudged elastic band calculations results
suggested that the LCO(104)|[LZO(001) interface also has interface-normal diffusion pathways with
low Li ion migration energy. Meanwhile, ab-initio- and machine-learning-based molecular dynamics
simulation results confirmed that Li diffusivity in bulk LZO can be greatly enhanced by several orders
of magnitude via aliovalent N-doping with Li interstitial addition. For the LCO(104)|[LZON(001)
interface, the N dopant is determined to energetically prefer the LZON bulk region, the corresponding

interface electronic structure that can also facilitate a stable cell charging.

Introduction

Oxide-type Li-ion conductors (OLCs) with excellent electrochemical stability and high Li diffusivity
are amongst the strongly sought materials for the development of highly practical all-solid-state Li-
ion batteries (ASSBs). They demonstrate good chemical stability and high safety when used as battery
components such as solid electrolytes (SEs), interphase buffer layers and cathode coating layer (CCL)
materials."> As SEs, OLCs with exceptionally high Li-ion conductivity (oy;) have been reported:
garnets (e.g., LisLasZr012),> perovskites (e.g., Lio375Sr04375Ta0.75Z102503),* NASICONs (e.g.,
Lii3AlosTii7(PO4)s, LiisAlosGers(PO4)3),>® and oxyhalides (e.g., LiNbOCls, pyrochlore-type



Li; 25Lag ssNb,OgF)”-8. As buffer layers and CCLs, OLCs have been employed to address issues such
as interfacial instability, contact loss and high cell impedance that result in poor battery rate capability
and cycle performance in solid-state cells. Some examples include LisPO4 as a buffer layer for the
LiCoO; (LCO) cathode — LisPS4 SE interface in thin-film ASSBs,? LisBO; as a sintering additive for
the LCO cathode — LisLasZr,O12 SE interface,!” surface modifiers such as ALO; and ZnO on
LizLasZr,012 SE and SnO; on Lij sAly sGe; 5(PO4); SE in the anode side (i.e., with Li metal contact),'!-
13 and oxide CCLs such as TiO, LiNbOs, and LisZr,O7'41°.

Recently, an enhanced electrochemical performance of Ni-rich LiNipsCo.1Mng 10, (NCM811)
cathode by Li¢Zr,07 (LZO) CCL was reported.'® The beneficial effect of LZO was claimed to be
related to the induced delay in temperature-driven phase transition (layer R-3m —> spinel Fd-3m,
rocksalt Fm-3m) and the suppressed interfacial degradation of the NCM811 cathode. In NCM cathodes,
particularly for degradation-susceptible high-Ni content compositions, oxygen release and large
volume change are two of the reported significant degradation mechanisms that can lead to capacity
fade and thermal runaway.'”

The crystal structure of LZO is shown in Figure 1, it belongs to monoclinic symmetry and a C2/c
space group. The host framework has pairs of edge-shared ZrOs octahedral units (Zr 8f Wyckoff site,
O 4e and 8f Wyckoff site) which are corner-shared with other neighboring edged-shared ZrOs units.
Li ions (8f Wyckoff site) are located at square pyramidal interstitial sites (i.e., as LiOs units). The total
o.; of LZO was experimentally measured at 573 K to be on the order of ~10 S cm!, while its Li
activation energy was estimated to be ~1 eV.'3-1 In these works, the o; measurement of the material
required elevated temperatures, suggesting poor Li diffusivity that makes LZO unattractive for SE use.
Meanwhile, an almost two orders of magnitude enhancement in a;; at the same elevated temperatures
was achieved by aliovalent cation substitution (e.g., Y**) at the LZO Zr*" site, with inclusion of extra
interstitial Li for charge compensation.'® The bulk Li diffusion pathways and barriers of LZO had been
investigated computationally as well by bond softness analysis, predicting the presence of Li pathways
with low energy barriers (0.35 — 0.45 eV).2° These results appear to be somewhat consistent with the
reported improved electrochemical performance of cathodes with LZO CCL, but they are inconsistent
with the experimentally measured o7; of LZO. The Li ion transport in LZO CCL can differ from the
bulk-dominated diffusion process, as microstructure contributions become dominant at the relevant
scale (e.g., grain nano-sizing, mechanical stress and strain, amorphization, formation of interphases,
and composition stoichiometry deviation). Depending on the dominant contributions and their
interplay, Li diffusivity in LZO can then either be diminished or enhanced. From these points, it is
evident that there are still gaps in the understanding about the interface-related and Li diffusion
properties of LZO.

Here, the cathode-contact (electro)chemical stability and Li diffusivity of N-doped LZO (LZON) are
investigated by first-principles density functional theory (DFT) methods. Thermodynamic analysis is



performed based on Gibbs free energy calculations to study the phase stability and cathode-contact
bulk reactivity of the material. To study the interfacial electronic and Li ion transport properties of
LZO(N) as a CCL, DFT thermodynamic and Li ion migration calculations and analyses using explicit
hetero-interface structure models are carried out, with LCO as the cathode material. The bulk Li
diffusivity was also studied by ab-initio and machine-learning-based molecular dynamics (AIMD,
ML-MD) methods to determine the viability of N-doping in LZO for enhancing bulk ;. Overall, our
results offer valuable insights on the design and fundamental understanding of OLCs for CCL and SE
applications in ASSBs.
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Figure 1. Crystal structure of monoclinic C2/c LisZr.07; (LZO). Each ZrOs unit (purple) is
characterized by 3 O vertices (red) that are corner-shared with neighboring ZrOs units and 2 O vertices
in an edge-sharing configuration with a neighboring ZrOs unit. Li atoms (green) are coordinated in a

square pyramidal configuration (i.e., LiOs).

Calculation details

Structure relaxation

The VASP software?!-?2 is used for DFT calculations in this work, it employs the projector augmented
wave (PAW) method?-?. The DFT + U scheme within the generalized gradient approximation of the
Perdew, Burke, and Ernzernhof functional (GGA-PBE) is implemented.?®2” The experimental crystal
coordinate data of C2/c LZO and R-3m LiCoO; (LCO) are taken from previous experimental works.?%
2 For LCO, the Hubbard U value is set to 3.32 eV for the Co-3d state.’® For pseudopotentials, the
following valence configurations are chosen: 1s?2s! for Li, 4s?4p®4d35s! for Zr, 3d%4s! for Co, 2s?2p*
for O, and 2s?2p? for N. The cutoff for kinetic energy is set to 520 eV and the k-points resolution is
fixed to at least 1000 in a Monkhorst-Pack grid scheme;3! spin polarization is switched on. For energy
and residual force convergences, the criteria are set to <l meV/atom and <0.01 eV/A, respectively.
For the N-doped LZO (LZON) structure, the unit cell is expanded into a 1 x 2 x 1 supercell, resulting
to a structure model with > 10 A in cell edges. Two doping cases are considered: (i) N at the O site (x

=1[1,2,3,4,5,6, 7] in LissxZri60s56.xNx) and (b) N at the interstitial site (x = [1] in Li4g+3xZr16056Nx).



Extra Li atoms are added for charge compensation. The vacancy/interstitial sites for the dopant N*
and extra Li* are searched by an algorithm based on DFT electronic charge density analysis (Fig. S1).3?
A total of 500 Li-O-N-vacancy configurations are randomly sampled for each N content. These
sampled structures are then sorted based on electrostatic Ewald energy (Egwalq) criterion. The top-5
unique lowest-Egya1q Structures are selected and subjected to DFT structure relaxation, the one with
the lowest DFT total energy (E,) is then chosen as the representative structure for use in further

analyses/calculations.

Evaluation of thermodynamic phase stability

The thermodynamic phase stability of LZO(N) is evaluated using the DFT decomposition energy (Eq4)
metric which can be calculated by convex hull approach.?} The thermodynamic decomposition energy,
Eq (eV atom™), is calculated according to the following formula:

Eq = AHf— AH,, @)

where AH; and AH, are the convex hull energies related to the target phase/compound and the phase
equilibria at composition ¢ (i.e., the thermodynamically stable competing phases), respectively.

The bulk cathode-contact stability of a target compound (e.g., LZO) is determined based on the

interfacial minimum mutual reaction energy, AE,ytualmin:>"

{5 [Eeq(rea + (1= x)cg) — xE(ca) — (1 — 0)E(ce)]} (2)

AE, i = min
mutual,min x€[0,1]

where x and (1 — x) are the ratios in the pseudo-binary phase diagram of cathode A and target
compound B, respectively, E(cy) and E(cg) are the DFT total energies at the convex hull at
cathode A and target compound B compositions, respectively, Eeq(xcy + (1 —x)cg) is the phase
equilibria energy at composition xc, + (1 — x)cg, and N is the total number of atoms involved in a
given reaction.

The total energy data of relevant competing phases are taken from the Materials Project database and

the corresponding phase diagrams were constructed using the pymatgen library.3>-3

Interface structure search of cathode — coating contact

The explicit-interface cathode-contact stability of LZO is analyzed by constructing an LCO|LZO
interface structure model. The LCO (104) surface is chosen as the representative cathode facet contact,
this choice is based on previous works that analyzed the surface stability and favorable Li pathways
of the material (Fig. S2).3” For the LZO CCL, several non-polar, symmetric facet surfaces are
constructed (Fig. S3). The following equation is used to calculate surface energy (Vsurrace):

_ Estab—Epuik
ysurface - 24 > (3)

where Egap, Epuk, and A are the DFT total energy of the surface slab structure, DFT total energy

of the bulk structure, and surface area, respectively.



To generate the LCO|LZO interface model, a superlattice-matching strategy that creates coherent
interfaces of LCO and LZO surfaces is employed, as implemented in the pymatgen package.’® 3% A
maximum tolerance length, angle and superlattice area of 0.1 A, 0.1° and 300 A2, respectively, were
considered during the interface generation step. The generated interfaces are further optimized in the
contact-lateral and contact-normal directions using Bayesian optimization which is coupled to the DFT
structure relaxation routine (BO+DFT method, see Fig. S4 for the calculation workflow), the goal is
to efficiently find the shifted LCO|LZO interface with the lowest DFT total energy after relaxation
(i.e., minimizing the objective function, fico|iz0)- A 3D grid of lateral and vertical interface shifts
(i.e., the search space X) is defined with a 0.25-A shift interval in the ranges of [0, 3 A] and [0, 0.75
A], respectively, where x = (0, 0, 0) coordinate represents the initial coherent interface. A Gaussian
Process (GP) model for ficojrzo is constructed with a radial basis function kernel. The error loss
function is formulated based on mean square error (MSE) which is minimized using the Adam
optimizer with a learning rate of 0.01. The Expected Improvement (EI) acquisition function is used to
decide which of the shifted LCO|LZO structure candidates should be geometry-relaxed next by DFT
calculation.?® For the initial training dataset (i.e., DFT total energy), 3 interfaces are randomly sampled
(from X) and subjected to DFT geometry optimization. The BO sampling iteration is terminated when
ficojLzo does not change for the next 2 BO steps, the lowest-energy interface is then chosen as the
representative LCO|LZO interface for further analyses.

The work of adhesion (W,gnesion) Of the LCOILZO interface is determined using the following

formula:

1

Wadhesion = (ErcolLzo — Evrco stab — ELzo slab) 4)

ALco-Lz0

where ErcojLzo> ELco slab» ELzo slabs and Aycojrzo are LCO|LZO structure, LCO slab, LZO slab
total energies, and LCO|LZO interface area, respectively.

For the LCO|LZON interface, the DFT-geometry-optimized LCO(104)|LZO(001) interface is used as
the structure template. Two models are considered, each with 1 dopant anion in the LZO slab side: (i)
N3-at an LZO-side surface O? site and (ii) N3~ at an O site that is away from the interface (i.e., in the
LZO bulk region). In both cases, one extra Li* is added at an interstitial site near the N3 for charge
compensation. The resulting LCO(104)[LZON(001) interface is then subjected to DFT geometry

optimization and post-processing analyses.

lon dynamics simulations and analysis

AIMD simulations for bulk LZO and LZON (at x = 0.5 in Lis+xZr207.xNy) are carried out using a 1 x
2 x 1 supercell with a 1-fs MD step size. To estimate the bulk Li ion activation energy (E,), the
Arrhenius plot is determined using the Li diffusivity data at 600, 800, 1000, 1200, and 1400 K. Under

NPT ensemble condition,* a structure equilibration step at each MD temperature is performed for 20



ps, this is then followed by the MD production run with a trajectory length of 100 ps.

To investigate the effects of N-doping content to bulk op; at 300 K, direct MD calculations are
performed using a fitted machine learning interatomic potential (MLIP) based on scalable sparse
Gaussian process regression formalism with training and test datasets from AIMD trajectories, using

the autoforce package.*!*#*

Other details of the MLIP training and testing procedure are provided in
Supporting Information.

The time-averaged Li-ion mean square displacement (MSD) is calculated using the following
equation:*

MSD = ([r(t + 1) — r(D)]?), (5)

where r(t) is the Li position at time t and 7 is the lag time. The Li diffusion coefficient (D) is
estimated according to the Einstein-Smoluchowski equation:*

D = lim[(1/2dt)([r(t +7) = r(O]*)], (6)

where d is the diffusion dimensionality of the Li ions. Here, D is derived from the diffusive-regime
slope of the MSD plot. Using Nernst-Einstein relationship, the bulk oy; (g 1) is calculated as
follows:*’

OpukLi = PF 22D /RT, (7

where p is the Li mass density, z. is the Li ion charge, F. is the Faraday constant, R is the gas
constant and T is the temperature.

The Li correlation and dynamical properties are analyzed using the van Hove equation (G (7, t)):
G(r,0) = (T 8 +1:(0) = (D)) + 1 (B 8(r +75(0) — 7). ®)

where N, (-) and &8(+) are the total number of Li ions, the ensemble-averaged quantities and the 3D
Dirac delta function, respectively. The first term accounts for the Li self-correlation Gge (7, t) while

the second term represents the distinct Li-Li correlation (Ggistinct (7 t))-

Li-ion migration analysis at the cathode-coating interface region

The local Li-ion migration barriers at the LCO|LZO interface region are evaluated by climbing-image
nudged elastic band (DFT-cNEB) method. The LCO- and LZO-side surface Li ions (sites) are
considered as initial and final states, respectively, with vacancy mechanism as the Li transport model.

Three intermediate images are generated for each local Li pathway.

Results and discussion

Structure and phase stability check

The convex-hull E4 value of LZO is determined to be 0 meV atom!, characterizing it as a ground-
state phase. Meanwhile, it is noted that, for LZON structures, a positive correlation is found between
Ewald energy and lower-bound DFT total energy (Fig. S5), validating the configuration sampling
strategy in this work when finding low-energy structures. Fig. 2a shows the plot for E4 vs. N-doping



content (i.e., at O site), there is a monotonically increasing relationship and thus a decreasing phase
stability trend (i.e., up to Eq = 74.2 meV atom™'). The predicted ground-state decomposition phases
include LZO, Li,ZrN; and Li,O. For comparison, the case of LZO with one N** doped at an interstitial
site (i.e., Lis375Zr207No.125) is also evaluated, it has E4 = 40.0 meV atom™' which makes this
configuration relatively less stable than in the case of N-doping at the O site (i.e., Eq = 15.3 meV
atom! for Lig125Z12065875No.125). Empirical observation shows that most of metastable and
synthesizable oxides found in experimental structure databases typically fall within E4 < 100 meV
atom™' 48

Fig. 2b shows the AE,tyaimin for the most exothermic reactions for different combinations of
cathode and SE/SE-related phases. Here, the degree of reactivity is shown to be strongly composition-
dependent. The most chemically reactive interfaces (i.e., AEpytyarmin << 0) are determined for
Li2ZrN; (a decomposition product of LZON) and sulfide-type LizPS4, especially when in contact with
LCO and Ni-rich cathodes (NCM333, NCM&811 and LiNiO). LZO is found to have relatively less-
negative ALy uualmin Values vs. most of the considered cathodes, except against polyanion-type
ones such as LiFePO4 and Li3V2(PO4)s. Li2O (another decomposition product of LZON), shows a
similar low cathode-contact reactivity trend as with LZO. Other SE phases such as halide-type Li3YBrs

and garnet LisLazZr,O1; are also found to be relatively less reactive, similar to LZO.
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Figure 2. (a) DFT-calculated convex-hull decomposition energy (E4q) vs. N-doping content (x in
Lis+xZr;07.4Nx, LZON) plot. (b) Thermodynamic-minimum mutual reaction energy heatmap in the
pseudo-binary phase diagram related to contact reactivity between known cathode materials (vertical
axis) and LZO/LZO-related phases (horizontal axis); known solid electrolytes are included for
comparison. Red-to-brown, green-to-yellow and cyan-to-blue color ranges shows the most,

moderately and least reactive material combinations, respectively.



Cathode-LZO(N) interface property evaluation

The oxygen-terminated LZO(001) surface is determined to have the lowest Vg fqce (1.14 J/m?)
amongst considered surface structures (Table S1), it is selected here for the construction of an interface
model with the low-surface-energy LCO(104). The resulting LCO(104)|LZO(001) interface has a low
average strain of 0.79%. The lowest-energy interface-shifted (lateral + vertical) configuration, as
found efficiently by our BO+DFT technique after 6 BO steps (Fig. S6), is displayed in Fig. 3a. The
interface has all surface Co (Zr) ions of the LCO (LZO) slab topmost layer having adsorbed O ions
coming from the LZO (LCO) slab topmost layer, this forms an interlocking configuration of the two
material slab surfaces. Additionally, the subsurface Li ions in the LZO slab side are found to relax on
top of surface O of the LCO slab topmost layer. These interface atomic rearrangements that result to
Li-O, Co-O and Zr-O bond formation are reflected in the visualized differential charge density. The
calculated W, gnesion value is -1.67 J m? which indicates strong adhesion. For comparison,
Wadnesion for well-contacted LisLa3Zr,O12-Li, LCO-Li3PSs, and LCO-LiNbO;3; (LCO-LiTaOs)
interfaces are predicted to be -0.98 J m?2, -0.44 J m2, and -0.79 (-0.82) J m?, respectively.*>->!

Fig. 3a (left image) shows the layer-decomposed electronic density of states (LDOS) plots for the six
innermost layers of the LCO(104)|LZO(001) interface. There is at least 1 eV band gap observed,
suggesting a low likelihood of spontaneous interface electron transfer that would facilitate
degradation-related reactions between LCO and LZO upon contact. The valence band maximum
(VBM) is characterized by LCO-side (Co-3d, O-2p) electronic states. When LZO acts as a CCL for
LCO, the band alignment suggests that during battery charging, electrons are first drawn from LCO
side (not from LZO side); this electrochemical process depicts LZO as a stable CCL. There are fewer
O-2p states at the highest occupied states, this can be explained by the energy lowering of the O-2p
states due to formation of strong interfacial Zr-O bonds. The latter may be beneficial for inhibiting
degradation-related reactions (e.g., from O release). The relatively less-negative AEp,ytyaimin Values
vs. cathodes of LZO (Fig. 2b) also indicate a similar tendency.

As highlighted in Fig. 2b, there is a relatively severe chemical reactivity vs. known cathodes (i.e.,
AE hytualmin << 0) for LiZr:N», a decomposition phase of LZON. Concurrently, the influence of N
doping on the interface stability is evaluated by introducing N at the interface and around the LZO(N)
bulk region (Fig. 3b, 3¢). As shown, the interfacial LDOS profiles can be consequently changed when
N is located at the interface, such as the highest occupied states becoming dominated by N-2p states
(Fig. 3b). The localized VBM-region states related to Zr—N interaction reflect a significant degree of
ionic bonding character. This electronic structure also suggests that electrons can be removed first
from the interface during battery charge process, inducing oxidative decomposition. When N is located
around the LZO(N) bulk region (Fig. 3c), the N-2p states are pushed down to deeper energy levels,
while the highest occupied states are now characterized by LCO-side Co-3d and O-2p states. This

should result to a stable interface during cell charging process, similar to the pristine



LCO(104)ILZO(001) interface. Based on DFT total energy comparison between the two interface
models, it is found that the configuration with N located away from the interface (Fig. 3c) is
energetically more stable (by 3.6 meV atom™') than the case when N is located at the interface (Fig.
3b). This implies that N does not prefer to segregate to the interface, thus avoiding the interfacial

instability related to N-2p states dominating the highest occupied electronic states.
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Figure 3. Layered electronic partial density of states (PDOS): (a) pristine LCO(104)[LZO(001)
interface, (b) LCO(104)[LZON(001) interface with one N dopant at the interface and (c)
LCO(104)[LZON(001) interface with one N dopant away from the interface. Dashed lines represent
the corresponding interface layer positions. Charge accumulation (depletion) is shown as yellow

(aqua) isosurface; the isosurface level is set at 0.005¢ A3,

Li diffusivity analysis

Fig. 4a, 4b display the bulk Li-ion MSD plots for LZO and LZON from AIMD simulations at various
temperatures (600 — 1400 K). The dynamical stability of the LZO (LZON) host framework was
confirmed by the flat MSD trends of non-Li ions at all investigated temperatures (Fig. S7, S8). In
Fig.4a, a flat Li MSD profile is also observed for LZO, suggesting a negligible oy, i down to room
temperature. In contrast, LZON (i.e., LissZr206.5No.5) has an increasing MSD slope vs. temperature
(Fig. 4b), the extrapolated room-temperature gpypcr; is 4.2 x 105 S cm!, with an activation energy
of 0.32 eV based on the log-diffusivity Arrhenius relationship. The several orders of magnitude
increase in conductivity can be explained by the presence of extra Li interstitials from aliovalent N*
anion substitution at the O* site. Li interstitials in LZO can increase structure entropy by inducing
geometric Li site frustration due to the increased local Li-Li repulsion effect from reduced Li-Li
average distance. It can energetically penalize specific Li ordering preferences (relative to the pristine
case), thus enhancing the overall structure disorder and creating a flatter Li potential energy
landscape.’?-53

To investigate the dependence of opyk1; towards N-doping concentration at 300 K, a machine

learning potential based on Sparse Gaussian Process Regression (SGPR) model is trained by AIMD-



based energies and forces. The final SGPR potential has been confirmed to have low test dataset errors
of 0.9 meV/atom (R2=0.97) and 0.09 eV/A (R?=0.97) in energies and forces, respectively (Fig. S10).
Stable NPT-MD runs are also verified for the final SGPR potential according to the observed energy,
temperature and cell-volume profiles (Fig. S11). Fig. 4c shows the variation of oy i at 300 K with
respect to N-doping concentration. There is a good agreement between SGPR-based oy i (3.9 x
10 S cm) and the AIMD-based extrapolated value (4.2 x 10~ S em™) at x = 0.5 in Ligi,Zr207..N;
(i.e., Lis.5Zr206.5No 5).

A maximum Opy i is determined at x = 0.25 (i.e., Lis25Zr206.75No2s). To explain this optimal
composition, two Li-pathway-specific parameters are determined: the largest free sphere diameter
along the Li pathway channel (d)) and the largest included sphere along the free sphere pathway related
to the Li pathway channel (¢2).>* The d; parameter is related to the Li pathway bottleneck size which
is correlated to the O-O edge distance of the LiOs unit (Fig. S12). On the other hand, the d» parameter
is related to the size of the empty interstitial site relative to the pristine structure (i.e., interstitial Li
site-cage size) and along the Li pathway (Fig. S12). It is found that d; and d> increases and decreases,
respectively, with increasing N-doping concentration. The increasing conductivity up to x = 0.25 can
then be attributed to the decreasing Li activation energy barrier due to the increasing Li-pathway
bottleneck size (i.e., increasing d1) which decreases steric hindrance during Li jump to the next nearest-
neighbor available site. On the other hand, the decreasing conductivity beyond x = 0.25 can be
explained by two factors: i) the decreased vibrational and configurational entropy due to decreased
available space at the interstitial site (i.e., decreasing d>) and ii) the decreased number of vacant
interstitial jump sites owing to progressive occupancy by extra Li (for charge compensation) when
aliovalent N-doping concentration increases. These combined effects can decrease the conductivity
prefactor and can account for the observed conductivity decrease for x > 0.25. Therefore, for
Lis+xZ1r07.Nx, Li-pathway bottleneck size, Li site-cage size, and Li (interstitial) vacancy
concentration are critical parameters for maximizing conductivity. Li diffusivity activation with N-
doping is qualitatively confirmed as well by the observed Li trajectory densities of the N-doped

structures which show more connectivity, as compared to the pristine structure (Fig. S13).
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Figure 4. Mean squared displacement (MSD) plots for Li* ions from NPT-AIMD simulations (600 —
1400 K): (a) LigZr2O7 (LZO) and (b) LissZr2065Nos (LZON). (c) Plot for calculated bulk Li
conductivity as a function of N-doping content (x in Lis+Zr:07.:Ny) by 500-ps direct 300-K MD
simulations with a trained machine learning potential (MLIP) based on Sparse Gaussian Process
Regression (SGPR). The AIMD-based extrapolated value at 300 K from high-temperature MSD data
in (b) is also plotted in (c) for comparison. (d) Plot for geometric-based averaged parameters related
to the Li pathway channels in the LZON structure (using the 300-K MLIP-MD trajectories): the largest
free sphere diameter along the Li pathway channel (d1) and the largest included sphere along the free
sphere pathway related to the Li pathway channel (d>). d is related to the Li pathway bottleneck size
which is correlated to the O-O edge distance of the LiOs unit (Fig. S12), d- is related to the size of the
empty interstitial site relative to the pristine structure (i.e., interstitial Li site-cage size) and along the

Li pathway (Fig. S12).

Fig. 5a and 5b show the Gge (7, t) heatmap for Li ions in LZO and LZON, respectively, as derived
from the 1000-K AIMD trajectory data. The typical distance between 1%-nearest neighbor (INN) Li
8f Wyckoff sites is ~3.3 A while the between the Li 8 Wyckoff site and a nearby interstitial site is



~2.3 A (Fig. 5a inset image). During the high-temperature NPT-AIMD simulation runs in the present
work, these characteristic distances are expected to be slightly increased owing to thermal expansion
effect. For (pristine) LZO, Ggej¢ contributions for INN distance and beyond are absent because no Li
jump events are recorded within the sampled 100-ps trajectory, this is supported as well by the flat Li
MSD trends in Fig. 4a. Mainly, only intra-site vibrations are detected as shown by the persistent band
at <2 A and the rather disconnected Li trajectory density profile (Fig. Se). However, because of Li
diffusivity activation in LZON by N-doping, significant Ggej¢ contributions for INN distance and
beyond are detected such as at bands centered at ~2.6 (INN), ~5.1 (2NN) and ~7.9 A (3NN). These
Gge(1, t) bands result to a highly connected Li trajectory network (Fig. 5f).

From AIMD trajectories at 1000 K, the characteristic times for Li to move to the 1NN site (z1) and the
onset for concerted Li migration (z2) in the LZON structure are both ~5.1 ps. In the LZO structure, 71
and 12 values cannot be readily estimated due to the absence of NN Li jump events within 100 ps, thus
these parameters are expected to be larger by orders of magnitude than that of the LZON structure. As
comparison with the present LZON materials (with predicted Li bulk conductivities in the range of
104-107 S cm™ at 300 K), 71 and 72 values derived by the same AIMD simulation approach (at 1000
K) for other reported solid electrolytes in our previous work, such as pyrochlore-type
Lii 3125La0 562sNb206F (~10- S cm!) and garnet-type LizLazZr2012 (~10* S em™), are ~1.0 ps (for both
latter materials).

Fig. 5¢ and 5d show the corresponding Ggistinct(7,t) heatmaps for Li ions in LZO and LZON,
respectively. Since Li ions in LZO are mainly vibrating about their sites, there is 10 Ggistinct (7, t)
band for concerted Li ion migration near r = 0, only persistent bands for distinct Li-Li NN distances
are noted over MD time. Meanwhile, Ggjstinct(7,t) build-up near r =0 is clearly visible for LZON,
this confirms that Li ions are moving in a concerted manner within the structure.

The Li correlation length (§) was estimated by envelope method from the van hove dataat t =0 (i.e.,
Li-Li radial distribution function, g(r)) from MLIP-MD trajectories at 300 K, based on the form
e(=7/8),56 the fitting range was set to 2.7 A < r < 7.5 A. It is determined that as the N-doping
concentration increases from x = 0 to x = 0.5, & decreases from ~6.09 to ~3.57 A, respectively. The
relatively large & at x =0 is due to the preference of Li to keep its ordering that is consistent with
its original 8f Wyckoff sites, this is also in agreement with the observed flat Li MSD profiles which
show that Li ions are only mainly vibrating at their original sites (Fig. 4a). The value of & then
decreases as the number of interstitial Li increases due to N-doping, indicating an increase in Li
configuration disorder and more Li rearrangement events becoming energetically accessible, this is

also supported by the positive MSD slopes of N-doped structures that indicate Li diffusivity activation.
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Figure 5. Heatmap profiles for the self (Gger) and distinct (Ggistinet) part of the space-time correlation
(van Hove) function derived for Li* ions from 1000 K NPT-AIMD trajectories: (a) Ggepf in bulk
LicZr,07 (LZO), (b) Gger in bulk LissZr065Nos (LZON), (¢) Ggistince in bulk LZO, and (d)
Ggistinct 10 bulk LZON. Characteristic nearest-neighbor (NN) Li-Li distances are labeled accordingly.
Inset images in (a) shows the schematic picture of Gge; for a moving Liion up to a distance described
by r;(t) (dashed circle) and the typical nearest-neighbor site distances (between Li 8f Wyckoff sites
and between Li 8f Wyckoff site and an interstitial Li site) for Li within the LZO crystal structure. The
estimated characteristic times for Li to move to the 15 next neighbor (NN) site (71) and the onset for
concerted Li migration (z2) in the LZON structure are indicated in (b) and (d), respectively, which is
71 = T2 =~5.1 ps. Inset images in (c) and (d) display the schematic picture for Ggistinct related to Li;

and Li; described by r;(t) and r;(t), respectively, with respect to a formerly occupied



vacancy/interstitial site/position (dashed circle). The corresponding Li trajectory densities are shown
in (e) and (f) for LZO and LZON, respectively (isosurface: blue (low count) = red (high count)); Zr
atoms and Zr(O,N)s polyhedral units are shown in purple, O atoms in red, N atoms in light blue color).

Li atoms are not shown for visual clarity.

Li transport across the cathode-coating interface

Several local Li ion migration pathways across the LCO(104)[LZO(001) interface are evaluated by
DFT-cNEB method (Fig. 6a). On the LCO(104) surface, two initial Li states are identified based on
local environment: LiOs (I1) and LiOs (I2) coordination. For each distinct initial state, several final
states in different directions toward the LZO side are sampled (i.e., [path I;.;, path 1,.2] and [path .1,
path L., path I».3], respectively); the Li final states are similarly LiOs-coordinated as those in bulk
LZO (Fig. 1b). The migration energy profiles (Fig. 6b) show that there are local variations in Li site
energy based on the difference between initial and final state energies. The energy difference is in the
range of 0.2 — 0.5 eV range, with no clear tendency as to which slab side (i.e., LCO or LZO) has the
consistently higher (or lower) relative energy. This trend can be explained largely by the interface
being formed by two similar materials (i.e., both are oxides, similar Li-O bonding nature in the two
materials). Previous DFT predictions on LCOJ|Li3PS4 interface which is formed by two dissimilar
materials (i.e., oxide and sulfide, Li-O vs. Li-S bonding nature) showed that Li ions in the LizPS4 slab
have a consistently higher Li site energy than in the LCO slab side, reflecting a significant difference
in the Li chemical potential alignment across the interface.>

Of the sampled local migration pathways across the LCO(104)[LZO(001) interface, a minimum Li ion
migration energy is found in path I,.3 which has 0.40 and 0.27 eV in the forward and the backward
direction, respectively. These values are comparable with the bulk Li ion migration energy of LCO
(0.20 — 0.60 eV) for a vacancy-driven migration process.’” This pathway is characterized by similarly
coordinated initial and final states (i.e., LiOs-to-LiOs pathway). Its relatively low barrier is owed to its
saddle point location which is near an empty region (marked as * in Fig. 3b lower inset image),
resulting to a low electrostatic repulsion for the moving Li. Conversely, the other pathways have
inequivalent initial and final state coordination, such as path I.; (i.e., LiOs-to-LiOs pathway). The
latter’s saddle point is located along an O-O edge (Fig. 3b upper inset image) which is geometrically
restricting for a moving Li, as evidenced by the calculated barriers which are 0.80 and 0.60 eV in the

forward and the backward direction, respectively.
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Figure 6. (a) Sampled local Li ion migration pathways (each highlighted as a series of yellow spheres
marked by a black arrow) at the interface region formed by LiCoO>(104) (LCO(104)) and
LisZr,07(001) (LZO(001)) by DFT climbing-image nudged elastic band (DFT-cNEB) method. Li, Co,
Zr, O atoms are shown in green, blue, purple and red, respectively. Initial image states (I;, 1) from the
LCO side are distinguished by white circles, while final image states are shown by the black arrow
heads (1.1, Ii-2 for local pathways that start from Ii; I»-1, 122, I3 for local pathways that start from I5).
State I; has the moving Li ion initially in an LiOs configuration, while state I has the moving Li ion
initially in an LiOs configuration. (b) DFT-cNEB Li ion migration energy profiles of sampled local Li

pathways. Inset images correspond to visualized Li pathways for 111 and I,.3.

Discussion

LZO is predicted as a ground-state phase and it does not readily decompose when in contact with most
cathodes, such as LCO. On the other hand, LZON is evaluated to be a metastable phase and chemically
reactive with most cathodes based on bulk reactivity analysis (i.e., AEyualmin << 0). From this
thermodynamic point of view, LZON is less appealing when directly applied to the cathode surface as
a CCL. However, if LZON can be kinetically stabilized, this reactivity issue can be addressed.

The predicted low strain and strong interface adhesion of the LCO(104)[LZO(001) interface indicate
that a good CCL contact can be realized for this material pair. The strong interfacial Co-O (Zr-O)
bonding could help stabilize the cycling even of Ni-rich layered cathodes (e.g., NCM333, NCM&811
and LiNiO;) which are prone to degradation due to large volume changes associate with Li
(de-)intercalation.® The LDOS profiles show that the LCO(104)|LZO(001) interface VBM is
contributed by LCO-side electronic states. Therefore, a typical charging process can be facilitated with
this interface contact (i.e., electrons can be extracted first from LCO and not from LZO). In the case
of LZON, interfacial instability is also found to be less likely due to the energetic preference of N
dopant to stay around the LZO(N) bulk region, this results to a similar interfacial electronic structure

as with the LCO(104)|ILZO(001) interface. When N resides at the interface, N-2p states appear at the



highest occupied states, favoring an LZON-side electron removal process, especially at first-cycle
charging, that can serve as the onset for the formation of bulk-related oxidative decomposition
products (Fig. 2b). When compared to other CCL materials such as LiNbO3 and LiTaOs3,°' LZO (or
LZON with x = 0.125) is evaluated to provide a relatively more strongly adhered interface, the
interface work of adhesion values are -0.79, -0.82 and -1.67 (1.66) J/m?, respectively. The stronger
contact of LZO (LZON) is expected to promote better cycling performance, such as by minimizing
contact loss. Meanwhile, the three mentioned CCL materials demonstrate a similar interfacial
electronic structure when interfaced with LCO at pre-charging condition, in which there are fewer O
high-energy states at the interface near the highest-occupied states because of the interfacial Nb/Ta/Zr-
O bond effectively lowering the energy of O 2p states. This energy lowering of O 2p states can suppress
oxygen activity (e.g., oxygen release) in the interface region. Therefore, LiNbO3, LiTaO3 and LZO (or
LZON), as CCL materials, can largely minimize LCO degradation over the course cell cycling.

The Opyri of LZON (~10° S em’!, at x = 0.5 in LigxZr207.xNy), as estimated by AIMD method,
confirms that N doping is a viable strategy to activate the Li ion transport in LZO. However, for
practical SE application, LZON must be further optimized to reach the order of 103 S cm! or higher.
With LCO cathode, this optimization effort is worth pursuing, given that a stable interface and an
enhanced Li diffusivity can be realized with LZON, without the need for an additional CCL or
interface buffer layer. Meanwhile, bulk LZO does not demonstrate high Li diffusivity, but for CCL use
Li ions can still cross the hetero-interface with reasonably low migration barrier (i.e., 0.40 and 0.27
eV for forward and backward direction, respectively, see Fig. 6b). As previously noted, these
aforementioned findings are consistent with the experimental report on improved cycling properties
of cathodes with LZO CCL.'®

The reported low experimental Li ion conductivity in LZO at elevated temperature (573 K, Ref. 18-
19) is in good agreement with our AIMD simulations results, in particular with the 600-K MSD plot
for Li ions which has a generally flat trend within 100 ps (see Fig. 4a), indicating that most Li ions
fail to migrate to the next-neighbor sites and that they are mainly exhibiting vibrational motion only
around their initial sites. The large experimental activation energy of LZO can be explained by the
extra energy penalty arising from Li vacancy/interstitial creation (i.e., defect energy formation energy
contribution to the activation energy) which is needed before the actual Li ion conduction process
could occur.® The contribution of grain boundary resistance towards total conductivity can also
become significant especially in oxide-type solid electrolytes due to possible secondary phases and
the need for high sintering temperature to obtain their highly-dense pellet form.60-62

The possible synthesis methods for LZON are those reported for LiPON solid electrolytes, given the
similarity of their base materials (oxides). For example, one experimental report has shown that bulk
crystalline LiIPON can be successfully prepared via mechano-synthesis from precursors such as LiPO3

and Li3N.% The possible precursors then for LZON would be LZO and LisN. Another possible



approach to prepare LZON is by solution-based synthesis, as demonstrated in one report in which bulk
LiPON was prepared through stepwise reduction process between precursors lithium tert-butoxide
(LiOtBu) and diethyl phosphoramidate (DEPA) precursors.* LZON may also be prepared by
deposition techniques, as reported in the case of LIPON.% Meanwhile, the effect of nitriding process
on the crystallinity of LZON is expected to be strongly dependent on process parameters. For example,
nitriding process can initially result to the formation of amorphous LZON phase, the crystallinity of
the latter can be increased by prolonged heat treatments. The degree of crystallinity can affect the ionic
conductivity, depending on the crystallized phase or secondary phase formation.®* There are no
experimental reports yet related to the sintering temperature of LZON but if it behaves similarly to
LiPON, then its sintering temperature can be relatively low (i.e., below ~700 K to avoid irreversible
N loss),®* as compared to other oxide-based solid electrolytes such as NASICON-type LATP and
garnet-type LizLa3Zr,012 (1200 — 1500 K).66-67

Conclusion

The present study has comprehensively evaluated the thermodynamic, electrochemical and Li
diffusion properties of LZO in terms of bulk and cathode-contact interface. Based on grand-canonical
free energy calculations, LZO has a low reactivity with known cathode materials such as LCO and
even degradation-prone Ni-rich layered compounds (NCM333, NCMS811 and LiNiO»). A low-energy
LiCo0(104)|LZO(001) interface structure was successfully searched by BO+DFT technique which
is characterized by a strongly adhered interface contact with low strain. This interface is remarkably
stable and has an electronic structure that can facilitate stable cell cycling. Moreover, DFT-cNEB
results show that the LCO(104)[LZO(001) interface has interface-normal local diffusion pathways
with low Li ion migration energy. These interfacial properties are consistent with the observed
enhancement of the capacity retention reported for cathodes LZO CCL. AIMD and MLIP-MD data
shows that Li diffusivity in bulk LZO can be significantly increased by several orders of magnitude
through N-doping which activates the Li-interstitial diffusion mechanism. For the
LCO(104)[LZON(001) interface, the N dopant is found to be more energetically stable at the LZON
bulk region, not at the interface. This preference results to an interface electronic structure with LCO-
side states (Co-3d, O-2p) dominating the highest occupied states, similar to the LCO(104)LZO(001)
interface. Consequently, a stable cell charging can be expected as well for the LZON as the CCL

material.
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