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Abstract

High-Ni layered oxides experience significant capacity decay over cycling, but the

underlying mechanisms remain controversial. Using atomistic simulations, the electro-

chemical behavior of the fatigue phase is reproduced: a surface densified phase traps

the last 25% of Li the end of charge, while discharge remains unimpeded. When the

Li content falls to 25%, the remaining Li are locked into a superlattice, making the

creation of vacancies the rate-limiting step for further delithiation. After cycling, the

surface densified phase resembles Ni5O8, with 25% Ni in the Li layer forming a similar

superlattice. These Ni pin nearby Li, suppressing vacancy formation at the surface and

kinetically trapping Li inside. Meanwhile, the Ni5O8 phase exhibits high diffusivity for

Li interstitials in the superlattice, which explains the minimal resistance increase dur-

ing discharge at the same Li content. Further densification leads to a surface phase

that hinders both charge and discharge across the entire voltage range.

High-Ni layered oxide cathodes have attracted great interest due to their higher energy

density within the electrolyte electrochemical window.1–6 Additionally, the reduced Co con-

tend lowers raw materials costs and minimizes environmental impact. However, as more
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capacity is utilized, capacity decay after cycling becomes more pronounced.7–10 With in-

creasing Ni content, the two-phase character from LiNiO2 emerges at the end of charge: one

is the H3 phase containing almost no Li, and the other is the H2 phase containing 25% Li

(Li0.25NiO2).
11–17 Abrupt changes, such as Li layer collapse and surface reactivity increase,

occur during the H2 to H3 phase transition. Cathode capacity decay primarily occurs in

the Li-depleted state; lowering the upper voltage cutoff to avoid the formation of the H3

phase has been shown to greatly improve capacity retention.8,18–21 It has been reported that

surface oxygen evolution is a major contributor to the capacity decay, particularly in single

crystals where cracking is largely suppressed and losing contact with the current collector is

avoided.8,22–27 After oxygen loss, dangling transition metals diffuse back into the Li layer,

forming rock-salt-like or spinel-like surface phases.28–31 These surface phases are generally

believed to increase the charge/discharge resistance. However, the quantitative relationship

between surface phase structure and capacity fade remains unclear. A thorough understand-

ing of this relationship is crucial for maximizing the cycle life and energy density of high-Ni

oxides. The insights will also help rationalize surface protection strategies.32–38

Previous DFT and TEM studies have shown that the surface densified phase with open Li

diffusion channels could be the β phase of composition Ni5O8, or the γ phase of composition

Ni3O4.
31,39,40 Regarding the electrochemical performance after surface densification, Xu et

al. observed the formation of a fatigue phase in LiNi0.8Mn0.1Co0.1O2 (NMC811) based on

lattice parameter changes, where 25% Li is trapped at the end of charge.30 The trapping

of Li in the fatigue phase has been attributed to the lattice mismatch between the surface

phase and the H3 phase. The surface phase’s layer spacing does not collapse due to the high

concentration of Ni in the Li layer. It was argued that the surface phase pins the Li layer

spacing, thereby preventing the delithiation reaction that would otherwise trigger Li layer

collapse.30 However, the H2 and H3 phases can coexist within a single particle despite the

significant difference in layer spacing.41 Since H3 can grow from H2, and H2 is compatible

with the surface phase, the reason why H3 cannot coexist with the surface phase becomes
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less clear. Ikeda et al. found that capacity decay in LiNiO2 only occurs above 4.1 V and

attributed it to the movement of Ni to tetrahedral sites.42 Bautista Quisbert et al. later

reported a gradual shrinkage of the 4.2 V plateau in LiNiO2.
43 Their GITT measurements

indicated that the charge overpotential increases dramatically above 4.2 V as capacity fades,

while the discharge overpotential at the same Li content remains low. This charge-discharge

asymmetry suggests that kinetics plays an important role. Pei et al. recently demonstrated

that Al doping in NMC811 helps mitigate the fatigue behavior. While surface densification

was alleviated following Al doping, the root cause was attributed to the lattice strain.35

In this paper, an alternative explanation for the capacity decay is provided based on

atomistic kinetic simulations. With the β phase (Ni5O8) on the surface, both the 25% Li

trapping at the end of charge and the low overpotential of discharge are reproduced in the

simulation. The same effect also causes the high-voltage capacity loss without significant

resistance increase at other states of charge (SOC). The β phase traps 25% Li by preventing

the H3 phase nucleation from the surface. At the β-H2 interface in the Li layer, immobile Ni

from the β phase pin nearby Li from the H2 phase, thus reducing the probability of forming

mobile Li. When high energy Li (interstitial with respect to the H2 ordering) is present, they

can diffuse quickly through the β phase. Finally, the implications for surface modification

strategies are discussed.

Ni
Li

(100) surface

𝛽, [LixNi0.25]NiO2

bulk Ni

(100) surface

𝛾, [LixNi0.5]NiO2

bulk

Ni
Ni

Ni

(a) fatigued (b) exhausted

a
b

Figure 1: Structure models for (a) fatigued and (b) exhausted cathode particles, showing
surface Ni occupancies in the Li layer. Green octahedra are Li; cyan octahedra are Ni in
the Li layer. The regions to the right of the yellow dashed lines representing the surface
phases, which are (a) β and (b) γ, with compositions of [LixNi0.25]NiO2 and [LixNi0.5]NiO2,
respectively. The dark green arrows indicate the directions of Li extraction.
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Model Setup. The two candidate surface phases can be rewritten as [Ni0.25]NiO2 (β)

and [Ni0.5]NiO2 (γ), where the composition in the Li layer is indicated in brackets. These

two phases are kinetically stable; a higher Ni content in the Li layer will drive fast Ni dif-

fusion into the NiO2 core and grow the β or γ phase thicker.39 Figure 1 illustrates models

representing cycled particles at two degradation levels: (a) (100) surface is covered with the

less densified β phase; (b) (100) surface is covered with the more densified γ phase. Figure 1

(a) and (b) will be referred to as the “fatigued” particle and “exhausted” particle, respec-

tively. In the β phase, Ni occupy every other site forming a 2 × 2 superlattice, similar to

the Li arrangement in the H2 phase. In the γ phase, Ni occupy every other row, resembling

the Li ordering in the monoclinic phase. The γ phase occurs in two additional orientations

with nearly equal probabilities: one orientation has Ni lines parallel to the a axis, equiva-

lent to Figure 1 (b), while the other has Ni lines parallel to the b axis, which completely

blocks Li transport. Consequently, the simulated charge/discharge rate for the exhausted

particle should be rescaled by a factor of 2
3
. The surface phase thicknesses are identical,

each consisting of three atomic layers (∼1 nm). Both particles are charged and discharged

under constant-current constant-voltage (CCCV) conditions with an upper voltage cutoff of

4.4 V, alongside a pristine particle without any surface phase for reference. All simulations

are conducted at 400 K unless otherwise specified. Note that the oxygen lattice is fixed

in these simulations, and O1-type stacking fault formation is not accounted for. Also, the

current setup aims to provide an upper bound for Li transport behavior (fastest possible)

dictated by the densified phases in the sub-surface region, without incorporating explicit

surface energetics.

The energetics are based on density functional theory (DFT) calculations with the PBE+U

exchange-correlation functional using VASP.44–50 The effect of lattice strain on the H3 phase

is examined with the strongly constrained and appropriately normed (SCAN) functional51,52

with the van der Waals correction in the rVV10 form.53 A surrogate lattice Hamiltonian is

trained on DFT data using cluster expansion for rapid energy evaluation.54–58 Time evolution
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is driven by the rejection-free kinetic Monte Carlo (KMC) algorithm.59 The cation hopping

barriers are dynamically updated based on the local environments through the Brønsted–

Evans–Polanyi (BEP) relation.60–63 The simulation box contains 32×32×8 O3-type layered

LiNiO2 primitive cells (∼ 9.6 nm × 9.6 nm × 4.8 nm, 8192 Li sites).64 More computational

details can be found in the Supplementary Information.

(a)

(b)

Figure 2: Li fraction (x) in LixNiO2 and voltage as a function of time (a) during charge
starting from x = 1 and (b) discharge starting from x = 0. Results for pristine, fatigued,
and exhausted particles are compared. The shaded area shows the range of the data from
five independent runs.

Simulated charge/discharge time. The Li content and voltage over time for the three

particles are plotted together in Figure 2. Figure 2 (a) shows the charge results. Compared

to the pristine particle, the fatigued particle begins delithiation at a slightly higher voltage
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but proceeds at a similar rate. A major deviation appears when the Li content, x, drops to

0.25 and below. Both particles reach 4.4 V in voltage. The fatigued particle takes 10000

longer to extract the last 25% of Li than the pristine one. There is a long incubation period

where x stabilizes at 0.25. This suggests that the last 25% of Li will be kinetically trapped

in practice when the surface is covered by the β phase. The above result corroborates Xu et

al.’s observation of a bulk fatigue phase with 25% of Li trapped inside at the end of charge

after hundreds of cycles.30 Figure 2 (b) shows the discharge results starting from the fully

delithiated structure, NiO2. For the entire range of x, the discharge time of the fatigued

particle is of the same order of magnitude as that of the pristine one. There is no incubation

period for x ≤ 0.25, indicating that the β phase does not impede discharge at high SOC.

Experimentally, both Ref 42, 43 reported an overpotential asymmetry between charge and

discharge at the highest SOC. Specifically, the overpotential during charge is significantly

higher than during discharge at the same Li content. Such asymmetry is persistent with

the shrinkage of the highest voltage plateau. Figure 2 (a, b) successfully reproduce this

phenomenon from first principles.

In contrast, both the charge and discharge of the exhausted particle in Figure 2 are much

slower from the very beginning. Note that the rates must be scaled by 2
3
to reflect the

blocking effects when the Ni lines align parallel to the surface, an orientation that occurs

with approximately 1
3
probability. The γ phase, which forms in more severely degraded

particles after prolonged cycling, imposes high resistance to Li transport across all SOC.

The presence of γ has been linked to poor electrochemical performance in experiments.40,65

For the exhausted particle, the amount of trapped Li may exceed 25% due to sluggish kinetics

throughout the charge process, which could explain the observation of charged particles stuck

at higher Li contents in a recent NMR study.66

Atomistic Origin. The different effects of the two surface phases can be understood

from the Li-hopping energy landscapes in Figure 3. Conductivity is determined by the

product of carrier concentration and mobility (diffusivity). It is important to note that
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Figure 3: The energy landscapes of a Li hopping through (a) Li interstitial sites (magenta)
across H2 and β, (b) vacancy sites (black) in H2 and interstitial sites (magenta) in β, and
(c) interstitial sites (magenta) across H2 and γ. The upper panel shows the Li sites: green
octahedra are the ordered Li in the H2 phase; cyan octahedra are Ni in the Li layer in the
β or γ phase; gray octahedra represent the underlying Ni layer. The lower panel shows the
energy levels (relative to Li metal) of a probing Li at each labelled position. The energy
difference between an interstitial site and a vacancy site in (b) is the formation energy of an
interstitial-vacancy pair.

not all Li are charge carriers, just as not all electrons contribute to electrical conductivity.

Figure 3 (a) shows the energy change of an interstitial Li hopping from H2 to β. The β

phase forms a coherent interface with the H2 by simply replacing Li with Ni. The energy

difference between neighboring tetrahedral and octahedral sites within either H2 or β is less

than 0.05 eV (A, B, and C in H2; D, E, and F in β), which gives rise to high Li mobility

within each phase. The energy level increases by 0.22 eV moving from C site in H2 to D site

in β, driven by stronger Coulombic repulsion from Ni in the Li layer. This introduces a small

additional barrier to Li extraction by reducing the concentration of Li in β. In contrast, as

shown in Figure 3 (b), when the Li content falls below 25% and no interstitial Li remains

in H2, the additional barrier for Li migration from H2 to β increases dramatically. In this

case, the formation of an interstitial-vacancy pair (Frenkel defect) is necessary for a Li to

migrate into the β phase. Figure 3 (b) shows the energies of Li at vacancy sites in H2 and

an interstitial site in β. The interstitial site energy in β remains unchanged from Figure 3

(a), whereas the vacancy site energies in H2 are significantly lower. When a Li hops from

site G in H2 (leaving a vacancy behind) to site D in β (forming a Li interstitial), the energy
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increases by 1.10 eV; if the Li originates from site H near the H2-β phase boundary, the

energy increase is even higher, at 1.50 eV. These energy increases are significantly larger

than the 0.85 eV increase when the surface is covered by the H3 phase during charge of

the pristine particle.67 This value decreases further if the vacancy is at the H2-H3 interface,

as the Li-Li interactions on one side are disrupted. Forming a single vacancy in H2 is the

initial step in nucleating H3. And a vacancy in H2, paired with a Li interstitial in the

surface phase (either H3 or β), is an inevitable step for extracting that Li. The β phase

stabilizes nearby Li in H2 and destabilizes Li interstitials in β, thereby suppressing the H3

phase nucleation. When the Li content exceeds 25%, there are sufficient interstitials in H2,

and the scenario in Figure 3 (a) applies. However, when the Li content drops below 25%,

all interstitials are consumed, and the scenario in Figure 3 (b) becomes relevant. Therefore,

the β phase does not impede Li extraction in the former case but suppresses the formation

of vacancy-interstitial pairs in the latter. This suppression causes the prolonged incubation

time observed in the fatigued particle at x = 25% in Figure 2 (a), as vacancy formation in

H2 is the critical first step of H3 nucleation during charge.

Figure 4 (a, b) show the 2D top view of a Li layer during the H2-H3 phase transition

in the pristine and fatigued particles, respectively. In the pristine particle, the H3 phase

grows inwards from the surface; while in the fatigued particle, it grows outwards from the

center of the particle. Figure 4 (c, d) show the 3D structure of the remaining Li. The H3

phase expands across all Li layers in both cases, reflecting the strong attraction between

Li in neighboring layers.68,69 In summary, the β phase exhibits high Li mobility/diffusivity,

allowing fast Li transport as long as free Li are available to serve as carrier. However, it

supresses carrier formation in the H2 phase during charge by sealing the surface and pining

nearby Li. During discharge, carriers are injected from outside, so Li transport remains

unimpeded by the presence of the β phase.

Compared to the β phase, the γ phase shows reduction in both carrier concentration

and mobility. Figure 3 (c) shows the energy change of an interstitial Li hopping from the
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Figure 4: Snapshots at the end of charge showing H3 phase formation in the (a)(c) pristine
and (b)(d) fatigued particles. (a) and (b) are 2D views of a single Li layer, with Li in green,Ni
in cyan, and unoccupied oxygen lattice marked by red dots; (c) and (d) are 3D views of all
layers only showing Li. The H3 phase grows from surface into bulk in the pristine particle
but nucleates from bulk in the fatigued particle.

H2 phase to the γ phase. The octahedral site energy increases by 0.64 eV (C-I) from H2

to γ, and the Li hopping barrier within γ is 0.53 eV (I-J). During charge, an interstitial Li

hopping through the γ phase must overcome a total barrier of 1.17 eV. During discharge,

the carrier concentration can be increased by lowering the voltage, but the low Li mobility

remains a persistent issue. The Li hopping barrier in γ is nearly identical to that at the end

of discharge for a pristine particle, which leads to first-cycle irreversible capacity loss.67

Progress to Fatigue. Oxygen loss and surface densification proceed gradually over

cycling, so the densified phase does not cover the whole particle surface at once. Surface

coating or doping may also suppress densification in certain regions. Starting from the

configuration of Figure 1 (a), where the particle surface is fully covered by the β phase, rows

of Ni in the Li layer are randomly removed to represent partially fatigued particles. Figure

5 (a) shows delithiation kinetics of the last 25% capacity at 4.4 V under varying β phase

coverages. The general trend is that higher coverage leads to longer incubation time. A
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Figure 5: Delithiation time of Li0.25NiO2 with (a) increasing β coverage (black arrow), show-
ing the exponentially increasing incubation time, and (b) increasing bulk NiLi (black arrow)
at 50% β coverage, showing the decreasing incubation time at the constant voltage of 4.4
V (CV hold). The shaded area shows the range of the data from ten runs. NiLi% in (b)
is defined relative to the number of LiNiO2 formula units. (c, d) Constant-current (CC)
voltage profiles of Li1-xNiO2, with varying β coverage, between 3.0 and 4.4 V at (c) 400 K
and (d) 350 K. The overpotential increase is negligibly small until the β coverage reaches
100%.
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13% coverage delays charging by a factor of 10, while 75% coverage slows it by a factor of

1000. In experiments, the voltage-holding time does not span such large orders of magnitude.

More sluggish kinetics will result in a higher fraction of trapped Li for a given waiting time,

causing progressive capacity loss.

Figure 5 (c) shows corresponding voltage profiles from the constant-current region, where

the overpotential growth as a function of β coverage can be seen. Up to 75% β coverage,

changes in the voltage profiles remains minimal, despite significant delay developing at 4.4 V

(Figure 5 (a)). At 100% coverage, charge overpotential begins to increase, and discharge

overpotential rises significantly below 3.6 V. In Figure 5 (d), the temperature is lowered to

350 K to amplify the effects of slow kinetic. The discharge overpotential gradually increases

with the coverage below 3.6 V, as indicated by the arrow. This results in the shrinkage of

the lowest plateau and capacity loss during discharge. The origin of this behavior is the

same as the increased first-cycle irreversible capacity loss observed with higher amount of

excess Ni in the bulk.67 Experimentally, it has also been found that the shrinkage of the 4.2

V plateau has little effect on the rest of the voltage profile in LiNiO2.
42,43 Ref 43 also shows

a gradual capacity decay at the end of discharge. Note that the simulations are under the

Born-Oppenheimer approximation, which assumes that electrons are always in equilibrium

(infinite electrical conductivity). This implies that improving electrical conductivity alone

would not resolve the high resistance issue during charge above 4.15 V.43 Also, no tetrahedral

Ni is present in the above simulations, as it does not form without excess Ni in the bulk.39,67

Therefore, the capacity decay cannot be attributed to tetrahedral Ni either. The simulation

associates the progressive capacity decay with β phase coverage, showing that with less than

100% coverage the capacity losses at both ends are moderate. This suggests that mitigating

capacity decay does not require full surface protection; partial coating or doping may be

sufficient to preserve enough intact surface for H3 phase nucleation.

Excess Ni in the Bulk (NiLi) refers to Ni located in the Li layer within the bulk

material, primarily formed during synthesis as a result of Li evaporation.70 Figure 5 (b)
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shows the delithiation time for the last 25% of Li as a function of NiLi concentration at 50%

β coverage. The initial configurations are obtained by equilibrating structures with specified

amounts of NiLi at 4.1 V for 2×106 steps, with all sites directly accessible to the Li reservoir

under grand canonical conditions. The equilibrated Li contents are normalized to 0.25 for

better comparison. As NiLi increases, the incubation time spent at x = 0.25 is reduced. At

6.3% NiLi, the Li content decreases continuously from the start, suggesting that the fatigued

particle could be delithiated below 25%. Interestingly, 1.3% NiLi occupy tetrahedral sites at

time 0, which does not appear to significantly impede Li transport compared to the cyan

curve in Figure 5 (a) with the same β coverage but no tetrahedral Ni. The presence of NiLi

primarily disrupts Li ordering in H2 and increases the energy of certain Li sites. These high-

energy Li are more likely to become interstitials and get extracted, leaving behind vacancies

that serve as nucleation sites for the H3 phase. Over longer periods (> 100 ms), higher NiLi

levels results in greater residual Li. These remaining Li are the second-nearest octahedral

neighbours of NiLi, such as site H in Figure 3 (b). NiLi trap Li at the end of charge in pristine

particles for the same reason.67 Considering that NiLi also increases the first-cycle capacity

loss at the end of discharge, its slight effect on slowing down capacity fade at high voltages

offers only marginal benefit. Raising the energy of Li in the H2 phase by doping could be

an alternative approach to recover some capacity in fatigued particles.

Lattice Mismatch The simulations above do not include long-range elastic energy from

lattice mismatch. It has been suggested that the surface phase suppresses the lattice collapse,

thereby preventing H3 phase formation.30 Since PBE+U cannot capture the lattice collapse

of the H3 phase due to the lack of van der Waals interactions, SCAN+rVV10 was used to

quantify the lattice pinning effect caused by the surface phase. The calculated equilibrium

c lattice parameters are 13.39 Å for the H3 phase and 14.24 Å for the H2 phase, while the

experimental values are 13.338 Å and 14.399 Å, respectively.15 The Li layer spacing of the

H3 phase was then fixed to that of the H2 phase to eliminate the change in lattice mismatch

between the bulk and surface phases after the H2-H3 phase transition. The energy increase
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due to this constraint reflects the energy penalty from the lattice pinning. The resulting

charge voltage increases is 0.040 V (0.058 V using experimental c), which accounts for only

a small fraction of the overpotential observed.43 In reality, strain decays to zero far from

the interface, so applying this constraint to the entire bulk provides an upper bound for the

energy penalty.

In summary, the electrochemical behaviors of the fatigue phase in high Ni layered cath-

odes are explained by atomistic kinetic simulations from first principles. The surface β phase

(Ni5O8) is identified as the key factor responsible for trapping the last 25% of Li at the end

of charge, while remaining conductive to the other Li. Neither Ni in tetrahedral sites nor

lattice strain is a major contributor to this behavior. The β phase strongly anchors nearby

Li to the ordered positions in the H2 phase, prohibiting Li vacancy-interstitial pair formation

near the surface and thereby hindering H3 phase nucleation. Conversely, it adds minimal

resistance to the diffusion of existing Li interstitials. The β phase act as a native passivation

layer that prevents further degradation and allow fast transport of high-energy Li. For sur-

face modifications that inhibit surface densification, careful design is needed to ensure that

artificial surface phases outperform the β phase. They must exhibit high mobility and high

carrier concentration across the entire SOC range. A counterexample is the γ phase (Ni3O4),

which has open channels yet impedes Li transport. Additionally, not all Li are mobile, and a

phase with high Li content does not necessarily have high carrier concentration. A potential

strategy could involve combining the naturally formed β phase with partial surface coating

or dilute surface doping: the artificial surface provides nucleation sites for H3 phase forma-

tion at the end of charge, while the β phase remains conductive across other SOC. Another

direction is to disrupt Li ordering in the H2 phase through bulk doping. With the elucidation

of the roles of the surface phases, new pathways for further optimization of high-Ni layered

oxides could be unlocked.

Supporting Information: Additional computational details, including parameters and

settings for DFT, cluster expansion, and KMC; compositions and convex hulls of the training
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Computational Method

DFT calculation

The density functional theory (DFT) calculations are performed with the Vienna Ab initio

Simulation Package (VASP) using the projector augmented wave method and plane wave ba-

sis set.1–5 The generalized-gradient approximation with the Perdew-Burke-Ernzerhof (PBE)

functional is used for the exchange-correlation energy.6,7 The rotationally invariant Hubbard

U correction is applied on 3d orbitals,8 with an effective U value of 6.0 eV for Ni.9–11 The

lattice pinning effect is evaluated by the strongly constrained and appropriately normed

(SCAN) functional12,13 with the long-range van der Waals (vdW) interaction in the rVV10

form.14 The k-point sampling is done on a Γ-centered mesh with a density of 20 Å. The

energy cutoff for plane waves is 520 eV.
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Cluster expansion

The PBE+U energies are used to train a cluster expansion (CE) model with the CASM

code.15–17 The CE is based on a face-centered-cubic (FCC) oxygen lattice with cations (Li or

Ni) on octahedral and tetrahedral sites. The cutoff radii for pairs, triplets and quadruplets

are 6, 6, and 4 Å. The L1-norm regularization with a hyperparameter λ = 0.03 is applied

to select a sparse set of non-zero effective cluster interactions (ECIs).18 Ground states are

preserved during CE fitting by employing quadratic programming.19 Additionally, points

near the convex hull, which are likely to be visited during the kinetic simulation, are assigned

greater weights during training. The final CE model has 111 clusters and achieves an overall

root-mean-squared error of 11 meV/O (meV per oxygen). The training data distribution

in the ternary space and energy comparisons along representative lines are summarized in

Figure S1.

Kinetic simulation

The rejection-free KMC is implemented with cations (Li and Ni) hopping between face-

sharing octahedral and tetrahedral sites in the oxygen lattice.20–22 Direct hopping between

edge-sharing octahedral sites is not included. For single-vacancy hops, the barrier through

the O-O edge is encoded into the nearest tetrahedral site energy. The KMC simulation box

contains 32×32×8 O3-type layered LiNiO2 primitive cells. Periodic boundary conditions are

used in all directions. Three consecutive rows of octahedral sites along the (010) direction of

the layered structure are treated as grand canonical, enabling Li creation and annihilation to

mimic surface behavior, while the remaining sites are canonical to simulate the bulk diffusion.

The hopping rate, r, is evaluated by the Arrhenius equation with the activation barrier,

Ea, calculated on the fly based on the Brønsted–Evans–Polanyi (BEP) principle.23–25 BEP

2
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Figure S1: Visualization of the training data in cluster expansion (CE). (a) Compositions of
the training data in the LiNiO2−NiO2−NiO ternary phase space. Red crosses are structures
on the convex hull, and blue dots are those above the hull. The darker the blue, the more
structures are present for that composition. (b) – (f) Energy comparison between DFT (blue)
and CE (red) along representative lines in the phase space. (b) NiO2 − LiNiO2; (c) NiO2 −
NiO; (d) NiO − LiNiO2; (e) Ni0.25NiO2 − Li0.75Ni0.25NiO2; (f) Ni0.5NiO2 − Li0.5Ni0.5NiO2.
Solid lines outline the convex hulls. Black dashed line in (b) connects the layered structures
of the lowest DFT energies (layered hull).
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linearly correlates Ea with the energy difference between the two adjacent local minima, ∆E:

Ea = Ea0 +
1

2
∆E (1)

r = A exp

{
(
−Ea

kBT
)

}
(2)

where A is a constant prefactor; Ea0 is the intrinsic hopping barrier that depends on the ion

type; kB is the Boltzmann constant; T is the temperature. A is set to 1013 s−1, a common

approximation for elementary processes in solids.26 Ea0 is 0.15 eV for Li and 0.50 eV for Ni,

respectively, based on nudged elastic band calculations.27–29 For grand canonical moves, Eq.2

becomes

r = A exp

{
(
−Eas

kBT
)

}
exp

{
(
−0.5(Ei − U)

kBT
)

}
(3)

where Ei is the Li energy on an adsorbing site; U is the Li energy in the reservoir (anode),

which is equal to the negative of voltage v.s. Li metal; Eas is the intrinsic barrier for Li

attaching/detaching to the electrode. An Eas = 0.3 eV is chosen for Li to ensure the surface

process is not excessively fast to cause numerical inefficiency.

To simulate the galvanostatic scan, the voltage in the surface region is dynamically ad-

justed based on the current feedback. Specifically, the voltage changes in steps of ± 5mV

when the current drops below a set threshold. This scheme may result in voltage overshoot

for phases with fast Li diffusion, but the error will remain below the 5mV step size. Charg-

ing transitions to constant voltage at 4.4V, while discharging ends at 3.0V. The current is

determined by linearly fitting the number of remaining Li atoms over time for every 0.5 µs.

The threshold current is set to one Li per µs for the given lattice size, corresponding to

0.16A/cm2. The absolute current appears high compared to experimental values, but the

simulation targets a single particle with a 9.6 nm diffusion length.
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