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We systematically investigated the structural phase transition of a Li[NizCo1/3sMny,310, (NCM) cathode
material depending on the state of charge (SOC) using cluster expansion Monte Carlo simulation
(CE-MCS) combined with density functional theory (DFT). Considering the charging/discharging process
involving lithium intercalation/deintercalation, the oxidation state of transition metal (TM) cations varies
with the SOC, resulting in a TM arrangement shift to a thermodynamically favorable NCM structure. Our
results demonstrate that the phase transition from disordered to ordered happens at a low SOC with a
high TM oxidation state, and that the phase transition is initiated by TM pop-up from the TM layer to the
Li layer. Ni migration plays an especially fundamental role in the phase transition with a diffusion energy
barrier comparable to that of Li ions. Furthermore, based on a thorough understanding of the structural
phase transition, we propose cation dopants (Zr, Ti and V) which inhibit the Ni pop-up as an initiating
step of the phase transition by enhancing the chemical bonding of Ni ions in the NCM structure, thereby
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fading in NCM. Our theoretical investigations will provide insights into the structural phase transition
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1. Introduction

The application domain for lithium ion batteries (LIBs) has
rapidly progressed from portable products to large scale applica-
tions with high energy capacity requirements, such as electric
vehicles (EVs) and hybrid electric vehicles (HEVs)."® Higher
energy densities and longer cycle lives are key factors that need
to be addressed in LIB applications.”® Recently, multi-component
layered Li transition metal oxides (Li(Ni,Mn,Co)O,) have served as
the most important cathode materials for electric vehicle and
plug-in hybrid electric vehicle applications due to their cycling
stability and large theoretical capacity compared with those of
olivine or spinel materials.”'® Following the initial commercial
success of NCM 111 (LiNi;/;3Co,,3Mn;/30,), NCM cathodes have
become mainstream and intensive research has improved NCM

“ Department of Bionano Technology, Hanyang University, Ansan 15588,
Republic of Korea. E-mail: sulee@hanyang.ac.kr

b Indo-Korea Science and Technology Center, Korea Institute of Science and
Technology, Bangalore, 560065, India. E-mail: leesc@kist.re.kr

¢ Department of Applied Chemistry, Center for Bionano Intelligence Education and
Research, Hanyang University, Ansan 15588, Republic of Korea

i Electronic supplementary information (ESI) available. See DOI: 10.1039/

d1ma00289a

1 These authors contributed equally to this work.

© 2021 The Author(s). Published by the Royal Society of Chemistry

mechanism and the design of new cathode materials for lithium ion batteries (LIBs).

technology by steadily increasing the nickel content in each
cathode generation (e.g.;, NCM 433, NCM 523, NCM 622 and the
most recent NCM 811)"" because the Ni content is largely respon-
sible for the cathode capacity, with Mn and Co helping with
chemical and structural stability.">'* As a matter of fact, increasing
Ni content is the most effective way to enhance capacity in current
state-of-the-art batteries without expanding into unexplored areas
of new battery chemistries.

However, a higher level of Ni incorporation causes a
significant capacity fading and impedance increase, which
are mainly attributed to the structural and chemical degrada-
tion of the NCM structure, even for the most stable NCM 111.
Several structural phase transitions and displacement of TMs
from TM layers inducing the ionic and electric impedance of
batteries are known to be the crucial features plaguing the
cycling performance of NCM.'™® In addition, it has been
reported that vigorous Ni migration from the TM layer to the
Li layer in the NCM leads to rapid structural change.
A significant number of oxygen vacancies lower the activation
barrier for the TM migration, and eventually accelerate the
phase transitions.'® To address the stability of NCM, multiple
strategies have been investigated, such as doping with other
elements/materials to improve chemical and structural stabi-
lity, coating the cathode surface to passivate its reactivity, using
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stabilizing additives in electrolyte, or strengthening the separa-
tor safety.'>'*2%?! Recently, taking advantage of its high capa-
city and advanced post-processing for structural stability, NCM
materials have been successfully adopted in an all-electric
vehicle.

Despite the commercial success of NCM, the exact mecha-
nism that drives the structural phase transition at the atomic
level is not clear yet. Furthermore, most research facing the
problem has been focused on the fully lithiated structure of
NCM cathode materials, even though the oxidation state of TM
cations should change depending on the state of charge (SOC)
and cause a structural rearrangement of TMs to a thermodyna-
mically favorable NCM structure. In this work, we systemati-
cally investigated the structural phase transition of NCM 111
(from now on denoted NCM) cathode material depending on
the SOC using cluster expansion Monte Carlo simulation (CE-
MCS) combined with density functional theory (DFT) to resolve
the structural phase transition mechanism caused by the TM
rearrangement. Here, we demonstrate that the structural phase
transition must be accompanied by the pop-up and migration
of TM cations from the TM layer into the Li layer, where the Ni
cations can easily transfer to the Li layer, leading to the phase
transition from the disordered to an ordered TM phase. Ni-rich
local structures in the NCM structure can be anticipated, which
may be the main reason for the serious capacity fading that
accompanies structural phase transition. We also propose a
method for effectively suppressing the migration of Ni by cation
doping with elements of low electronegativity, such as Zr,
Ti and V.

2. Computational methods

All calculations were performed with the Vienna Ab initio
Simulation Package (VASP 5.3.5).>>>® Ab initio calculations
were carried out using the projector augmented wave (PAW)
method®®?” with the generalized gradient approximation based
on the Perdew-Burke-Ernzerhof (PBE)**?° functional including
the Hubbard U correction (GGA + U).*° The GGA + U approach
has been well tested in terms of its phase stability.** So, we
used the effective interaction parameter Ui = U — J, and the
corresponding values of 6.37, 5.14 and 4.84 were used for the 3d
states on Ni, Co and Mn, respectively.”> A plane-wave cutoff
energy of 500 eV was used. Integration in the Brillouin zone was
performed on the basis of the Monkhorst-Pack scheme®® using
a k-point mesh with an interval of 0.05 A™" in each primitive
lattice vector of the reciprocal space. Lattice constants and
internal atomic positions were optimized and spin polarized
until the residual forces became less than 0.04 ev A~'. The
Climbing Image-Nudged Elastic Band (CI-NEB) method is
adopted to calculate the diffusion energy barriers during Li
and Ni ion migration.>® Analysis of Bader charges is a widely
adopted method to study charge distribution. In this work,
Bader charge analysis was performed using grid-based charge
density decomposition, as developed by Henkelman et al.> The
structures of and disordered phases of TM arrangements were
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Fig.1 (a) Phase transitions between ordered and disordered arrange-

ments of TMs in Li,Niy;3C01,3MNny,30, (0 < x < 1) depending on the Li

content (x = 0.0, 0.33, 0.67, and 1.0) and temperature (100 K, 300 K and
400 K). The structures at 100 K, 300 K and 400 K are obtained from Monte
Carlo simulations at the given temperatures by cooling down slowly from
4000 K at 20 K intervals. (b) The ordering tendencies of TMs quantified
using a local order matrix. The y-axis represents the trace of the local order
matrix.

obtained by exploring the configuration space with cluster
expansion Monte Carlo (CE-MC) simulation combined with
density functional theory (DFT).>®

3. Results and discussion

3.1. SOC dependent ordered and disordered phases

Considering the charging/discharging process accompanied by
deintercalation/intercalation of Li ions, the oxidation state of
TM cations must change depending on the SOC, which induces
the TM rearrangement into a thermodynamically stable struc-
ture at a given SOC. However, most research has been focused
on the fully lithiated structure of LIB cathode materials. Here,
we demonstrate that the structural phase transition of an NCM
cathode material depends on the SOC using Cluster Expansion
Monte Carlo (CE-MC) simulation combined with Density Func-
tional Theory (DFT). Fig. 1(a) shows phase transitions from
disordered to ordered TM arrangements in Li,Ni;;3C0;,3Mn;/30,
by decreasing the Li concentration, Z.e., SOC from x = 1.0 to x = 0.0
at given temperatures of 100 K, 300 K and 400 K. To quantify the
degree of ordering of TMs, we constructed a local order matrix

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Pop-up and migration pathway of TM (denoted by yellow circles) in the Li;[Ni;2Co1,Mn1,]O7; structure and the relative stability (eV) of (b) Ni,

(c) Co, and (d) Mn (denoted by white circles) along the pop-up-initiated TM migration pathway in different TM environments.

counting the number of TMs in the nearest neighbor location
around each active site in the TM layers. Details are provided in
the ESI,{ Section A.

NMn—Mn NMn—Co NMn—Ni
Localordermatrix: | Nco-mn Nco—Co NCo_Ni (1)
Nni-mn NNi—co NNi-nNi

Here, Nry, v, indicates the number of TM, ions in the
nearest neighbor location around the TM; ion. Therefore, the
trace of the local order matrix represents the ordering ten-
dency of cations, i.e. clustering of the same TM. A zero value
of the trace means fully disordered arrangement of TMs, and
the greater the trace value, the more ordered the arrange-
ment. In the fully lithiated state of x = 1.0, all TM™ cations
are well-dispersed in NCM. The trace value stays at 0 until, at
a temperature of 400 K, a disordered phase emerges, as
shown in Fig. 1(b). This is in good agreement with the well-
known NCM structure. However, as TM'™ increases in
delithiated states of x < 1.0, the same type of TM tends to
be clustered as an ordered phase by increasing the trace
value. With increasing temperature, the trace value tends to
increase, with the exception of the decrease in the fully
delithiated x = 0.0 state. Therefore, the results imply that
NCM thermodynamically prefers a different TM arrangement
in each SOC, and NCM is expected to find a spontaneously
stable structure during the charging/discharging process.
Experimentally, an ordered Ni rich phase has been reported
in previous studies.?”~%°

3.2. Structural phase transition mechanism

The phase transition between ordered and disordered phases of
TM arrangement can be explained by the pop-up and migration

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Diffusion energy barriers of (a) Li and (b) Ni moving over the
different types of TM in the NCM 111 structure with no TM vacancy.
(c) Diffusion energy barriers of Ni pop-up and migration from Oh-TM to
Oh-Li_near via Td-Li considering the vacant Oh-TM site caused by Ni
pop-up. The insets indicate Ni migration. (Green, blue, purple and gray are
Ni, Co, Mn and Li ions, respectively.)
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of TM cations. Considering the phase transition initiated by the
TM pop-up from the TM layer to the Li layer, the TM migration
pathway should pass through the Li layer. To understand the
underlying phase transition mechanism, we systematically
studied the relative stability of the pop-up and migration of
TM cations in various TM environments in the Li,,
[Ni;,C04,Mn;,]0, structure. Details of modeling are provided
in the ESI,¥ Section B. Fig. 2(a) shows the proposed pop-up-
initiated TM migration pathway. The TM first pops up from the
octahedral site of the TM layer (Op.ry) to the tetrahedral site
(Tq.1i) of the Li layer, Oprm — Tq.i, then migrates along the
Tq1i and Oyp.y; sites alternately in the Li layer. We considered
two different Oyy; sites, near (Op.pi near) and far (Op.pi far), to
describe the TM diffusion through the Li layer. Interestingly,
the relative stability of TMs in the pop-up-initiated TM migra-
tion pathway shows a strong dependence on the type of pop-up
TM element and the configurations of the adjacent TMs around
the pop-up TM. Fig. 2(b)-(d) show that Mn is thermodynami-
cally unfavored in the pop-up-initiated TM migration pathway
compared to Ni and Co. In addition, the TMs surrounded by
different types of TM elements, Ni@Mn;Cos (red), Co@Mn;Nis
(green) and Mn@Co;Ni; (blue), have the energetic advantage in
TM migration over TMs surrounded by the same type of TM
element. Looking at the first TM pop-up stage, Co is the most
thermodynamically favored regardless of the configurations of
the adjacent TMs. However, considering further migration of
the popped-up TM, only Ni@Mn;Co; (red) has a downhill
energy profile with steadily increasing stability along the TM

View Article Online
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migration pathway, Ontv — Tani = Ohiinear = Oh-Li_far
Therefore, among the three TMs considered, Ni, Co and Mn,
Ni is most favored to migrate through the Li layer and to initiate
the phase transition from the disordered to an ordered TM
arrangement.

Then, we also investigated the kinetic properties in the pop-
up-initiated TM migration pathway by calculating the diffusion
energy barriers of the pop-up and migration of TM cations,
especially those of Ni. In terms of reaction kinetics, the ion
transport mechanism in the layered structure follows a vacancy
diffusion, and the diffusivity shows an exponential dependence
on the diffusion energy barrier along a migration pathway.***"
Fig. 3 shows the calculated diffusion energy barriers of Ni
moving over the different types of TM in the NCM 111 structure
with no TM vacancy compared to the diffusion of Li. The energy
barriers of Li diffusion through the On1i — Ty — Onwi
pathway are calculated to be almost 0.7 eV regardless of the
type of TM on the diffusion path. The analogous energy barriers
for Ni are 1.5 eV, about twice those of Li. However, empty
octahedral Ni sites (Op.i) are always produced by Ni pop-ups
and can have a significant effect on Ni diffusion through the Li
layer. To verify the effect of Op.,x; on the diffusion kinetics, we
further studied the Ni diffusion energy barriers with Op.yni
along the Oprm — Tani — Onwinear diffusion pathway, as
shown in Fig. 3(c). The diffusion energy barrier of the first Ni
pop-up stage is considerably lower than that of Li migration.
The Ni pop-up can apparently occur easily within the LIB
working voltage. Moreover, the diffusion energy barrier of Ni
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Fig. 4 (a) Electronegatively weak Zr, Ti, or V doped structure, where the dopant replaces Co in the Ni@MnsCos local structure of Lix7[Ni;2Co1,MN15]075.

(b) Relative charge states of Zr, Ti, and V dopants and Co, and oxygen near Ni in Li>7[Ni;2C011Mn1,TM]O7, (TM = Zr, Ti or V) compared to the charges in
undoped Li»7[Ni;2Co1,Mn1,]O7,. (c) Relative stability of Ni along the pop-up-initiated Ni migration pathway in different local structures, Ni@MnzCos and

Ni@Mn3Co,TM (TM = Zr, Ti or V). (d) Ni diffusion energy barriers from Ty,
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migration with Oy is almost 0.9 eV, comparable to the Li
diffusion. The favorable pop-up and migration of Ni can be
convincingly attributed to the structural phase transition.

3.3. Suppression of structural phase transition by doping

Based on the understanding of the structural phase transition
mechanism in the NCM structure, we looked for a way to
suppress the Ni pop-up-initiated phase transition. Our simple
strategy is enhancing the Ni-O chemical bond strength to keep
the Ni on the Oy site of the TM layer, blocking Ni pop-up to
the Li layer and subsequent migration. Because the ionic bond
strength of Ni-O can be improved by increasing the ionic
charge, we employed doping with low electronegativity ele-
ments (Zr, Ti, and V**™**) to increase the negative charges of
oxygen around Ni in NCM. In particular, we substituted Zr, Ti,
or V for Co in Ni@Mn;Cos, the environment where Ni pop-up is
the most favorable considering a 2.94 mol% doping ratio
similar to the experiments,*™® as shown in Fig. 4(a). Details
of doping are provided in the ESI, Section C. As expected, the
charge analysis in Fig. 4(b) shows that the doping Zr, Ti and V
have relatively positive charges compared to Co and induce
increased relatively negative charges of oxygen. In addition,
Fig. 4(c) shows that the thermodynamic stabilities of Ni at Ty.y;,
OnLi_near aNd Op.i_far Of Li27[Nilen1zC011X]O72 (X = Zr, Ti,
or V) are evaluated as unstable compared to undoped
Li,;[Ni;,Mn;,C04,]05,. Even though Ni pop-up can occur with
thermodynamic stability, the kinetically higher Ni diffusion
energy barrier (around 1.8 eV for the Zr and Ti doped struc-
tures) prevents further migration of Ni from Ty.p; to Opri near
Fig. 4(d). The chemical doping with the electronegatively weak
element Zr, Ti, or V can modulate the local electronic structure
enhancing the negative charge of oxygen around Ni and the
Ni-O chemical bond to restrain Ni from pop-up and migration.
Therefore, we propose Zr, Ti, or V dopant, especially Zr, for
suppressing the Ni pop-up-initiated phase transition from
causing undesirable structural degradation and severe capacity
fading in NCM cathode materials.

4. Conclusions

In this work, we systematically investigated that the TM
arrangement of Li[Ni;/;3C04/3Mn;4,5]O, (NCM) cathode materials
can be transformed to a thermodynamically favorable phase for
the corresponding state of charge (SOC). Our results unveil that
at a given SOC the structural phase transition from the dis-
ordered to ordered TM phase can occur by TM pop-up to the Li
layer and migration. Ni surrounded by Mn;Cos; is thermodyna-
mically most advantageous for TM pop-up-initiated phase
transition with a downhill energy profile of continuously
improved stability along the TM migration pathway, Oy —
Ta1i = Onvinear = On-i_far- In addition, by evaluating the Ni
diffusion energy barrier, we proved that Ni migration can easily
occur and that it is kinetically comparable to Li diffusion.
Therefore, Ni pop-up-initiated phase transition causes capacity
fading due to the formation of a Ni enriched surface structure

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and surface degradation during the charging process. Based on
the understanding of the structural phase transition mecha-
nism in the NCM structure, we proposed Zr-doping to prevent
the phase transition by suppressing the Ni pop-up and migra-
tion. Zr-doping has the effect of enhancing the Ni-O chemical
bond strength to keep the Ni on the Oy, site of the TM layer,
suppressing the Ni pop-up and migration. Our theoretical
investigations provide further understanding of the structural
phase transition in the NCM cathode material and can be used
to promote the development of new cathode materials.
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