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Origin of surface segregation in LiCoO,: A DFT4U study
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In recent years, surface segregation of doping elements in layered oxide positive electrode (cathode) materials
for metal-ion batteries has drawn considerable attention. It was repeatedly shown that an increase of surface
concentration of a particular element can have either detrimental or beneficial impact on the stability of the
electrochemically active surface, manifesting declined or improved electrochemical performance. However,
the physical and chemical reasons for segregation remain poorly understood. To explain the behavior of
commercially important doping elements, such as Mg, Al, Ti, V, Cr, Mn, Fe, and Ni, we performed a density
functional theory study of their segregation at the (104) low-energy surface of LiCoO,. By careful control of local
oxidation states and magnetic moments of surface atoms, we find their most stable configurations. We discover
that all elements, except Al and Cr, are prone to segregation that is primarily driven by the surface energies’
difference between the host and solute lattices, which is explained through crystal-field stabilization energies.
An additional contribution to segregation is caused by the elastic energy penalty to the ionic size mismatch effect.
Finally, we rationalize the available experimental results and provide several predictions of highly segregating

and nonsegregating dopants.
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I. INTRODUCTION

Layered oxides of 3d metals, commercially used as cath-
odes in Li-ion batteries [1-4], are prone to oxygen loss and
surface reconstruction. Poor ionic conductivity of a recon-
structed thin surface layer results in the growth of interfacial
resistance [5-7], resulting in electrochemical performance
degradation. The driving force for surface reconstruction is
the loss of oxygen itself; however, an additional contribution
can be provided by the easier formation of surface antisite
defects [8,9] when the transition metals migrate inside the Li
sites [5,6,10-12].

One of the promising ways to minimize this adverse ef-
fect is to dope a cathode material with strongly segregating
elements that can improve surface stability [13—15]. The stabi-
lization is due to the surface energy decrease (thermodynamic
stabilization), oxygen release retention, penalizing formation
of antisite defects, and increasing dopants’ migration barriers
into Li sites (kinetic stabilization). The improvement of the
layered oxides’ electrochemical performance as a result of
surface segregation has been repeatedly reported for different
layered oxides: Ti in LiCoO, [16], Ti in NaMnO, [17], Sb in
LiNiO; [14], and others. On the other hand, negative effects of
segregation were also reported, such as for Ni in Li- and Mn-
rich oxides [18] and Ni/Co in Li- and Mn-rich oxides [19].
Studies by Li et al. [20], Wang et al. [21], and others have con-
firmed the presence of segregation either by x-ray photoelec-
tron spectroscopy (XPS) or electron energy loss spectroscopy
(EELS) mapping, but it remains a difficult task since the effect
is restricted to several atomic layers. It is also difficult to prove
unequivocally that the observed improvement/deterioration
is caused by surface segregation, thus calling for a better
understanding of the segregation phenomenon.
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In this case, computational studies that have relied on
density functional theory (DFT) may append the missing ex-
perimental information. For example, the DFT-PBE (PBE is
a flavor of the exchange-correlation functional by Perdew-
Burke-Ernzerhof) study of Ni-rich LiNi,Mn,Co.0, (NMC)
confirmed Ni segregation and Ni-Li surface antisite favorable
formation [8]. On the other hand, Shin et al., using DFT-PBE,
performed screening of dopants for Li,MnO3 and identified
Os, Sb, Ru, Ir, and Ta as highly segregating elements that
decrease oxygen release [22].

Despite the shown importance of segregation, it remains
poorly understood why particular elements do segregate and
others are not. Dahl et al., by considering the segregation of
di-, tri-, and tetravalent metals in LiCoO, (LCO), found that
the driving force for segregation enhances with the increase
of the dopant ionic radius [23]. However, in their study, most
of the critical transition metals, such as Ni and Mn, were not
considered and the electronic structure effects are missing due
to the empirical nature of the Coulomb-Buckingham poten-
tials that were used.

To fill this gap, we consider surface segregation in LCO for
a pragmatical set of solutes (dopants) using DFT calculations.
The choice of solutes is mostly governed by their signifi-
cance in commercial applications and available experimental
data on segregation. In particular, the surface concentration
enhancement for Ti [15,20,21], Ni [24], and Mg [25] was
experimentally reported in single-doped and co-doped LCO,
while no segregation was found for Al [26]. Cr and Fe are
known to form solid solutions in LCO [27,28], but their pres-
ence on a surface is unknown. Finally, V is known to be
insoluble in LCO, but, according to the results of empirical
modeling [23], it should demonstrate very strong segregation,
which can stabilize its solution in surface layers.

©2024 American Physical Society
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In Sec. II, we continue with the description of the calcu-
lation details. In Sec. III A, we report on solution energies
for the considered elements in the bulk LCO; in Sec. III B,
we discuss the electrochemically active (104) surface; and in
Sec. III C, the results of surface segregation are provided and
the origin of segregation is revealed. In Sec. IV, the alignment
of the obtained computational results with the available exper-
imental data is discussed. The conclusion is given in Sec. V.

II. COMPUTATIONAL DETAILS

Density functional theory (DFT) calculations are per-
formed using the Perdew-Burke-Ernzerhof (PBE) flavor
[29] of the generalized gradient approximation (GGA) to
the exchange-correlation functional and standard projected-
augumented wave (PAW) potentials as implemented in the
VASP program [30]. To take into account the strongly corre-
lated character of the d electrons, a Hubbard-like correction
is added within the Dudarev scheme [31]. The U values are
collected in Table S1 (see the Supplemental Material [32]).
The impact of the U values on the segregation energies is
detailed in Sec. S7.4 in the Supplemental Material [32] (see,
also, Refs. [9,33-43] therein). The energy cutoff is 400 eV,
the k-point spacing is less than 0.3 A~!, and the maximum
force acting on each atom after relaxation is less than 0.05
eV/A. In particular, our convergence tests, provided in Ta-
ble S24 in the Supplemental Material [32], show that the
1 x 1 x 1 k-point mesh is enough for a 224-atom slab to
achieve sufficient accuracy of the segregation energies (max-
imum error less than 0.1 eV and qualitative agreement). For
slab calculations, only one k point normal to the surface
is used. To minimize the periodic interactions between the
doping elements, we use a 128-atom bulk supercell and 224-
atom (104) slabs of LiCoO, with a 15 A vacuum region
in our calculations (see more size convergence details in
Sec. S7.1 in the Supplemental Material [32]). To guarantee
accurate alignment of the Fermi energy, a dipole correction
is applied normal to the surface [44]. The occupation matrix
control (OMC) scheme [45] is used to stabilize the orbital
order of the transition elements and robust localization of
small polarons. The van der Waals correction was observed
to have an influence on segregation energies of less than
0.1 eV (further details can be found in Sec. S7.3 in the Sup-
plemental Material [32] and Refs. [34,37,41,46-51] therein).
All the calculations are performed using the SIMAN software
package [52].

Model-based solution energies of M in bulk LiCoO, with
respect to Eyjmo, are calculated as

Eg = Eo — (n — 1)ELico0, — ELiMoO, » (1)

where Ey is the total energy of an ideal 128-atom supercell
with composition (n — 1)LiCoO,-LiMO,; (n = 32, size test is
provided in Table S22 in the Supplemental Material [32]),
Eiicoo, 1s the total energy per formula unit of bulk LiCoO,,
and Epimo, 1S the total energy per formula unit of bulk LiMO,
in its most stable polymorphic phase, as reported by the Ma-
terials Project [53], or fully optimized R3m phase. Since the
LiMgO, compound is incompatible with the highest possible
oxidation state of Mg, the solution energy for Mg is calculated
relative to MgO + 1/2Li,0, or MgO + 1/2Li,0 + 3/40,.

The binding energy between the solute and additional small
hole polaron (AP) is calculated as

E, = EMTAP(3NN) — EMHAP(INN), 2)
where EMTAP s the total energy of the bulk supercell con-
taining a complex of M?*/4* solute and Co**/* in the first
nearest-neighbor (1NN) or third nearest-neighbor (3NN) po-
sition.

The surface energy of a slab with the (104) surface is
calculated as

Egap — Epuik

y = A ; (3)
where Ej,p, is the total energy of the slab with a surface, Eyyx
is the total energy of bulk LiCoO, with the same number of
formula units, and A is the surface area.

Segregation energies of M in substitution positions at the
(104) surface are calculated as

Eseg = Esl}/;llb - Eslab - dEM, (4)

where EM, is the total energy of the slab with M in the surface
transition metal (TM) position, Eg,, is the total energy of
the ideal (104) slab, and dEM = Ej;co, m,0, — ELicoo, (see
Fig. S1 in the Supplemental Material [32]).

In our analysis, we refer to the relative ionic size defined
as a ratio of solute and host Shannon ionic radii [54],

SR = Rsol/RCo“LS‘ ©)

To estimate the ionic size mismatch effect, we separate
segregation energy into elastic ES3™ and chemical ES¥™
contributions. The elastic contribution is calculated using
modified structures, where the doping element has been sub-
stituted back with Co (Coy;) without ionic relaxation [55,56]
(see more details of the methodology in Sec. S5.1 in the
Supplemental Material [32]) as

Eelaslic _ ECOM

seg slab Egap — dEC™. (©6)

The chemical contribution is calculated as a difference
between the segregation energy and the elastic contribution,

Escehgem — Eseg _ Eseggstlc' (7)
One drawback of the Es‘ﬂgstic definition is that it consists
of two parts itself: the first part is due to the deformation of
the surrounding lattice, which is produced by solute, while
the second part is caused by the distorted Cop-O bonds
(Table S13 in the Supplemental Material [32]), which is com-
pletely artificial. The second part can be fully compensated
only if disturbances caused by the solute are equivalent in
the bulk and at the surface, which is hardly achieved in real
cases. Otherwise, the compensation is incomplete, causing
(over/under)estimation of the elastic contribution.

Therefore, Efégmc is just a useful instrument to rationalize
the segregation energy, but it does not allow one to separate
the segregation energy into elastic and chemical contributions
in a strict sense.
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TABLE 1. Calculated solution energies E, (SG) in eV of dopants M for Co-substitution positions in LiCoO, (R3m) relative to the lowest-
energy LiMO, phase with the space group (SG) [Eq. (1)]. The E; (R3m) is calculated relative to the metastable LiMO, (R3m) phase. The local
magnetic moments of the dopant and Co atom with the additional polaron, M-O distances in A, and Co>*/M” ionic radii ratio R [Eq. (5)]
are also provided. The experimentally observed solubility limit x is given as a maximum concentration of M in a single-phase LiCo;_ M0,

compound.

Configuration M-O SG us(M) ug(AP) E(SG) E,R3m) éR X
Co**LS 1.94 x 6 R3m 0 1.00

Co**HS 2.06 x 6 2.68 1.36

Co**LS 1.99 x 2,2.00 x 4 1.03 0.96

Mg?* + AP(Co*") INN  2.02 x 2,2.03 x 2,2.06 x 2 a 0 1.02 0.08 -0.78 132 0.1[57],0.5[58]
AP 1.93 x 6 P4,2,2 0 0.01 -0.07 098 0.6-0.8 [26,59,60]
Ti*" + AP(Co®") INN 194 x2,1.99x 2,203 x2 I4;/amd 0.1 2.68 -0.47 -0.56 1.1l 0.1[61],0.2[62]
V4 + AP(Co®*) INN 1.91 x 2,1.99 x 2,2.00 x 2 R3m 1.03 2.68 0.39 0.39 1.06

Cr¥tHS 2.00 x 6 R3m 2.96 0.10 0.10 1.13 1.0 [27]
Mn’**HS 1.93 x 2,2.06 x 4 C2/m 3.82 0.38 022 1.18 0.2 [63,64]
Fe’*HS 201 %6 Pmmn 424 0.14 0.06 1.18 0.2[65],0.25[28]
Ni**LS 1.94 x 4,2.04 x 2 P2/c 1.29 0.06 -0.01 1.03 1.00 [66,67]

AMgO (Fm3m) + 0.5Li,0, (P63/mmc) combination of phases is used.

II1. RESULTS
A. Bulk solubility

We start by considering ideal solid solutions of Mg, Al,
Ti, V, Cr, Mn, Fe, and Ni in bulk LiCoO, (LCO) with R3m
symmetry and study the orbital order of solutes and their
solution energies, with E; defined as a substitution energy of
Co for M relative to the LiMO, phase [Eq. (1)]. The solution
energies that are provided are model based, assuming that the
most stable phase within LiCoO; during synthesis is LiMO,,
which is expected to be the case for Al, Ni, Mn, Fe, and
Cr. However, establishing this assumption rigorously, partic-
ularly for Mg, V, and Ti, would necessitate the construction
of quaternary phase diagrams. As this is beyond the scope
of our current objectives, any correlation drawn between our
calculated solution energies (E;) and experimental solubilities
should be considered conjectural.

To find the most stable electronic configuration of the
solutes, we consider all reasonable oxidation and spin states
for solutes and neighboring Co atoms, which are compiled in
Table S1 in the Supplemental Material [32]. The calculated so-
lution energies, local magnetic moments, and M-O distances
of dopants in LCO for the most stable and all configurations
are collected in Table I and in Table S2 (see Supplemental
Material [32]), respectively.

The Co* in bulk LCO prefers a low-spin (LS) state with
zero local magnetic moment. Its substitution with trivalent
elements, such as Al, causes only a slight variation of inter-
atomic distances around it, while the oxidation and spin states
of the neighboring Co remain unchanged. The same is true for
Ni, Mn, Cr, and Fe, which prefer to stay in the +3 state. Here,
Mn, Cr, and Fe are in high spin, while Ni is in the low-spin
state. The aliovalent substitution with divalent Mg leads to the
formation of an additional small hole polaron (AP) (Co*")
at the INN position relative to the solute atom on the TM
sublattice. In turn, the substitution with V and Ti shows that
they behave as tetravalent elements and prefer the 4+ oxida-
tion state, leaving behind the additional small electron polaron
(Co**) also at the INN position. The formation of APs is

required to maintain the charge balance. The formed M-AP
defects have 0.32, 0.42, and 0.21 eV binding energies [Eq. (2)]
for Ti, V, and Mg, respectively. We also tried to obtain the
V>* state, but it turned out to be unstable and decomposes
into V#*42AP(Co*") (see Table S2 in the Supplemental
Material [32]).

The calculated solution energies of dopants E; are in
good overall agreement with the experimentally observed
solubilities (see more details in Sec. IV). The well-dissolving
trivalent elements, such as Al, Cr, Fe, and Ni, have slightly
positive E; lying within the 0.01-0.14 eV range, which is
sufficiently small for the entropy-driven formation of solid
solutions [68]. For Al, Cr, and Ni, the solution energy grows
almost linearly with the increase of the dopant’s ionic radii
(Fig. 1). Surprisingly, Mn has moderately large E; of 0.4 eV,
which is, at first sight, inconsistent with the formation of
LiMng ,Co 3O, solid solutions [63,64]. Apparently, the Mn-
Mn interactions are responsible for its stabilization at x = 0.2,
while our E; is obtained in the limit of low concentrations.

0 3+
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o = mer m Fe A Mg
o 0.0
e
o
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N _o4al ] 4

eoTi
1 1 1 1 1 1 1 1
0.95 1.00 1.05 1.10 1.15 1.20 125 130 1.35
SR

FIG. 1. Solution energies of considered dopants in LCO as a
function of ionic radii ratio [Eq. (5)]. Elements with different ox-
idation states in LCO are shown with different colors. Pearson
correlation coefficient for 3+ elements is 0.611.
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1.14 J/m?

0.82 )J/m?

FIG. 2. Atomic and magnetic structure of the (104) LCO surface
with LS and IS Co®* ions. Surface energies and M-O distances are
also shown.

Another explanation is that experimentally synthesized
LiMn,Co;_402 (x < 0.2) are LCO-Li,MnO3; nanodomain
mixtures, which are hardly distinguishable by powder x-ray
diffraction (XRD) from the true solid solution [69].

The divalent Mg has a slightly positive E;, which also
agrees with its good solubility in bulk both at the Li and Co
positions (Mg;"; + AP(Co**) and Mg, + AP(Co**) configu-
rations given in Table S2 in the Supplemental Material [32]).

The tetravalent Ti has moderately negative E; (0.5 eV),
which is in agreement with the experimentally observed
nonzero Ti solubility. Apparently, in this case, the Ej is
underestimated since it is calculated relative to the LiTiO,
(I4/amd) phase, which upon interaction with LiCoO, may
further decompose into Li,TiO; and Co3;O4, with the lat-
ter observed experimentally in LiTi,Co;_,O, alloys with
x > 0.1[61].

Finally, the tetravalent V has positive E; (0.4 eV), which
is in line with the absence of V solubility in LCO. Since the
LiVO, (R3m) may further decompose upon interaction with
LiCoQO,, the actual value of E; may be even larger. Some of the
alternative reactions for the calculation of solution energies
are compiled in Table S3 in the Supplemental Material [32].

B. Atomic, electronic, and magnetic structure
of the (104) surface

To study segregation, we choose the electrochemically ac-
tive (104) surface (Fig. 2). It has the lowest formation energy
in the layered LiCoQ, for a wide range of oxygen and lithium
chemical potentials [9,70,71]. Moreover, the (104) surface
is highly important for battery operation, as it exposes Li"
diffusion channels enabling the (de)intercalation reaction. The
(104) surface is nonpolar and fully stoichiometric. Its structure
represents an unambiguous termination of the LCO structure
along the (104) plane without any reconstruction. As pre-
viously shown, Li-Co antisite pairs are thermodynamically
unfavorable at the (104) surface [9].

The (104) termination results in undercoordinated Li and
Co cations in the topmost layer (Fig. 2). The crystal-field
splitting changes for surface Co, as shown in Fig. 3, where
octahedral splitting in the bulk region and square pyramidal
splitting at the surface are compared. Due to the lowering

Octahedral symmetry Square pyramidal symmetry
(bulk) (surface)

e B e
. .
9 d. . 9

4 =3
B H gy

Co3* LS Co3* LS
(0 pg) (0 pg)

Co** HS
(3.0 pg)

Cco3*lIs
(1.9 pg)

FIG. 3. Crystal field splitting of TM d orbitals for octahedral and
square pyramidal coordination. The d-orbital filling for Co®* ions in
the bulk [LS and high-spin (HS) states] and at the surface (LS and IS
states), with magnetic moments in parentheses.

of d., d,;, and d, orbitals, the low-spin state of surface Co
becomes unstable. Therefore, Co switches to the intermediate
spin (IS) state with 1.9 up local magnetic moment [72]. The
asymmetry of the spin-up and spin-down states in the case of
IS is vividly seen in the local partial density of states (PDOS),
compiled in Table S6 in the Supplemental Material [32].
The calculated surface energy of (104) IS is 0.82 J/m?. It is
0.3 J/m? lower than that of (104) LS. All other obtained spin
configurations are compiled in Table S4 in the Supplemental
Material [32]. The IS state differs from the LS state by 10%
longer Co-O bonds along the ¢ axis (medial bond), which can
be explained by overlapping Co-d,» and O-p, orbitals (Fig. 2
and Fig. S2 in the Supplemental Material [32]).

The calculated surface energy for the IS state is in
agreement with the previously published PBE+U (U = 3 eV)
value of 0.79]/ m? [73]. Another published PBE+U
(U = 3 eV) result of 0.3 J/m? is significantly underestimated
for unknown reasons [74].

C. Surface segregation of dopants at (104)

We investigate the surface segregation trends of LiCoO,
in its fully lithiated state, as obtained immediately after syn-
thesis. This inquiry is driven by the recognition that the
equilibrium segregation of TMs primarily occurs during the
high-temperature annealing process of synthesis, rather than
through cycling at room temperature, given the inherently
low diffusivity of TMs. We provide a brief overview of the
influence of lithium concentration on segregation energies
in Sec. S6 in the Supplemental Material [32] (see, also,
Refs. [75,76] therein).

We study dopant segregation in substitution positions at
the topmost surface layer. Due to the formation of APs in
the case of Mg, Ti, and V, we consider AP localization both
at the surface (S) and the subsurface (U) layers at the 1NN
distance from the dopant (Table S9 in the Supplemental Ma-
terial [32]). We find that to get the correct electronic states of
the Co atoms and dopants, a 224-atom slab with seven atomic
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TABLE II. Segregation energies in eV of dopants at the LS/IS (104) LCO surface. The most stable configuration for each dopant with
magnetic moments on the dopant and AP is shown (the full lists are collected in Tables S10 and S11 in the Supplemental Material [32]). ColS

is the INN Co>* switched from the LS into the IS state.

(104) LCO LS (104) LCO IS
COIlﬁg. “B (M) “B (AP/COIS) Eseg COIlﬁg. M“B (M) "B (AP) Eseg
Mg?* 4+ S AP(Co*") 1.87 -0.75 Mg?* 4+ U AP(Co*") 1.05 -0.46
AP -0.28 AT -0.04
Ti** + S AP(Co*") 0.01 2.67 -1.40 Ti** + S AP(Co**) 0.00 2.65 -0.94
VH + S AP(Co?t) 1.06 2.67 -1.24 V4 4+ S AP(Co™) 1.05 2.65 -0.76
Cr**HS + S ColS 2.98 1.92 -0.65 Cr**HS 2.99 0.09
Mn**LS + S ColS 3.82 1.90 -1.56 Mn**HS 3.83 -0.83
Fe’*HS + S ColS 4.19 1.92 -1.08 Fe*tHS 4.18 -0.45
Ni**LS + S ColS 1.22 1.92 -1.09 Ni**LS 1.52 -0.33
Co*"HS® 2.54 -0.74

aThe procedure of the Co?* segregation energy calculation is described in Sec. $5.3 in the Supplemental Material [32].

layers is required as followed from our convergence tests (see
Tables S5, S7, and S8 in the Supplemental Material [32]). To
check the impact of the surface Co spin state on segregation
energy, both LS and IS configurations of the (104) surface are
studied.

The calculated segregation energies for stable (Eg,) and
all other configurations are compiled in Table II and in
Tables S10 and S11 (Supplemental Material [32]), respec-
tively. The E,, energies are also shown in Fig. 4 as a function
of ionic radii ratio §R.

The first finding is that E, is lower for the LS surface
by ~0.4 eV than for the IS surface for all dopants. One
contributing factor is the higher energy of the LS surface
and the absence of penalty related to the different spin states
of Co, which are substituted in the bulk and at the surface.
Another contributing factor in the case of the LS surface is the
transition of one surface Co atom, positioned adjacent to the
dopant, from a LS to an IS state (Fig. S3 in the Supplemental
Material [32]). However, when the dopant resides within the
bulk, all surface Co atoms remain in the LS state. Conse-
quently, when computing the energy difference between the

F l Cr
% 0.0 A 4
= r P Ni 1
L A Fe Mg |
g -0.4 A
\% [ M
& -osf A Ti " o
A
g ° ©
% -1.2F Y -
([
D 16l ® -
o
g I |
B —20F @ Ls :
I A IS
1 1 1 1 1 1 1 1 1
095 1.00 1.05 110 1.15 120 125 130 1.35
SR

FIG. 4. Segregation energy of considered dopants at the (104)
LCO surface with LS and IS states as a function of solute /host ionic
radii ratio [Eq. (4)]. In the scenario involving the LS surface, one of
the surface Co atoms neighboring the dopant undergoes a transition
from a LS to an IS state.

two slabs, our segregation energy (Eg,) can be expressed as
the sum of two terms: E, (all surface Co in LS) + AE (Co
LS — IS). This latter term accounts for the decrease in energy
resulting from the transition of one surface Co atom from the
LS to the IS state, thus contributing to the decrease in our
Eges. Though we employed special measures, such as OMC
to converge into correct states, it turned out to be impossible
to stabilize the INN Co in the LS state. This result shows
that it is easy to get a wrong segregation energy using the LS
configuration. Further on, we focus on the results obtained for
the thermodynamically stable IS surface.

The second finding is that most of the considered dopants
(except Al and Cr) have negative segregation energies in the
range of —0.33 to —0.94 eV, showing that during annealing
of the corresponding solid solutions, the surface should be
enriched with doping elements (assuming no repulsion be-
tween them at high concentrations). Regarding the reasons
for such behavior, we draw attention back to Fig. 4, which
suggests that the ionic radius of a dopant may be a key factor
affecting the segregation energy. Al, Ni, V, and Ti demonstrate
a gradual decrease of segregation energy correlating to the in-
crease of their ionic radius, which becomes, however, random
for Cr, Fe, Mn, and Mg. Indeed, it was repeatedly reported
that the segregation phenomenon can be driven by the elastic
energy contribution due to the atomic/ionic size mismatch
between solute and host atoms/ions [77]. Larger solutes may
prefer undercoordinated surface positions, which allow easier
accommodation of expansive deformation in comparison to
bulk, and vice versa. To check this hypothesis, we separate
the segregation energy into elastic and chemical contributions
according to Eq. (6) and Eq. (7) [56] and plot them in Fig. 5.
Looking at the elastic contribution, all cations that are larger
than the host Co possess a negative elastic segregation en-
ergy, confirming that the expansive deformation at the surface
causes a smaller energy penalty than that inside the bulk. In
turn, AI**, which is smaller than Co**, has a highly positive
elastic contribution, showing that the compressive deforma-
tion at the surface is more costly than in the bulk.

It should be admitted though that the interrelation between
Efég“ic and SR is far from linear. First, it stands out that AI**

is only smaller by 2% than Co®* LS which causes such a
huge positive elastic energy penalty in the surface position,
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FIG. 5. (a) Elastic and (b) chemical contribution into segregation
energy as a function of ionic radii ratio. The calculation procedure is
described in Sec. S5 in the Supplemental Material [32].

which is almost fully compensated by a chemical contribution
[Fig. 5(b)]. Such behavior is caused by the fact that Al does
not have d orbitals which overlap with oxygen p orbitals. As
aresult, the Al-O interaction is much more ionic compared to
the TM-O interactions (the local PDOS confirms the low den-
sity of the p-Al states below the Fermi level; see Tables S14
and S15 in the Supplemental Material [32]). At the surface,
the Al-O bonds are contracted due to electrostatic attraction,
which is especially pronounced for the medial bond (along
the ¢ axis), which decreases from 2.05 to 1.85 A (Table S13 in
the Supplemental Material [32]). In other words, the absence
of antibonding d states decreases the electrostatic energy of
AP at the surface, though at the cost of extra elastic energy.
By a coincidence, the gain in electrostatic energy and the loss
in elastic energy compensate each other almost exactly, which
makes Al a nonsegregating element at the (104) surface. This
example shows that ESUs affected not only by the ionic
size mismatch, but also by the chemical nature of the solute.
In particular, the absence of d orbitals leads to anisotropic
distortion of M-O bonds at the surface.

The next smallest cation is Ni*t LS, which is 3% larger
than Co*" LS. Its Efégs‘ic is negative, while E:g‘g"‘m is posi-
tive, showing that the driving force for segregation can also
be associated with the lattice deformation. Indeed, the extra
electron on the e, orbital causes a Jahn-Teller (JT) distortion
of Ni** both in bulk and at the surface. But since the Co*"
is in the LS state (non JT) in bulk and in the IS state (JT)
at the surface (Fig. 3), the elastic energy penalty for Ni at
the surface is smaller than in the bulk. In other words, the
surface position of Co is already JT distorted and requires
minimal deformations upon substitution with Ni. The oppo-
site is true when Ni substitutes for Co in the bulk position,
causing more deformations of the surrounding lattice due to
the introduction of JT distortions. This example demonstrates
again that the E:'elgmc contribution is affected not only by
the ionic size mismatch, but also by the chemical nature
of the solute element, in this case its ability to produce JT
distortion.

ionic radii are V** and Ti**. The peculiarity of these solutes
is that they represent M-AP complexes, which makes their
analysis tricky. Our calculations show that the segregation of
a small hole polaron is itself favorable with Es, of —0.7 €V,
which is an important contribution for Ti and V segregation.
In the case of V**, a shortening of one vanadyl-like bond
(1.8 A) manifests only at the surface, where less-constraining
conditions are realized. Apparently, this effect slightly lowers
V segregation energy. Anyway, the negative ES3™, which
decreases with the ionic radius, serves as a considerable driv-
ing force for segregation. Here, accommodation of expansive
deformations around the solute and Co®* small polaron is
easier at the surface than in the bulk.

Cr** destroys the trend of E;ggm decrease despite its even

larger radius, though Efe]gs“c remains negative. Moreover, Cr>+

demonstrates a quite positive Escehgm contribution which fully
compensates the elastic contribution making Cr a nonsegre-
gating dopant. The small elastic gain may be related to the
fact that Cr** is lacking the e, electron responsible for JT
distortion of a surface site (see Fig. 6).

The next two solutes, Mn>* and Fe3*, have the same ionic
radii, but demonstrate a somewhat different behavior. Mn has
zero ES3, while Fe has —0.5 eV. It is hard to rationalize such
behavior, but from the M-O distances, it is seen that Mn has
a much longer medial M-O bond of 2.13 A, which may be
a reason for the additional energy penalty. Overall, both Fe
and Mn strongly distort both bulk and surface sites with the
distinction that Mn>* is JT active and Fe** is not (Fig. 6).

The last and largest considered solute is Mg>*, which
reveals the most negative ES2°, confirming the initial hy-
pothesis that expansive relaxation is easier at the surface than
in the bulk. However, the situation is complicated by the for-
mation of an additional small polaron hole, which is located
at the subsurface layer and may have an additional impact on
the ECIte value.

Recently, Dahl et al. [23] reported a linear dependence of
segregation energy on the solute’s ionic radius, calculated us-
ing empirical Coulomb-Buckingham potentials for the (104)
surface of LCO. However, the linear dependence is main-
tained only within solutes with the same valency having no
partially filled d orbitals, in particular for Sc**, Y3+, Gd**,
La**, for Mg?*, Ca?*, Sr?*, and for Ti**, Sn**, Zr*+.

We show that when cations do contain d orbitals (Ni*™,
Cr**, Fe’*, Mn®"), no linear dependence of segregation
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FIG. 7. Segregation energy of dopants as a function of Ay (104)
[Ay1™ = UM (LiC00,) — y1"(LiMO,)]. For Ti and V, the
segregation energy of the small polaron electron (-0.74 eV) is sub-
tracted. The Pearson correlation coefficient is —0.872. Magnetic
structures of LiMO, are collected in Table S17 in the Supplemental
Material [32].

energy on the ionic radius is observed. Also, the divalent
and tetravalent elements produce additional polarons that have
an important impact on Ey,. We admit that the ionic radius
may help to predict the sign of the segregation energy, but
apart from that, the ionic size mismatch arguments give little
explanation of the observed behavior of segregation energies;
rather, the full geometry of the surface and bulk sites should
be analyzed.

To improve the understanding of the obtained trends, we
recall other descriptors of Eg, in particular the findings of
Alden et al. [78-80] and Ruban et al. [81,82], who showed
that for simple, rare-earth, and transition metals, the main
contribution to the surface segregation energy is given by
the difference in the surface energies between the solute and
the host. To check whether this is true for layered oxides
we calculated these differences (Ay) using the (104) surface
of the LiMO, (R3m) phase for all solutes, which is shown
in Fig. 7 (energies and magnetic structures are collected in
Table S17 in the Supplemental Material [32] and [83]).

To our satisfaction, Es, shows excellent correlation with
Ay across +2, +3, and +4 elements after correction for
additional polarons. The obtained result gives a very clear
physical picture. Those solutes that have smaller LiMO, sur-
face energies than LiCoO, are more prone to segregation.
The elastic gain explains why segregation energies of larger
cations are additionally shifted down, e.g., making E., for Cr
equal to zero, despite the larger surface energy of LiCrO; than
that of LiCoO,. Al is a special case: despite its higher surface
energy, its segregation energy is lowered by the electrostatic
energy gain at a surface site due to the absence of repulsion
from d orbitals.

The discovered relationship between differential surface
energy and segregation energy seems natural; however, it is
far from obvious. The existence of such relationship indi-
cates that most of the electronic effects are confined within
the MOg/MOs polyhedra. The local electronic structure of
one solute atom M inside LCO is, in fact, very similar to
that inside of bulk LiMO,. Such locality reveals that the

0.4r B

0.0

—1.2F

I 1 1 I I I 1
-2.00 -1.75 -1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0.00
SPSSE

FIG. 8. Segregation energy as a function of the square
pyramidal-site stabilization energy (SPSSE) of d metals. The Pear-
son correlation coefficient is 0.860.

surface segregation trend can be captured by a simple local
descriptor related to a polyhedron. One possible choice is
the stabilization energy defined within the crystal-field theory
[84]. Using this theory, we calculate stabilization energies for
octahedral and square pyramidal polyhedra for Co and dopant
and derive a differential square pyramidal-site stabilization
energy (SPSSE), showing the preference of a square pyra-
midal site at the surface over an octahedral site in the bulk.
The details of the calculation are provided in Sec. S5.5 in
the Supplemental Material [32], while E, as a function of
SPSSE is shown in Fig. 8. It is seen that E, has excellent
correlation with SPSSE, confirming the above hypothesis that
the main contribution to segregation energy is governed by the
local d-orbital splitting, while the band structure effects are of
less importance. The SPSSE value may serve as an effective
descriptor of TM segregation energies in other layered oxides.

IV. DISCUSSION

A. On the comparison of calculated solution energies
and experimentally observed solubilities

Discussing the solubility of the considered elements, we
divide them into three groups. The first group is represented
by Ni, Al, and Cr, which allows one to easily synthesize the
LiMO, (R3m) layered phase isostructural to LCO [85,86].
According to our calculations, all of them have slightly pos-
itive solution energies, showing that at low concentrations,
the solubility is driven by entropy factors, while at higher
concentration, there should be an additional stabilization of
solid solutions due to M-M interactions. Ni is the main alloy-
ing element for Co-based oxides, and a single-phase layered
LiCo;_,Ni,O;, can be synthesized in the whole range of x
[66,67,87]. The LiCo;_,Al,O, solid solution can be suc-
cessfully synthesized with x < 0.6-0.8, depending on the
synthesis procedure [26,59,60]. Ceder et al. reported the
smallest formation enthalpy of Li(Co, AI)O, among 3+ el-
ements leading to the entropy-driven mixing between Co and
Al [68]. LiCo;_,Cr,O, also can be successfully synthesized
as a layered single-phase compound for x = 0-0.5 [27,88].
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The second group of dopants is represented by Mn and
Fe, which can exist as a layered oxide, but due to its
thermodynamic instability, their synthesis is possible only
via Na/Li cation exchange. According to our findings, Mn
has a moderately positive solution energy, which is consis-
tent with the theoretical investigation of Koyama et al., who
showed that layered LiCo;_,Mn,O, cannot be prepared as
a stable phase in the entire range of x [89]. Although, sev-
eral studies claim the possibility of a R3m solid solution
with the Mn concentration up to 0.2 [63,64,90], Mn addition
increases structural disorder, leading to the transformation
from a layered trigonal to the rock-salt cubic structure [63].
Julien et al. also showed the formation of a modified-spinel
structure (F d3m) for the LiCop sMng 5O, composition [58]. It
is known that the solid solutions between LCO-Li,MnO3; on
the whole range of Mn content are more probable [69,91]. A
single-phase iron-doped LiCo;_,Fe,0, with (R3m) symmetry
can be obtained via hydrothermal reaction for compositions
with x < 0.25 [28,65]. At a higher Fe content, a second-phase
a-LiFeO, with a cubic rock-salt structure is forming [28].

The third group of dopants is represented by
divalent/tetravalent dopants (Mg, Ti, and V), which lead
to the presence of Co*t/Co*" charge compensators [61,92].
Although the majority of works are devoted to the Mg-doped
LCO with a Mg content less than 5-10% [93], which was
obtained as a Mg solution limit [92], Julien et al. reported
the possibility of synthesizing a single-phase LiMg, sCoy 50>
with a small amount of some secondary phase. Moreover,
at low concentration, Mg (1%) fills Li vacancies, but upon
increasing concentration, it substitutes Co, creating an equal
number of Co*t for charge balance [92,94]. A similar
situation is observed in LiNiO, (LNO), where Mg occupies
Ni positions at concentrations higher than 10% [95]. Our
calculations predict Cop; + AP (Co*") substitution as most
stable (E; = 0.08 eV), followed by 0.5 eV higher Mg, ;-Mg,
complex, and by 0.8 eV higher Mg, ; + AP (Co*") substitution
(Table S2 in the Supplemental Material [32]). Overall, the
slightly positive solution energies in the first case are in line
with relatively good Mg solubility.

It is known that the layered Ti-based oxide cannot be easily
synthesized due to cation disordering at the synthesis temper-
ature [85,96]. Several studies report low solubility of Ti in
LCO (<5-10%), noting that Ti addition corresponds to Co
substitution in the CoO, layers, with Co*t being the charge
compensator [16,61,97]. Low solubility of Ti contradicts with
our calculated solution energy, which is moderately negative.
However, we calculated Ti solution energy with respect to
the lowest-energy polymorph of LiTiO, (I4,/amd), although
numerous experimental works report Li, TiO3 as a secondary
phase. The solution energy of Ti relative to the 0.5[Li, TiO3 +
TiO, — 0.50;,(gas, 1000 K)] is ~1 eV (Table S3 in the Supple-
mental Material [32]), which may explain poor Ti solubility.

Although the lowest-energy LiVO, phase is isostructural
to LCO, the solution energy of V4t is moderately positive
in LCO, explaining the absence of experimental reports of
V-containing LCO solid solutions. This is consistent with
the computational study (PBE+U) of Ma et al. [98], who
obtained very high formation energy of layered LiCog 5V50,
and claimed the impossibility of solid solution existence. The
preference of V4* over V> in our calculations is supported

by the experimental results of Han et al., who reported the 4+
oxidation state of vanadium in Li-rich NMC [99].

B. Comparison of segregation behavior
with experimental observations

The comparison of computational results on segregation
with experiment is troublesome. In computational studies,
the segregation is confined to a couple of outermost atomic
layers, which aligns with a strict definition of surface seg-
regation. Contrary to that, in experimental studies, a much
thicker dopant-enriched surface layer (1-10 nm) may be vol-
untary classified as a surface segregation phenomenon. In
our opinion, such a surface layer better fits under the defi-
nition of a surface phase. However, its formation should be
preceded by a nucleation, e.g., by means of surface segre-
gation in its strict meaning. Therefore, in further discussion,
we will compare our results for segregation in the outer-
most single layer with multilayered dopant-enriched surface
regions.

Our calculations show that surface segregation is favorable
for Mgc, - AP (-0.5 eV), Mg;; - AP (0.5 eV), and Mg, ; -
Mg, complexes (-0.6 eV). No experimental reports for only
Mg-doped LCO observe enhanced Mg concentration at the
surface. A possible explanation may be rooted in the fact that
Mg migration is highly prohibited, requiring high-temperature
annealing to obtain equilibrium segregation. There exists an
energy-dispersive x-ray spectroscopy (EDS) mapping of a
Mg-enriched surface region in a Mg-Al-Eu co-doped LCO
[25]; however, this region can hardly be classified even as
a surface phase. Since the refractory MgO (melting 7 =
2852 °C) was used as a precursor in the synthesis, the enriched
region may appear due to incomplete homogenization of Mg.

In the case of Al, the calculated segregation energy is
only —0.04 eV, which is comparable with kT energy at room
temperature, making Al a nonsegregating element. Indeed,
according to the XPS study of only Al-doped LiCo;_,Al,O,
solid solutions (x = 0.15, 0.25, 0.5), no Al surface segre-
gation was detected [26]. The same should be true for Cr,
which has nearly zero segregation energy. An experimen-
tal study confirming this finding would be of fundamental
interest.

Ti, according to our calculations, should be a strongly
segregating element (Egeo= —0.94 eV), which aligns with
multiple experimental observations of Ti enrichment at
the LCO surface. Zhang er al, using EDS mapping
and EELS methods, observed surface Ti enrichment in
LiTiO.OOlMg()_QOlAlO.OOlC00.99702 [15], which spans up to
10 nm at the edge of the particle. Their DFT PBE+4U
(U =4.91 and 5.0 eV for Co and Ti) calculations gave —
0.7 eV segregation energy, in good agreement with our result.
Hong et al. confirmed Ti surface enrichment in only Ti-
doped (0.1%wt) LCO using elemental depth profiling within
hard x-ray nanofluorescence mapping [16]. Finally, Li et al.
[20] clearly demonstrated that Ti surface enrichment dis-
covered with EDS mapping has a thermodynamic origin,
since the increase of surface Ti concentration takes place
upon high-temperature annealing of a LiTig 09sC0¢.995O; solid
solution. They show that Ti prefers only the non-(003) sur-
faces, e.g., (104), and improves electrochemical cycling.
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The atomic resolution high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image
suggests that the observed Ti concentration enhancement is
confined within the 1 nm outermost region, which can be
classified as surface segregation in its strict sense. In the case
of V, the segregation is also favorable (—0.76 eV); therefore,
despite the absent solubility in LCO, V may still serve as
a surface dopant. No experimental studies are yet available
to check this hypothesis. Despite considerable solubility of
Fe [100], the experimental studies of Fe-doped LCO are
scarce. The surface concentration was never investigated in-
vestigated. At the same time, the relatively strong tendency
for segregation (—0.45 eV) obtained in our calculations jus-
tifies such studies. The remaining two elements Mn and Ni
are practically important. We found Mn*" to be a strongly
segregating element with Eq,= —0.83 eV. On first sight, this
is in contradiction to the EDS mapping of Ni-Mn co-doped
LiNig 95C09.9Mng 050, performed by Wang et al., who ob-
served no Mn or Ni segregation [101]. However, the reason for
this is that in a co-doped sample, Mn and Ni have +4 and 42
oxidation states, respectively. In turn, our calculation predicts
that in single-doped samples, both Mn and Ni should be in
the 43 state (Table S2 in the Supplemental Material [32]).
Indeed, the experimental studies of LiCo;_,Mn,O; solid so-
lutions suggest that Mn is in the +3 oxidation state [64,102].
Interestingly, besides the important role of Mn, we find no
experimental data on Mn segregation in only Mn-doped LCO.
At the same time, 5% Mn doping improves the high-voltage
electrochemical behavior of LiCoO, [103], which justifies a
more careful examination of Mn surface segregation in single-
doped LCO. Finally, our calculations predict that segregation
of Ni*t is moderately favorable with Eg, of —0.33 eV. This
result aligns with Yoon et al., who observed an enhancement
of surface Ni concentration using spatially resolved EELS
for a single-doped LiCog9s5Nig 95O, [24]. The enhancement
extends up to 40 nm and resembles a Ni-enriched surface
phase. Therefore, it is still to be shown whether its formation
is triggered by a monolayer surface segregation. Anyway, the
Ni enhancement promotes beneficial reconstruction with the
formation of a stable cation-mixed phase that slows down
oxygen loss.

We should mention that surface segregation does not guar-
antee an improved stability of a particle surface. On the
contrary, the decrease of surface energy upon surface seg-
regation may be accompanied with the weakening of M-O
bonds, promoting oxygen release and surface structure re-
construction. Experimental studies have widely established
that LiNiO, or Ni-rich layered oxides exhibit a higher ten-
dency for oxygen release compared to LiCoO, [104,105].
This observation is further supported by DFT calculations
of surface oxygen vacancies’ formation energies (Ey,.), com-
monly utilized as a descriptor of oxygen stability [106,107].
For instance, Ey,. in LiNiO, is calculated at 1.1 eV, while
in LiCoO,, it stands at 1.8 eV in the fully intercalated
state, with a significant decrease upon deintercalation [108].
Consequently, the segregation of nickel is expected to fa-
cilitate oxygen release, potentially elucidating the observed
negative impact of nickel segregation reported in previous
studies [18,19].

The trends observed in E,,. across different transition
metals and levels of intercalation are not straightforward.
During deintercalation, Ey,. in LiCoO, decreases from 1.8
to 0.4 eV, whereas in LiMnO,, it decreases from 3.2 to
0.8 eV [108]. This indicates that manganese segregation
can enhance oxygen stability, particularly in deintercalated
states. However, this analysis is valid only if the surface
maintains its layered structure and remains unreconstructed.
Upon reconstruction into spinel or rock-salt structures,
the role of dopants may vary, as demonstrated by Yoon,
where Ni-induced reconstruction proved beneficial [24].
Such surface transformations to reduced spinel-like and
rock-salt structures are well documented [104]. While
they are often viewed as detrimental, they also serve a
protective function by mitigating further oxygen release. The
issue arises when the layer becomes too thick, hindering
lithium diffusion. In this manner, surface segregation may
serve as a catalyst for electrochemically more favorable
reconstructions.

Another indirect consequence of surface segregation may
lie in its influence on the migration barriers of oxygen va-
cancies. Studies have shown that oxygen vacancies formed at
the surface have a propensity to diffuse inward, contributing
to material degradation [104]. It is conceivable that certain
segregating elements, while facilitating the formation of va-
cancies, may also immobilize them by promoting stronger
M-vo bonding and increasing the migration barrier for oxygen
vacancies. This impediment could restrict their diffusion ei-
ther inward towards the bulk or across the surface, preventing
the formation of oxygen vacancy clusters. The clustering of
oxygen vacancies is known to be highly detrimental [104];
therefore, the impact of segregation on clustering should also
be thoroughly investigated.

In addition to oxygen vacancies, the formation of surface
Li-TM antisites represents another crucial process, particu-
larly during the transformation from layered to spinel and
rock-salt structures. Previous research employing DFT+U
calculations has demonstrated that the formation of Li-TM
antisite pairs is more favorable at the surface compared to the
bulk [9], thus providing insight into the surface’s inclination
towards reconstruction. However, the influence of segregation
on surface antisites remains an open question and warrants
further investigation.

Therefore, the effects of surface segregation and the forma-
tion of surface phases should be carefully evaluated in terms
of their beneficial and detrimental impact on electrochemical
performance of a battery. In summary, our calculations for
LCO correlate with experimental observation of Ti, and Ni
surface enhancement, as well as the absence of Al segregation.
We predict strong segregation of Mn** and V**, moderate
segregation of Fe** and Mg?*, and no segregation of Cr**
dopants, justifying further experimental investigation of LCO
surface compositions.

V. CONCLUSIONS

Using DFT-PBE+U, we investigated the bulk solution and
surface segregation of Mg, Al, Ti, V, Cr, Mn, Fe, and Ni
elements at the (104) surface of LiCoO, (R3m), leading to
the following conclusions:
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(1) All elements except for V have either negative or
slightly positive solution energies for the M, position, which
is in agreement with the experimentally observed solubilities.

(i1) For trivalent elements, the solution energy increases
with the ionic radius. Divalent (Mg) and tetravalent (Ti and
V) substitutions invoke the formation of an additional small
polaron hole and small polaron electron at the 1NN Co site,
respectively.

(iii) The energy of the (104) surface is 0.82 J/m?. The Co
at the surface has a pyramidal coordination, which stabilizes
the intermediate spin (IS) configuration with a local magnetic
moment of 2 up. The employment of slabs with an IS state
of surface Co is vitally important to obtain correct segregation
energies.

@iv) All elements, except for Cr and Al, have negative
segregation energies ranging from —0.3 eV for Ni to —0.9 eV
for Ti, showing that the (104) surface of LiCoO, should be
enriched with these solutes.

(v) The segregation energy of solute M linearly correlates
with the energy of the (104) surface of the LiMO, (R3m)
phase, revealing that the main driving force for segregation
is connected with the M-O bond-breaking penalty.

(vi) The main contribution to segregation energy has a local
nature and can be described within crystal-field theory using
differential stabilization energy.

(vii) The secondary driving force for segregation is re-
lated with the elastic energy penalty due to the ionic
size effect. Larger cations gets additional gain at the
surface. The segregation of Ti and V is additionally sta-
bilized by small polaron holes, which prefer to be at the
surface.

(viii) The strongly segregating elements such as Fe, Ni,
Mg, and Mn should play an important role as alloying
elements due to their increased concentration at the electro-
chemically active (104) surface, which requires additional
experimental investigation.
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