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Fundamental insights about interlayer cation migra-
tion in Li-ion electrodes at high states of charge’

Julija Vinckevi¢iaté,” Maxwell D. Radin,* Nicholas V. Faenza,’ Glenn G. Amatucci,” and
Anton Van der Ven*¢

One approach to increasing the capacity of Li-ion batteries is to expand the usable voltage range
over which the battery is cycled by charging the cathode to higher voltages. Layered intercalation
compounds commonly used as cathodes in Li-ion batteries, however, can become susceptible
to irreversible structural changes at high states of charge due to cation migration to the emptied
Li layers. Here we report on the discovery of a strong correlation between the position of the
Fermi level and the energy barrier for cation migration to the Li layers of fully charged layered
intercalation compounds. Since the identity of the transition metal strongly influences the Fermi
level, this discovery suggests that cation migration can be suppressed at high states of charge
using targeted alloying strategies. First-principles calculations indicate that an increase in the
concentration of Ni relative to Co or Mn should reduce, or even impede, interlayer migration in
layered oxides. The insights of this study pave the way for the discovery of layered intercalation

compounds that can approach their theoretical capacities in practice.

1 Introduction

Layered LiCoO, was first introduced as a cathode material for Li-
ion batteries in 1991,m and its derivatives remain the current
standard in many applications. This is in spite of their practical
reversible capacity being limited to 50-70% of their total theo-
retical capacity.® Capacities are in part limited due to structural
changes that occur at high states of charge where the Li concen-
tration of the host becomes very low.® Strategies that suppress
these irreversible changes are necessary to realize the full the-
oretical capacities of layered intercalation compounds, thereby
enabling higher energy densities and lower costs.

One approach to improve on LiCoO; is to alloy the Co sub-
lattice of the LiCoO, host with different transition metals (TM)
or to dope it with non-redox active cations. For instance,
NMC (LiyNij_y_;MnyCo,0,) employs a mixture of TM elements
(namely Ni, Mn, and Co) within the metal layers of the host,
while NCA (Li,yNi;_,_,CoyAl;0;), combines a mixture of TM ele-
ments with a non-redox active dopant (i.e. Al).@ Not only does
this tend to increase reversible capacity, but it also reduces cost by
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utilizing more abundant elements.3 We refer to non-TM elements
such as Al, Mg, or Li as dopants since their behavior within a lay-
ered intercalation compound differs from that of TM atoms in that
they lack d orbitals for bonding and therefore are not expected to
participate in redox upon (dis)charge [F] The combination of tran-
sition metal alloying with non-transition metal doping has also
led to new classes of materials that promise high capacities. This
includes Li-rich materials, which while often having similar TM
chemistries as NMC, also have an excess of Li that resides in the
™ layers. Mg is also increasingly being investigated as a dopant
in Na intercalation compounds.”

While significant improvements have been achieved through
doping and alloying, very little is understood about the precise
role that dopants play on battery performance. Some dopants
such as AI?12 and Mg appear to suppress undesirable phase
transitions when added to Li,CoO,, such as the O3 to O1 struc-
tural transition at high states of charge?*21l or the two-phase
reaction due to the metal-insulator transition at high Li concen-
trations.22 Since the dopants are not redox active, they retain
some Li ions within the host to maintain charge neutrality at high

* Although non-transition metal dopants are added at much higher concentrations
than the classical use of the word may imply, their concentrations in layered inter-
calation compounds are usually sufficiently low that they do not interact with each
other in any appreciable way and can be viewed as dilute from an alloying perspec-
tive.
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states of charge, thereby preventing a significant contraction of
the c-lattice parameter.2! Layered electrode materials, however,
are susceptible to irreversible structural changes at high states
of charge due to the availability of many channels for interlayer
cation migration that emerge when the Li-vacancy concentration
is very high.81423 These irreversible changes usually lead to an
overall degradation of electrochemical properties. Thus, though
dopants may prevent some structural transformations, they can
also cause capacity loss via irreversible migration.

As an illustration of the effect of dopants on electrochemi-
cal properties, Figures [I(a) and (b) show the first charge and
discharge voltage curves of Al doped Li,NiO, and Li,CoO; (i.e.
Li,AlyNi;_,0, and Li,Al,Co;_,0, for y = 0,0.05,0.10, and 0.2).
This is a small subset of a large number of Co, Ni, and Co/Ni host
materials synthesized, cycled, and characterized in Ref[21], where
more details of synthesis conditions, particle size, and character-
ization can be found (see also experimental methods section).
Electrode components and testing conditions were chosen to iso-
late irreversible capacity loss from kinetic factors and may not
reflect commercial devices. The voltage window is sufficiently
large (between 2.75 to 4.75 V) to ensure that the full theoretical
capacity of each compound is accessed. As the concentration of Al
increases, the initial charge capacity decreases since fewer redox-
active TM atoms are available for oxidation at the end of charge.
Dopants such as Al are viewed as beneficial because of their ten-
dency to suppress detrimental structural phase transitions at high
states of charge.211 This is evident in the voltage profiles of Fig-
ures !(a) and (b), which show a smearing out of phase transition
steps and plateaus even at low Al concentrations.

Close inspection of the voltage profiles of Figures[I}(a) and (b)
reveal a remarkable trend. While the initial capacity loss be-
tween first charge and discharge in the Ni compounds is large,
it is relatively insensitive to Al concentration. The Co contain-
ing compounds, in contrast, exhibit a strong dependence of the
first charge/discharge capacity loss on Al concentration. In fact,
instead of reducing the first cycle capacity loss as expected, an
increase in the Al concentration in Co hosts actually exacerbates
it. This becomes clear when the capacity loss after the first cy-
cle is plotted as a function of Al doping in the Ni and Co hosts as
shown in Figure[I](c). The electrochemical data of Figure[I|shows
not only that dopants can have a detrimental effect on capacity
retention when a layered intercalation compound is charged to
high voltages, but that its effect is also very sensitive to the host
chemistry.

One possible explanation for the lost capacity after the first cy-
cle is the irreversible migration of dopants out of the TM layer and
into the Li layer. For instance, Al migration can block sites and
prevent a portion of the Li from reintercalating upon discharge.
In fact, NMR evidence suggests the presence of Al in the Li layers
of the Co hosts after the first discharge.2! It is well known from
studies of Li\FePO, that TM-Li anti-site defects can have a strong
effect on Li conductivity. 2427

Here we describe the results of a first-principles electronic
structure study that predicts a strong dependence of the driving
force for dopant migration to the Li layer on host chemistry. We
find that the energy of a dopant along the migration path from the
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Fig. 1 Experimental cycling data of an Al dopant in (a) Ni host and (b)
Co host with varying concentration of Al. (c) Comparing the first cycle
irreversible capacity loss with increasing Al concentration in Ni and Co
hosts (markers are data, lines are least-square linear fits).
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transition metal layer to the Li layer is very sensitive to the posi-
tion of the Fermi level. The susceptibility of dopants to migrate to
the Li layer can, therefore, be controlled through modifications of
the host chemistry, which determines the Fermi level. Our calcu-
lations predict that Ni-rich hosts will suppress dopant migration
to the Li layer at high states of charge, while Co and Mn-rich hosts
will not. Therefore, we expect Ni-rich hosts to experience smaller
irreversible capacity losses upon cycling. Since many irreversible
phase transitions that cause degradation require interlayer atom
migration, understanding and suppressing this mechanism could
increase reversible capacity and lengthen cathode lifetime. These
insights suggest that important mechanisms of cathode degrada-
tion at high states of charge can be suppressed by alloying strate-
gies that penalize dopant migration, thereby bringing us closer
to realizing the full theoretical capacity of layered intercalation
compounds.

2 Tendency of ions to migrate

To understand interlayer migration within the layered O3 crystal
structure, we first describe a path that dopants likely follow as
they move from the TM layer into the Li layer. The pristine syn-
thesized material consists of transition-metal oxide (TM-O) sheets
separated by filled, octahedrally coordinated Li. The dopant usu-
ally replaces about 5% of the TMs in the TM layer, as illustrated
in Figure a) with Li;Mg,Co;_,0, (x = 1).302004160 1 the fully
lithiated state, cations in the TM layer cannot easily migrate to
the Li layer since all of the octahedral Li sites are filled. However,
upon charge, Li vacancies are introduced, allowing cations in the
TM layer to hop into the emptying Li layer. 8114123

A cation in the TM layer must pass through an adjacent tetrahe-
dral site before it can continue to an octahedral site of the Li layer.
Figures[2|(b)-(e) show a migration path by which the dopant can
hop out of the TM layer and away from its original site; we use Mg
migrating in a Co host as an example. In the fully charged state,
there are two residual Li ions for every Mg dopant to maintain
charge neutrality (assuming that Mg has a formal oxidation state
of 2+ and the surrounding TM ions have a formal oxidation state
of 4+). The dopant (D) is initially in an octahedral site in the
TM layer (Doct configuration) (Figure [2(b)). Based on extensive
density functional theory (DFT) calculations of the energies of
different Li-vacancy orderings, we found that Li prefers to cluster
around the dopant as illustrated in Figure b) and (c). The va-
cancies in the Li layer, formed upon charging, open a pathway for
the dopant to hop into an adjacent tetrahedral site in the Li layer.
Figure [2| also shows the energies of structures (b)-(e) relative to
the Dot configuration, as calculated with DFT. A low energy con-
figuration that has Mg in the tetrahedral site is a Li-Mg dumbbell,
Dtet, as illustrated in Figure [2J(c). While we have not calculated
migration barriers, a reduction in energy of 500 meV when go-
ing from Dgct to Diet (i.e. from Figure |2[ (b) to (c)) constitutes
a very large driving force for Mg migration out of the transition
metal layer in the fully charged state. For migration between oc-
tahedral and tetrahedral sites, the hop barrier is dominated by the
difference in energy between the two end states, with a consider-
ably smaller contribution from intermediate positions, especially
when the adjacent octahedral sites are vacant.2233

This journal is © The Royal Society of Chemistry [year]
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If Li were re-intercalated into the structure when the dopant
is in the Dyet configuration, the dopant would likely return to
the TM layer and the reversible migration would have little ef-
fect on material degradationm However, if the dopant moves
away from the vacancy in the TM layer, an energetically favor-
able Li-Li dumbbell will rapidly form®# as illustrated in Figure
(d). Based on the Boltzmann distribution of the energy differ-
ence between configurations (c) and (d) at 300 K, Li-Li dumbbells
would be about three orders of magnitude more probable than Li-
Mg dumbbells. The stable Li-Li dumbbell is, therefore, likely to
block the Mg from returning to its original site in the TM layer
thereby keeping it in the Li layer. This scenario results in an irre-
versible structural change of the host that will affect capacity and
the voltage profile of subsequent cycles.

The example of Figure [2 shows that Mg dopants in O3 Li,CoO,
experience a thermodynamic driving force to migrate to the Li
layer towards the end of charge. Considering the irreversible and
detrimental structural changes that such cation migration can in-
flict on the host, the question emerges: which other dopants and
host chemistries exhibit a similar tendency for dopant migration
to the Li layer in the fully charged state? Common dopants added
to layered intercalation compounds include Al, Mg, and Li (the
latter in Li-excess cathodes). Any cation that migrates to the
Li layer will invariably form an intermediate Li-dopant dumbbell
configuration, D¢et, as illustrated in Figure c).35—36 The differ-
ence in energy between the D¢et configuration and the initial Dget
state determines whether or not a dopant experiences a driving
force to migrate to the Li layer at the end of charge. In the re-
mainder, we focus on these two configurations.

Figure [3| compares the stability of the Dtgt configuration rela-
tive to Doct for Al, Mg, and Li dopants in the O3 forms of fully
charged Ni, Co, and Mn hosts. The energies of many Li order-
ings were calculated for each system in the Dyt and Diet con-
figurations, and the lowest energy for each dopant configuration
was used to calculate the energy differences of Figure [3| Nega-
tive energies indicate that the Li-dopant dumbbell is more stable
and that the dopant therefore has a tendency to migrate to the
Li layer. The formation energies become more negative as the
oxidation state of the dopant decreases (i.e. AI’T — Mg?t —
LiT; moving down the chart for the same host). The lower the
dopant’s oxidation state, the more stable the D¢et configuration
becomes. More surprisingly, however, is the peculiar trend with
respect to the host chemistry. The Co and Mn hosts exhibit simi-
lar energy differences for the same dopant and tend to prefer Dyet
configurations. The Ni host, in contrast, appears to penalize Li-
dopant dumbbells. The implication of Figure [3|is that the Ni host
will suppress dopant migration to the Li layer in the fully charged
state since the crucial first step of the migration process results in
an increase in energy. In the next sections, we explore the role
that the electronic structure of the host plays in determining the
susceptibility of dopant migration to the Li layer in these three
hosts.

1 If Mg did not return to the TM layer, the Li-Mg dumbbell would block some Li sites
from reintercalation.
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Fig. 2 Possible path for dopant to move out of the TM layer, into the Li layer, and away from the created vacancy upon delithiation; Li.Mg,Co;_,0,
(x =2y) illustrated, with relative energies of each snapshot along the path indicated below each image. (a) Structure is synthesized with Mg in TM layer
and filled Li layer. (b) Upon charge, Li is removed from the Li layer, resulting in the D¢ configuration. (c) Mg then migrates into the Li layer via Li-Mg
dumbbell, eventually forming (d) a Li-Li dumbbell with an adjacent Mg. (e) Once the Li-Li dumbbell forms, a barrier exists for Mg to migrate away from

the defect site. (Images made using VESTAZS)
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Fig. 3 Difference in energy between D and Dygt configurations. Extra
Liions are added as necessary for charge compensation. Dumbbells are
relatively more stable as dopant oxidation state decreases and more sta-
ble in Co and Mn hosts than in the Ni host.(Images made using VESTA
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3 Electronic structure in layered oxides

We first review the general understanding of the electronic struc-
ture of layered transition-metal oxides. Layered intercalation
compounds consist of sheets of edge-sharing transition-metal ox-
ide (TM-O) octahedra. A simplified molecular orbital diagram
for o bonding in an isolated TM-O octahedron (Figure E|(a)) al-
ready reveals important features about the electronic structure of
layered intercalation compounds. The TM 3d, 4s, and 4p atomic
orbitals hybridize with the O 2p orbitals to form bonding and anti-
bonding molecular orbitals. The six lowest bonding levels have
predominantly O p character. These are followed by three tog
levels derived from the TM d,, dy;, and dy, orbitals that point be-
tween the O ions of the octahedron. While shown as non-bonding
in Figure E|(a), the TM dy,, dy;, and d,; orbitals in fact interact
with O p orbitals to form 7 bonding and anti-bonding states with
trg symmetry. The lowest anti-bonding orbitals have eg symme-
try (referred to as eg*) and are predominantly of dyp_,2_\p and
d_y» character.

The molecular orbital levels of Figure[d{(a) become bands when
the TM-O octahedra are brought together to form the periodic
crystal structure of the layered intercalation compounds. This is
shown for NiO, in Figure Ekb). The density of states (DOS) plot
of Figure [d{(c) exhibits three broad regions that coincide with the
molecular orbital levels of the isolated TM-O octahedron. As is
conventionally done, we will refer to these broad regions as cor-
responding to the O p, the tyg, and the eg states, respectively, as
illustrated schematically in Figure @(d). In NiO,, the Fermi level
separating the filled from the unoccupied states falls between the
trg and the eg levels. In CoO, and MnOy, in contrast, the Fermi
level resides within the tg block.

4 Transition metal substitution

In this section, we determine the effect of dopants having differ-
ent oxidation states on the electronic structure of a fully delithi-
ated transition-metal oxide. We replace one of the Ni atoms in a
supercell of NiO, containing 16 primitive unit cells with either Al,
Mg, Li, or a vacancy (Va). The choice of dopants is motivated not
only by their technological importance, but also by the fact that

This journal is © The Royal Society of Chemistry [year]
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(a) Molecular orbital diagram (only ¢ bonds)

(b) Band structure
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(c) Density of states (d) Density of states
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Fig. 4 Electronic structure of transition-metal layered oxides, using O3 NiO, as an example. (a) The molecular orbital diagram of an isolated Ni-O
octahedron; only ¢ bonding is included in this simplified model. (b) The band structure for layered bulk NiO,. (c) The sum of the bands at each energy
level results in the density of states plot. (d) Schematic of the DOS, identifying the bands as mainly O p, t,g, and eg.

their formal oxidation state differs from each other and from that
of the 4+ charge of the TM cations: i.e. A’*, Mg?*, and Lit. We
also consider a vacant TM site as a vacancy donates zero electrons
to the host. By varying the dopant, we are effectively changing
the local electrostatic potential experienced by the six O atoms
adjacent to the defect. Since each dopant has a formal oxidation
state that is lower than the 4+ oxidation of the transition metals,
there must be residual Li ions in the Li layer to maintain charge
neutrality in the fully charged state: one, two, three, and four
Li must remain in the host for each Al, Mg, Li, and Va dopant,
respectively. We will consider the explicit effect of these resid-
ual Li ions later. However, to qualitatively determine the effect of
dopants on the electronic structure, we first perform calculations
in the absence of explicit residual Li ions, instead adding their va-
lence electrons to the host and compensating the excess negative
charge with a uniform positive background charge.

The DOS for each dopant in NiO, are shown in Figure |5| and
are aligned based on the bottom of the deep O s states (below the
states shown in the figure). Though spin-polarized calculations
were performed, the spin channels were identical and only one of
them is shown. Localized peaks at the top of the tg and eg blocks
not present in the DOS of pure NiO, appear in the other four pan-
els and are highlighted in red. We refer to these localized states
as defect states because they form as a result of TM substitution
by a vacancy or non-TM atom. All of the tyg states are filled in
NiO; and therefore significantly contribute to the overall energy
unlike the defect states in the empty eg block. Therefore, refer-
ences to defect states in this work largely concern the localized
tg states. Figure [5| clearly shows that as the oxidation state of
the dopant decreases from left to right, the defect states become
more prominent and increase in energy. Since the defect states
are occupied in NiO,, their rise also results in an increase in the
Fermi level (relative to the deep O s states).

Figure shows the electronic charge density associated

This journal is © The Royal Society of Chemistry [year]

with the defect states when the dopant is a vacancy (i.e.
Va 16Nij5/16032). The figure is oriented looking down on a sin-
gle layer of the TM oxide, and the yellow lobes are an isosurface
of electron charge density. The majority contribution comes from
the O and Ni atoms that immediately surround the vacancy. The
high-energy defect states consist of six O p orbitals that point to-
wards the vacancy and six Ni d orbitals that point between oxygen
ions. The O p and Ni d orbitals are aligned for 7 bonding. The de-
fect states for the other dopants exhibit similar electronic charge
densities around the dopant site.

5 Dumbbell formation

Having determined that dopants generate high-energy defect
states, we next consider the changes in electronic structure as the
dopant migrates from the TM layer (Dot configuration) into a
dumbbell (Dtet configuration). In this section, we explicitly treat
the residual Li ions that must remain in the Li layer to maintain
charge neutrality in the fully charged state. For cases where mul-
tiple Li arrangements were possible, the lowest-energy configura-
tion was used (of the ones calculated, details in ESI). In general,
it was found that configurations that cluster Li around the defect
have the lowest energy. We begin by considering dopants in the
Ni host and then determine how the electronic structure changes
when the same dopants were added to Co and Mn hosts.

Figure [6] compares the calculated DOS for NiO, with DOS for
Li-Al in Doct and Diet configurations. Figure [6] (b) shows that
the replacement of one octahedral Ni by Al results in defect states
immediately below the Fermi level that are qualitatively similar
to those around a vacancy as described in the previous section.
One Li remains in the host for each Al dopant to maintain charge
neutrality in the fully charged state. The lowest energy state has
Li residing in an octahedron that shares a corner with the Al octa-
hedron. Site projected DOS (figure in ESI) shows that the defect
states comprise of O p and Ni d orbitals from O and Ni that neigh-

Journal Name, [year], [vol.], 1 |5
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decreasing oxidation state of dopant ——

(a) NiO, (b) AR (c) Mg (d)
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Fig. 5 DOS of Dy,4Nijs/16032 for D = Ni, Al, Mg, Li, or vacancy ((a)-(e), respectively). The oxidation state of the dopant decreases from left to right
and is compensated by a background electronic charge. Bands with majority contribution from O p and Ni d orbitals around the defect (i.e. defect
states) are highlighted in red. Occupied defect states just below the Fermi level increase in energy with decreasing oxidation state of dopant. (f) Partial
charge density of the highest occupied band looking down on a layer of Nijs;5032. Large O p and Ni d orbitals are localized around the atoms near

the vacancy and appear to be z bonding. (Images made using VESTA@')

energy (eV)

Fig. 6 DOS of (a) layered bulk NiO,, (b) octahedral Al dopant in the TM
layer with Li for charge balance in the Ni host, and (c) Li-Al dumbbell in
the Ni host. Defect states are highlighted in red. (d) The partial charge
density of the highest occupied band of the Dyg; configuration. The O p
lobes in (d) are on the O next to Li, as indicated in yellow on the structure
in (c). (Images made using VESTA®8)
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bor the Al dopant. Not all O p states that point to the Al, however,
contribute to the high energy defect states. Only those O that are
not coordinated by a Li in the Li layer participate in the defect
states. These O atoms are surrounded by less positive charge and
therefore have a higher energy.

The Li-Al Dtet configuration produces defect states at even
higher energies (Figure |§| (c)). The electronic charge density as-
sociated with the highest energy defect state is shown in Figure
[6] (). The defect state is again primarily composed of 7 bonded
O p orbitals and Ni d orbitals. Only the O p orbitals that be-
long to the base of the tetrahedron occupied by Li and that point
to the octahedral vacancy participate in bonding. These particu-
lar O p levels have a high energy as they are coordinated by the
low positive charge of Li. The similar O p orbitals of the base of
the tetrahedron occupied by Al are surrounded by substantially
higher positive charge and therefore have a lower energy. The
Dtet configuration results in a significant increase of the Fermi
level since the defect states in the Ni host remain occupied. As
shown in Figure[3] the Dyet configuration is 1.2 eV/dopant higher
in energy than the Dt configuration. At room temperature, few
dumbbells are therefore expected to form.

It is also instructive to consider the change in electronic struc-
ture when Li serves as a dopant in the TM layer as it has a much
lower oxidation state. Four Li must be present in the structure
for every TM that is removed to maintain charge neutrality in the
fully charged state. The lowest energy Dot and Diet configu-
rations are ones that cluster Li around the defect, as illustrated
in Figure [7(b) and (c). In the Doct configuration (Figure [7(b)),
large spikes in DOS appear at the top of the occupied states, sim-
ilar to ones seen for NiO, with a Li-Al dumbbell (Figure |§|(c)).
Similar high energy defect states appear in the Li-Li D¢et con-
figuration (Figure [7(c)). The highest energy states for Det are
associated with the O that have only one adjacent Li. The defect
states that are slightly lower in energy derive from the O that are
coordinated by two adjacent Li. This is shown in representative

This journal is © The Royal Society of Chemistry [year]
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2(a) NiO,

Fig. 7 DOS of (a) layered bulk NiO,, (b) octahedral Li dopant in the Ni
host, and (c) Li-Li dumbbell in the Ni host. (d) Partial charge density
of band at the top of the occupied bands with O p character on oxygen
not adjacent to additional Li atoms, highlighted in red. (e) Partial charge
density of a band slightly lower in energy with O p character on oxygen
adjacent to an additional Li atom, highlighted in orange. (Images made
using VESTAIZ8)

partial charge densities in Figures d) and (e). While the Fermi
level does increase when going from the Dyt configuration to
the D¢et configuration, the overall energy of the Det configura-
tion is lower than Dg¢t by 100 meV/dopant. Li-Li dumbbells are
therefore favored upon delithiation.

The electronic structures of the Co and Mn hosts are very dif-
ferent from those just described for NiO,. Both Co and Mn have
fewer electrons than Ni and therefore CoO, and MnO, only par-
tially fill their tg states. Furthermore, CoO; and MnO; exhibit
a net magnetic moment when initialized in the ferromagnetic
state (Figure a) and (e)). The CoO; system exhibits a relatively
weak exchange splitting, with the spin-up and spin-down DOS
only slightly offset from each other. One of the spin channels has
the tpg states almost completely filled, while the other has more
empty trg states. In MnO,, the difference is more drastic; tog
states of one of the spin channels fills completely while those of
the other reside much higher in energy and therefore stay empty.

Figure |8| shows the DOS for an Al dopant in Co and Mn hosts.
The defect states are more delocalized in the Dg¢t configuration
in these two hosts with the Al dopant than was the case in the
Ni host and are therefore not easily distinguishable from the to-
tal DOS. The defect states are more pronounced in the D¢et con-
figurations (highlighted red in Figures c) and (f)), exhibiting a
significant increase in DOS at the top of the tog block. The distinc-
tion is based on O p pDOS (figure in ESI), where the defect states
are characterized by a spike in density for O atoms surrounded
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by the least positive charge (in this case, adjacent to tetrahedral
Li). Since the defect states reside at the top of the tg block in
both spin channels, not all of them need to be filled in the Co and
Mn hosts. The energetic penalty for forming the D¢et relative to
the Dget configuration is, therefore, much lower in the Co and
Mn hosts since some of the defect states can remain empty. In the
Mn host, the Li-Al Dyt configuration is slightly more stable than
the Dtet configuration by 65 meV/defect while the two configu-
rations are essentially degenerate in the Co host. This is in stark
contrast to the highly unfavorable Li-Al dumbbell in the Ni host.
Similarly, for the Li-Mg and Li-Li defects, the D¢et configurations
are favored more for Co and Mn hosts than for the Ni host.

With this new theoretical understanding, we return to the ex-
perimental results presented in Figure|l] As the defect states are
completely occupied in the Ni host but only partially filled in the
Co host, our calculations predict that more Li-Al dumbbells will
form in the latter due to entropic factors. Figure [3| shows that
there is essentially no energy difference between the Dgcr and
Dtet configurations in the Co host, but a sizable energy penalty
for Dyet in the Ni host. Since the synthesized particles of the dif-
ferent compositions had comparable surface areas, surface inter-
actions with the electrolyte are unlikely to result in the stark dif-
ference in capacity loss behavior between Ni and Co hosts.21 Fur-
thermore, Nuclear Magnetic Resonance (NMR) findings strongly
support that Al does migrate into tetrahedral sites in the Co host
and not in the Ni host.2I The experimental conditions should al-
low for interlayer atom migration because the cells are cycled to
very high voltages (upwards of 4.75 V) and are thus able to ap-
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proach the limits of delithiation. Only at high voltages, when the
only remaining Li in the material is that pinned by the redox in-
active dopant, can the Al migrate into the Li layer of the Co host.
Our calculations indicate that Mg-doped Co, Ni, and Mn hosts
may also show a large discrepancy in capacity loss between the
hosts, but comparable experiments at high voltage have yet to be
performed on Mg-doped Co and Ni hosts. These experiments are
beyond the scope of this study.

6 Discussion

Layered transition metal oxide intercalation compounds remain
the cathode material of choice in current Li-ion battery technolo-
gies. However, only 50-70 % of the theoretical capacity of these
cathode materials is currently utilized due to the rapid degrada-
tion that occurs at high states of charge. Many layered intercala-
tion compounds tend to become highly metastable upon the com-
plete removal of Li ions and are susceptible to structural changes
due to transition metal and dopant migration to the emptied Li
layers.

In this study, we used electronic structure calculations to de-
termine the effects of chemistry on the susceptibility of dopant
migration in O3 layered transition-metal oxides. A dopant that
migrates from the TM layer to the Li layer must first pass through
an intermediate tetrahedral site. The most stable intermediate
configuration is one in which the dopant forms a dumbbell with
a residual Li. Our calculations have shown that the stability of Li-
dopant dumbbells in the fully charged state is highly sensitive to
the identity of TM cations surrounding the dopant site: a Ni host
tends to suppress Li-dopant dumbbell formation while Co and Mn
hosts favor their formation. This remarkable result suggests that
targeted alloying of layered transition metal oxides can serve as
an effective strategy to suppress dopant migration at high states
of charge.

The stark difference in the susceptibility of dopants to migrate
to the Li layer between the Ni host on the one hand and Co
and Mn hosts on the other has its origin in electronic structure.
Figure [9] schematically summarizes the essential features of the
DOS of pure and doped transition metal oxides as distilled from
the detailed electronic structure calculations of the previous sec-
tions. The electronic structure of the pure hosts, in the absence of
dopants, consists of three major blocks: low energy states having
predominantly O p character; tyg-like states made up of 7 bonded
transition metal 4 orbitals and O p orbitals; and anti-bonding eg-
like states. In NiO,, the Fermi level resides between the eg block
and the tpg block. In CoO; and MnO,, in contrast, the Fermi level
resides in the tyg block. Some of the higher energy tyg-like states
that are made up of 7 bonded TM d orbitals and O p orbitals are
empty in Co- and Mn-rich compounds.

The emergence of localized defect states and their high energy
are closely linked to the fact that the dopant oxidation states are
lower than 4+ and that they do not have d orbitals. A lower
amount of coordinating positive charge lifts the energy of the O
p orbitals near the defect such that they form localized states.
This ionic interaction is illustrated by the rise in the energy of
the defect states with the reduction in the oxidation state of an
octahedral dopant in Figure[5] Hybridization between the O p and
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TM d orbitals also plays a role in the origin of the defect states.
The O p orbitals involved in the defect states just above the tog
block are orbitals that in the pristine material would exhibit a o
interaction with the d orbitals of the missing TM, making them
dangling bonds. Although such states are often referred to as
orphaned states in the context of Li-excess materials,2238 they
nevertheless exhibit 7 bonds with the surrounding TM ions. This
7 interaction can be seen in Figures[5] [] and[7] which show that
the defect states have significant contributions not only from O
but also from the remaining neighboring TM cations.

Since the defect states appear at the top of the tpg block, the
position of the Fermi level determines the extent to which they
are occupied. In systems where the TM has sufficient electrons
to fill all of the tpg states, the defect states are completely filled
and significantly contribute to the overall energy (Figures [9|(a)
and (b)). In systems with fewer electrons, where the Fermi level
resides within the tyg block, at least some of the defect states may
remain empty, reducing their contribution to the overall energy
(Figures E](c) and (d)). Therefore, systems that do not fully fill
the tog bands are less affected by dopant inclusion and have a
smaller penalty for dumbbell formation.

In addition to TM identity, Figure [3| shows that the identity of
the migrating species has a strong effect on the stability of the
Dtet configurations. Dopants with a lower oxidation state, like
Li, are more likely to form dumbbells than cations like Al, which
has a higher oxidation state. Cation size alone cannot explain this
trend as Li and Mg both have very similar sizes, but Li has lower
dumbbell formation energies in all three hosts. Instead, there is
likely a smaller penalty from the defect states for Diet configu-
rations when the dopant has a lower oxidation state. Dumbbell
formation energy is the difference in energy between the Dgct
and Dyet configurations. This energy is high for dopants like Al
because the difference between the electrostatic potential for cer-
tain O atoms changes drastically when the Al moves from the TM
layer into the tetrahedral site. However, the local environment
around the O is similar for Do¢t and Dyet when Li is the dopant.
The defect states are already very high in energy when the Li is
in the TM layer, as evidenced by the DOS in Figure [7[(b), so that
a change to the tetrahedral site does not raise the energy of the
defect states.

We completed additional calculations to confirm that differ-
ences in the lattice parameters of the hosts were not responsible
for the difference in dumbbell formation energies. We performed
static calculations of the D¢t and Dyet configurations using the
relaxed lattice parameters of the other two hosts (e.g. we im-
posed the Ni and Co host lattice parameters on the Mn host and
vice versa) to determine if the particular lattice parameters were
responsible for the trend in dumbbell formation energies (details
and results in the ESI). Even when the lattice parameters of the
Co or Mn hosts were imposed on LiAlNi;503;, the dumbbell for-
mation energy was around 1 eV/Al. Alternatively, the Ni host
lattice parameters did not make the dumbbell significantly less
stable in LiAlCoy503, and LiAlMn;503,. We also found that when
the atomic positions were kept constant, Li was still more likely
to form dumbbells than Al. Therefore, the qualitative dumbbell
formation trends seen in Figure [3| cannot be ascribed to size ef-
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Fig. 9 Schematic representation of DOS for defect-free and doped lay-
ered oxides. (a) Defect-free layered oxide with all g states filled, as in
NiO, and (b) that layered oxide doped with a lower oxidation-state ion,
such as Al in the Ni host. Defect states increase the overall energy of
the system. (c) Defect-free layered oxide where the TM has fewer elec-
trons, for instance CoO,, and (d) that layered oxide doped with a lower
oxidation state ion, for instance Al in the Co host. The high-energy defect
states do not have to be filled, so the energy increases less than for the
case above.
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fects.

The trends described so far are not restricted to dopant migra-
tion. They also apply to transition metal migration. We performed
calculations to determine the change in energy when a Ni or Co
atom migrates from the TM layer to an adjacent tetrahedral site
of an empty Li layer in both a Ni and Co host. The barriers are
lower bounds in the fully charged state when all of the transition
metals are in a formal 4+ oxidation state. The tetrahedral defect
formation energies were predicted to be 2.75 and 2.61 eV/defect
for a Ni and Co in the Ni host, respectively, while they were 1.34
and 1.29 eV/defect for Ni and Co in the Co host, respectively. All
four energies are high and positive, indicating a high kinetic bar-
rier for TM migration to the empty Li layers of fully charged Co
or Ni hosts. Similar to the dopant dumbbell formation energies,
however, the calculated energies only marginally depend on the
identity of the migrating cation, but instead depend strongly on
the host chemistry. The barrier for TM migration to empty Li lay-
ers is substantially higher in the Ni host than in the Co host, differ-
ing by over 1eV. We emphasize that these trends are predicted for
the fully delithiated Ni host. It is well known that Li;NiO, usually
contains a small percentage of Ni in the Li layer. 1339 However,
these extra Ni are introduced during high temperature synthesis
in the fully lithiated state.

All first-principles results reported in this study were based on
density functional theory using a PBE functional as described in
the Calculation Methods section. It is generally accepted that
a DFT+U approach®%41 js necessary to accurately describe the
electronic structure of TM oxides.42 Here we found that the pre-
dictions are both qualitatively and in large part quantitatively
insensitive to approximations to DFT. Values of +U corrections
ranging between 0 and 5 were used to calculate the energies of
Li-Al Dgct and Dtet configurations in Ni and Mn hosts (use of +U
in Co oxides has been shown to result in incorrect ground state
configurations®3#4), Dumbbell formation energies and the qual-
itative shape of the DOS were very similar for all values of the
Hubbard U (see figures in SI). The invariance of the predicted en-
ergy differences to the value of +U is likely due to the fact that
all transition metals are in their 4+ oxidation state and remain in
that state for each dopant configuration.

The correlations revealed in this study between electronic
structure and the susceptibility for interlayer migration in TM ox-
ides can be utilized in cathode design. Alloying strategies that
maximize the filling of the tyg states, and therefore all local-
ized defect states, when the battery is fully charged will penalize
dumbbell formation and hence cation migration to the Li layer. In
general, an increase in the Ni concentration can be a simple so-
lution for systems where dumbbell formation must be suppressed
to improve kinetics and cycleability. The favorable cycling behav-
ior of Ni-rich NCA compounds (Li;(Ni;_,_.Co,Al;)O,) is consis-
tent with the predictions of this work.2! Our study suggests that
dopant migration is likely to contribute significantly to cathode
degradation at high states of charge in Co-rich chemistries. Mg,
for example, is used as a dopant in Li,CoO; to suppress the two-
phase region between x = 0.93 and 0.75.22 The predictions of this
study indicate that Mg dopants will experience a driving force to
migrate to the Li layer in the fully charged state, thereby caus-
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ing irreversible changes to the host crystal structure. An increase
in the Ni content will suppress these tendencies, while the addi-
tion of Mn will not. Of course, other factors will also need to be
taken into consideration when varying transition metal chemistry,
including the effect of such variations on the intrinsic electronic
conductivity of the compound.

The results presented here also suggest that certain dopants
could promote the degradation of the cathode through oxygen
evolution. In cases where defect states are unoccupied (such as
the Li-Al dumbbell in the Co host), the O p states near the de-
fect are significantly depleted. Prior calculations suggest that this
depletion of O p states could enable the dimerization of oxygen
and subsequent formation of O, molecules, leading to irreversible
degradation of the material.#2 This suggests that the tetrahedral
migration of dopants may negatively impact the reversibility of
electrodes not only by causing a redistribution of cations but also
by triggering oxygen loss.

Lastly, while the experimental cycling results shown in Figure
correlate well with conclusions from our computational work,
more direct observations of dopant migration would enhance our
understanding of this mechanism. NMR measurements have al-
ready indicated the presence of Al in the Li layer of Co rich hosts
but not in the Ni rich hosts.2!/ Though the positions of disordered
dopants can be difficult to characterize with common methods
such as X-ray diffraction (XRD), other spectroscopic techniques
including X-ray absorption spectroscopy (XAS) and resonant in-
elastic X-ray scattering (RIXS) could be used to characterize dif-
ferences in electronic structure between Al doped Ni-rich and Co-
rich hosts. 4247 Signatures of the electronic defect states will pro-
vide information as to whether or not dumbbells form. It is im-
portant, however, to recognize that any ex situ probes have their
limitations as these materials are highly metastable at high states
of charge and may readily decompose upon removal from the bat-
tery.4

7 Conclusions

Irreversible structural changes in the cathode at the end of charge
are a significant hurdle that inhibits further capacity utilization in
current battery materials. In order to surmount this challenge,
a better understanding of cation migration as a function of cath-
ode composition is critical. Using first-principles calculations, we
have demonstrated a strong correlation between the identity of
the transition metal and the energy barrier for cation migration to
empty Li layers of fully charged layered intercalation compounds.
We show that oxides with higher concentrations of Co or Mn are
likely to experience enhanced rates of interlayer atom migration,
while an increase in the Ni concentration should suppress migra-
tion and stabilize the layered structure at high states of charge.
The origins of this sensitivity to chemistry are rooted in electronic
structure. We speculate that the behavior in battery materials
having other crystal structures or utilizing different intercalants
leads to similar electronic structure effects. The implications of
our work can be extended to better understand oxygen dimer-
ization and gas evolution, which is also detrimental for battery
performance. Considering that interlayer migration can result in
irreversible capacity loss, these new insights suggest a clear path
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to the discovery of cathode chemistries that can achieve practical
capacities approaching their theoretical values.

8 Methods

8.1 Experimental

LiAlyNi;_, 0, and LiAl,Co;_,0, (0 <y < 0.2) materials were syn-
thesized as described in Ref 21l Stoichiometric amounts of
lithium acetate, aluminum acetate basic hydrate, nickel(II) ac-
etate tetrahydrate, and cobalt(Il) acetate were mixed in deion-
ized water, dried, and annealed to create the active materi-
als. Free-standing positive electrodes using LiAl,Ni;_,0, and
LiAl,Co;_,0, active materials were fabricated in the dry room us-
ing the Bellcore method.#® The casting slurries were comprised
of a mixture of the active material, poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDE-HFP, Kynar 2801, Elf Atochem), car-
bon black (Super P (SP), MMM), propylene carbonate (> 99.7%,
Aldrich), and acetone (> 99.7%, Aldrich). The slurries were
mixed until homogeneous, then cast and allowed to air dry. The
propylene carbonate plasticizer was removed by soaking the elec-
trode in anhydrous diethyl ether (99.8%, Aldrich). Electrodes
were subsequently dried at 120°C under vacuum for a minimum
of 10 hours, and stored in an Ar-atmosphere glovebox to avoid at-
mospheric exposure. The resulting self-standing electrodes each
had a composition of 79.9 wt.% active material, 7.0 wt.% SP, and
13.1 wt.% PVDE-HFP. The fraction of conductive carbon black is
higher than that of commercial cells, resulting in a lower loading
of active material. This ratio was deliberately chosen to isolate
the effect of Al concentration on irreversible loss, independent
of the intrinsic transport capabilities (either good or bad) of the
active material. The experimental studies were not designed to
probe transport properties of the electrodes.

Metal mixing over the TM sites of the layered materials
was confirmed with transmission electron microscopy (TEM)
and nanometer resolution X-ray energy dispersive spectroscopy
(EDS).2l Except for LiAly,Nipg0,, the composition of which is
very close to the phase segregation limit, all materials had well-
mixed transition metals. Since changes in synthesis can have a
significant effect on battery performance, care was taken to en-
sure consistent preparation of the materials. Commercially avail-
able LiCoO, was used as a model for comparison and showed
good X-ray diffraction (XRD) correspondence to its in-house syn-
thesized counterpart.

Coin cells with Al-clad positive bases (2032, Hohsen Corp.)
were assembled in an Ar-filled glovebox (< 0.1 ppm of H,O and
0,) using a Li metal (FMC Lithium) negative electrode and What-
man GF/D glass fiber separators saturated with a 1M LiPFg ethy-
lene carbonate: dimethyl carbonate (EC:DMC) (1:1 volume ra-
tio) electrolyte (BASF) (< 20 ppm H,0). Electrochemical char-
acterization was performed with a VMP3 (Bio-Logic Science In-
struments) at 24°C. Cells were galvanostatically charged at 20
mA/g (per g of active material) to 4.75 V, held under potentio-
static conditions until the current dropped below 10 mA/g, and
then discharged at 10 mA/g to 2.75 V. The hold time at the fully
charged state varied slightly as the cells were charged at 20 mA/g
and held at high voltage until current dissipated to 10 mA/g. As
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such, hold times were dependent on the kinetics of the materials;
the typical time was less than 0.5 h. Duplicate cells were made to
ensure reproducibility.

8.2 Computational

Density functional theory (DFT) was utilized to calculate energies
and electronic band structures using the Vienna Ab Initio Simu-
lation Package (VASP)4250 with the PAW method122/ and the
optb86b-vdw functional, 530

First, a 4x4 unit cell of NiO, was generated and one of the
Ni atoms was replaced by a dopant, resulting in the formula
X1 /16Niy5/16032, where X = Al, Mg, Li, or vacancy. Electrons were
artificially added to the system to enable a formal oxidation state
of 4+ for all Ni, while the dopants could remain in their preferred
formal oxidation states of AI>*, Mg?*, Li*, or Va’.

Second, 4 x4 unit cells of MO, (M = Co, Mn, or Ni) were gener-
ated. In each case, one of the TM atoms was replaced by a Li, Mg,
or Al dopant. In addition, Li was added to the structures, with
resulting compositions LiAlM503;, Li,MgM;503;, and LizM;503;
(M = Co, Mn, or Ni). In addition to keeping the dopant in the
TM layer, another set of similar cells was generated in which the
dopant was moved to an adjacent tetrahedral site in the Li layer,
leaving behind a vacancy in the TM layer. In both cases, many
configurations were sampled using the CASM software>7760 and
lowest energy configurations were used for determining dumbbell
formation energy.

More details on the computational methods are provided in the
ESI. In addition, data files are publicly available at [link provided
before publication].
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Interlayer cation migration in layered cathodes, which can lead to irreversible capacity loss, is
affected by surrounding transition metals.



