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ABSTRACT: Cation disorder is a phenomenon that is
becoming increasingly important for the design of high-energy
lithium transition metal oxide cathodes (LiMO,) for Li-ion
batteries. Disordered Li-excess rocksalts have recently been
shown to achieve high reversible capacity, while in operando
cation disorder has been observed in a large class of ordered

compounds. The voltage slope (;V ) is a critical quantity for
XLi

the design of cation-disordered rocksalts, as it controls the Li
capacity accessible at voltages below the stability limit of the
electrolyte (~4.5—4.7 V). In this study, we develop a lattice
model based on first principles to understand and quantify the
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voltage slope of cation-disordered LiMO,. We show that cation disorder increases the voltage slope of Li transition metal oxides
by creating a statistical distribution of transition metal environments around Li sites, as well as by allowing Li occupation of high-
voltage tetrahedral sites. We further demonstrate that the voltage slope increase upon disorder is generally smaller for high-
voltage transition metals than for low-voltage transition metals due to a more effective screening of Li—M interactions by oxygen
electrons. Short-range order in practical disordered compounds is found to further mitigate the voltage slope increase upon
disorder. Finally, our analysis shows that the additional high-voltage tetrahedral capacity induced by disorder is smaller in Li-

excess compounds than in stoichiometric LIMO, compounds.

1. INTRODUCTION

Cation disorder is a phenomenon that is becoming increasingly
important in the field of Li-ion batteries. As-synthesized
d1sordered Li-excess rocksalts (Li; +be M,0, [M = Mn, Fe,
Co, Ni],"” Li; ;Nig33Tip33M001405" Liy, Tip Fe_5,0,") were
recently shown to achieve high reversible capacity, paving the
way toward a new design space of high-capacity Li-ion battery
cathodes. These high capacities are enabled by macroscopic Li
transport through percolating zero-transition-metal pathways,
which remain active upon disorder.”® In operando cation
disorder also occurs in a large class of ordered materials,
resulting in the formation of disordered bulk phases
(Lij 31, M0y .467Cr30,,° Li,VO,,” LiCrO,,*’ LigeeVO,,"" rutile
TiO,'""?) upon electrochemical cycling. Furthermore, in
operando cation disorder can also occur at the surface of
ordered compounds as a result of oxygen loss and transition
metal migration, such as is the case for the NCA
(LiNiy gCoq 1sAlg. 0502)13 '* and Li-excess NMC
(Liy,,Ni,Co,Mn,_,_,,_.0,) compounds. 15719

Understanding the effect of cation disorder on the voltage
profile of transition metal oxides is therefore critical, both to
rationally design high-capacity disordered Li-excess rocksalts as

-4 ACS Publications  © 2016 American Chemical Society

well as to predict the voltage evolution of ordered materials
subject to in operando bulk or surface cation disorder.

Cation disorder is expected to increase the voltage slope of
lithium transition metal oxides, as Li sees a variety of local
transition metal environments in a disordered structure and,
hence, a large variety of local Li chemical potentials. The

(average) voltage slope, v = is a critical quantity for the design

of cation-disordered rocksalts, as it controls the capacity
accessible at voltages below the stability limit of the electrolyte
(nominally 4.5 V to 4.7 V for standard organic electrolytes™).

In this study, we develop first principles models to
understand the magnitude and the factors that control the
voltage slope of cation-disordered rocksalts. The effect of cation
disorder on transition metals undergoing a 3*/4" redox reaction
is investigated through a systematic study of first-row LiMO,
compounds (M = Ti, V, Cr, Mn, Fe, Co, Ni). Among these
compounds, LiTiO, and LiFeO, are known to disorder at solid-
state synthesis temperature”’ while LiVO,'® and LiCrO,*’ can
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disorder upon cycling at room temperature. Co and Nij,
although not found to disorder in the stoichiometric LIMO,
form, disorder as part of the mixed transition metal systems
(LiM, s Tiy 5O, compounds, where M = Mn, Fe, Co, Ni).”*~>*

Our work demonstrates that the increase in voltage slope
upon cation disorder is induced by a statistical distribution of Li
site energies and by the occupancy of tetrahedral sites by Li. We
further show that practical cation-disordered materials are still
short-range ordered and thus exhibit a lower voltage slope than
idealized fully disordered compounds with a random cation
arrangement. Finally, we demonstrate that the voltage slope
increase upon disorder is generally smaller for high-voltage
transition metals than for low-voltage transition metals and that
the additional tetrahedral capacity resulting from disorder is
smaller in Li-excess compounds than in stoichiometric
compounds. This study therefore provides critical insights for
the design of high-capacity Li-excess cation-disordered rock-
salts.

2. MODEL

Cation disorder is defined as cation mixing between the
transition metal sublattice and the Li sublattice of an initially
ordered structure (e.g., the layered structure of Figure 1a(i)). In

(a)

(i) (ii) (iii)

Ordered (e.g. layered) Short-range Ordered Fully disordered rocksalt

—— ——
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(b)

Octahedral site Tetrahedral site

Figure 1. (a) Different levels of cation disorder in LIMO, compounds.
(i) Fully ordered (e.g., layered) LiMO, compound (the layers being
the (111) planes of the FCC cation sublattice). (i) Short-range
ordered and (iii) fully disordered rocksalt (random cation arrange-
ment). (b) Cation coordination in the rocksalt structure.

the limit of ideally (i.e., fully) disordered LiMO, rocksalts, Li
and M randomly occupy cation sites in the rocksalt lattice
(Figure la(iii)). In structures with short-range order (Figure
la(ii)), cation mixing between the Li and M sublattices results
in loss of the long-range order, but a short-ranged statistical
correlation between the occupancy of nearby sites remains,
making the structure different from one with fully randomly
occupied sites.” In the following, we will therefore distinguish
between short-range ordered and fully disordered (i.e.,
random) structures.

Figure 1b illustrates the cation coordination in the rocksalt
structure. In fully lithiated LiMO,, all cations (Li and M) are
octahedrally coordinated by oxygen, regardless of whether the
structure is ordered or disordered. In disordered structures, Li
may further occupy tetrahedral sites upon delithiation, under
conditions that will be detailed below. Note that each
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tetrahedral site shares faces with four adjacent octahedral
cation sites (for clarity, Figure 1b only illustrates two of these
face-sharing octahedra) and that there are two tetrahedral sites
per octahedral site.

In the following section, we outline the factors that
contribute to the voltage slope of cation-disordered rocksalts.
We define the voltage slope as the change of the voltage V with
Li concentration x;; which can equivalently be expressed in
terms of the curvature of the formation free energy (per
formula unit of Li) Gg

d—V _ dZGf
(dei)z (1)

We further define the average voltage slope in a concentration
range [xf; xf;] as

< >[xl 2] (2)

Lis*Li

We begin this discussion by considering the factors that
control the voltage slope in ordered (e.g, layered) LiMO,
compounds. We define the site energy, AE,, as the change of
energy solely due to Li—M interactions when Li is extracted
from (or inserted to) a particular Li site in the structure. Using
this definition, the site energy does not depend on the
interaction between adjacent Li sites. In the layered structure,
each Li site sees the same local transition metal environment (6
out of the 12 nearest neighbor cation sites are occupied by M).
As a result, the site energy is uniform across all Li sites in the
structure. In the absence of interactions between adjacent Li
sites, the Li—vacancy (Li—Va) binary system would be an ideal
solution, controlled solely by entropic effects. The formation
free energy of an ideal solution, G(xy;), is small at room
temperature (IGe(x;;)l = —kT(x;; In(x;) + (1 — xy) In(1 —
x;)) < 25 meV/fu.). The corresponding voltage slope is also

2,
small: ;CV =— (: sz = —4 kT ~ 0.1 V. In practice,
Lily =05 1) x,=0.5

the voltage slope of the layered structure is therefore controlled
by the interaction between adjacent Li sites, or more rigorously
by the effective Li—Va interaction (J¥¥*). This quantity
describes the energy of adjacent Li—Va pairs compared to
phase-separated Li—Li and Va—Va pairs (—2J4"V* = [EVV2 —
0.5(E"™ 4+ EV*V)] < 0). The effective Li—Va interaction,
when positive, makes states of intermediate Li concentration
thermodynamically favorable over a linear combination of the
LiMO, and MO, end members (Figure 2a(i)), which in turn
increases the voltage slope. Thus, the stronger the interaction
between Li sites, the larger the voltage slope becomes (Figure
2a(ii)).

‘We now consider the additional factors that contribute to the
voltage slope in disordered structures. Cation disorder creates a
statistical distribution of local transition metal environments
around Li sites. Figure 2b(i) (black curve) shows for the
random structure the probability that, out of the 12 nearest
neighbors of a given Li atom, Z™ are transition metals. This
variety of local environments results in a distribution of Li site
energies controlled by the effective Li—M interaction and
characterized by a standard deviation 65g_ . This is in contrast

dx;

av

dxy;

_ Vi) - V()

(xfi - xil)

to the layered structure, where each Li site sees the same
transition metal coordination (6 out of the 12 nearest neighbor
cation sites are occupied by M, as indicated by the red circle in
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Figure 2. Factors that contribute to the increase of the voltage slope upon cation disorder in lithium transition metal oxides. (a) In ordered (e.g,

layered) compounds, the effective Li—Va interaction (-~

) controls the change of energy with concentration (i), which in turn controls the voltage

slope (ii). (b) In disordered compounds, (i) the statistical distribution of local environments around Li sites results in a statistical distribution of
AEy,, and (ii) both =V and 0ag,, (the standard deviation of AE,) contribute to the voltage slope. (c) High-voltage tetrahedral sites can be
occupied by Li when all face-sharing octahedral sites are vacant. (i) This can occur in disordered LiMO, compounds via delithiation of “0-TM”
tetrahedral sites, but not in the (stoichiometric) layered structure, as each tetrahedral site has at least one transition metal neighbor. (ii) Tetrahedral
Li occupancy leads to a voltage increase at the end of charge and a corresponding lowering of the voltage everywhere else to conserve the average

voltage.

Figure 2b(i)). In disordered structures, the net voltage slope is
therefore a combination of both the site energy distribution and
the effective Li—Va interaction, as illustrated in Figure 2b(ii),
and as a result, disordering a layered compound is expected to
lead to a voltage slope increase.

Cation disorder also leads to occupancy of high-voltage
tetrahedral sites by Li at high states of charge (Figure 2c).
Tetrahedral sites are energetically favorable over octahedral
sites if all face-sharing octahedral sites are vacant (referred to as
the “0-TM” condition).”® Occupancy of tetrahedral sites by Li
creates a high-voltage region in the voltage profile, as has been
observed in cation-mixed LiNiysMn,50,”” and spinel Li,MnO,
(in the x = [0, 0.5] range™). After extraction of three out of
four face-sharing Li around such 0-TM tetrahedral sites (Figure
2¢(i)), the remaining Li migrates into the tetrahedral site, from
where it requires a higher voltage to be extracted. The 0-TM
condition is never met in the (stoichiometric) layered structure,
as each tetrahedral site has at least one transition metal
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neighbor (Figure 2c(i)). Cation disorder, however, creates a
statistical distribution of metal environments around tetrahedral
sites, such that the 0-TM condition is met with a certain
probability. The effect of tetrahedral occupancy on the voltage
profile of cation-disordered rocksalts is schematically illustrated
in Figure 2c(ii). Note that the presence of a high-voltage region
at the end of charge is accompanied by a lowering of the
voltage everywhere else, to conserve the average voltage (which
only depends on the free energy of the LiMO, and MO, end
members).

In order to quantitatively evaluate the voltage slope of cation-
disordered rocksalts, the standard deviation of the site energy
distribution, the effective Li—Va interaction, and the high-
voltage capacity resulting from tetrahedral Li occupancy are
evaluated from first principles. Cluster expansions based on pair
interactions are developed to evaluate the voltage slope arising
from Li insertion in octahedral sites (capturing the combined
effect of the site energy distribution and the effective Li—Va

DOI: 10.1021/acs.chemmater.6b01438
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interaction), while the additional effect of tetrahedral Li
occupancy on the voltage profile (xy;., and AV in Figure
2c) is estimated from probability theory and from first
principles energy evaluations. These methods are detailed in
the following paragra}z)hs.

Cluster expansions” > provide a mathematical framework
to map the energy of any Li—M-—Va configuration in
disordered Li,MO, onto a finite set of Effective Cluster
Interactions (ECIs). As such, they have been used to calculate
the phase diagram and voltage profiles of Li,MO,**" or the
dependence of the average voltage on Li—M configurations.*®
In this work, pairwise cluster expansions are used to evaluate
the voltage slope associated with Li insertion into octahedral
sites. In order to take advantage of the cluster expansion
framework, the site energy AEL,, and the interaction between
adjacent Li sites are expressed in terms of Effective Cluster
Interactions, which are then fitted to a set of energies obtained
from first principles.

Under a pair term approximation, the energy landscape in a
Li—M—Va system is entirely described by three effective cluster
interactions: the effective Li—M interaction (J“™), the
effective Va—M interaction (J¥*™), and the effective Li—Va
interaction (J~V*), which we described above. These effective
interactions can be expressed as combinations of all possible

pair energies on the lattice (EYM pVa—M pli-Va pLi-Li’ pVa-va
EM-M 7))

_oyAB [EA—B _ (E + EB_B)]

2 3
where A and B can be either Li, M, or Va. Now consider a
disordered rocksalt in which the distribution of transition
metals over octahedral sites is random and does not change
upon cycling. Limiting the interaction between Li sites to the
nearest neighbor shell, the energy of a given Li distribution (o)
can be written as

E(G) — z site

Li—Va
ot 2 St

i i,jEnnpairs

AE!
(4)

where o; is the occupation of site i on the Li/Va sublattice (o, =
{1, =13} for {Li, Va}), AE},. is the site energy of site i, and Jii
is the interaction term between adjacent Li sites, which captures
the preference for Li—Va pairs over phase-separated Li—Li and
Va—Va pairs as described above. Note that the factor of 1/2 in
the first term of eq 4 is simply a consequence of the o; = {1,
—1} convention for {Li, Va} occupancy.

The site energy AE., is defined as the Li insertion energy
when adjacent Li sites do not interact with each other (J5iV* =
0) and depends on the relative strength of the effective Li—M
and Va—M interactions via the following relation (see

Supporting Information for a detailed derivation):

> 2R - ]+
Neighborshellk

AE!

site

()

where the subscript k denotes the kth neighbor shell, Z; is the
total coordination number of the kth neighbor shell, 720 js the
number of transition metals around site i in the kth neighbor
shell, and C is a constant chemical potential shift that defines
the chemical potential reference. The site energy therefore
emerges as the difference between the effective Li—M
interaction and the effective Va—M interaction over several
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neighbor shells, which we will simply refer to as the “effective
Li—M interaction” from now on. After obtaining suitable values
for V2 JHM and J¥*™M the lattice model can be combined
with Monte Carlo simulations to determine the open circuit

I We
dacy; ’

define the average octahedral-site voltage slope by performing a
linear fit to the voltage curve in the xy; = [0.25, 0.75] capacity
range.

W=Va js fitted to the average voltage slope of the layered
structure over the x;; = [0, 1] concentration (T = 0 limit), as
calculated within the Hubbard-U corrected Generalized
Gradient Approximation (GGA+U) to Density Functional
Theorgr (DFT), using the PBE exchange-correlation func-
tional.”® * The U values are taken from the work of Jain et
al*' 4™ and JY*™ are obtained by fitting two pair-based
cluster expansions: one for Li/M arrangements at the LiMO,
composition and one for Va/M arrangements at the MO,
composition. The structure set over which the fit is performed
is the set of all periodic cation-mixed structures with unit cells
containing up to eight cations. The fits are obtained within the
compressive sensing paradigm, using the split Bregman
algorithm,*” by considering pair interactions up to the fifth
neighbor. More details on the methodology are provided in the
Supporting Information.

In this study, we limit the lattice model for Li insertion into
octahedral sites to pair interactions. The accuracy of this
approximation can be assessed by comparing the predictions of
the pair term model with alternate methods using higher order
interactions (see Supporting Information). We find that the
pair term model correctly predicts the (site-energy induced)
voltage slope of fully disordered LiMO, to within 0.2 V, which
leads to an uncertainty of 0.1 V in the high voltage limit and
therefore constitutes a good approximation (Figure S1).

We further estimate the additional voltage step induced by
tetrahedral Li occupancy (AV** in Figure 2c(ii)) by calculations
on the spinel structure. The topology of the spinel structure is
such that at x;; = 0.5 in LiMO,, all Li atoms occupy 0-TM
tetrahedral sites.”® Using Density Functional Theory, we can
compare the voltage profile arising from tetrahedral occupancy
with the voltage profile arising from octahedral Li occupancy in
the same concentration range. The difference between the two
high-voltage plateaus can be used to estimate the voltage slope
increase in disordered rocksalts resulting from tetrahedral Li
occupancy (AV* in Figure 2c(ii); more details are given in
Figure S2 of the Supporting Information). The capacity
resulting from tetrahedral Li occupancy (xp;s) can then be
calculated using probability arguments (method detailed in the
Results section).

Using the model described above, the voltage slope can be
evaluated for both fully disordered (random) LiMO, (ie.,
structures with random cation distribution) as well as for short-
range ordered materials. Monte Carlo annealing is used to
determine the degree of short-range order in practical
compounds. More details are provided in the Results section.

voltage profile V(x;;) and hence the voltage slope

3. RESULTS

3.1. (Average) Voltage Slope Considering Only
Octahedral Li Occupancy. In this section, we consider the
contribution of octahedral Li insertion to the voltage slope of
fully disordered LiMO, compounds. We consider separately the
effect of the distribution of Li-site energies and the Li—Va
interaction.

DOI: 10.1021/acs.chemmater.6b01438
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Figure 3. (a) Calculated voltage profile of fully disordered (i) LiTiO, and (ii) LiNiO, when Li insertion is restricted to octahedral sites. The black
curves show the site energy contribution to the voltage slope, while the red curves show the combined effect of AE,, and J“~V2 (b) Estimate of
voltage slope increase due to tetrahedral site occupation in disordered LIMO, (AV* in Figure 2c), as determined from the spinel structure.

Site Energy Distribution. The black curves of Figure 3a
illustrate the voltage profiles of LiTiO, and LiNiO, when no
effective Li—Va interaction is present (note that, as detailed in a
previous work,* full cation disorder increases the average
voltage of LiTiO, and LiNiO, compared to their ordered
ground-state). The difference in the site energy induced voltage
slopes between these compounds is large, suggesting that the
site energy contribution to the voltage slope strongly depends
on the transition metal. We performed a similar analysis for all
transition metals, and the black bars in Figure 4a show the site
energy contribution to the voltage slope for the different
transition metals. This slope varies between 2.1 V for LiTiO,
and 0.5 V for LiNiO,. The black squares of Figure 4b show the
relationship between the site-energy induced voltage slope and
the average voltage of disordered LiMO, compounds. This plot
shows that high-voltage transition metals generally have a lower
site-energy induced voltage slope than low voltage transition
metals. This inverse correlation is favorable for the design of
high-voltage cation-disordered rocksalts, as a high average
voltage and a low voltage slope are simultaneously desirable to
access maximal capacity at high energy. The origin and
implication of this inverse correlation are discussed further in
the Summary and Discussion section of this paper.

Li—Va Interaction. We now consider the additional effect of
the effective Li—Va interaction on the voltage slope of fully
disordered LiMO,. We obtain the effective Li—Va interaction
from the voltage slope of perfectly layered materials in which
no site energy variation is present. The calculated voltage slope
of the perfect layered compounds is given in Table 1.

The voltage profile of fully disordered LiTiO, and LiNiO,,
including both the site energy and the effective Li—Va
interaction, is shown by the red curves of Figure 3a. The
presence of the effective Li—Va interaction increases the voltage
slope, while keeping the average voltage constant.

The sum of the black and red bars in Figure 4a shows the
voltage slope associated with Li insertion in octahedral sites

5377

when both the site energy distribution and the effective Li—Va
interaction are taken into account. The effect of the Li—Va
interaction on the voltage slope is found to be proportional to
the slope of the layered structure reported in Table 1. It is
strongest for LiCrO, (layered slope of 1.05 V) and lowest for
LiMnO, (layered slope of 0.5 V). The strong Li—Va interaction
in the Cr system is responsible for the higher octahedral voltage
slope of fully disordered LiCrO, with respect to other high-
voltage transition metals (Mn, Fe, Co, Ni) and also accounts
for the higher octahedral voltage slope of LiCrO, with respect
to LiVO,, despite LiVO, having a larger site-energy induced
voltage slope due to its lower average voltage.

The red squares of Figure 4b summarize the increase in
voltage slope resulting from full disorder of an initially layered
LiMO, compound, illustrated as a function of the average
voltage of the fully disordered structure. Much like the site
energy contribution to the voltage slope (black squares of
Figure 4b), the voltage slope increase upon disorder is found to
inversely correlate with the average voltage of the disordered
structure. This further indicates that the increase of the
octahedral-Li voltage slope is largely attributable to the creation
of a site energy distribution resulting from Li—M interactions.

The voltage range over which octahedral Li insertion occurs
in fully disordered LiMO, is illustrated by the red bars of Figure

Slope

Slope
2 + 2 ]’

where V is the average voltage) . As a result of the smaller site
energy contribution to the voltage slope, high-voltage transition
metal compounds are found to only have a small amount of
capacity above the 4.5—4.7 V stability limit of the electrolyte,
with the exception of LiNiO, which has a high average voltage
in its fully disordered form.** For all transition metals except
Ni, cation disorder therefore does not lead to a significant
amount of inaccessible octahedral Li capacity. (It is to be noted
that, in the case of LiCrO,, disorder also leads to an average
voltage decrease of ~0.3 V with respect to the layered ground

, V

4c (this voltage range is defined by [V -

DOI: 10.1021/acs.chemmater.6b01438
Chem. Mater. 2016, 28, 5373-5383


http://dx.doi.org/10.1021/acs.chemmater.6b01438

Chemistry of Materials

(a)

— AEg. — JtVa  _ Tetrahedral Li
3.5
—~ 37
>
g 2.5 1
S 2]
o 151
()]
S 1
2 05
0.
Ti Vv Cr Mn Fe Co Ni
Transition metal
_ (b) _
S 25 25 =
oS 2 , &
§ 15- -1.5 O
- 7
o 1
2 4 j ....... L
) T * 5
w | e b >
o 0.5 1 * $i* - 0.5 3
o [}
8 o
S 0 . T T . e
)
> 2 25 3 35 4 45
Average Voltage (V)
(c)
— Disordered: Oct. Li — Disordered : Tet. Li
s S lasv T - I 1 F
o 4 I ] 1
S
g °
> 2
1‘
Ti \Y) Cr Mn Fe Co Ni

Transition Metal

Figure 4. Calculated voltage slope and voltage range of fully
disordered LiMO,. (a) Voltage slope contributions from AEg,,
JH7V2 and tetrahedral Li for each compound (the error bar is evaluated
from cluster expansions containing higher order interactions, as
described in the Supporting Information). (b) Correlation between
the voltage slope increase upon disorder and the average voltage of
fully disordered compounds. The black squares denote the site-energy
contribution to the voltage slope. High-voltage compounds have a
lower (site-energy induced) voltage slope than low-voltage com-
pounds, as evidenced by the black dashed trend line. The red squares
illustrate the total voltage slope increase upon full disorder of an
initially layered LiMO, compound when tetrahedral occupancy is
excluded. The voltage slope increase inversely correlates with the
average voltage, in a manner similar to the site-energy contribution to
the voltage slope (red dashed trend line). (c) Voltage range of fully
disordered LiMO,. The red bar represents the voltage range associated

Slope
7+

Sl;)_p e], where V is the
average voltage of the disordered structure), while the blue bar
highlights the additional high voltage contribution associated with
insertion of Li in tetrahedral sites. The dashed line represents the 4.5 V
line, which represents a lower bound for the electrolyte stability limit.

with octahedral Li insertion ([V -
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state.”” This decrease partially accounts for the small capacity
observed above 4.5 V in this compound).

3.2. Tetrahedral Li Occupancy. Occupancy of tetrahedral
sites by Li is expected to further increase the voltage slope of
cation-disordered rocksalts. During delithiation, some Li will
migrate from octahedral to tetrahedral sites as its face-sharing Li
ions are removed. This lowers the energy increase needed for Li
extraction and, hence, decreases the extraction voltage in the
initial part of the charge. As the tetrahedral Li sits at lower
energy than the octahedral Li, it only becomes extracted at the
end of charge at higher voltage. Hence, while occupation of
tetrahedral sites by Li in the electrochemical cycle does not
change the average voltage, it does increase the slope of the
voltage.

Probability arguments can be used to calculate the
tetrahedral Li capacity in a fully disordered LiMO, rocksalt.
In a fully lithiated LiMO, rocksalt, each cation site can be
occupied by Li with a probability of 1/2. The probability for a
given tetrahedral site to have no face-sharing octahedral M
neighbors (the 0-TM condition) is therefore (1/2)%
Furthermore, there are 4 tetrahedral sites per formula unit of
LiMO,. The maximal tetrahedral capacity in fully cation-
disordered LiMO, is therefore 0.25 formula units (fu.) of Li:

4
Tetrahedral Capacity (fully disordered LiMOZ) = 4(%) =025
(6)

Figure 3b shows the voltage difference between Li in the
tetrahedral and Li in the octahedral sites as determined from
the spinel structure. The resulting voltage increase is found to
be on the order of 0.3—0.5 V, depending on the transition
metal. For some of the later transition metals where the
octahedral voltage is already close to the electrolyte stability
limits, this additional voltage increase at the end of charge
therefore leads to up to 25% capacity outside the 4.5—4.7 V
stability of the electrolyte (blue bars of Figure 4c).

3.3. Short-Range Order. In practice, the cation arrange-
ment in disordered rocksalt is not random but in fact exhibits a
certain degree of short-range order.”” We have investigated
short-range order in LiMO, compounds by studying the Li/M
configurations and their energy as a function of temperature.
This is made possible by the use of LiMO, cluster expansions
which accurately reproduce the LiMO, ground-state structure
while predicting the energy of any given Li/M ordering to
within ~25 meV/cation or less.*”*’

Using Monte Carlo simulations to thermalize the system,
both the energy and the order—disorder transition temperature
can be evaluated.*® For all transition metals, it is found that the
energy of thermally equilibrated structure is lower than the
energy of the fully random structure, which is shown in the
cartoon representation of Figure Sa. These results indicate that
a certain amount of short-range order is still present even when
the structure is on average disordered into the rocksalt
symmetry. In the case of LiFeO,, for example, the energy of
the short-range ordered structure (referenced to the ground-
state energy) at 300 K above the temperature of the order—
disorder transition is only 60% that of the structure with fully
random Li/TM occupancies.

Short-range order affects the site energy distribution (6Ag_

in the random limit) as it removes the extreme environments
for Li, corresponding to sites with very low or very high
extraction voltage. Short-range order is therefore expected to
reduce the voltage slope, with the stronger effect expected in

DOI: 10.1021/acs.chemmater.6b01438
Chem. Mater. 2016, 28, 5373-5383


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b01438/suppl_file/cm6b01438_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.6b01438

Chemistry of Materials

Table 1. Calculated Voltage Slope (dV/dxy;) of Perfect Layered LiMO, Compounds Using Density Functional Theory”

LiTiO,
0.85 V

LiVO,
0.75 V

LiCrO,

slope (V) 1.05 V

LiMnO,
0.50 V

LiFeO,
0.60 V

LiCoO,
0.60 V

LiNiO,
070 V

“The voltage slope is taken to be the average change in voltage over the x;; = [0,1] concentration range, in the T = 0 limit.
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Figure S. Effect of short-range order on the voltage profile of disordered LiMO,. (a) Schematic indicating that above the order—disorder transition
the structure is short-range ordered. (b, c) Voltage profiles of LiTiO, and LiMnO, for a cation distribution equilibrated at temperatures above the
order—disorder transition temperature. (d) Comparison of tetrahedral Li capacity in fully random and short-range ordered LiMO, compounds.

compounds that have a large site energy distribution (i.e., low-
voltage compounds). To illustrate this, Figure Sb,c shows the
voltage profiles of LiTiO, and LiMnO, in the random and
short-range ordered cases, as obtained from Monte Carlo
annealing (octahedral Li insertion only). The short-range
ordered configuration was obtained by annealing each system
past the order—disorder transition, at a temperature at which
the heat capacity dU/dT reaches a value lower than 107 eV/K
per cation (in LiTiO,, for example, this corresponds to T = T*
+ 300 K). This criterion ensures that the plateau region labeled
“disordered” in Figure Sa is accessed. Figure Sb,c demonstrates
that the voltage slope decrease resulting from short-range order
is much more pronounced for LiTiO, (slope decrease of 0.8 V)
than for LiMnO, (slope decrease of 0.25 V).

The decrease in voltage slope resulting from short-range
order is beneficial for high-voltage transition metals, as it allows
for more Li capacity to be accessible below the stability limit of
the electrolyte. In fully disordered LiFeO, and LiNiO,,
approximately 0.2 and 0.4 Li per formula unit sit above 4.5 V
(considering only octahedral capacity). Short-range order
results in an additional ~0.1 Li/fu. becoming available below
4.5 V in these compounds. For the other high-voltage transition
metals (Cr, Mn, Co), minimal octahedral capacity is found
above 4.5 V even in the fully random limit (<0.07 Li/fu.).

Short-range order also decreases the accessible tetrahedral Li
capacity with respect to fully disordered compounds for all
transition metals. Only those tetrahedral sites that are
surrounded by 4 (octahedral) Li sites become stable at low
Li content. Hence, the amount of tetrahedral Li at the top of
charge, ie, the tetrahedral capacity, can be estimated by
determining the ratio of such 4-Li sites to the total amount of
Li in the discharged state. While 25% of the total capacity is

accounted for by tetrahedral Li occupancy in LiMO, with
random cation arrangement (Section 3.2), it accounts for only
8—18% in thermally equilibrated disordered compounds
(Figure Sd) as determined by Monte Carlo simulations. In
general, short-range order therefore leads to more Li capacity
accessible below the stability limit of the electrolyte in high-
voltage transition metal oxides, via a reduction of the octahedral
voltage slope as well as a decrease of available tetrahedral sites.

3.4. Effect of Li Excess on Tetrahedral Capacity. The
previous sections have demonstrated that tetrahedral Li
capacity can play an important role in determining the high
voltage capacity of cation-disordered rocksalts. In practice,
cation-disordered rocksalts require Li excess (y ~ 0.2 in
Li1+yM1_y02) to sustain macroscopic Li diffusion.>® An
important question that needs to be answered is therefore
how Li excess affects the relative octahedral and tetrahedral Li
capacity in disordered Li-excess rocksalts.

The amount of tetrahedral and octahedral capacity can be
obtained as

Tetrahedral Capacity (fully disordered Li; M _yOZ)
1+y)
)
2 7)

Octahedral Capacity (fully disordered Li, M _yOZ)

1+y ¢

=(1+y) —4—=
R ®
Figure 6b shows the tetrahedral and octahedral capacities as a
function of the Li-excess level. Though the potential tetrahedral
capacity increases strongly with the amount of Li excess, the
concomitant decrease of octahedral Li capacity is small, as the
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Figure 6. Effect of Li excess on the octahedral and tetrahedral Li capacity in layered and fully disordered Li;,,M;_,0,. (a) Tetrahedral environments
in fully disordered and layered LiMO,. (b) Breakdown of the octahedral, tetrahedral, and total Li capacity in fully disordered Liy,,M;_,0,. (c)
Octahedral Li capacity as a function Li excess for layered and fully disordered Li;,,M,_,O,. (d) Octahedral capacity lost upon full disorder of initially

layered Lij,,M;_,0, compounds.

total Li content also increases. For example, the octahedral
capacity in a fully disordered Li; ,M,50, compound (y = 0.2) is
smaller than the octahedral capacity in a fully disordered
LiMO, compound by only 0.07 fu. of Li (Figure 6b). Based on
this analysis, to cycle 1 fu. of Li in a fully disordered Li, ,M, 3O,
compound (~280 mAh/g), about ~90 mAh/g is expected to
originate from tetrahedral Li sites.

Furthermore, the amount of octahedral Li capacity lost upon
cation disorder decreases as the Li-excess level increases. To
show this, we calculate the octahedral capacity in layered
Li;,,M;_,0, and compare it with the octahedral capacity
previously obtained for fully disordered Li;, ,M;_,O,. In a
layered Li;,,M,;_,0O, compound, one layer is entirely filled by
Li, and the remaining y formula units of Li are distributed in the
transition metal layer. In this work, we make the approximation
that, in the layered structure, excess Li is randomly distributed
in the transition metal layer, such that the probability for a
cation site in the M layer to be occupied by Li is simply equal to
. (It is to be noted, however, that the exact structure of layered
Li-excess compounds is an object of intense debate in the
literature."”** The disappearance of superstructure peaks after
the first charge of layered Li, +yM1_y02,44 however, suggests that
a random distribution of Li site is a reasonable approximation.)

Because of Li excess, some tetrahedral sites will respect the 0-
TM condition even in the absence of cation disorder. The total
tetrahedral capacity in layered Li;,,M,;_,O, is approximately
given by

5380

Tetrahedral Capacity (layered Li +yM1 7y02)

=2((1°0) + (DG ©)
Note that the factor of 2 accounts for the fact that there are two
tetrahedral sites per cation site and that the (1)*(y) and (1)(y)?
terms quantify the 0-TM probability for tetrahedral sites in the
Li and M layers, respectively (cf. Figure 6a(ii)). Finally, the
octahedral capacity in layered Li;,,M,_,0, is

Octahedral Capacity (layered Li +yM1 _ yOZ)

=1+ =201)°0) + MG)] (10)

Figure 6¢ compares the octahedral capacity in layered and
fully disordered Li;,,M;_,0, (via egs 8 and 10). In both cases,
the octahedral capacity decreases with Li excess. But
interestingly, the difference in octahedral capacity between
the layered and the fully disordered structure also decreases
with the amount of Li excess. This is illustrated in Figure 6d,
which shows the octahedral capacity lost upon full disorder of
an initially layered structure, as a function of Li excess. While
0.25 fu. of octahedral capacity is lost to tetrahedral sites upon
full disorder in layered LiMO,, only 0.1 fu. of Li is lost to
tetrahedral sites upon disorder in layered Li;,M;30,. This
suggests that Li occupancy of tetrahedral sites is a general
feature of Li-excess materials, regardless of the amount of cation
disorder. The voltage slope increase resulting from the
availability of additional tetrahedral Li sites upon disorder is
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therefore expected to be less pronounced in Li-excess
compounds than in stoichiometric compounds.

4. SUMMARY AND DISCUSSION

This work demonstrated that the voltage slope of cation-
disordered rocksalts is a combination of the Li site energy
distribution (controlled by Li—M interactions), the effective
Li—Va interaction, and the occupancy of tetrahedral sites by Li.
It was found that the voltage slope increase upon disorder is
generally smaller for high-voltage transition metal oxides than
for low-voltage transition metal oxides. Short-range order in
practical disordered compounds was found to reduce the
voltage slope with respect to a fully random structure by
narrowing the width of the site energy distribution as well as by
decreasing the availability of tetrahedral sites for Li insertion.
Finally, it was found that the additional tetrahedral capacity
resulting from disorder is smaller in Li-excess compounds than
in stoichiometric compounds.

The inverse correlation between the average voltage and the
voltage slope increase upon disorder (Figure 4b) is beneficial
for the design of high-capacity disordered rocksalts, as a high
average voltage and a moderate voltage slope are simulta-
neously desirable to access a maximum of capacity at high
voltage. This trend can be attributed to the site energy
contribution to the voltage slope (Figure 4a, controlled by the
effective Li—M interaction) and can be qualitatively explained
by the relative positions of the transition metal 3d bands and
the oxygen 2p bands. As the atomic number of the transition
metal increases, the energy of the metal 3d band decreases,
resulting in a higher average voltage (higher M>*/*" extraction
energy).” Simultaneously, as the energy difference between the
metal 3d and oxygen 2p bands decreases, the bonds between
transition metal and oxygen atoms become more covalent,
leading to a more effective screening of the M>*/#* charge by
oxygen electrons.* This more effective screening reduces the
site energy dependence of Li on its environment, as the site
energy difference between Li sites with a large number of
transition metal neighbors (resulting in high electrostatic
repulsion between Li** and M>*/*" cations) and Li sites with
a small number of transition metal neighbors (resulting in low
electrostatic repulsion) decreases (cf. Figure 2b(i)). This in
turn leads to a decrease in the voltage slope.

This inverse correlation is consistent with the limited amount
of electrochemical data currently available on cation-disordered
rocksalts. The only disordered rocksalt that has been partially
cycled in the LiMO, family is disordered LiTiO,, which is
formed in operando during cycling of rutile TiO,.'"'* Particle
nanosizing allows for small diffusion lengths (as low 10
nm'""?), which partially compensates for the poor diffusivity of
Li in stoichiometric disordered LiMO, rocksalts.”® After first
discharge, during which disordered LiTiO, is formed, the
voltage profile changes and the voltage range upon cycling of
200 mAh/g of Li (LiTiO, < Li,,TiO,) is found to be on the
order of 2 V.'"'* The voltage range measured in this
compound cannot provide a reliable reference for the open
circuit voltage slope of disordered LiTiO,, as only 60% of the
capacity can be cycled and as significant hysteresis is present in
the voltage profile. Nevertheless, this large voltage slope is in
qualitative agreement with our predictions for LiTiO, (2.8 V
slope for octahedral Li insertion in fully disordered LiTiO,).
Another low volta%e system that undergoes a single redox step,
Li;,,VO; (V*/5%),” cycles 1 fu. of Li in an ~1.5 V voltage range
(based on the discharge profile), at an average voltage of ~2.5
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V (estimated by averaging the charge—discharge voltage
profiles). On the other hand, higher voltage redox such as
the Ni**/** in Li;,Nig33Tig3;M00,40,° and the M*/* or
M*/** redox in Li, sNb,M,0, (M = Mn, Fe, Co, Ni)" all occur
in a voltage range smaller than or equal to 1 V (based on the
first charge data). These observations agree with the predicted
inverse correlation between the average voltage and the voltage
slope of cation-disordered compounds. Interestingly, within the
Li; sNb,M, O, family (M = Mn, Fe, Co, Ni), it can be observed
that the transition metals with the lowest average voltage also
have the largest voltage slope and vice versa (based on the
transition metal redox as observed on first charge).l This
general trend is further exemplified by the cation-disordered
Li; 3Nb 3V, 4O,, which cycles at a lower voltage than the other
Nb-based compositions owing to the V>*/5* redox and displays
a strongly sloped voltage profile.** In addition, the voltage
profile of the Nb—V material exhibits a pronounced high-
voltage plateau that might indicate Li extraction from
tetrahedral sites, underlining the importance of tetrahedral Li
capacity. Interestingly, repeated cycling at high voltage appears
to decrease the amount of tetrahedral Li capacity.** While
further investigation is required to arrive at a definite
conclusion, the Nb—V system seems to demonstrate the effect
that short-range order forming upon cycling reduces the
concentration of tetrahedral Li sites at the top of charge, as
discussed in Section 3.2. We also note that irreversible material
degradation by oxygen loss may affect the observed voltage
profile,® which further complicates the direct comparison of our
computational results with measurements. Finally, we note that
the low-voltage Li, ;Mo 457,Cr30, compound, in which Mo
undergoes a 4"/6" redox at an average voltage of ~2.9 V, also
exhibits a large voltage slope (1 formula unit of Li extracted in a
2.4 V window), which further corroborates the inverse
correlation between the average voltage and the voltage slope
in disordered compounds.

With the exception of Ni, our model predicts that octahedral
Li occupancy in high-voltage disordered LiMO, (Cr, Mn, Fe,
Co) does not result in significant capacity above the stability
limit of the electrolyte (~4.5—4.7 V). This is largely due to the
smaller spread of site energies in high-voltage transition metals.
However, the availability of the tetrahedral site upon
delithiation contributes to a high-voltage region at the end of
charge. By estimating the stabilization resulting from tetrahedral
Li occupancy by the corresponding stabilization in the
stoichiometric spinel structure, we find that the voltage increase
at the end of charge resulting from tetrahedral Li extraction is
on the order 0.3—0.5 V and accounts for 25% of the total
capacity in fully disordered LiMO,. This investigation therefore
highlights the importance of tetrahedral capacity to the voltage
profile of cation-disordered high-voltage transition metal
oxides.

In practice, however, cation-disordered rocksalts are not fully
random. This was demonstrated for temperature-driven cation
disorder of LiMO, compounds, where the energy of the
disordered state is smaller than that of the fully random
structure. Short-range order decreases the voltage slope with
respect to random cation occupation, by reducing the spread of
the local transition metal environment around Li sites as well as
by decreasing the number of tetrahedral sites accessible upon
delithiation. The degree of short-range order is therefore an
important parameter for the design of high-voltage cation-
disordered rocksalts. The synthesis of partially disordered
compounds, by tailoring the synthesis temperature, could both
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leverage the benefits of disordered rocksalts (high mobility at
the top of charge) while minimizing the voltage slope increase
upon disorder.

In practice, cation-disordered rocksalts require Li excess to
sustain macroscopic diffusion (y &~ 0.2 in Li; +yMl_yOz).S’M The
effect of Li excess on the relative amount of octahedral and
tetrahedral Li capacity was studied using probability theory.
While the absolute amount of available tetrahedral sites
increases upon introduction of Li excess, the amount of
octahedral capacity lost by cation disorder decreases with the
amount of Li excess. This suggests that the Li occupancy of
tetrahedral sites is a general feature of Li-excess materials,
regardless of the amount of cation disorder. The voltage slope
increase resulting from additional availability of tetrahedral sites
upon cation disorder is therefore expected to be minimal in Li-
excess systems.

5. CONCLUSIONS

In this paper, we developed a model based on first principles to
evaluate the voltage slope of stoichiometric cation-disordered
lithium transition metal oxides. Our study demonstrated that
high-voltage transition metals generally have a lower voltage
slope than low-voltage transition metals and therefore have
minimal Li capacity above the electrolyte stability limit (with
the exception of LiNiO,, which has a high average voltage in its
disordered form). Cation disorder, however, leads to
occupation of tetrahedral sites by Li, sites which are otherwise
inaccessible in the stoichiometric layered structure. The
availability of tetrahedral Li sites results in an additional high-
voltage region outside the stability range of the electrolyte and
can significantly affect the accessible capacity upon cycling.

Short-range order in practical disordered compounds
mitigates the voltage slope increase by reducing the amount
of local environments around Li sites, as well as by decreasing
the availability of tetrahedral sites. Furthermore, the amount of
octahedral capacity lost upon disorder decreases with the
introduction of Li excess, which is required to enable
macroscopic diffusion in disordered rocksalts. Our work
therefore provides critical insights for the design of high-
capacity Li-excess cation-disordered rocksalts based upon
voltage considerations.
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