E]]] MATERIALS

pubs.acs.org/cm

The Effect of Cation Disorder on the Average Li Intercalation Voltage

of Transition-Metal Oxides

Aziz Abdellahi,_l_’” Alexander Urban,i’|| Stephen Dacek,” and Gerbrand Ceder***

TDepartment of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02141, United

States

T'Department of Materials Science and Engineering, UC Berkeley, Berkeley, California 94720, United States

SMaterials Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States

© Supporting Information

ABSTRACT: Cation disorder is a phenomenon that is becoming
increasingly important for the design of high-energy lithium transition-
metal oxide positive electrodes (LiMO,) for Li-ion batteries. Disordered
Li-excess rocksalts have recently been shown to achieve high reversible
capacity, and in operando cation disorder (ie., disorder induced by
electrochemical cycling) has been observed in a large class of ordered
materials. Despite the growing importance of cation disorder in the Li-
ion battery field, very little is known about the effect of cation disorder
on the average voltage (ie., energy density) of lithium transition metal
oxides. In this study, we use first-principles methods to demonstrate that,
depending on the transition metal species, cation disorder can lead to an
increase or a decrease of the average voltage of lithium transition metal
oxides. We further demonstrate that the Ni**/*" redox can be high in
disordered compounds, so that it may be preceded by oxygen activity.
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Finally, we establish rules for the voltage evolution of compounds that experience in operando disorder.

B INTRODUCTION

Cation disorder (defined as cation mixing between the lithium
and transition-metal sublattices) is a phenomenon that is
becoming increasingly important in the field of Li-ion batteries.
As-synthesized disordered Li-excess rocksalts (Li, +Nb,M; 0,
[M = Mn, Fe, Co, Nil,"* Li,;,Nig3;Tig33Mo00140,,°
Li;,, Ti, Fe, 3,0, Li4/3Ni1/3M01/3025) 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
(ie., disorder induced by electrochemical cycling) also occurs
in a large class of ordered materials, resulting in the formation
of disordered bulk phases (Li; 51 M0g 467Cro30,° Li,VO,,*
LiCrO,™"% LiyoeVO,,"" rutile TiO,'>'?). 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
(LiNigy §Cog ,Aly 05s0,)'* and Li-excess NMC
(Liy,Ni,Co,Mn,_,_,_,0,) compounds.”> ™"

Cation disorder can have a strong impact on the lithium
intercalation voltage of transition metal oxides, as is evidenced
by the change in voltage profiles in materials that undergo in
operando disorder.”®'* Surface disorder can also significantly
affect the measured voltage if surface transport properties are
poor. Disordered surfaces with an increased TM/Li ratio'® are
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likely to exhibit poor transport properties, as Li excess is
required to sustain macroscopic diffusion in disordered
materials.”” As a result, the measured voltage profile in the
particle may be greatly influenced by the redox processes
occurring in the disordered surface region, where Li insertion/
extraction occurs.

Understanding the effect of cation disorder on the voltage
profile of transition metal oxides is therefore critical, both to
rationally designing high-capacity disordered Li-excess rocksalts
as well as to predicting the voltage evolution of ordered
materials subject to in operando bulk or surface cation disorder.
Despite the growing importance of cation disorder in the Li-ion
battery field, however, little work has been done on
quantitatively understanding its effect on the Li-intercalation
voltage of transition-metal oxides. To our knowledge, the only
work on this topic was conducted by Saubanere et al.'® Using a
simplified voltage model based on chemically intuitive
quantities, the authors argued that the average voltage of
LiMO, cation-disordered rocksalts must be higher than their
ordered homologues.

In general, cation disorder can have two important effects on
the Li-intercalation voltage profile of transition metal oxides: (i)
a change in the average voltage and (ii) an increase in the slope
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Figure 1. (a) Cation arrangement in ordered (left; the layered structure is shown as an example) and disordered (right) structures. The layers
displayed in the figure are the (111) planes of the FCC cation sublattice. (b) The voltage of the disordered structure is larger than the voltage of the
ordered structure if the disordering energy is larger in the delithiated limit than in the lithiated limit (Eﬁ%z - E}ﬁ‘éz) > (Efiii,loz - E{{f,loz) ).
Conversely, the voltage of the disordered structure is smaller than the voltage of the ordered structure if the disordering energy is smaller in the

delithiated limit than in the lithiated limit (Efj,, — ESio.) < (B0, — Efibio,) (i)

of the voltage profile. The average voltage controls the total framework, consisting of interpenetrating cation (Li and M) and anion

energy deliverable from the electrochemical reaction, while the (O) FCC sublattices. In the cation sublattice, Li and transition metals

slope of the voltage profile determines the fraction of capacity are octahedrally coordinated by oxygen (LiO; and MO octahedra). In

accessible in a certain volta ge win dow. In this paper, we use an ordered state, Li and M atoms occupy distinct periodic sublattices
. )

. : of the FCC rocksalt cation framework (Figure la—i). Examples of
first-principles methods to understand and quantify the effect of experimentally observed ordered LiMO, structures include the layered,

cation disorder on the average Li-insertion voltage of transition- Li,M,0, spinel (the LT-LiCoO, structure obtained by overlithiatin
metal oxides. LiM,0, spinel compounds), y-LiFeO,, and orthorhombic structures.'
In order to isolate the effect of cation disorder from other In the fully disordered state, Li and TM atoms randomly occupy sites
parameters such as the Li/TM ratio (in other words, the Li- of the FCC rocksalt cation framework (Figure la—ii). Note that
excess or Li-deficiency level), we consider the average voltage of cation-disordered structures need not be fully random but can in fact
stoichiometric transition metal oxides. The effect of cation exhibit short-range order.>" In this paper, we only consider the limit of

fully disordered lithium transition metal oxides, which allows for an
estimation of the maximal voltage difference from the ideal ordered
phase.

The average open-circuit voltage resulting from the intercalation of

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, ailgd LiFeO, disolrlder at the sogiilo—state one formula unit of Li in a stoichiometric MO, compound, with
synthesis temperature,”” while LiVO, = and LiCrO,” can respect to metallic Li, is given by eq 1.>° This relation is general and is
disorder upon cycling at room temperature. Co and Ni, valid for both ordered and disordered structures.

although not found to disorder in the stoichiometric LiIMO,
form (with the exception of high-energy ball-millingzo),
disorder as part of mixed transition metal compounds
(LiM,5Tig 5O, compounds, where M = Mn, Fe, Co, Ni)*'~**
and can also form disordered surface layers upon cycling in a

em = —(QLiMoz - QMO2 - gLi-metal) (1)

In eq 1, AV is the average (open-circuit) voltage and Giivo, Gwvo,

Giimet are the free energy of the lithiated transition metal oxide,
delithiated transition metal oxide, and metallic lithium compounds,

mixed-transition metal environment such as NCA™ and Li- expressed in electronvolts per formula unit. The difference between

excess NMC.'>'° the disordered and ordered average voltage is obtained by expressing
In summary, this study aims at providing a quantitative eq 1 for ordered and disordered structures and taking the difference

examination of the effect of cation disorder on the 3*/4" redox between the two expressions. The result is given in eq 2:

couple of stoichiometric lithium transition metal oxides and

e o AV, — AV,) = (Gyto, — Gyio) — (Giimo, — Gl
thereby also providing insights on the effect of cation disorder e(AVi ) = (Guio, = Gaio,) ~ (Glinwo, ~ Ciino,)

on the building blocks of more complex bulk or surface cation- (2)

disordered systems. Equation 2 can be simplified further by neglecting the configurational

entropy of ordered structures and by noting that the configurational

entropy of a fully random structure is the same in the lithiated and

® METHODOLOGY delithiated limits (S = —k>; x; In(x;)). As a result, the difference in

Ordered and disordered states of a lithium transition-metal oxide are average voltage between the disordered and ordered structure depends
schematically illustrated in Figure la and are based on the rocksalt only on the relative energy of the two structures:
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e(AVy, — AV, = AEg, — AEfho,

. dis _ pdis ord
with AEj vio, = Evi mo, ~ Erimo,

©)

Note that, in eq 3, we define the “disordering energy,” AEﬂiMoz, as the
energy difference between the fully disordered structure and the
ordered structure at a given Li concentration.

The voltage change upon disorder is controlled by the relative
disordering energy in the lithiated and delithiated limits (Figure 1b). If
the disordering energy is larger in the delithiated limit than in the
lithiated limit (Aﬂf,ifoz > Aﬂfﬁwoz), the voltage of the disordered

structure is higher than the voltage of the ordered structure (Figure
1b—i). Conversely, if the disordering energy is smaller in the
delithiated limit than in the lithiated limit (AE}&OZ < Aﬂﬂfvloz , the
voltage of the disordered structure is smaller than the voltage of the
ordered structure (Figure 1b—ii).

In this paper, we compare the voltage of fully disordered LiMO,
with the voltage of the LiMO, ordered ground-state structure for first-
row LiMO, compounds (M = Tj, V, Cr, Mn, Fe, Co, Ni). The lithiated
ground-state structure is calculated to be the layered structure for
Li(Co,Ni,V,Cr)O,, the y-LiFeO, structure for Li(Fe,Ti)O,, and the
orthorhombic structure for LiMnO,. These ground-state structures are
all validated by experimental results,"” with the exception of LiTiO,,
which cannot be synthesized in its ground-state structure as it
disorders at normal solid-state synthesis temperatures.'® Note that, in
the case of LiTiO,, the y-LiFeO, structure is equivalent to the lithiated
anatase structure.

The energies of ordered ground-state structures are calculated
within the Hubbard-U corrected Generalized Gradient Approximation
(GGA+U) to Density Functional Theory (DFT), using the PBE
exchange-correlation functional.””*® The U parameters are extracted
from the work of Jain et al*’ The energy of the cation-disordered
structure is calculated using the cluster expansion technique,®***
which parametrizes the energy of any cation arrangement using a finite
number of effective cluster interactions (ECI’s). The accuracy on the
cluster expansion fits is such that disordered voltages are determined
to within +50 mV. Cluster expansions are fitted using the compressive
sensing paradigm,33 and the energies of disordered structures are
calculated using the Cluster Assisted Statistical Mechanics (CASM)
software.>* Cluster expansion predictions are found to be consistent
with direct energy evaluations of a pseudo-disordered state using
Special Quasi-Random Structures (SQS).>>*° Further details are given
in the Supporting Information.

B RESULTS

Figure 2a shows the disordering energy in the lithiated and
delithiated limits for first-row LiMO, compounds (M = Ti, V,
Cr, Mn, Fe, Co, Ni). In the Discussion section of this paper, we
explain how experimental observations and electronic structure
trends explain the position of most disordering energies
calculated in Figure 2a.

These disordering energies can be used to calculate the
voltage difference between disordered and ordered structures
via eq 3. The results are illustrated in Figure 2b. Cation disorder
increases the voltage of transition metals that have a higher
disordering energy in the delithiated limit (Ti, Mn, Fe, Co, Ni),
while it decreases the voltage of transition metals that have a
higher disordering energy in the lithiated limit (V, Cr). The
difference between the disordered voltage and the ordered
ground-state voltage varies between extremal values of ~—0.3 V
(for LiCrO,) and ~0.6 V (for LiTiO, and LiNiO,).

Figure 2c shows the absolute average voltage values of the
disordered and lithiated ground-state structures (see also Table
S1 of the Supporting Information). Both sets of voltages follow
the general trend that transition metals with higher atomic
number display larger voltages, due to the lower energy of the
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Figure 2. (a) Disordering energy (with respect to the LiMO, ground-
state structure) for different transition metals, in the LIMO, and MO,
limits. (b) Voltage difference between disordered LiMO, and the
LiMO, ordered ground state. (c) Absolute average voltage for fully

disordered and ground-state LiMO, structures.

3d transition metal band as the atomic number of the transition
metal increases.”® The LiMO, transition-metal oxide com-
pound with the highest disordered average voltage is predicted
to be LiNiO, at ~4.4 V (compared to ~3.9 V for the layered
structure).

Direct comparison of the predicted disordered voltages with
experimental results is difficult, as disordered LiMO,
compounds cannot be electrochemically cycled given their
poor Li diffusivities (Li excess is required to enable macroscopic
diffusivity in cation-disordered rocksalts*”). The only disor-
dered material that has been partially cycled in the LiMO,
family is disordered LiTiO,, which is formed in operando upon
lithium insertion in rutile TiO,."”"* Particle nanosizing allows
for small diffusion lengths (as low as 10 nm'>"’), which
partially compensates for the poor diffusivity of Li in
stoichiometric disordered LiTiO,. After a first discharge, during
which disordered LiTiO, is formed, the voltage profile changes
and the average voltage upon cycling of 200 mAh/ 8 (LiTiO, «
Liy ,TiO,) is found to be on the order of 1.8 V.'*"* This value
is lower than the 2.25 V value calculated in the present study
(Figure 2c and Table S1 of the Supporting Information).
However, only 60% of the theoretical capacity can be accessed
upon charge, indicating that the average voltage for full Li
extraction is likely higher than the experimentally reported
value. Furthermore, significant hysteresis is still present in the
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experimental charge—discharge profile curves even at low rates,
rendering the extraction of the average open circuit voltage
difficult. We further note that our 2.25 V prediction is
consistent with the experimentally observed 2.2—2.3 V plateau
associated with Ti3*/** redox in disordered
Li1+z/3Nil/2—z/2Ti1/2+z/60237 and Lil.2Nio.33Tio.33M0041402-3

Our prediction of a high disordered Ni*/+ voltage (~4.4 V)
is consistent with the observed inaccessibility of the Ni**/4*
redox in the disordered Li-excess Li;,Nij33Tij33M00 14,0,
compound.” While this disordered material shows very high
reversible capacity, XANES analyses demonstrate that the
transition metal redox activity is in fact limited to the Ni**/**
redox couple, with the remainder of capacity attributed to
reversible redox capacity from the O*7/'~ redox couple.” The
redox level of this O*~/!~ couple would therefore be accessible
before the disordered Ni**/** couple, which is calculated in this
work to be at ~4.4 V.

To further corroborate the high voltage of the Ni**/** redox
in the disordered form, we performed a cluster expansion fit of
tully disordered LiTi, sNij sO,, which is the material from which
Li-excess Li; ,Nij33Tig33Mo0014,0, is derived. This compound
can indeed be written as a solid solution between LiNi, sTi, O,
and Li; 4Moy 40, (Lij,Nig33Tig33M00140, = 2/3-
(LiNigsTips0,) + 1/3(Li; ¢Mo0y40,)). A ternary cluster
expansion fit was performed, achieving an accuracy of
+50 meV (cf Supporting Information).

Using this method, the average voltage for Ni oxidation
in fully disordered LiNiyTizsO, (where Li, Ni, and Ti
randomly populate the cation sublattice) was calculated to be
4.2 + 0.05 V. We find that this prediction is consistent with the
3.6—4.8 V voltage range obtained during charge profiles of
disordered LiNi, s Ti O, between x;; = 0.05 and x;; = 0.7.”* We
note, however, that experimental voltages display significant
hysteresis and are only available between x;; = 0.05 and x;; =
0.7, thus rendering extraction of the (open circuit) average
volta/ge difficult. On the basis of our theoretical predictions, the
Ni**/* redox in LiNiy¢TiysO, is therefore higher than 4.2 V
(which constitutes an average over the two-step Ni*"/>" and
Ni**** redox processes), in general agreement with the 4.4 V
average voltage predicted for fully disordered LiNiO,.
We therefore speculate that the high voltage of disordered
Ni**/#* is a common feature in cation-disordered rocksalts.

2+/4+

Ni3+/ 4+

B DISCUSSION

Experimental observations and electronic structure trends
explain the position of most disordering energies calculated
in Figure 2a, as detailed in the following paragraphs.

We find that while most LiMO, compounds increase their
average voltage upon disordering, when M = Cr or V the
average voltage decreases with disorder (by 0.3 and 0.1 V,
respectively). Furthermore, in the MO, limit, the disordering
energies of VO, and CrO, are found to be significantly lower
than the disordering energy of other transition metals (~200—
280 meV/fu. compared to ~600 meV/fu. and above for other
transition metals), thus making these transition metal
compounds more likely to disorder upon delithiation. This is
in agreement with exg)erimental observations, as layered
LiVO,"" and LiCrO,”'’ are known to disorder in operando
upon charge. Although 200 meV/fu. is still too large to drive a
transition to a fully random structure at room temperature (the
entropy term TS = —kT In(2) being only ~35 meV/fu. for a
fully random MO, system at room temperature), it is possible
that these compounds only partially disorder upon cycling at
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room temperature, or that cation disorder occurs at
intermediate Li compositions (the concavity of the disordered
free energy curve being more pronounced than that of the
ordered free energy curve due to the larger voltage slope).

On the LiMO, side, the disordering energy of lithiated
LiTiO, is calculated to be the smallest among all first row
transition metals. Consistent with this result, LiTiO, exper-
imentally disorders at solid-state synthesis temperatures.'’

The trend in the disordering energy of LiMO, (Figure 2a) is
generally upward as the electron count on the TM increases,
with only Mn and Ni modifying the upward trend. It is notable
that both Mn and Ni are Jahn—Teller active in the +3 state.”®
Cation disorder creates local distortions in MO octahedra, by
virtue of the large variety of local environments around
transition metal atoms. Because Mn>* and Ni** are Jahn—Teller
active, they can accommodate a certain degree of MO
distortion along the Jahn—Teller distortion mode.”® This
additional degree of freedom contributes to lowering the
disordering energy of these compounds and therefore breaks
the general upward trend.

Electronic structure arguments can also be used to justify
points of high disordering energy in Figure 2a. Transition metal
ions with a low spin d® configuration (Co®", Ni**) or high spin
d? electronic configuration (Cr**, Mn*") have filled or half-filled
(respectively empty) t,, (respectively e,) bands and con-
sequently favor highly symmetrical octahedral MOg environ-
ments. While the disordered rocksalt structure (space group
Fm3m) has perfect octahedral symmetry (ie., point group O)
on a macroscopic scale, the local symmetry of each cation site
depends on the stochastic occupation of the neighboring sites
and is therefore generally lower than in ordered arrangements.
The disordering energy for d° and d* compounds is therefore
expected to be high, as cation disorder leads to distortions of
the MOy octahedra. In agreement with this statement, LiCrO,
(Cr**) and LiCoO, (Co*") are found to have the highest
disordering energies among lithiated LiMO, compounds, and
NiO, (Ni*") is found to have the highest disordering energy
among delithiated MO, compounds. MnO, (Mn**), while not
a maximum value in the MO, curve, sits at a much higher
disordering energy than neighboring CrO,, which can be
attributed to the electronic structure of Mn*" as described
above.

The disordering energy of LiFeO,, however, is not consistent
with experimental observations. LiFeO, is known to disorder at
solid state synthesis temperatures.'” The data in Figure 2a
however suggest that the disordering energy of LiFeO, is higher
than the disordering energy of lithiated transition metals such
as LiVO,, LiMnO,, and LiNiO,, which do not disorder at solid-
state synthesis temperatures. It is possible that experimentally
synthesized LiFeO, has in fact a certain level of off-
stoichiometry, as partial reduction of Fe¥" to Fe**, mediated
by oxygen loss, is likely at synthesis temperatures.’ It is also
possible that PBE+U overestimates the disordering energy of
LiFeO,. In the latter case, the predicted voltage change for
LiFeO, upon disorder would be underestimated. This potential
underestimation, however, does not change the conclusions
presented in this paper, among which is that the voltage of
LiFeO, increases upon disorder.

This study has shown that, depending on the transition metal
species, cation disorder can lead to an increase or a decrease of
the average (open-circuit) voltage (Figure 2b). We note that
this conclusion is in disa§reement with a previous result
presented in the literature."” Using a simplified model for the
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Figure 3. Free energy landscape and ensuing voltage relations for compounds that disorder in operando during (a) delithiation (Edis < E/‘“d) and

(b) lithiation (AV® > AV*).

average voltage based on chemically intuitive quantities, it was
argued that the voltage of disordered LiMO, compounds is
necessarily higher than the voltage of their ordered counter-
parts. This statement, however, can be shown to be in
contradiction with the existence of compounds that disorder in
operando during delithiation, such as LivO,* and LiCrO,.”"°
Such materials are ordered in their lithiated forms, thus
guaranteeing that the disordering energy is high enough to
prevent cation disorder upon synthesis (Figure 3a). At a certain
level of delithiation, the disordered state becomes thermody-
namically favorable over the ordered state, leading to in
operando cation disorder upon first charge. During subsequent
cycles, the materials cycle in the disordered form. By virtue of
the relative free energies of the ordered and disordered states in
the lithiated and delithiated limits (Figure 3 a), the condition
(Exio, — Exfo,) < (Etivo,
left-hand term is negative, while the right-hand term is
positive). Consequently, the voltage of the disordered state is
necessarily lower than the voltage of the ordered state. This
analysis further rationalizes the voltage drop observed following
first charge in the Li-excess Li;,;;Mog6,Cro30, compound,’
which also disorders in operando upon delithiation.

Conversely, compounds that disorder in operando during
lithiation must have a higher voltage in their disordered form
than in their ordered form (Figure 3b). Using the reasoning
presented in the previous paragraph, the relative ordered and
disordered free energies in the lithiated and delithiated limits
ensure that (Efjo, — Efig ) > (Efsyo, — Efiyo,)- Consequently,
the voltage of the disordered state is necessarily higher than the
voltage of the ordered state. This analysis explains the increase
in average voltage that is observed after the first discharge of
Lil+yVO38 and rutile TiO,.'>"?

This analysis provides general rules for the voltage evolution
of materials that disorder in operando. In systems that allow it,
in operando cation disorder can therefore be used as leverage to
increase or decrease the average voltage. Certain Cr-containing
compounds, for example, are known to disorder upon
delithiation (LiCrO,,”"® Li; ,;;M00.45,Cro30,°). The reduction
in the average voltage that ensues can be leveraged to access
more capacity at moderate voltages before competin
mechanisms, such as oxygen oxidation’”*' or oxygen loss,”
occur at higher voltages. In line with this statement, the
disordered Li, 5;;Mo0g 44,Cr 30, compound was experimentally
shown to access the Cr**/*" redox at the end of charge with

s . 43 . .
minimal competing redox from oxygen loss.”” In Li;,, VO3, in

- Eﬂf\laoz) is necessarily verified (the
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operando cation disorder during lithiation is also leveraged to
increase the low voltage in the initial ordered compound, thus
enabling higher energy density in this compound. Note that the
previous analysis does not apply to compounds that experience
a change of chemical composition in conjunction with cation
disorder (surface cation disorder mediated by oxygen loss is
one such instance).>">7!"%

General conclusions about the relative average voltages of the
ordered and disordered phases cannot be drawn, however, for
materials that disorder upon synthesis. In this family of
compounds (LiFeO,,"” LiTiO,," LiMyTipsO, (M = Mn, Fe,
Co, Ni)*™* Li,,NbM,O, [M = Mn, Fe, Co, Ni],"
Lil.zNioa3'14104331\/[00.14ozr3 Lil+xTi2xFel—3x02J4
Li,/3Nij3Mo,,30,),> the free energy difference between the
disordered state and the ordered ground-state in the lithiated
limit is small enough to ensure that cation disorder can occur at
synthesis temperatures (the energy increase upon disorder
being compensated by the —TS term at high temperature).
There is no a priori relationship, however, between the relative
disordering energy in the lithiated and delithiated limits for
these compounds. The disordering energy can be higher in the
delithiated limit, which leads to a higher disordered voltage
(such as is the case for LiTiO, and LiFeO, calculated in this
study). It is also possible that compounds in this family be even
easier to disorder in the delithiated limit, in which case the
voltage of the disordered phase would be lower than that of the
lithiated ordered ground state.

Our analysis also suggests that the disordered voltage of the
Ni**/* redox is high. This conclusion, demonstrated both for
disordered LiNiO, and disordered LiNi ;Tij sO,, has important
implications, as Ni is an important high-voltage transition metal
for Li-ion battery cathodes. While the large voltage of the
disordered Ni**/Ni** couple leads to a beneficial increase in
energy density, it can also lead to the appearance of competitive
redox processes. Such processes include oxygen oxidation®”*!
and oxygen evolution.”” The ~4.4 V range calculated for the
Ni**/#* redox suggests that the disordered Ni**/*" redox can be
hard to access in practice, consistent with the large oxygen
activity observed at ~4.2 V in disordered Li-excess
Li; ;Nig 33Tio35M00,140, and Liy/3Ni;;3Mo;30,.™" If oxygen
oxidation is to be avoided, transition metals with lower
disordered voltages such as Cr, Mn, Co, and Fe may be
preferable over Ni. On the other hand, if oxygen oxidation were
to be reversibly achieved without degradation of overall
performance, synthesizing disordered materials with a high
+3/+4 redox voltage may be a valid design strategy. However,
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limiting the voltage alone may not be the only avenue to
preventing oxygen evolution, as no oxygen loss has been
observed in LiNiysMny O, even at potentials as high as 4.8 V,**
and the conditions for oxygen loss have not yet been clearly
understood. We further note that, in addition to the cation
arrangement, the interaction with other cation species present
is another factor that might affect the voltage. This effect is
exemplified by cation-disordered Li,/3Ni;;;Mo;,30,” which
exhibits a significantly lower average intercalation voltage over
the accessible Ni*"/*" range (<4.1 V) than layered Li,NiTeOj
(>4.2 V),” possibly owing to the difference in the electro-
negativity of Mo and Te.

Finally, we note that, in addition to thermal disordering and
in operando cation disorder, cation disorder can also be
introduced in lithium transition metal oxides by mechano-
chemical synthesis routes. Obrovac et al. reported the
mechanochemical preparation and electrochemical perform-
ance of cation-disordered LiMO, for M = Ti, Mn, Fe, Co, and
Ni”® However, in stoichiometric composition, disordered
LiMO, was generally found to exhibit only limited electro-
chemical activity, so that the data do not allow for the accurate
extraction of the average open-circuit voltage.

B CONCLUSIONS

Using first-principles calculations, this work demonstrates that,
depending on the transition metal species, cation disorder can
result in an increase or a reduction of the average Li
intercalation voltage of lithium transition-metal oxides.
Transition metals that have a higher disordering energy in
the MO, limit display larger average voltages than their ordered
ground states, while transition metals that have a higher
disordering energy in the LiMO, limit display a lower voltage
than their ordered ground state. Cation disorder can
significantly alter the average voltage of lithium transition
metal oxides (AV between —0.3 and 0.6 V) and can therefore
lead to significant changes in their voltage operating windows.
In particular, the disordered Ni**/** redox was found to be high
(~4.4 V in LiNiO,), suggesting that it is likely to be preceded
by oxygen activity in disordered compounds.

Last, we showed that compounds that disorder in operando
during delithiation have a lower voltage in their disordered
form, while compounds that disorder in operando during
lithiation have a higher voltage in their disordered form. Our
work therefore establishes the first bases toward rational design
of high-capacity Li-excess disordered transition-metal oxides
based upon voltage considerations.
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