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order modes to circumvent this issue. We envision
that this concept may open new directions in acous-
tics research, including advances in noise control,
transducer technologies, energy harvesting systems,
acoustic imaging, and sensing.
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Unlocking the Potential of
Cation-Disordered Oxides for
Rechargeable Lithium Batteries

Jinhyuk Lee,* Alexander Urban,** Xin Li,>* Dong Su,? Geoffroy Hautier,> Gerbrand Cedert

Nearly all high—energy density cathodes for rechargeable lithium batteries are well-ordered
materials in which lithium and other cations occupy distinct sites. Cation-disordered materials
are generally disregarded as cathodes because lithium diffusion tends to be limited by their
structures. The performance of Li; 511M0g.467Cr.30;, shows that lithium diffusion can be facile

in disordered materials. Using ab initio computations, we demonstrate that this unexpected
behavior is due to percolation of a certain type of active diffusion channels in disordered Li-excess
materials. A unified understanding of high performance in both layered and Li-excess materials may
enable the design of disordered-electrode materials with high capacity and high energy density.

echargeable lithium-ion batteries enable
R increasingly capable portable electronics

and are the crucial factor in the deploy-
ment of electric vehicles. Cathodes with high en-
ergy density are desirable for high-performance
lithium batteries, as they make up a substantial
part of the cost, weight, and volume of a battery.
Cathode compounds operate by reversibly releas-
ing (de-intercalation) and reinserting (intercalation)
lithium ions during charge and discharge, respec-
tively. This process must occur without causing
permanent change to the crystal structure be-
cause the battery must endure hundreds of charge-
discharge cycles. Traditionally, cathodes have been
sought from well-ordered close-packed oxides—in
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particular, layered rocksalt-type lithium—transition
metal oxides (Li-TM oxides) (/—3) and ordered
spinels (4, 5—whereas nonordered materials have
received limited attention (6—9). In these ordered
compounds, Li sites and pathways (a 2D slab in
the layered oxides and a 3D network of tetra-
hedral sites in the spinels) are separated from the
TM sublattice, which provides stability and elec-
tron storage capacity. Having well-ordered struc-
tures where there is little or no intermixing between
the Li and the TM sublattice is generally con-
sidered important for obtaining high-capacity
cathode materials with good cycle life (10, 11).
In some cases, improvements in ordering have
led to notable increases in power or energy den-
sity (3, 12—14). Here, we show that this “ordering
paradigm” may have led the community to over-
look a large class of cathode materials in which
Li and TM share the same sublattice in a random
(disordered) fashion; some of these materials may
offer higher capacity and better stability relative
to the layered oxides.

We chose the Li1,21 1M00.467CTO.302 (LMCO)
compound because of our interest in metals that
can exchange multiple electrons, such as Mo and
Cr. In addition, both Mo and Cr have been shown
to migrate in layered materials (15, /6). LMCO
was synthesized through standard solid-state pro-
cedures as described (/7). The material forms as
a layered rocksalt but transforms to a disordered
rocksalt after just a few charge-discharge cycles,
as seen in the x-ray diffraction (XRD) patterns in
Fig. 1A. The (003) reflection, characteristic of the
layered structure, starts to disappear after one cy-
cle and is essentially gone at the 10th cycle. From
Rietveld refinement, we estimate 34 to 52% of
the TM ions to be in Li layers after 10 cycles, in-
dicating substantial cation mixing in LMCO (17).
The evolution of LMCO to a disordered structure
was confirmed in real space with scanning trans-
mission electron microscopy (STEM) (Fig. 1B).
The bright and dark columns in the “before”
image correspond to atomic columns of mixed
Li-Mo-Cr ions and Li ions, respectively. The
Z-contrast decreases after one cycle and is very
weak after 10 cycles, indicating increased cation
mixing. This substantial structural evolution is con-
sistent with the change in voltage profile (Fig. 1C)
between the first charge and all subsequent cycles.

The reversible Li capacity of carbon-coated
LMCO (LMCO/C) is remarkably high, even after
disordering (/7). As seen in Fig. 1C, approxi-
mately one lithium (= 265.6 mAh g ") per for-
mula unit can be reversibly cycled at C/20 rate
[=16.4 mA g '; the C/n rate denotes the rate
of cycling the theoretical capacity of LMCO
(327.5 mAh g ") in n hours], delivering an en-
ergy density of ~660 Wh/kg (~3100 Wh/liter) at
~2.5 V. Such high capacity is rarely achieved even
in layered Li-TM oxides (/8-20) and is counter-
intuitive because cation mixing has been argued
to markedly degrade the cyclability of layered
oxides, primarily by reducing the Li layer spacing
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(Li slab distance), resulting in limited Li diffusion
(3, 12, 14, 21-24). Indeed, given that the oxygen-
interlayer (slab) distance around the Li layer of
LMCO decreases considerably from ~2.63 A
to ~2.39 A after disordering (17), negligible Li
mobility would be expected (3, 74, 23).

In a disordered rocksalt, both Li and TM oc-
cupy a cubic close-packed lattice of octahedral
sites, and Li diffusion proceeds by hopping from
one octahedral site to another octahedral site
via an intermediate tetrahedral site (o-z-o diffu-
sion; Fig. 2A) (17, 23, 25). Li in the intermediate
tetrahedral site is the activated state in Li dif-
fusion. The activated tetrahedral Li" ion shares
faces with four octahedral sites: the site previ-
ously occupied by the ion itself; the vacancy it
will move into; and two sites that can be occupied
by Li, TM, or a vacancy. The energy in this state,
which reflects the Li migration barrier, is largely
determined by electrostatic repulsion between
the activated Li" ion and its face-sharing species,
and thus depends on (i) the valence of the face-
sharing species and (ii) the available space for
relaxation between the activated Li" ion and the
face-sharing species. This space is measurable as
the Li slab distance in layered structures (3, 14, 23),
or more generally as the height of the tetrahedron
along which the relaxation occurs (Fig. 2A).

As electrostatic repulsion on an activated Li"
ion is too strong when there are two face-sharing
cations, Li dominantly diffuses with the divacancy
mechanism, involving a second vacancy beside the
vacancy the migrating Li will move into (3, 23, 25).
In rocksalt-type Li-TM oxides, two kinds of dif-
fusion channels support this mechanism: 0-TM
channels, involving no face-sharing TM ion
(Fig. 2B), and 1-TM channels, involving one face-
sharing TM ion (Fig. 2C). Note that 1-TM channels
are responsible for Li diffusion in typical layered
Li-TM oxides. To investigate which channels in
disordered LMCO allow for reasonable hopping
rates, we calculated Li migration barriers for 1-TM
and 0-TM channels using density functional the-
ory (DFT), according to the divacancy mech-
anism (/7).

The red and blue dashed lines in Fig. 3 show
the mean migration barriers along a 1-TM channel
as a function of the average tetrahedron height of
model disordered structures (disordered Li,MoQ3,
disordered LiCrO,) when the face-sharing octa-
hedral species is Mo*" and Cr**, respectively (17).
Note that migration barriers in disordered struc-
tures vary with the local atomic environment,
which accounts for a distribution of migration
barriers. The mean barrier increases as the tetra-
hedron height () decreases, reaching ~510 meV
along a 1-Mo*" channel and ~490 meV along a
1-Cr** channel at & ~2.39 A, the average tetra-
hedron height in disordered LMCO (/7). Note
that these barriers tend to increase as the transi-
tion metal becomes oxidized in charge. Consid-
ering that typical 1-TM barriers in layered oxides
are ~300 meV (23), such high barriers in dis-
ordered LMCO indicate very limited Li diffusion
along 1-TM channels. This is because the small

tetrahedron height in disordered LMCO confines
the activated Li" ion close to a face-sharing high-
valent octahedral TM ion in 1-TM channels, re-
sulting in strong electrostatic repulsion on the
Li" ion.

The black dashed line in Fig. 3 shows the
mean migration barriers along 0-TM channels. In

contrast to the high barriers in 1-TM channels,
the low barrier at 4 ~2.39 A (~290 meV) indicates
that Li migration along 0-TM channels will still
be facile in disordered LMCO, with a hopping rate
higher than that along 1-TM channels by a factor
of ~4400 [exp(—290 meV/kT )/exp(—500 meV/kT)]
at room temperature. The low valence of a face-
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Fig. 1. Li; »71M0g_467Cro.30, shows high Li cycling capacity even after substantial cation dis-
ordering. (A) XRD patterns of C-coated Li; 511M0g 447Crp 30, (LMCO/C) electrodes before and after 1, 2,
and 10 cycles, 1.5 to 4.3 V, C/10. The inset image shows the C-coating layer. (B) Left: STEM images along
the [010] zone axis in a LMCO/C particle before cycling and after 1 and 10 cycles, 1.5 to 4.3 V, C/20. Right:
Corresponding line profiles of the Z-contrast information with the measured spacing of Li-Mo-Cr layers.
(€) Voltage profile of LMCO/C, 1.5 to 4.3 V, C/20.

Fig. 2. Possible environments for an
o-t-o Li hop in rocksalt-like Li-TM oxides.
(A) o-t-o diffusion: Two tetrahedral paths
connect each pair of neighboring octahedral
sites. (B to D) The activated state can share
faces with no octahedral transition metals
(0-TM channel) (B), one transition metal (1-TM
channel) (O), or two transition metals (2-TM
channel) (D).

A o-t-o diffusion

B 0-TM channel

(1)

D 2-TM channel

ex. Layered LiCoO,

ex. y-LiFeO,
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sharing octahedral Li" ion (versus Mo*" or Cr’™)
results in much weaker electrostatic repulsion
on the activated Li" ion in 0-TM channels. At
highly charged states, tetrahedral Li may form in
some 0-TM channels because high delithiation
should leave no face-sharing octahedral Li at all
(26). However, the mean migration barrier be-
tween two 0-TM tetrahedral sites was calculated to
be ~415 meV, indicating that Li can easily escape
from these sites.

Herein lies the real issue of (cation) dis-
ordered structures: 1-TM channels, which ac-
count for the excellent Li mobility in the layered
intercalation oxides that currently dominate the
battery industry, become nearly inactive in dis-
ordered materials as a result of their small tetra-
hedron heights. In contrast, 0-TM channels are
active in disordered rocksalts but are much less
frequent than 1-TM channels. Nonetheless, as we
show below, 0-TM channels start to enable facile

macroscopic diffusion in disordered structures
once enough Li excess is introduced.

For 0-TM channels to dominate macroscopic
Li diffusion, they must be continuously connected
through the entire material, forming a percolating
network uninterrupted by 1-TM and 2-TM chan-
nels. To establish a general understanding of
0-TM percolation, we studied (i) when 0-TM chan-
nels percolate in a rocksalt-type Li-TM oxide
and (ii) which fraction of the Li ions become part
of a percolating network of 0-TM channels.

Figure 4A shows the probability of finding a
percolating network of 0-TM channels (0-TM
network) in a rocksalt-type Li-TM oxide as a
function of Li content (x in Li, TM,_,0,) and
cation mixing (TMy; jayers/ TMM 1ayers X 100%),
as obtained by Monte Carlo simulations (/7).
The probability (color-coded) steeply increases
from 0 (red) to 1 (blue) across the black line in
Fig. 4A (percolation threshold), varying from x

Fig. 3. Li hopping through 0-TM chan- 800 . T T
nels can still be facile in cation-disordered . . [ ]
materials. Calculated Li migration barriers e L
along 1-TM (Mo**) channels (red squares), = 600 o e
1-TM (Cr**) channels (blue triangles), and -2 500 [ Sk T
0-TM (Li*) channels (black circles) as a func- g i ‘ ::;: {":lof ) ]
tion of the average tetrahedron height of g 400 |- 7y ( <3z .
model disordered structures (disordered 5 300 b-- c"?*) g
Li,MoOs, disordered LiCrO,). Error bars de- & R (- e BN e, ]
note SD. The shaded area highlights typical E 200 |+ M B o A
tetrahedron heights of disordered mate- L | il i
- I 100 | typica I
rials (17). S | heights
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Fig. 4. Li excess opens a per-
colating network of 0-TM
channels in rocksalt-type
Li-TM oxides. (A) Computed
probability of finding a per-
colating network of 0-TM chan-
nels (color) versus Li content
(x in Li,TM,_,0,) and cation
mixing (TMLi layers/ TN layers X
100%). (B) Accessible Li con-
tent by a percolating 0-TM net-
work (color) versus Li content
and cation mixing. In the simu-
lation, cations were randomly
distributed at each cation-mixing
level (17).
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~ 1.13 for layered oxides to x ~ 1.09 for fully dis-
ordered oxides. Because 0-TM channels require a
locally Li-rich environment, excess Li (x > ~1.09)
is essential to open the percolating 0-TM
network.

To estimate the contribution of a percolating
0-TM network to macroscopic Li diffusion, we
investigated how Li excess and cation mixing
affect the Li content in the network (Fig. 4B),
which we refer to as accessible Li. This Li can
diffuse through the network without traversing
1-TM or 2-TM channels, whereas “inaccessible”
Li must traverse 1-TM or 2-TM channels to reach
the percolating 0-TM network. The three black
lines in Fig. 4B are the contour lines where the
accessible Li content is 0.8 Li, 1 Li, and 1.2 Li
per Li,TM,_,O,. For x < 1, no percolating 0-TM
network exists (Fig. 4A) and hence there is no
accessible Li content, which explains why stoi-
chiometric LITMO, compounds have low capac-
ity when cation-disordered (7, 9, 21, 24). However,
the accessible Li content gradually increases as
x exceeds ~1.09 (percolation threshold), and be-
comes as high as 1 Li as x exceeds ~1.22 regard-
less of cation mixing. Increasing Li excess adds
more 0-TM channels to a percolating 0-TM net-
work, improving the network’s connectivity.

The above results explain how Li diffusion
can be facile in disordered LMCO. LMCO is a
Li-excess material with x=1.233 in Li,TM,_,O,.
With this Li content, 0-TM channels will be per-
colating (Fig. 4A), accessing as high as ~1 Li per
formula unit (Fig. 4B). Therefore, even as 1-TM
channels become nearly inactive after disordering
(Fig. 3), a large fraction of Li in the material can
still be cycled through the percolating active 0-TM
network.

The principle of creating a percolating 0-TM
network can be applied to the design of other
high-performing disordered Li-TM oxides for two
reasons. First, the 0-TM activated state is sur-
rounded only by Li sites, making the effect of
the TM species on the activation energy less pro-
nounced. Second, as shown in table S1 (17), the
tetrahedron height of most disordered rocksalts
is such that 0-TM channels are calculated to be
active (Fig. 3). Therefore, a percolating 0-TM
network will likely enable facile Li diffusion in
other disordered materials, assuming that no other
kinetic barriers become limiting. Note that the
few cation-disordered materials in the literature
that were electrochemically active are indeed Li-
excess materials, whereas stoichiometric disordered
materials are usually not electrochemically ac-
tive, which is consistent with our understanding
(7-9, 16, 21, 24).

Disordered Li-excess rocksalts have consid-
erable advantages over layered materials. We find
that the changes in lattice parameters and volume,
as a function of Li concentration, are very small
in disordered materials (<1% in LMCO), which
will lead to less mechanical stress and capacity
loss in an electrode (fig. S8). Furthermore, as they
have more homogeneous cation distribution, they
tend to experience less change in local environment
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of the lithium ions as a function of state of
charge. This change in environment is particular-
ly problematic in layered structures where the slab
spacing decreases considerably when large amounts
of Li are removed, leading to a substantial re-
duction of Li mobility (25, 27, 28). However, in
cation-disordered structures, homogeneously
distributed cations should lead to a Li diffusivity
that is more independent of the Li concentration,
as is the case for electrode materials with the
spinel- and olivine-type structures. One issue that
requires more investigation is whether cation dis-
ordering will lead to a more sloped voltage pro-
file than for well-ordered materials, as one
would expect from the wider distribution of Li-
site energies in a disordered material. However,
this variance in the Li-site energy may be counter-
acted by a less effective Li-Li interaction, which
is responsible for the slope of the voltage curve
in layered materials (29). Hence, careful tailor-
ing of the TM-Li to Li-Li ion interaction may
mitigate this effect. Given the insights presented
above, it may not be surprising that the highest-
capacity layered materials are highly Li-excess
materials (/8—20) that become more disordered
in the first few cycles because of a particular over-
charge mechanism (30).

Our results may explain why disorder has not
been pursued as a strategy before: Most materials
synthesized are near stoichiometry (LiTMO,),
which is well below the percolation threshold for
0-TM diffusion. Therefore, these materials quick-
ly lose their capacity upon disorder as it renders
typical 1-TM channels inactive, while 0-TM chan-
nels are not percolating (7, 9, 21, 24). As a result,
disorder may have appeared to be a counter-
intuitive strategy. In contrast, our analysis points

to cation-disordered materials as a class of ma-
terials that can exhibit high capacity and high
energy density, thereby offering hope for sub-
stantial improvements in the performance of re-
chargeable Li batteries.
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Low Core-Mantle Boundary
Temperature Inferred from the

Solidus of Pyrolite

Ryuichi Nomura,'* Kei Hirose,>?3* Kentaro Uesugi,* Yasuo Ohishi,* Akira Tsuchiyama,’

Akira Miyake,® Yuichiro Ueno™?

The melting temperature of Earth’s mantle provides key constraints on the thermal structures of
both the mantle and the core. Through high-pressure experiments and three-dimensional x-ray
microtomographic imaging, we showed that the solidus temperature of a primitive (pyrolitic)
mantle is as low as 3570 £ 200 kelvin at pressures expected near the boundary between the mantle
and the outer core. Because the lowermost mantle is not globally molten, this provides an

upper bound of the temperature at the core-mantle boundary (Tcyg). Such remarkably low Teyg
implies that the post-perovskite phase is present in wide areas of the lowermost mantle. The low
Tcms also requires that the melting temperature of the outer core is depressed largely by impurities

such as hydrogen.

at a depth of 2900 km inside Earth, is the
interface between molten metal and rock.
The temperature jump across the thermal bound-
ary layer (TBL) above the CMB has been believed
to be about 1500 K (7), which has important con-

The core-mantle boundary (CMB), located

sequences for the dynamics and thermal evolution
in the mantle and the core. The temperature at
the top of the core should be lower than the
solidus temperature of a primitive mantle to
avoid global melting above the CMB. Conven-
tionally, the temperature at the CMB (7¢\g) has

been estimated to be about 4000 K, primarily
based on the melting temperature of iron at the
inner core boundary (ICB), where solid and
liquid cores coexist (/—3). Such high Tcyp im-
plies that MgSiO;-rich post-perovskite, a primary
mineral in the lowermost mantle, changes back
into perovskite with steeply increasing temper-
ature near the CMB (4), which allows detailed
modeling of the thermal structure in the CMB
region and the heat flux from the core into the
mantle (5). Previous experiments using laser-
heated diamond-anvil cell (DAC) techniques
showed that the solidus temperature of a primi-
tive mantle is about 4200 K at the CMB, sup-
porting the high 7y around 4000 K (6-8). The
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