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longitudes; in panels B and C, obtained just 6

days apart, the ring appears to be consistently

brightest at longitudes leading (to the right of)

Portia, which can be identified in the figure as

R2’s bright interior neighbor. If R2 arises from

a belt of macroscopic bodies, then the brighter

clumps might be transient phenomena arising

when embedded parent bodies collide; a similar

process is believed to be at work in Saturn’s

clumpy F ring (18–21).

Discussion. Dynamical simulations of the

closely packed inner uranian moons reveal that

they will perturb each other into crossing orbits

at million-year time scales (3). The discovery

of Cupid orbiting so close to Belinda substan-

tially exacerbates the stability problem (22).

Our new findings provide a clearer picture of

this rapidly and chaotically evolving system.

The largest moons show orbital changes with-

in decades; these subtle variations can, over

time, lead to orbital collisions and disruptions.

So close to the Roche limit, one might expect

to find one or more debris belts within this

evolving system; R2 is likely to be one such

example. Mab and R1 are distant enough to be

unaffected by the dynamical turmoil within

the Portia group, but the mysterious orbital

variations of Mab suggest that it may play a

part in the underlying interactions. It is as yet

unclear whether related phenomena are at

work within Uranus’s main ring system.

The rings and smallermoons listed in Tables 1

and 2 have probably changed quite substantially

since the time of the dinosaurs, and perhaps even

since the time of the Roman Empire. Uranus

does not host a swarm of independent moons and

rings, but instead features a closely coupled dy-

namical system that rivals the other known ring-

moon systems in its subtlety and complexity.
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Electrodes with High Power
and High Capacity for
Rechargeable Lithium Batteries
Kisuk Kang,1 Ying Shirley Meng,1 Julien Bréger,2 Clare P. Grey,2 Gerbrand Ceder1*

New applications such as hybrid electric vehicles and power backup require rechargeable batteries
that combine high energy density with high charge and discharge rate capability. Using ab initio
computational modeling, we identified useful strategies to design higher rate battery electrodes
and tested them on lithium nickel manganese oxide [Li(Ni0.5Mn0.5)O2], a safe, inexpensive material
that has been thought to have poor intrinsic rate capability. By modifying its crystal structure, we
obtained unexpectedly high rate-capability, considerably better than lithium cobalt oxide (LiCoO2),
the current battery electrode material of choice.

R
echargeable Li batteries offer the high-

est energy density of any battery tech-

nology, and they power most of today_s
portable electronics. Although most electronics

require only moderately high charge/discharge

rates, newer applications, such as regenerative

braking in hybrid electric vehicles (HEVs), power

backup, and portable power tools, require both

high energy and high power density (i.e., the

ability to charge and discharge very fast), which

has been difficult to accomplish with Li batteries.

Cathode electrodes in rechargeable Li batteries

store Liþ and electrons by the concurrent inser-

tion of Liþ in a crystal structure and the reduc-

tion of a transition-metal ion (1). Good electrode

materials therefore have high reversible storage

capacity for Li (to obtain long battery life per

unit weight or volume of the battery) and rapid

solid-state Liþ and electron transport. Reason-

able charge/discharge times require that, at room

temperature, Liþ ions can diffuse over microme-

ter distances in a matter of an hour (minutes for

HEV technology). Hence, materials with very fast

Li diffusivity are needed to produce batteries ca-

pable of satisfying high power demands in new

applications. In this report, we use ab initio com-

putational modeling to identify the basic energy

barrier that limits Liþ-ion hopping in a prototyp-

ical layered electrode structure and use the

insights gained from these calculations to syn-

thesize a material with substantially better rate

capability.

Many current (e.g., LiCoO
2
in today_s bat-

teries) and potential intercalation electrodes

have the layered structure shown in Fig. 1A,

consisting of layers of transition-metal cations

separated from Li layers by oxygen. In this

structure, Li is coordinated octahedrally by oxy-

gens but diffuses from site to site by hopping

through intermediate tetrahedral sites (Fig. 1B)

(2). Previous work has identified the tetrahedral

site as being close to the maximum-energy po-

sition along the path between octahedral sites

(3). Because Li hops require thermal energy

fluctuations, the hopping rate decreases expo-

nentially with the energy of the activated state,

and small reductions in this activation energy

can lead to substantial improvement of the Li

diffusion and of the rate at which an electrode

can be charged or discharged. At room temper-

ature, a reduction of activation energy of only

57 meV increases the rate of Li migration by a

factor of 10 Eexp(–57 meV/kT) È 10^. The en-

ergy required for a Liþ ion to cross the activated

1Center for Materials Science and Engineering and De-
partment of Materials Science and Engineering, Massa-
chusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, MA 02139, USA. 2Department of Chemistry,
State University of New York, Stony Brook, NY 11794–
3400, USA.

*To whom correspondence should be addressed. E-mail:
gceder@mit.edu
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state is likely to depend on the size of the

tetrahedral site (strain effect) as well as on the

electrostatic interaction between Liþ in the ac-

tivated state and the transition-metal cation di-

rectly below it (Fig. 1B). Hence, a strategy to

increase Li diffusivity should focus on reducing

these two contributions to the activation energy.

Using ab initio calculations performed in the

generalized gradient approximation to density

functional theory (GGA DFT), we can gauge the

effect of both the strain and electrostatic con-

tributions to the activation energy. The table in

Fig. 1B shows the calculated energy for a Liþ

ion in the tetrahedral site with various other cat-

ions in the face-sharing octahedron adjoining it.

Clearly, a low-valent transition metal such as

Ni2þ is beneficial to the Li diffusion. The reduc-

tion from Co3þ (currently used) to Ni2þ leads

to a hopping rate that is higher by a factor of

54 EÈexp(100 meV/kT)^. Hence, a material

such as Li(Ni2þ
0.5
Mn4þ

0.5
)O

2
, in which half the

Liþ-activated states come in contact with Ni2þ,

should have substantially higher Li diffusivity at

the early stage of charging than the currently used

battery material LiCoO
2
, in which all the path-

ways are in contact with Co3þ. Because the

number of high-rate pathways is well above the

percolation limit, the presence of low-rate path-

ways (in contact with Mn4þ) in LiNi
0.5
Mn

0.5
O
2

should not substantially reduce the Li diffusivity.

It is expected that the benefit of Ni2þ is no-

ticeable until the charging level is so high that

the Ni2þ pathways do not percolate anymore.

LiNi
0.5
Mn

0.5
O
2
is fundamentally different

from the currently used electrode material,

LiCoO
2
, in which Co can only exchange one

electron, and removal of all Li leads to an un-

stable material containing only highly oxidized

Co4þ ions. In comparison, the transition-metal

layer in Li(Ni
0.5
Mn

0.5
)O

2
is bifunctional, with

Ni2þ acting as a double redox-active center (4–7)

and Mn4þ providing stability to the host struc-

ture (8). Although the distinctive electronic prop-

erties of Li(Ni
0.5
Mn

0.5
)O

2
have been shown

to result in high battery capacity for this material

at very low charge/discharge rates (4, 5, 9, 10),

this capacity advantage over current electrode

materials completely disappears at commer-

cially interesting rates, in apparent contradiction

to the predictions made based on the calculations

(Fig. 1B). Our calculations were performed for

materials with an ideal layered structure. How-

ever, in all Li(Ni
0.5
Mn

0.5
)O

2
materials synthe-

sized thus far, perfect separation between Li and

transition-metal cations into alternating layers

could not be achieved, with all materials exhib-

iting 8 to 12% exchange of Li and Ni (4, 5, 9, 10).

Calculations were, therefore, performed to explore

the effect of Li/Ni site exchange on the Li mo-

bility. Figure 2 shows ab initio computations of

the activation energy as a function of the distance

between the oxygen layers on each side of the

plane of Liþ ions (Fig. 2). As this layer-to-layer

distance grows, the space in the activation site

increases. It is clear that more space between these

oxygen layers substantially reduces the activation

energy for Li motion. These calculations also

clearly point to the Li/Ni disorder as the reason

Li(Ni
0.5
Mn

0.5
)O

2
has not yet lived up to its high

rate potential. The solid lines show the calculated

O-O interlayer spacing for a material with 8.3% of

Li-Ni site disorder. The dashed lines give the

equivalent spacing for a hypothetical material with

no Li/Ni disorder. Our calculations indicate that

the Li slab space reduces from 2.64 to 2.62 )
when 8.3% of transition metal is present in the Li

layer. Li motion is so sensitive to the spacing

between oxygen layers that this very small change

(È0.02 )) results in a 20- to 30-meV increase in

the activation barrier. More important, Li/Ni dis-

order greatly limits the opening of the Li slab

space upon delithiation (i.e., on charging the bat-

tery). The Li slab space expands during the early

stages of delithiation as a result of the removal

of O2–-Liþ-O2– bonds across the slab, leading to

faster Li motion. Whereas the Li slab space in-

creases from 2.64 to 2.74 ) in a perfect layered

system, calculations indicate that it only increases

from 2.62 to 2.69 ) when 8.3% Ni ions are

present in the Li layer. These observations clearly

indicate that the diffusivity of Li should be great-

ly improved by reducing the Li/transition-metal

(Ni) exchange in Li(Ni
0.5
Mn

0.5
)O

2
, a fact that has

already been noticed experimentally in LiNiO
2

and LiTiS
2
compounds (11, 12).

Although Li-containing materials prepared

through traditional high-temperature synthesis

routes contain substantial Li/Ni disorder and are,

therefore, unlikely to be high-rate electrodes, better

ordering can be expected in Na(Ni
0.5
Mn

0.5
)O

2

because the larger size difference between Naþ

and Ni2þ or Mn4þ creates a larger driving force

for separating the alkali ions and the transition-

metal ions in discrete layers. We have previously

shown that the driving force for layering is likely

to be increased if a larger ion, such as Naþ, is

used instead of Liþ because of the increased size

mismatch between Naþ and transition-metal ions

such as Ni2þ (13). Na compounds can be trans-

Fig. 1. (A) The structure of Li(Ni0.5Mn0.5)O2 consists of layers of transition
metal (Ni and Mn) separated from Li layers by oxygen. In materials made
by a conventional high-temperature synthesis, partial exchange of Li and
Ni ions is always observed, which contracts the space through which Li
can move. (B) Li moves from one octahedral site to another by passing

through an intermediate tetrahedral site where it encounters strong
repulsion from a nearby transition-metal cation. The table shows the
activation barrier for Li motion for various transition metals near the
activated state. Values were calculated by GGA DFT for various chemistries
and Li contents.

Fig. 2. Calculated activation barrier for Li mi-
gration in Li(Ni0.5Mn0.5)O2 as a function of the Li
slab space. Triangles and circles represent the ac-
tivated state that face-shares with Ni and Mn,
respectively. The activation barriers have been
calculated for a hypothetically perfect layered sys-
tem, for a system with 8.3% excess Ni present in
the Li layer without a change in the transition-
metal layer, and for a system with 8.3% Li-Ni
exchange.
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formed to well-layered Li compounds by ion

exchange of Naþ for Liþ (14–16). Ion exchange

is a soft chemical approach performed at rel-

atively low temperature so that only Naþ is re-

placed by Liþ, keeping the rest of the structure

intact. We have indeed obtained a well-layered

material with excellent performance by ion-

exchanging Li for Na in Na(Ni
0.5
Mn

0.5
)O

2
. De-

tails of the synthesis procedure are given in the

Supporting Online Material (17).

The x-ray diffraction (XRD) pattern of the

Li(Ni
0.5
Mn

0.5
)O

2
obtained by ion exchange

EIE-Li(Ni
0.5
Mn

0.5
)O

2
^ is shown in Fig. 3A. For

comparison, we also show Li(Ni
0.5
Mn

0.5
)O

2

synthesized through a conventional solid-state

reaction ESS-Li(Ni
0.5
Mn

0.5
)O

2
^. The refined

structural parameters for SS-Li(Ni
0.5
Mn

0.5
)O

2

are in good agreement with the literature

(4, 9, 10, 18–20). Noticeably, there is a sub-

stantial increase in the c-lattice parameter from

14.28 ) in SS-Li(Ni
0.5
Mn

0.5
)O

2
to 14.34 ) in

IE-Li(Ni
0.5
Mn

0.5
)O

2
. The c-lattice parameter

is perpendicular to the layers in the structure of

Fig. 1, and its increase signifies an increase in the

space around the Li layer. Defining the Li slab

space as the average distance between the oxygen

layers around the Li layer, the Li slab space in-

creases from 2.59 ) in SS-Li(Ni
0.5
Mn

0.5
)O

2
to

2.65 ) in IE-Li(Ni
0.5
Mn

0.5
)O

2
. Given the com-

putational results in Fig. 2, IE-Li(Ni
0.5
Mn

0.5
)O

2

should therefore have a substantially higher Li

diffusivity. The small quantitative disagreement

with the calculated slab spaces is typical for

modern ab initio approaches. No Na precursor

peaks are visible in the XRD, and only about

0.3 weight percent of Na could be detected by

inductively coupled plasma (ICP) measurement

in IE-Li(Ni
0.5
Mn

0.5
)O

2
, which implies that the

ion exchange of Na and Li is complete.

Rietveld refinement of the XRD gives

Li/Ni exchanges of 10.9% and 4.3%, respec-

tively, in the SS-Li(Ni
0.5
Mn

0.5
)O

2
and IE-

Li(Ni
0.5
Mn

0.5
)O

2
. Because the site occupancies

obtained by Rietveld refinement can be some-

what inaccurate as a result of preferential texture

of the sample, and when refining occupancies for

multiple cations on the same crystallographic site,

the Li/Ni exchange was independently verified by

solid state 6Li magic angle spinning nuclear

magnetic resonance (MAS NMR). Quantitative

analysis of the 1450–parts per million peak in the

NMR spectrum, which is known to correspond to

Li in a transition-metal site (21), reveals that Li-

Ni exchange is even lower, about 0.5% (17). This

suggests that our strategy to obtain a better lay-

ered structure with larger slab space is successful.

Electron microscopy revealed plate-shaped

crystals of about 1 mm for IE-Li(Ni
0.5
Mn

0.5
)O

2
,

whereas the SS-Li(Ni
0.5
Mn

0.5
)O

2
forms cubic

particles of about 0.5 mm (17). The anisotropic

shape of the crystallites offers further evidence for

the more layered structure of IE-Li(Ni
0.5
Mn

0.5
)O

2
.

Figure 3B shows the first charge and dis-

charge profiles of IE-Li(Ni
0.5
Mn

0.5
)O

2
and SS-

Li(Ni
0.5
Mn

0.5
)O

2
tested in an electrochemical

cell at a rate corresponding to fully charging the

theoretical capacity of the material in 20 hours

(C/20). Whereas the charge/discharge behavior

of IE-Li(Ni
0.5
Mn

0.5
)O

2
is very similar to that of

SS-Li(Ni
0.5
Mn

0.5
)O

2
below 4 V, the plateau at

4.3 V is more pronounced in IE-Li(Ni
0.5
Mn

0.5
)O

2
.

Because the 4.3-V plateau is observed at about

x 0 0.6 to 0.7 ELi
1–x

(Ni
0.5
Mn

0.5
)O

2
^, it could be

caused by Li-vacancy ordering (22). The ab-

sence of transition metals in the Li layer is like-

ly to enhance Li-vacancy ordering.

Figure 4A shows that, despite its larger parti-

cle size, the rate capability of IE-Li(Ni
0.5
Mn

0.5
)O

2

is superior to that of SS-Li(Ni
0.5
Mn

0.5
)O

2
. Al-

though the performance of the materials is

similar at low rates, IE-Li(Ni
0.5
Mn

0.5
)O

2
retains

much higher capacity at high rates than does SS-

Li(Ni
0.5
Mn

0.5
)O

2
. Even at a 6C rate (one charge

of 280 mAh/g in 10 min), IE-Li(Ni
0.5
Mn

0.5
)O

2

delivers a discharge capacity of 183 mAh/g.

There is no published data available for a rate as

high as 6C, but comparison with the best elec-

trochemical data published for this material so

far E135 mAh/g at a 397 mA/g rate (9)^ confirms

that we have developed a material with substan-

tially improved performance.

For practical applications, the trade-off be-

tween power (rate) and energy density is impor-

tant and is often represented in a Ragone plot

(Fig. 4B). Most Li-battery materials show a sub-

stantial decrease in specific energy as one draws

more current from them, making them less use-

ful in applications such as EV (electric vehicle),

HEV, and power tools, where high charge and

Fig. 3. (A) XRD patterns of SS-Li(Ni0.5Mn0.5)O2 (top) and IE-Li(Ni0.5Mn0.5)O2 (bottom). The observed
pattern, the calculated peak positions, and the difference between the two patterns are shown for each
XRD pattern. The bottom inset is the XRD pattern of the Na precursor. The precursor peak is not observed
after ion exchange. The Rietveld refinement of SS-Li(Ni0.5Mn0.5)O2 (in R-3m) gives c 0 14.2820(14) Å,
a 0 2.8850(1) Å, and z 0 0.25736(37); the Ni-Li exchange 0 10.9%, with Rp 0 13.6 and Rwp 0 15.3.
The refinement of IE-Li(Ni0.5Mn0.5)O2 gives c 0 14.3437(8) Å, a 0 2.8924(1) Å, and z 0 0.25907(21);
the Ni-Li exchange 0 4.3%, with Rp 0 7.08 and Rwp 0 8.74. (B) First charge/discharge curves of IE-
Li(Ni0.5Mn0.5)O2 and SS-Li(Ni0.5Mn0.5)O2 within the voltage window of 3.0 to 4.6 V at C/20 rate.

Fig. 4. (A) The discharge curve at various C rates for
IE-Li(Ni0.5Mn0.5)O2 (above) and SS-Li(Ni0.5Mn0.5)O2
(below). In the rate test, the cell was charged at C/20
to 4.6 V, then held at 4.6 V for 5 hours and dis-
charged at different rates. 1C corresponds to 280
mA/g. The electrode loading is 0.15 cm2/mg. (B) The
Ragone plot for the two samples (only active elec-
trode is included in the weight).
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discharge rates are required. Figure 4B shows

that IE-Li(Ni
0.5
Mn

0.5
)O

2
clearly retains its en-

ergy storage capacity even at the very high rate

required for those applications. At a 6-min

charge/discharge rate, IE-Li(Ni
0.5
Mn

0.5
)O

2
de-

livers almost double the energy density of SS-

Li(Ni
0.5
Mn

0.5
)O

2
. Initial tests on the capacity

retention with full charge/discharge cycling are

promising, with a fade of 0.6% per cycle for IE-

Li(Ni
0.5
Mn

0.5
)O

2
versus 0.8% per cycle for SS-

Li(Ni
0.5
Mn

0.5
)O

2
(17).

In conclusion, we have used ab initio com-

putational modeling to infer that the combined

use of low-valent transition-metal cations and

low strain in the activated state are key strategies

for increasing the rate capability of layered

cathode materials, and we have successfully syn-

thesized Li(Ni
0.5
Mn

0.5
)O

2
with very little intra-

layer disordering to optimize those factors. In

agreement with our theoretical predictions, this

material retains its capacity at high rates. Sub-

stitution of Co for Ni and Mn can also be used to

reduce the Li/Ni exchange and improve rate

performance (23, 24), although the use of Co

increases the cost and reduces the safety of the

material (25). Although Li(Ni
0.5
Mn

0.5
)O

2
dis-

plays an exciting combination of high rate and

high capacity, several other factors, such as

thermal stability, cycle life, and the extra cost

from the ion-exchange process, will need to be

further investigated before its application in

commercial products can be considered. If the

outcome of such development studies is positive,

Li(Ni
0.5
Mn

0.5
)O

2
would be a potential cathode

material for high rate applications.
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Plasma Acceleration Above Martian
Magnetic Anomalies
R. Lundin,1 D. Winningham,2 S. Barabash,1 R. Frahm,2 M. Holmström,1 J.-A. Sauvaud,3

A. Fedorov,3 K. Asamura,4 A. J. Coates,5 Y. Soobiah,5 K. C. Hsieh,6 M. Grande,7 H. Koskinen,8,9

E. Kallio,8 J. Kozyra,10 J. Woch,11 M. Fraenz,11 D. Brain,12 J. Luhmann,12 S. McKenna-Lawler,13

R. S. Orsini,14 P. Brandt,15 P. Wurz16

Auroras are caused by accelerated charged particles precipitating along magnetic field
lines into a planetary atmosphere, the auroral brightness being roughly proportional to the
precipitating particle energy flux. The Analyzer of Space Plasma and Energetic Atoms experiment
on the Mars Express spacecraft has made a detailed study of acceleration processes on the
nightside of Mars. We observed accelerated electrons and ions in the deep nightside high-altitude
region of Mars that map geographically to interface/cleft regions associated with martian
crustal magnetization regions. By integrating electron and ion acceleration energy down to
the upper atmosphere, we saw energy fluxes in the range of 1 to 50 milliwatts per square meter
per second. These conditions are similar to those producing bright discrete auroras above
Earth. Discrete auroras at Mars are therefore expected to be associated with plasma acceleration
in diverging magnetic flux tubes above crustal magnetization regions, the auroras being
distributed geographically in a complex pattern by the many multipole magnetic field lines
extending into space.

E
arth_s polar aurora and related phenome-

na, such as magnetic and ionospheric dis-

turbances, have been studied for well

over half a century. The first proof that the

aurora is caused by energetic electrons pre-

cipitating into Earth_s topside atmosphere

came from high-altitude sounding-rocket mea-

surements (1). Electrons accelerated downward

by magnetic field–aligned electric fields cause

intense bright auroral arcs, often referred to as

discrete auroras. Intense fluxes of nearly mono-

energetic electrons (2) were the first evidence

for magnetic field–aligned electric fields. Sub-

sequent observations of accelerated electrons

were made from polar orbiting satellites. The

electrons_ peak energy displayed a characteris-

tic Binverted-V[ signature in an energy-time

spectrogram (3), which became the particle

attribute of a discrete aurora. An additional

proof of concept was observations of electrons

and ions accelerated in opposite directions

(4, 5).

Inverted-V–like ion features near Mars, first

reported by the Phobos-2 spacecraft (6), were

associated with the temporal and spatial varia-

bility of the energy and momentum transfer

between martian plasma and the solar wind

(7, 8). This was because auroras, specifically

discrete auroras, are associated with magnetized

planets, and no strong intrinsic magnetic fields

were evident from Phobos-2 data, thus ruling

out any analogy with the terrestrial aurora.

TheMars Global Surveyor (MGS) findings of

crustal magnetic anomalies at Mars (9) con-

siderably changed the picture. We now expect to

find diverging magnetic field Bcusps[ above

Mars (10) and closed magnetic loops (11), with

local magnetic conditions similar to those found

above Earth_s polar region, albeit weaker and

topologically different. A set of magnetic multi-

poles at specific longitudes and latitudes of Mars

may characterize the crustal magnetization. In-

deed, the first observation of auroral emission at

Mars (12) was made above a strong crustal mag-

netization at 177-E and 52-S. The emissions in

the 150- to 300-nm bands (CO and O) were most

likely excited by high fluxes of charged particles.

Our study identified regions with downward-

accelerated electrons and upward-accelerated

ionospheric ions near local midnight.We studied

how the acceleration regions map to magnetic

cusps and clefts bound by strong magnetizations

at Mars. We compared the energy spectra of

accelerated electrons in the nightside of Mars

with those associated with terrestrial discrete

auroras. Finally, we computed the energy flux of

precipitating electrons and estimated, from a
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