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ABSTRACT: We review work from our laboratory that
suggests to us that most Li-ion battery failure can be ascribed
to the presence of nano- and microscale inhomogeneities that
interact at the mesoscale, as is the case with almost every
material, and that these inhomogeneities act by hindering Li
transport. (Li does not get to the right place at the right time.)
For this purpose, we deﬁne inhomogeneities as regions with
sharply varying propertieswhich includes interfaces
whether present by “accident” or design. We have used digital
image correlation, X-ray tomography, FIB-SEM serial sectioning, and isotope tracer techniques with TOF-SIMS to observe and quantify these inhomogeneities. We propose new research
approaches to make more durable, high energy density lithium-ion batteries.

■

INTRODUCTION
Since their invention, 1−3 Li-ion batteries have become
ubiquitous in consumer electronics. Over the two decades
since their introduction,4 battery chemistry has changed little,
with most consumer batteries still using the original LiCoO2
positive electrodes (“cathodes”) and graphite negative electrodes
(“anodes”). Yet, through innovative packaging and engineering
design, their energy densities have more than doubled. The
ability to improve battery design has been due largely to the
porous electrode, macrohomogeneous model developed and
reﬁned by Newman and others5−21 over two decades. The model
allowed battery designers to make trade-oﬀs22 between, for
example, electrode thickness, porosity, power, and energy
density. By the mid 2000s, billions of Li-ion batteries were
being manufactured each year, and it may well have seemed that
Li-ion battery technology had matured. For example, battery life
of 2 or 3 years was well-matched to the requirements of cell
phones and laptops; the batteries had acceptable abuse tolerance;
energy density was adequate; and the cost was accepted by
consumers.
Some of the assumptions made by the macrohomogeneous
model include:
◦ Electrodes are homogeneous, so they have single, timeindependent eﬀective values for particle size, porosity,
tortuosity, and transport coeﬃcients.
◦ Li+ transport within the porous electrode is 1-dimesional.
◦ Li+ transport within individual particles is 1-dimensional
(radial). Particles are spherical. The local state of charge
(SOC) in a particle is constant on any radius (shrinking
core model).
◦ Particles have no internal structure, porosity, or defects.
Therefore, the electrolyte cannot penetrate into the
© 2013 American Chemical Society

particles, and Li transport within them is solely by bulk
diﬀusion.
◦ Particles are small compared to the electrode thickness
and to the scale of [Li+] gradients, so that the [Li+] in the
electrolyte is constant on the surface of each particle.
◦ The properties of the binder23−26 and the conductive
carbon,27 while of considerable importance, can be
absorbed into other transport or chemical parameters in
the model.
It was, of course, recognized that these assumptions are far
from perfect, and modeling extensions of Newman’s approach
appeared, including studies of eﬀects of inhomogeneities.16,21,28−35 But there was only a very modest experimental
eﬀort aimed at analyzing the eﬀects of inhomogeneities,36−47 and
the original homogeneous model is still widely used. Perhaps this
is because inclusion of microstructural details and local variability
makes the codes much more expensive to run, while the original,
homogeneous model was very successful in describing battery
performance.
In the late 2000s, governments substantially increased funding
aimed at the ultimate goal of an electriﬁed vehicle ﬂeet.48 This
goal requires addressing some of the following concerns:
◦ Safety is paramount, requiring stricter limitations on the
choice of electrode materials. (It is curious that the
combustion community has not played a role here.49)
◦ Battery life has to be extended to 10−15 years to meet cost
and regulatory requirements.
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◦ Batteries must start a vehicle at −30 °C, and they must
accept regenerative braking energy at high rates.
Recharging time must be dramatically reduced.
◦ Energy per dollar has to increase by more than a factor of 2
in order for plug-in hybrid and all-electric vehicles to be
commercially viable.
◦ Volumetric energy density must increase dramatically to
provide a rangeperhaps 200 milesthat will satisfy
customers of all-electric vehicles.
◦ Recycling, never signiﬁcant for cell phone, camera, or
laptop batteries, will have to be implemented.50−52 Life
cycle analyses will be necessary to make optimal trade-oﬀs
between upfront costs and recycling value of expensive
materials such as Co.
◦ Replacement of limited-resource materials such as copper
may be necessary.
◦ The possibility of battery rejuvenation will have to be
considered.
Among these challenges, battery durability is especially tightly
coupled to the others because today’s automotive batteries are
signiﬁcantly oversized to achieve the required life. Thus, a more
durable battery technology would automatically enable batteries
with smaller size and weight for the same energy (higher energy
density). In turn, smaller, lighter batteries would require less
upfront and recycling costs and provide improved range and
safety. We argue below that inhomogeneities in batteriesjust
like inhomogeneities in practically all materialsare the primary
drivers of failure, so that in at least some cases, a purely
homogeneous model will not be able to predict durability.
Instead, we suggest that a detailed understanding of the electrode
structures and inhomogeneities at all scales, from nano- to
mesoscale (where inhomogeneities interact), can lead to an
improved understanding of durability and failure mechanisms,
ultimately leading to longer-lived batteries, with all their
attendant advantages.
In this paper we review research from our laboratory. Our goal
is to provide a better understanding of the fundamental processes
that lead to degradation and failure in Li-ion batteries. This
understanding has suggested a new approach to us for improving
battery durability. We will conclude by suggesting that this same
new approach for longer life batteries can also be used to increase
their energy density without decreasing power density.

direction of the spontaneous reaction and the magnitude of the
thermodynamic driving force. Thus, voltage and free energy
change must be closely related, and this relationship is given by3
ΔG = −nFE

where E is the measured voltage; n is the number of electrons
transferred; and F is Faraday’s constant. If we replace B with “Li”,
A with “negative electrode”, and C with “positive electrode”, and
if we prevent the electrodes from touching each other with a
separator (typically a 20 μm thick layer of porous polypropylene), we have a Li-ion battery. In cases where Li makes a strong
bond (>4 V for LiCoO2), then its free energy is low, and its
voltage is high (from eq 3)so LiCoO2 is a positive electrode
material. In cases where Li makes a weak bond (∼0.1 V for a Li+
intercalated in graphite), then its free energy is high, and its
voltage is lowso graphite is a negative electrode material. This
cell, like many Li-ion cells, has an OCV near 4 V, higher in
general than cells made from any other material.
When we charge this cell, we force electrons (e.g., with a power
supply) from the positive to the negative electrode. Li+ ions are
repelled by the positively charged electrode and dissolve into the
electrolyte solution, where they can travel toward and insert into
the negative electrode. Thus, in the battery’s charged state, Liions have been removed from their low energy state and pushed
into a high energy state, storing energy. Replacing the power
supply with a light bulb allows the Li (and associated electrons)
to return to the positive electrode, and the stored energy is
extracted. To the extent that there are no parasitic reactions that
consume Li, the ratio of the number of electrons (or Li ions)
retrieved during discharge to the number of electrons used
during charge (the “Coulombic eﬃciency”) is 1.54 In fact, a
Coulombic eﬃciency of about 0.99995 is required in order for an
automotive battery to survive (retain 80% of initial capacity) for
the required 5000 cycles (once a day for 15 years), while a
Coulombic eﬃciency of 0.999not often achieved with cells
made in academic research laboratoriesis unacceptable for
most commercial uses because it would have a 20% capacity loss
after just 200 cycles. (As Dahn has pointed out,55 the fact that
commercial cells may be 1−2 orders of magnitude more durable
than laboratory cells is worth thinking about when analyzing
published durability studies.) On the other hand, the amount of
energy extracted during discharge is necessarily lower than the
amount of energy stored, depending on the current and the
battery’s internal resistance.
Another important process has to do with the fact that the
electrolyte solutions (typically 1 M LiPF6 dissolved in an
ethylene carbonate−diethyl carbonate mixture) are not
thermodynamically stable at either high (>4 V) or low voltages
(<1 V). The result is that degradation ﬁlms deposit on the
electrodes. These deposits, formed from oxidation or reduction
products at the electrodes, are made of insoluble Li salts. On the
negative electrode, the deposits form a Li+-conductive but
electronically insulating thin ﬁlm called the Solid Electrolyte
Interphase (SEI).10,12,55−83 The SEI formation process irreversibly consumes Li until it is suﬃciently thick (perhaps 10−20
nm) so that the electrode no longer reduces the electrolyte.
Deposits on the positive side may not conduct Li+, and this
would lead to cell failure. Thus, while 5 V positive electrode
materials exist,84 we cannot take advantage of them until more
oxidation-resistant electrolytes or better protective coatings are
found.85
SEI ﬁlms protect the electrolyte from further reduction and
concomitant loss of capacity (Li loss) while allowing Li+ to

■

BACKGROUND
Following Huggins,53 we consider two materials AB and C that
can react according to
(1)
AB + C → A + BC
with free energy change ΔG. The sign of the free energy change
indicates the direction of the spontaneous reaction, and the
magnitude of the free energy change indicates the thermodynamic driving force for the reaction. We submerge AB and C (the
electrodes) in an electrolyte (a ﬁlter that blocks electron
transport while allowing ions to pass) and connect them to each
other with an external conducting wire (a ﬁlter that blocks ion
transport while allowing electrons to pass). Under these
conditions, Reaction 1 might take place via
AB + C → A + B+ + e− + C → A + BC

(3)

(2)

+

where B travels to C through the electrolyte and the electron
travels to C through the wire. A voltmeter placed across the
electrodes when the circuit is open will measure a voltage
diﬀerence (“open circuit voltage”, OCV) that also indicates the
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spatially resolved Li mapsin the electrolyte and in the active
materialin fresh and degraded systems that have wellcharacterized microstructures and inhomogeneities. Simultaneously,
modeling research on degradation could focus on understanding
and interpreting the impact of local inhomogeneities on
transport and reactivity in such systems. In our work, described
in the next section, we have tried to follow this line of thinking.
However, we note that until recently, there were no in situ Li
maps, no in situ strain maps, no 3D electrode or particle data, no
models dealing with real 3D data, no determinations of how Li
transports through the SEI, and in general only a very modest
interest in how nano- and microscale inhomogeneities might
interact to cause failure at the mesoscale.

transport through them. Battery degradation is often due to
failure of the SEI to perform one or both of these two required
functions, leading to loss of capacity and/or an increase of
internal impedance. In a full cell (i.e., not using a Li metal
negative electrode), such as LiCoO2 vs graphite, up to 10% of all
the Li in the cell is irreversibly consumed in forming the SEI,
which translates to a 10% reduction in cell capacity during the
ﬁrst cycle. SEI formation is a particularly signiﬁcant problem for
nanomaterials because the amount of SEI formed (loss of Li)
scales with the electrode surface area.55 Since nanomaterials have
very high surface areas, they must in general be avoided as
negative electrode materials. (They can always be studied in half
cells, where there is an unlimited supply of Li, but half cells have
no commercial value.) Nanomaterials face other challenges in
practical battery anodes, including the fact that they are often
diﬃcult to pack with acceptable volumetric density.
Once the lithiated graphite reaches the empirical formula LiC6,
it is “full”, in that no additional Li will insert. Additional electrons
pumped to the graphite react with Li+ to form electroplated Li
metal, which must be avoided because it does not form a stable
(protective) SEI and because it grows dendrites that can
puncture the separator and cause a short circuit.86

■

LI TRANSPORT AND INHOMOGENEITIES
Optical Methods. Spatially resolved in situ maps of Li in an
electrode can provide useful information about Li transport, and
optical techniques are among the simplest. We take advantage of
the fact that graphite changes color as it lithiates. When the
empirical formula of lithiated graphite reaches LiC18, it turns dark
blue from gray/black; when the formula reaches LiC12, it turns
red; and when the formula reaches the fully lithiated LiC6, it turns
gold.44,109 With this technique, Maire et al.44 showed a graphite
electrode that failed heterogeneously, with variations in SOC on
a scale of millimeters. Such heterogeneous failure suggests
diﬀerent remediation strategies than would homogeneous
failure.
A more quantitative version of this color strategy was used by
Novak’s group and by us110,111 to make the ﬁrst in situ timedependent (local SOC-dependent) maps of Li in battery
electrodes. A sequence of images, viewed from above, of a
graphite electrode in a half cell from our lab is shown in Figure 1,
while the corresponding video can be seen online.112 The images
show the “southern” edge of the graphite electrode through the
sapphire window of an optical cell; the counter Li metal electrode

■

BATTERY DEGRADATION AND FAILURE: A HIGH
LEVEL VIEW
A barrier to understanding degradation and failure in Li-ion
batteries has been the large number of failure modes that are
possible, including processes involving chemical, mechanical,
electrical, and morphological changes. For example, Kostecki and
McLarnon87 showed that conductive carbon in an electrode can
coagulate or change chemically with age, leaving some areas of
the electrode electrically disconnected. Theirs may have been
among the ﬁrst published demonstrations88,89 that microscale
inhomogeneities, not accounted for in the macrohomogeneous
models, can play a controlling role in battery degradation.
However, we note that loss of internal electrical connectivity has
also been attributed to particle fracture,90−92 to precipitation of
thick surface ﬁlms,93−95 to gas generation,96 to loss of contact
between active material and the current collector,97 to loss of
contact between the current collector and the cell housing,19 and
to degradation of the binder.98 Demonstrating whether any of
these processes actually causes macroscale degradation for a
particular cell requires the sort of microscale-to-mesoscale
measurements that are not often made.
To ﬁnd a high level organizing principle to approach the
subject of battery durability, we looked for processes common to
most failure modes and oﬀered two hypotheses:99−101
1. In an ideal Li-ion battery, the only steps that should occur
are Li moving back and forth between and into the electrodes.
Thus, fundamental studies of battery degradation could begin by
asking where the Li is and where it is going, based on the
hypothesis99 that in a failed battery the Li is not going to the right
place at the right time.
2. Materials do not in general fail homogeneously; instead,
nano- and microscale inhomogeneities interact at the mesoscale
to cause failure.102−108 We hypothesize101 that battery failure is
the result of interactions among local inhomogeneities
mechanical, electrical, morphological, or chemical. (For the
purposes of our work, we deﬁne inhomogeneities as regions with
sharply varying propertieswhich includes interfaceswhether
present by “accident” or design.)
If we accept these hypotheses, then experimental degradation
research could focus on comparing in situ, time-dependent,

Figure 1. Sequence of four optical micrographs showing the time
evolution of color in a graphite electrode, with Li traveling from the
“southern” edge traveling “north”, lithiating as it goes. (a) Initial,
delithiated. (b) Graphite mainly in the blue, dilute stage 2; taken after
approximately 6 h of lithiation. (c) Three graphite stages visible: blue
(dilute stage 2), red (stage 2), and gold (stage 1); taken approximately 3
h after the image shown in (b). (d) Two graphite stages visible: red
(stage 2) and gold (stage 1); taken approximately 4 h after the image
shown in (c). Videos showing the time dependence of the lithiation
process are available on the Internet at www.LithiumBatteryResearch.
com.
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was oﬀ screen to the south. Li+ ions transported from the Li metal
into the graphite, south to north, bringing the graphite into
successively more lithiated statesfrom blue to red to gold.
(Colors have been enhanced with Photoshop to make them
more obvious.)
Images like this can provide a variety of new insights about Li+
transport, beyond simply measuring the transport rate in a
particular electrode. In one example,113 we used the fact that
active particles in graphite electrodes swell by about 10% in
volume as they lithiate in order to answer the following question:
How is the extra swelling volume accommodated in the
electrode? At one extreme, the porosity of the electrode could
remain constant so that the electrode volume increases upon
lithiation. At the other extreme, the electrode volume could
remain constant so that the porosity decreases upon
lithiation.15,114 We used digital image correlation (DIC)
techniques to show that the average strain of the electrode was
only about 0.2% during lithiation, an order of magnitude smaller
than the strains of individual graphite crystallites.115 This result
implies that most of the swelling goes into reducing porosity. For
an electrode with porosity of 40%, perhaps a quarter of that is lost
during charging, contradicting the usual implicit assumption that
porosity and, therefore, tortuosity, conductivity, and diﬀusivity,
are constant during cycling. A spatially inhomogeneous loss in
porosity could have a strong impact on local porosity, perhaps
closing oﬀ important transport pathways. DIC also showed us
that the more lithiated (gold) areas of the electrode compressed
the less lithiated (blue) areas, even though both phases “want” to
expand as they lithiate, conﬁrming Qi’s earlier prediction116 that
the modulus of lithiated graphite increases with lithiation.
Li maps also allowed us to test the shrinking core
model.117−119 Although obviously inapplicable to anisotropic
single-crystal particles such as LiFePO4, the assumption of
internal particle isotropy, fundamental to the shrinking core
model, has been almost universally adopted in models of
polycrystalline particlesin eﬀect, assuming that internal
structures are randomly oriented and suﬃciently small compared
to the particle size so that particle interiors could be treated as
isotropic on the particle scale. However, the fact that eﬀective
bulk diﬀusion coeﬃcients extracted by diﬀerent researchers using
shrinking core model analyses vary by some orders of magnitude
for graphite120 already suggests that this assumption may be a
poor one. Images of the interior of ∼10 μm diameter graphite
and LiCoO2100 particles in Figure 2 suggest why: the internal
grains for these layered materials are in fact not especially small
compared to the particle size, so that internal variability does not
necessarily average out. Furthermore, the presence of internal

porosity suggests that calculations of internal stress and fracture
strength made without some knowledge of its interior microstructure may be of limited validity.100 A particle’s performance
thus depends not only on fundamental properties of graphite but
also on the way its nano- and micro-scale internal subunits are
oriented and connected to each other at the mesoscale.
The isotropy assumption predicts that the state of charge on
the surface of a spherical particle must be uniform. That
translates to a prediction for spherical graphite particles that their
external surfaces are monochromatic (gray/black, blue, red, or
gold). Our in situ optical images119,121 of lithiating ∼10 μm
spherical mesocarbon microbeads (MCMBs) show instead that
particles lithiate gradually from “hot spots” that expand over the
surface until they cover the particle (Figure 3). This observation
is readily rationalized using a microstructural model of MCMB
particles in which the hot spot location depends on the internal
microstructure of the graphite.119

Figure 3. SOC variation on the surface of individual spherical particles;
some regions in particle form hot spots (intensely colored areas). These
hot spots expand until particles are fully lithiated. Note also that while
the average state of charge is highest near the “southern” edge there is
widespread variability in the local state of charge.

Three-Dimensional Techniques. A more detailed understanding of transport among and within particles requires 3D
structural data.101,122−126 Two of the most powerful approaches
for obtaining 3D information are tomography and serial
sectioning. Each technique has advantages and limitations, and
with either technique, a trade-oﬀ must be made between higher
spatial resolution and larger ﬁeld of view. The former may be
appropriate for studying the internal structures of a small number
of particles, while the latter may be required for analyzing
statistically signiﬁcant volumesthat is, volumes large enough to
be representative for a particular property such as porosity.124
X-ray Tomography. In our initial X-ray tomography (or nanoCT) work122 we examined the graphite electrode from a
commercial laptop battery. We reconstructed an 86 μm
(electrode thickness) × 348 μm × 478 μm sample with voxel
(3D pixel) dimensions of 480 nm (Figure 4a) and focused on
identifying homogenization scales. We deﬁne the homogenization scale for a particular parameter, such as the volume-speciﬁc
surface area, as the smallest representative volume element
(RVE) for which the parameter value does not depend strongly
on the volume element size or location. The standard deviation
of the volume-speciﬁc surface area was about ±50% for volume
elements with dimensions 11 μm × 15 μm × 15 μm, containing
just a few particles. For volume elements at least 45 μm × 60 μm
× 30 μm, containing perhaps 50−100 particles, the standard
deviation was less than ±15%. This result suggests that an RVE in
a ﬁnite element (FE) calculation built from 10 μm particles
should have ∼100 particles for the internal surface area to be
represented accurately. Naturally, the minimum RVE size
depends strongly on the parameter that is being represented.

Figure 2. SEM images of cross sections of a focused ion beam (FIB)-cut
graphite particle (left) and a FIB-cut LiCoO2 particle (right) taken from
the same commercial battery. The internal structures, with characteristic
structure and pore sizes of −2 μm and above, are not especially small
compared to the dimensions of the particles, about 10 μm.
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Figure 5. Calculated porosity and tortuosity for 12 subregions (43 μm ×
80 μm × 100 μm) from the graphite electrode shown in Figure 4.
Figure 4. (a) Individual slice from the X-ray tomography sequence of a
commercial graphite electrode. (b) Rendering of 300 individual
tomography slices (dimensions 43 × 348 × 144 μm).

will be avoided by approaching Li+ ions, leading to ineﬃcient
charging and discharging there. As a result, the rest of the
electrode will experience a higher than average current density,
which lowers its capacity and life. On the other hand, subregions
such as #11, which have especially low tortuosities, will be sought
out by approaching Li+ ions and will experience high current
densities (in the example shown about twice the average). Cells
run at high current density inevitably show decreased capacity
and degrade prematurely, by local plating on the negative
electrode (Plating occurs at negative local overpotentials.
Diﬀerent from plating on a metal surface, Li plating occurs in
competition with insertion, which is an activated process, so
plating is more likely to occur at low temperatures.) or by local
overcharging (electrolyte oxidation or damage to the active
material) on the positive electrode. Thus, the speciﬁed maximum
safe current density and SOC are reduced for a cell with
heterogeneous electrodes to avoid failure at outlier points.
While tortuosity variability will certainly lead to variability in
the local current density, the magnitude of the impact can best be
evaluated with an electrochemical model of a real electrode.134
The ﬁrst electrochemical model capable of importing real 3D
data was built by Garcia et al.123 and was used to assess the
importance of microstructural inhomogeneities on mesoscale
transport in our graphite electrode. The analysis predicts the
existence of at least three microstructural populations within the
electrode, namely, (1) a dendrite-favoring population, (2) a
mean ﬁeld population, and (3) an electrochemically isolated
population. The analysis also shows that surface roughness and
features with a small radius of curvature favor lithium
accumulation, low galvanostatic potentials, and dendrite
nucleation and growth. The same features also favor mechanical
failure from high stress. Surface grains oriented along the low
diﬀusivity axis will signiﬁcantly increase the risk for lithium
deposits and localized tensile states of stress. In addition, closed
pores increase the macroscopic electrical impedance of the
electrode and suppress the local lithium diﬀusivity. At
moderately high current densities, Garcia et al. calculated that
up to 50% of the electrode could be isolated or could develop
dangerously low electrochemical potentials, demonstrating that
tortuosity variability is a critical aspect in electrodes, aﬀecting not
only the macroscopic power density but also the long-term
durability.
FIB-SEM. Serial sectioning using a focused ion beam with SEM
imaging (Focused Ion Beam Scanning Electron Microscope,
FIB-SEM) provides resolution limited only by the SEM. With an
electron backscatter diﬀraction (EBSD) attachment, the internal
grain structures and orientations are available,126 and with EDX

For tortuosity, even our entire sample appears not to be large
enough.
Tortuosity127 τ is not uniquely deﬁned in three dimensions,
but in the battery ﬁeld it is taken to be the parameter that
connects porosity ε to transport parameters. It is deﬁned by the
equation

Deff =

⎛ ε ⎞ bulk
⎜ ⎟D
⎝τ⎠

where Dbulk is the Li+ diﬀusion coeﬃcient in bulk electrolyte and
Deff is the eﬀective diﬀusion coeﬃcient for transport through the
pores of an electrode. The same value of τ is used to scale the
conductivity. τ can be ﬁt to transport data, typically taking a value
in the range 3128 to 5,129 or it can be estimated based on an
assumed relationship with porosity. In the battery ﬁeld the
(modiﬁed) Bruggeman relationship
1
A
τ ∝ 0.5 or τ ∝ B
ε
ε
is used, but Shen and Chen130 list about a dozen such
relationships. They all have in common the property that, for
random pore arrangements, tortuosity increases when porosity
decreases. Finally, if the full 3D electrode microstructure is
known, τ can be evaluated with an FE or other type of analysis,131
comparing the calculated transport time through the electrode
with the calculated transport time through the same distance in
the absence of the electrode.101,132
The possibility that local variability in tortuosity could be
important has only recently been raised in the Li battery
literature,101 although it has been analyzed in other ﬁelds.131,133
To quantify the variability, we divided the graphite electrode into
subregions of about 43 μm (thick) × 80 μm × 100 μm and
calculated the tortuosity for each of them. The results of our FE
calculations for 12 such subregions are shown in Figure 5.
Although the resolution of 480 nm is not suﬃcient to resolve the
smaller pores, Landau127 demonstrated that the tortuosity is
determined primarily by the larger pores since they carry nearly
all of the current from the front to the back of the electrode. (The
nanopores can, however, have a large inﬂuence on the local
kinetics.)
We suggest that there is a signiﬁcant impact on battery
durability from the outlier subregions shown in Figure 5.
Subregions such as #3, which have especially high tortuosities,
6485
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local composition can be determined135 (although the most
important species, Li, is not detectable this way). One obvious
drawback is that the technique is destructive. A more subtle
diﬃculty is that it is not in general possible to reconstruct a 3D
porous material from a series of 2D images because the surface of
a cut through a porous material is rough. Thus, diﬀerent pixels in
a single 2D image may refer to material at diﬀerent heights,
violating an assumption of the reconstruction algorithm. The
most common solution is to ﬁll the pores with an epoxy or other
material so that the sample is no longer porous, and all pixels in
an image refer to points at the same height. If the sample material
is distinguishable from the epoxy in the 2D images, and if the
insertion of the epoxy does not change the microstructure, then a
faithful 3D reconstruction is possible.
In our work we examined a LiCoO2 electrode126 from the
same battery as the graphite electrode discussed above. Because
of the high spatial resolution used here, only a relatively small
volume was interrogated, but we obtained a detailed view of the
particle shapes and internal microstructures. Two related
observations stand out. First, the presence of (black) epoxy
threading its way through particles demonstrates that the
electrolyte has access to particle interiors126,135 via cracks, even
in this brand new cell (Figure 6a), although transport through the

little experimental information about Li transport mechanisms
through the SEIhow the SEI actually functionsalthough at
least three diﬀerent mechanisms have been proposed.10,76,137 In
addition, we are not aware of any measurements of the electrical
conductivity of an SEI ﬁlm,10 which ideally should be zero but is
clearly not, since SEI ﬁlms inevitably grow. In fact, while
tunneling is commonly invoked as a mechanism for electron
transport through the SEI,10,138,139 a thickness of 10 or 20 nm
indicates that it must be combined with other mechanisms, as
suggested by Qi.140 To understand battery degradation, we need
mechanistic information about how SEI ﬁlms fail. For example,
increased SEI impedance is generally ascribed to its thickness
increase,141,142 as opposed to possible eﬀects of changes in its
chemical composition and morphology. There is, thus, little
evidence to suggest which chemical components, morphologies,
or mechanical properties of an SEI ﬁlm might be “good” or “bad.”
For our initial study of Li+ transport in the SEI,75 we used
tracer techniques to follow the transport of ions through the solid
phase. To simplify the interpretation of our results, we set up
experiments that measured Li+ diﬀusion, but not migration, and
that allowed Li+ transport into and within the SEI, but not
through it. Brieﬂy, we grew SEI ﬁlms potentiostatically at 0.4 V
on a Cu foil substrate in a coin half cell using natural abundance
7
LiClO4 as the electrolyte salt. When the current density fell
below 1 μA/cm2, we removed the foil and rinsed it for a few
seconds in DMC to wash away excess LiClO4.143,144 We then
dipped the rinsed SEI for a few minutes in a second electrolyte
solution with 6LiBF4 salt, changing both the cation and the anion.
During the dip, BF4− and 6Li+ ions diﬀused into the SEI. Finally,
we rinsed the sample to remove excess 6LiBF4, transferred it
without exposure to air to a TOF-SIMS, and depth proﬁled
through the SEI.
The results for boron are shown in Figure 7a. The SEI
thickness is approximately 20 nm, and the boron proﬁle (B+ or
BF4−) falls to the baseline within 5 nm. We interpret this to mean
that the top 5 nm of the SEI ﬁlm is porous, at which point it
becomes at least locally dense. TOF-SIMS depth proﬁles show
that this outer SEI region is composed largely of polymeric and
organic Li salts, chemically distinct from the more inorganic
region below it. The presence of a peak for Li2CO3 (conﬁrmed by
TOF SIMS, TEM, and XPS)71 at 5 nm suggests that this species
or a related one might end the porous region and prevent the
boron from penetrating more deeply.
The diﬀusion of 6Li+ into the SEI shows a very diﬀerent proﬁle,
with the 6Li/7Li isotope ratio proﬁle plotted in Figure 7b. 6Li+
and BF4− must diﬀuse together to maintain charge balance in the
electrolyte, but in the non-porous part of the SEI charge balance
can be maintained if any 6Li+ ions that enter are balanced by an
equal number of 7Li+ ions that leave, in eﬀect exchanging
isotopes. (Because Cu does not react with Li, there is no ﬂux
through the SEI.) This logic means that no voltage-driven
process aﬀects our measurements since there can be no electrical
driving force to exchange isotopes, as Ogletree pointed out
(private communication). Thus, the isotope exchange process
that we measure must be driven exclusively by diﬀusion
(entropy).
To interpret this rather complex proﬁle Shi et al.78 suggested a
two-zone model in which the dense zone below 5 nm was
assumed to be crystalline Li2CO3. DFT calculations showed that
the dominant defect in this material is interstitial Li and that the
dominant diﬀusion mechanism combines transport via interstitials and Li exchange via a concerted “knock-oﬀ” process, in
which incoming interstitial 6Li+ ions displace lattice 7Li ions. The

Figure 6. (a) SEM image of a cross section of a LiCoO2 electrode. Black
areas show the location of the epoxy added to the electrode for purposes
of making the FIB-SEM images. Note that the epoxy can enter the
interior of the particles. (b) Three-dimensional reconstruction from (a)
of an individual LiCoO2 particle. Note the presence of deep crevices and
other concave regions that are not obvious from the 2D cross section.

bulk and through mesopores is likely also taking place. Second,
we found that the particle shapes are much more complex than
might be inferred from looking at 2D images. On the whole,
these particles appear convex in Figure 6a, suggesting that
ellipsoids could be a good approximation to their shapes.
However, this impression is an illusion because it does not take
into account that many of these 2D “ellipses” are actually
connected in the third dimension. Thus particles can have large
concave surfaces and deep crevices, such as the particle shown in
Figure 6b, which is reconstructed directly from images like Figure
6a. On the basis of these two observations, together with the
images in Figure 2, it is clear120 that transferable solid phase
diﬀusion coeﬃcients cannot in general be extracted from a simple
1D analysis of the kinetics of lithiation.
Isotope Tracer Experiments. As previously mentioned, SEI
ﬁlms have two crucial functions in Li-ion batteries: preventing
the negative electrode from reducing the electrolyte and
permitting Li+ ions to pass through them. There is extensive
literature on SEI ﬁlms,34,39 but until recently, almost all of it
focused on just three SEI properties: its composition, its
formation mechanism, and its impedance. (We note that there
is evidence that the impedance that is assigned to the SEI might
have contributions from other sources.136) In contrast, there is
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current to decay. Our procedure allows us to determine how an
SEI that formed, for example, at 0.7 V evolves when the voltage is
lowered to 0.5 V, and it may be representative of the very slow
formation process used for commercial cells. Depth proﬁles and
SEM images were made for each sample.
From Figure 8a, the SEI thickness, deﬁned by the presence of
Li, increased signiﬁcantly as the voltage was lowered. At the same
time, the porosity proﬁle, Figure 8b, extended all the way through
the ﬁlm for voltages of at least 300 mV. (This result, using LiPF6
salt, diﬀers from that described above, where we used LiClO4; in
that case, the ﬁlm became mostly dense by 400 mV.) However,
when the voltage is lowered to 25 mV, the porosity proﬁle shrank
so that only the ﬁrst ∼5 nm of the ﬁlm was porous. This suggests
that the dense material in the SEI was formed after the porous
material, even though the dense material was “below” (closer to
the substrate) the porous material. The shrinking of the porosity
proﬁle also suggests a conversion of the near-surface porous
material to a denser and more reduced material. Simultaneously,
the morphology changed dramatically with ﬁnal voltage, to a
dense but cracked (from gas generation, we believe) structure,
Figure 8c.
The great majority of SEI studies reported in the literature
examined ﬁlms grown on (realistic) electrode particles, while in
our work we studied model SEI ﬁlms grown on Cu. It is
legitimate to ask whether the SEI ﬁlms we grew are representative
of those grown on graphite or other insertion materials. While we
cannot give a deﬁnitive answer to this question, we oﬀer the
following thoughts. (1) Our composition measurements on Cu
agree generally with the widely varying compositions observed
on graphite. (2) While SEI ﬁlms grown on the basal planes and
prismatic edges of graphite are quite diﬀerent, the conductivity of
graphite in the direction normal to the basal plane is low. This is
not the case for either of the prismatic edges of graphite or for Cu.
(3) Models of SEI formation74,83 do not take any account of
surface properties yet do a good job explaining the species found.
(4) Use of Cu, which does not insert Li, allows us to focus on
diﬀusion into and within the SEI, while excluding eﬀects of
insertion. Thus we can be certain that the changes that we see in
the SEI at voltages near 300 mV are not related to insertion into
anodes, which typically begins in the same voltage range.

Figure 7. TOF SIMS depth proﬁles of (a) 11B+ and 7Li2O+ and the (b)
6
Li:7Li isotope ratio in an SEI ﬁlm grown in an electrolyte with 7LiClO4
salt; after immersion in 6LiBF4 electrolyte. 11B+ and 7Li2O+ intensities
have been normalized to total ion counts, but the isotope ratio values are
absolute.

■

barrier for this knock-oﬀ mechanism is only 0.3 eV, signiﬁcantly
below that of other possible transport mechanisms such as
hopping. This model explains why the isotope ratio grows
without limit within the bulkbecause 6Li replaces 7Liand
why the isotope ratio falls with depth into the SEI bulk. The
intermediate isotope ratio value in the porous region, which is
chemically distinct, can be explained if the isotope exchange
process there is slower than in the dense part of the SEI. Finally,
the high average values for the isotope ratio show that the bulk
SEI participates chemically in the transport process. For example,
our results are not consistent with a process in which diﬀusion
occurs only via grain boundaries.
For our SEI morphology studies we again used SEI ﬁlms
grown on Cu foil. Four sets of SEI ﬁlms were formed and studied.
The ﬁrst cell was discharged galvanostatically to 0.7 V and held at
this voltage until the current density dropped to <1 μA/cm2. The
second cell ﬁrst went through the same procedure as the 0.7 V
sample, but after the current dropped below 1 μA/cm2 at 0.7 V,
we discharged it to 0.5 V and held it there until the current again
dropped below 1 μA/cm2. Analogous procedures were employed
to form SEI ﬁlms at 0.3 and 0.025 V. This procedure may well
produce a diﬀerent material from an SEI formed by initially
setting the voltage at a single value, e.g., 0.025 V, and allowing the

TOWARD BETTER LI-ION BATTERIES
Homogeneous porous electrode models6,22 have provided
invaluable tools for improving the performance of Li-ion
batteries, but the model was not designed to predict durability.
We propose that degradation be understood by explicitly
considering eﬀectsbeneﬁcial or deleteriousof local inhomogeneities on Li+ transport at larger scales. The value of this
hypothesis, if true, is that it gives a straightforward prescription for
making more durable batteries: control the number and intensity
of heterogeneities. While this approach is widely used to make
other materials more durable, it is not discussed in the context of
Li-ion battery failure.86
There is a clear relationship in automotive systems between
durability and energy density since durability is achieved partly
by oversizing the battery. However, we propose that there is also
a more subtle relationship: that the same reduction in variability
that can make batteries more durable can also permit an increase
in energy density without reducing power density.
Increasing energy density is a top priority for vehicle batteries
since a higher energy density translates directly to a greater range.
Current research focuses on new electrode chemistries with
higher capacity and voltage, but the energy density is the product
6487
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Figure 8. Measurements of SEI ﬁlms grown at (I) 0.7 V; (II) 0.5 V; (III) 0.3 V; and (IV) 0.025 V. (a) Composition depth proﬁles (Li 1s). (b) Porosity
depth proﬁles of SEI ﬁlms. (c) SEM images of SEI .

hexagonal close-packed arrangement (opal structure), ﬁlling up
to 74% of the volume, compared to ∼60% in a conventional
electrodean improvement of almost 25%. At the same time,
the tortuosity of this structure has been measured132 to be
between 2 and 3, signiﬁcantly below that in many electrodes.
Because of the lower τ, thicker electrodes with less inactive
components such as current collectors and separators can be
made without sacriﬁcing power. Most important from the point
of view of our work, we expect that such high energy density cells
would experience fewer failures from outlier inhomogeneities
such as those shown in Figure 9a or described in Figure 5.

of three terms: energy density = charge capacity (Ah/kg) ×
voltage × mass density (kg/L). The third term oﬀers as great an
opportunity to improve energy density as the ﬁrst two
terms.145−148 (Volumetric energy density is more important
than gravimetric energy density in commercial systems.) The
trade-oﬀ between porosity and tortuosity discussed above would
seem to preclude increases in density without sacriﬁcing power,
but the inverse tortuosity−porosity relationship is a consequence
of using a random microstructure, such as shown in Figure 9a.
There is no reason in principle that designed microstructures
cannot have simultaneously lower porosity (higher energy
density) and lower tortuosity (higher power).145−148 A simple
example of a designed microstructure is shown in Figure 9b,
where monodisperse marbles self-assemble into an approximate
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