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materials offers a promising strategy to increase the energy storage g 204\
capabilities of Li-ion batteries, potentially making them suitable for 215
electric vehicles. Nanosizing, which increases surface area, enhances §
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become excellent storage materials. We suggest novel surface
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storage mechanisms to explain these phenomena. First-order phase g2y B2 4 }L,ETE? at.f\hfflﬂrface
transitions, which are responsible for the batteries' constant voltage o, B2 4 A
output, are partially suppressed at the nanoscale. So far the T 8 o T
morphological changes during the phase transition remain undear. Y ;‘% !

A complete understanding of the equilibrium and non-equilibrium e

properties of a collection of nanosized electrode particles within an LiosTiO,in the bulk

actual electrode remains a formidable challenge.

In this Account, we describe the efforts toward understanding the effects of nanosizing and its applications in representative
insertion materials. We are particularly interested in the mechanisms and properties that will help to increase the energy storage of
Li-ion batteries. We review and discuss the nanosize properties of lithium insertion materials, olivine LiFePQ,, and titanium oxides.
Although nanosizing intrinsically destabilizes materials, which is potentially detrimental for battery performance, the relative
stability of oxide and phosphate insertion compounds makes it possible to exploit the advantages of nanosizing in these materials.
The larger capacities and typical voltage profiles in nanosized materials appear to be related to the surface and interface properties
that become pronounced at the nanosize, providing a potential means of tailoring the material properties by partide size and shape.

The large irreversible capacity at the surface of some materials such as titanium oxides represents a disadvantage of
nanosizing, but research is suggesting ways to resolve this problem. The changes in the first-order phase transition upon
(de)lithiation could be related to the interface between the coexisting phases. At these interfaces, concentration gradients and strain
lead to energy penalties, which significantly influence the thermodynamics of nanomaterial grains. However, it is less clear what
nanoscaling effects predominate in the large collection of particles in actual electrodes. The complexity of these materials at the
nanoscale and the difficulty in observing them in situ pose additional challenges. Future demands for stored electricity will require
significant research progress in both nanomaterials synthesis and in situ monitoring,

1. Introduction: Energy Storage in Li-lon
Batteries

One of the main challenges of our society is the energy
transition from fossil fuels toward renewable electricity
sources such as wind and solar power. A key prerequisite for
this transition is effident electricity storage to facilitate the
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compensation of the difference in supply from renewable
sources and the demand, and improvement of the stability of
eledtrical grids. In addition, efficient electricity storage is required
for electrical mobility for hybrid and electric vehidle applications.

Electrochemical storage is attractive, having very high
storage efficiencies typically exceeding 90%, as well as
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FIGURE 1. Schematic principle of a Li-ion battery.

relatively high energy densities. Application of Li-ion bat-
teries in hybrid and electrical vehicles and static storage is
emerging; however, improved performance and cost, com-
bined with safety, are required. This has initiated worldwide
research for Li-ion electrode materials that combine desir-
able properties such as high energy and power density, low
cost, high abundance of elements, and electrochemical
stability. In the current generation Li-ion batteries, insertion
materials that reversibly host the lithium in the crystal
structure form the most important class of electrodes.
Although the future of Li-ion batteries looks bright, it should
be noted that availability of a number of relevant transition
metals and possibly lithium itself is a topic of interest.

In a Li-ion battery, two insertion material electrodes with
a difference in lithium chemical potential (change in free
energy upon Li addition) are in contact through an electro-
lyte (ionic conductor and electronic insulator), see Figure 1.
The lithium will flow from the insertion material in which Li
has a high chemical potential toward the electrode in which
Li has a low chemical potential. Only Liions can flow through
the electrolyte, and the charge compensation electrons have
to follow the Li ions via the external circuit, which can be
used to power an application. By application of a higher
electrical potential than the spontaneous equilibrium open
circuit polarization, the process can be reversed. High energy

5-150 nm

~um

& .. %

density requires a large specific capacity of ions in both
electrodes and a large difference in chemical potential. High
power requires both electrons and Li ions to be highly
mobile throughout the electrode materials and electrolyte.

It is generally assumed that the charge transport through
the battery, both ionic and electronic, is limited by the
electrode material. Typical insertion materials include tran-
sition metal oxides and phosphates, which are poor elec-
tronic conductors (semiconductors) and poor ionic conductors.
Recent research has focused on nanosizing of electrode
materials holding the promise of larger (dis)charge rates
because it reduces the length of the rate-limiting diffusion
pathway of Li-ions and electrons through the electrode
material. The downside of the large surface area of nano-
structured materials is the relative instability of nanomater-
ials promoting electrode dissolution and the increased re-
activity toward electrolytes at voltages below 1 V vs Li/Li",
which may adversely affect the Li-ion battery performance.
Another potential disadvantage is the less dense packing
leading to lower volumetric energy densities. Among the
materials that benefit from the possibilities of nanosizing are
the relatively stable transition metal oxides and phosphates
operating well within the stability window of the electrolyte.

Numerous recent observations indicate that nanosizing
electrode particles has large intrinsic impact on materials
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FIGURE 2. Voltage profiles of different particle sizes for LiyFePO,, anatase Li,TiO,, and spinel Liy, 4 TisO1>. Figure 2c reprinted with permission from

ref 5. Copyright 2009 American Chemical Society.

properties'? creating both opportunities and challenges for
enhanced Li-ion storage. These observations include smear-
ing out of the voltage profile3>~> (see Figure 2), changing
solubility limits and phase behavior®®~2 (see Figure 3), un-
expected kinetics,” and larger capacities”'°~'3 (see Figure 2).
The fundamental question is: are these changes simply due
to the more abundant surface area and the trivial shorter
diffusion distances, or does nanosizing additionally alter
critical materials properties such as defect chemistry and
thermodynamics in a nontrivial way? The practical question
directly linked to the fundamental question is how these
altered nanomaterial properties can be used to improve
battery performance.

Recent year's observations in nanosized insertion materi-
als for Li-ion batteries have led to much more insight into the
impact of the nanosizing. However, it remains difficult to distill a
coherent picture. This Account aims at bringing together
recent observations in key insertion electrode materials in
an attempt to formulate a coherent integrated picture of
nanosize effects in insertion materials and their potential to
improve battery performance. The materials discussed indude
olivine LiFePO, (positive electrode), anatase/rutile/broo-
kite/bronze TiO,, and spinel Li4TisO; > (negative electrodes).
The discussed size-dependent phenomena appear to be a
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general phenomenon for two-phase intercalation systems
as indicated by results on Li,TiO, and MgH, systems.” 41>
We start by reviewing the nanosize effects of the individual
electrode materials first, followed by a discussion integrating
the observations, and a discussion of the potential applica-
tion of nanoeffects to improve Li-ion battery performance.

2. Olivine Li,FePO,

Being chemically very stable and cheap Li,FePO4 (0 <x< 1),
proposed by Padhi et al.'® in 1997, has received consider-
able attention. Upon charging, a first-order phase transition
occurs by nucleation of the Li-poor Liy FePO, triphylite in the
Li-rich LiXﬁFePO4 heterosite phase where x, ~ 0 and xz ~ 1.
The two-phase equilibrium is responsible for the constant
voltage during (dis)charge in large particles as shown in
Figure 2a. The initial hurdle of poor intrinsic electronic
conduction was overcome using small particles in combi-
nation with conductive phases.'”'® The next improve-
ment, further nanosizing in combination with ionic conduct-
ing phases, resulted in unexpectedly fast kinetics.'® This
raised the question whether the nanosize improvements
are caused by intrinsic changes in material properties or are
simply due to the shorter diffusion distances through nano-
sized solid state.
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FIGURE 3. The structural impact of nanosizing in the various insertion materials determined by neutron diffraction. (a) Calculated solubility limits in
olivine LiyFePO, based on the diffuse interface in excellent agreement with the diffraction data.® (b) Solubility limits in anatase Li,TiO, where o, 5, and
y represent anatase, lithium-titanate, and LiTiO, respectively. (o) + (8) and (o + f) refer to the situation that each particle either has phase o or 8 and
that both phases coexist within one particle, respectively. (c) Li occupancy of the 8a (closed symbols) and 16c (open symbols) sublattices in spinel
Lis,xTisO12. Reprinted with permission from ref 5. Copyright 2009 American Chemical Society.

Down sizing LiFePO, crystallites has a noticeable effect
on the (dis)charge voltage profile as observed in Figure 2a.
Explanations for the distribution of voltages in literature are
(1) a reduction of the miscibility gap for smaller particle sizes
due to strain,?° surface energy,?' and the (diffuse) interface
energy®?? and (2) a distribution of voltages due to a dis-
tribution in nanoparticle size.>>**

(1) The solubility limits during the insertion reaction in LiFe-
PO, have been under intensive research,3620-2225-28
demonstrating narrow solid solution domains (x, ~ 0
and xz ~ 1) in micrometer size particles at room
temperature®” and a solid solution over the entire
compositional range above 520 K.>2° Yamada
et al.*’ reported extended solid—solution composition
ranges in small particles, and a systematic decrease
of the miscibility gap was suggested due to strain
based on Vegard's law.> Kobayashi et al.° isolated
solid—solution phases, also supporting a size-dependent
miscibility gap. Theoretical work indicates the

importance of the diffuse interface,?* strain,>>*° and in-

terface energy,?' all increasing the energy of the
coherent interface between the coexisting phases
as shown schematically in Figure 5. Burch et al.*?
showed that in theory a coherent but compositional
diffuse interface is able to destabilize the two-phase
coexistence, predicting a size-dependent miscibility
gap.>? The diffuse interface also appears an essential
ingredient for the prediction®' of the experimentally
observed layer-by-layer intercalation in LiFePO 43234
(domino-cascade model®?), although this model pre-
dicts that the diffuse interface is not observed. Re-
cently it was shown that the diffuse interface also
predicts the observed composition dependence of the
miscibility gap, which is observed below particle sizes
of 35 nm.2 The resulting calculated phase-size dia-
gram is shown in Figure 3a. These results indicate that
in the nanoscale phases are not independently estab-
lished but linked through their mutual interfaces and
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require Li transport between the two phases when the
overall composition changes by (dis)charging.

Surface free energies become increasingly important
in affecting voltage profiles as electrode particles
approach nanometer dimensions. The plateau volt-
age of a first-order phase transformation depends on
arystallite dimensions*>2?* as demonstrated schemati-
cally in Figure 6. A distribution of crystallite sizes
consequently leads to a spectrum of transformation
voltages that produces a sloping voltage profile simi-
lar to that of a solid solution,?>**also explaining the
observations in Figure 2.

(2

~

3. Li, TiO> (Anatase, Rutile, TiO>(B), and
Brookite)

The inherent safety and stability of titanium oxides working at
potentials around 1.5 V toward the electrolyte make these
materials attractive candidates for the negative Li-ion elec-
trodes, albeit with a loss in battery energy density. These
materials show great promise'®~'23>3¢ in particular upon
nanosizing, having increased reaction areas, shortened Li-ion
diffusion paths, and enhanced Li solubility and capacity. Several
polymorphs exist, the most common in relation to lithium
storage being anatase, rutile, bronze B, and brookite. Here we
review these phenomena explicitly illustrated by anatase, but
continuously referring to analogous observations in other
polymorphs.

The altered voltage and phase properties shown in
Figures 2b and 3b indicate that the thermodynamics of
insertion in anatase is strongly affected by the crystal particle
size.*7191535 The increase of the surface area has profound
impact on the storage properties. A different Li-storage
mechanism appears to occur at the surface” leading to the
composition LiTiO,, fully utilizing the Ti**/4* redox couple,
not observed in bulk material. Figure 3b shows that a particle
size of 7 nm can completely be transformed toward tetra-
gonal LiTiO,. Down to ~3 nm deep, the surface allows
lithium storage exceeding the orthorhombic Li.o sTiO> com-
position, which is responsible for the larger reversible
(dis)charge capacities observed,*'" illustrated by Figure 2b.
Similarly, in TiO,(B),'? rutile,'® and brookite,>” the storage
capacity increases with decreasing particle size, suggesting
similar surface environment enhanced Li storage. Also con-
sistent with such a surface storage mechanism is the ob-
servation of pseudocapacitive behavior in TiO,(B).>®

The impact of size is immediately visible in Figure 2b
where the voltage profile is shown for different particle sizes
1210 = ACCOUNTS OF CHEMICAL RESEARCH
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of anatase TiO,. The region where the voltage is constant
reflects the first-order phase transition from Li-poor anatase
Lix ~0.025TiO> to Li-rich lithium-titanate Liy ~o5TiO2,>%*°
consistent with the phase—size diagram’ in Figure 3b at
large particle sizes. A remarkable observation is that the
Li-ion solubility in the various phases depends systematically
on the crystal particle size, shifting the miscibility gap rather
than decreasing it. The 120 nm anatase crystals can host
approximately Li/Ti = 0.03; however, the 7 nm particles are
able to host up to Li/Ti = 0.21 while maintaining the anatase
structure. The disappearance of the voltage plateau for smaller
particle sizes has been related to these changing solubility
limits.*” The more curved shape of the voltage profile for
nanosized materials appears to be a general phenomena in
the various TiO, polymorphs such as rutile,'® TiO,(B),'? and
brookite,>” and also the higher Li-ion solubility has been
observed in nanostructured rutile,*' suggesting that similar size
effects play a role in these materials.

Another interesting observation is the different phase
behavior in particle sizes above and below ~80 nm referred
to as (o + f) and (o) + (B) in Figure 3b. Large particles appear
to be able to host both phases within one crystallite; small
particles have either the Li-poor anatase or lithium-titanate
phase. The origin of this was suggested to be the prevention
of intraparticle coexisting phases and the associated phase
boundary, that is, preventing the resulting energy penalty
due to interface energy and strain. The absence of the
interface rules out the interface energy effects on the solu-
bility limits as discussed for LiFePO,4. However, here the shift
in solubility observed in Figure 3b is fully consistent with the
impact of surface energies as shown in Figure 6.

Upon nanosizing, all TiO, polymorphs suffer from a
substantial irreversible capacity loss on the first cycle that
appears to scale with the surface area,*'°'23#42 compro-
mising the use of nanostructured materials. Generally, the
irreversible capacity loss is attributed to trapped lithium in
the host structure®® or decomposition of the electrolyte and
SEI formation.** However, titanium oxide surfaces are well-
known for H,O and OH physisorption and chemisorption,
forming strong Ti—O—H type bonds. We have shown that
this explains the irreversible capacity loss by the formation
of Ti—O—Li at the surface of amorphous TiO, where Li*
exchanges with H", which reduces the electrolyte.*?

4. Spinel Li;Ti501>
In 1994, Ferg et al. first described the possible application of
this compound as an electrode material in a secondary Li-ion



battery.*> The disadvantage of a high voltage of ~1.55 V
versus Li metal compared with anode materials like graphite
is compensated by the material's safe operation, high rate
capability, low cost, and excellent recyclability. The latter is
attributed to the minimal decrease in unit cell volume of only
0.2% between both members LisTisOq> and Li;TisO¢5. In
Li4TisO4,, abbreviated LTO, all tetrahedral 8a sites are
occupied by lithium, resulting in (Lis)galLi; Tisl164(012)32e-
Upon Li insertion, the 16c sites are gradually filled and the
8a sites emptied, resulting in the end composition [Ligl;ec-
[Li; Tisl164(012)32e. This process takes place with a very
constant potential over almost the complete capacity, which
is generally attributed to a two-phase coexistence of the end
members during insertion.*¢~*8 Although during insertion
this picture is correct, it has been demonstrated that in
micrometer sized Lig, »TisO15 two-phase separation is un-
stable above 80 K*° and domains of 16¢ occupation and 8a
occupation intimately mix at a nanometer length scale.>®
This appears as a solid solution for diffraction and the open
circuit potential.* The structural relaxation may be rational-
ized by the zero-strain property. The very low interface and
strain energy imposed by the coexisting phases facilitates
mixing of the two phases on a small scale. This leads to a
solid solution electrochemical response at relative low tem-
peratures (above 80 K). In this context the zero-strain prop-
erty of LTO is very interesting because it offers the possibility
to study nanosize effects in the absence of strain and inter-
face energy, unlike the previously discussed materials.
Particle size dependent electrochemical properties of the
LTO spinel were systematically investigated by Kavan
et al.>! Using LTO particles ranging from 1 um to 9 nm in
thin electrode films, they found an optimum battery perfor-
mance for particles at ~20 nm (~100 m?/g) at a voltage
interval of 2.5—0.9 V. Of additional interest is the presence of
lithium compositions larger than Li; TisO4> when the applied
potential is as low as 0.01 V.>2 This is corroborated by ab
initio calculations®? showing that it is possible to obtain an 8a
Li occupation in an all 16¢ framework up to a theoretical
composition of LigsTisO¢2. However, additional lithium in-
corporation was predicted to lead to a negative and there-
fore impossible to achieve intercalation potential. Recently
we directly observed an increased capacity at positive
potential with decreasing particle size, exceeding Li;TisOq>
(Figure 3c). Neutron diffraction proved simultaneous occu-
pation of both 8a and 16¢, which explains the addi-
tional capacity. Furthermore, the additional capacity was
suggested to reside mainly near the surface, explaining the
increasing capacity with decreasing particle size.” The observed
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distortion of the TiOg octahedra effectively screens the
Coulomb repulsion between 8a and 16c Li* charges, lowering
the energy. Apparently such distortion is energetically more
favorable near the oxygen-terminated surface compared with
the bulk, making significant simultaneous occupation of 8a and
16c¢ only possible near the surface. Such oxygen-rich surfaces
would also explain the relative high voltages of the first inserted
capadity as well as the additional capacity at low potential that
scales with the partide surface. However, too high surface
lithium storage was found to result in irreversible capacity loss,
most likely due to surface reconstruction, creating a thin layer of
inactive material.>>° This rationalizes the existence of an
optimal particle size® since such loss becomes relatively more
important for smaller particle sizes.

5. Discussion: Size Effects

Direct evidence of the impact of particle size on the thermo-
dynamics of nanoinsertion materials is the change in the
solubility limits. In LiFePO,>®® the reduction of the misci-
bility gap appeatrs to result from the interface between the
two end members, being the consequence either of strain,?
of interface energy?' or of the diffuse interface® The diffuse
interface additionally explains the varying solubility limits
that are observed with varying overall composition x in
nano-Li,FePO,.

A prerequisite for the interface effects discussed is the
presence of coexisting phases during (dis)charge. Although
the interfaces are directly observed in chemically lithiated
materials, 3333 they are claimed to be absent under electro-
chemical conditions,®* keeping the two-phase transition
mechanism shown in Figure 4 under debate. In anatase
TiO,, the solubility limits shift to higher compositions with
decreasing particle size as observed in Figure 3b, indicating a
different mechanism. Particles below 40 nm were observed
to have either the Li-poor or the Li-rich phase, corresponding
to the right-hand mechanism in Figure 4, avoiding intrapar-
ticle phase boundaries altogether. In this case, a surface
effect, involving a lower surface energy of the anatase phase
than for the titanate phase, delays the formation of the latter
in small particles,>* resulting in high Li solubility in anatase.

The battery voltage is related to the difference in the
chemical potential between the cathode and the anode
according to

Vi e g e )

Therefore, also the voltage profiles in Figure 2 demon-
strate that in all materials discussed, nanosizing has a
1206-1215
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FIGURE 4. The two possible mechanisms for a first-order phase tran-
sition induced by Li-insertion in a collection of three electrode patrticles.

marked impact on the thermodynamics of insertion
materials that exhibit a first-order phase transition. This
Account brings forward several explanations for differ-
ences, the validity of which we will discuss here.

(1) Because the constant voltage is indicative of the first-
order phase transition, the reduction of the composi-
tion domain where the voltage is constant, as ob-
served in Figure 2, is associated with a reduction of the
miscibility gap.>® However, this does not explain the
curved shape of the voltage curve indicating a different
distribution of chemical potentials in, e.g,, Figure 2c.
Another eligible explanation is the distribution in
particle sizes resulting in a distribution of voltages,**
schematically illustrated by Figure 6. Often the rela-
tive width in the particle size distribution is larger for
smaller particle size. However, also in the case of a
narrow particle size distribution, as is the case for LTO
in Figure 2¢, the typical curved voltage is present.

(3) A fundamental thermodynamic origin of the curved
voltage profile is the smearing of the first-order phase
transition as the result of configurational entropy.>*
However, this effect can only be expected to become
significant for systems smaller than ~1000 atoms,
which, considering 1000 Li atoms in LiFePO,, corre-
sponds to systems smaller than ~4 nm. This appears
consistent with the reported very small (approximately
millivolt) hysteresis in equilibrium voltage curves due to
this configurational entropy.>>

Afinal factor is revealed by LTO in which the chemical
potential, and hence the insertion voltage, is sug-
gested to be different at the surface.> Depending
specifically on the orientation of the surface, the
voltage can be expected to change gradually toward
the bulk voltage over a distance of nanometers, as
strengthened by our recent calculations of Li-ion

(2

~

(4

~
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FIGURE 5. Schematic impact of an energy penalty due to the interface
between the coexisting phases for materials that exhibit first-order
phase transitions upon (de)lithiation. The interface energy (including
strain and the diffuse interface) leads to an energy penalty raising the
Gibbs Free energy thereby reducing the miscibility gap.

storage at the oxygen-terminated surface of LTO.>®
This implies the curved voltage profile to be a con-
sequence of the near surface environment, also ex-
plaining why the amount of capacity of the curved
part of the voltage profile scales with the particle
surface area.” Figure 7 schematically shows the inser-
tion process that we suggest to occur in LTO: upon
lithium insertion first the low chemical potential (high
voltage) surfaces are inserted above the voltage
plateau, followed by the bulk having the plateau
chemical potential and finally the high chemical
potential (low voltage) surfaces are charged. Also
LiFePO, surface calculations illustrate that the chemi-
cal potential at the surface generally differs from the
bulk chemical potential, either being larger or smaller,
depending on the specific surface. Finally, also in
anatase TiO, the reactivity appears to depend on
the surface orientation.>” In conclusion, we anticipate
that in nanosized insertion materials lithium insertion
near the surface is responsible for more favorable and
less favorable insertion sites, yielding more curved
voltage profiles. We speculate that this is the domi-
nant contribution to the deviation from the potential
plateau values in insertion materials. Interestingly,
this suggests that shape and size of nanosized parti-
cles can, to a certain degree, be used to tailor the
voltage profile and hence the storage properties.

The surface specific lithium storage properties also form a
rationale for the higher capacities in anatase TiO, and LTO
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FIGURE 6. Schematicimpact of the surface energy on the Gibbs Free energy and voltage profile of an insertion material exhibiting a first-order phase
transition upon (de)lithiation. A difference in surface energy leads to a different free energy that scales with the particle surface area. The consequence
is a change in the chemical potential and hence in voltage plateau and a shift in the solubility limits. A distribution in particle sizes leads to a distribution

of voltages as shown by the dotted voltage profile.
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FIGURE 7. lllustration of the suggested origin of the curved voltage
profile and enhanced capacity in nanosized LTO.

when the particle size is reduced, see Figure 2 and 7. It
suggests that specific surfaces accommodate lithium storage
that exceeds the maximum bulk compositions Lip sTiO,* "
and Li;Tis012.>°%>3 Unlike in bulk material, this leads to
capacities close to the theoretical value based on the Ti**/
Ti*" redox couple. A potential explanation is that oxygen
termination in combination with surface relaxation allows
additional lithium storage at a lower energy, and hence at a
higher voltage compared with the bulk. The higher storage
capacities of surfaces can potentially be tuned by controlling
size and shape of the particles. However, this can also have a
down side since in LTO these large surface compositions lead
to surface reconstruction and irreversible capacity loss.>>°

The dear disadvantage of the large surface area of
nanosized materials is parasitic side reactions at the inter-
face with the electrolyte. Because the voltages of the transi-
tion metal oxides and phosphates are well above 0.8 V,
reductive SEI formation in these materials is not the main
concern. Specifically for the titanium oxides the finding of
Ti—O—H reacting toward Ti—O—Li species in high surface
area nanoamorphous TiO,** is most likely the reason that
all proton-containing titanium oxides suffer from an irrever-
sible capacity loss that scales with the surface area during
the first discharge.

The intended advantage of nanostructured insertion
electrodes is the shortening of the diffusion distance through
the solid state, since solid state diffusion is relatively sluggish
compared with the diffusion through the liquid electrolyte.
An additional advantage may be the induced changes in
solubility limits by nanosizing, introducing higher degrees of
vacancies or interstitials, enabling higher intrinsic lithium
mobility. In nanosized titanium oxides a promise is the larger
capacity due to near surface storage, toward fully utilizing
the Ti**/Ti*" redox couple. Another advantage is the in-
creasing amount of charge in the electrochemical double
layer, usually referred to as supercapacitive behavior. These
aspects suggest a higher power density for nanoscaled
electrodes. However, at high rates the electrolyte in the
pores of the electrodes may become rate limiting, and
although high porosity may prevent this, the latter would
lead to an undesired decrease of the overall energy density,
and a poorer electronic wiring of the electrode.>® The con-
sequence is that only a relatively small fraction of the
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nanostructured material will participate during fast (dis)-
charge, mitigating the advantages of nanosized materials.
To utilize the favorable properties of nanomaterials, strate-
gies need to be developed that optimize the ionic transport
through the electrolyte toward the electrode particles.®

We conclude that although the relatively young field of
nanoionics has shown significant promise, many challenges
remain to further exploit the large potential for safe and
concentrated Li-ion storage in insertion electrodes. Smart
use of the surprising and favorable effects, and at the
same time minimizing the disadvantages of nanoscaling,
is essential.
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