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ABSTRACT: The electrochemical properties and performances of lithium-ion
batteries are primarily governed by their constituent electrode materials, whose
intrinsic thermodynamic and kinetic properties are understood as the determining
factor. As a part of complementing the intrinsic material properties, the strategy of
nanosizing has been widely applied to electrodes to improve battery performance. It has
been revealed that this not only improves the kinetics of the electrode materials but is
also capable of regulating their thermodynamic properties, taking advantage of
nanoscale phenomena regarding the changes in redox potential, solid-state solubility of
the intercalation compounds, and reaction paths. In addition, the nanosizing of
materials has recently enabled the discovery of new energy storage mechanisms,
through which unexplored classes of electrodes could be introduced. Herein, we review
the nanoscale phenomena discovered or exploited in lithium-ion battery chemistry thus
far and discuss their potential implications, providing opportunities to further unveil
uncharted electrode materials and chemistries. Finally, we discuss the limitations of the nanoscale phenomena presently
employed in battery applications and suggest strategies to overcome these limitations.
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Figure 1. Nanosizing phenomena of electrode materials in battery science.
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1. INTRODUCTION

The emergence of lithium-ion batteries (LIBS), energy storage
systems with high energy density, has enabled ubiquitous
energy utilization while overcoming the time and space issues
of limited energy resources and distribution. With the intense
demands of large-scale applications such as electric vehicles,
the need for LIBs with higher performance is escalating. Over
the past few decades, various electrode reactions have been
explored for efficient Li ion storage in electrode materials for
LIBs, and their fundamental physical and chemical natures
were scrutinized in the hope of maximizing their practical
energy and power density. The intrinsic properties of electrode
materials that undergo intercalation, conversion, or alloying
reactions have been extensively studied with respect to their
structural evolution, phase transformations, and ionic/
electronic conductivities, which were found to be critically
linked to the performance of LIBs. Extrinsic physicochemical
factors affecting battery performance such as the size/
morphology/assembly of Li host materials have been
considered to complement the intrinsic limits of those
electrode materials.*~*

The strategy of nanosizing was adopted as a facile solution
for improving the sluggish diffusion kinetics of Li ions and the

limited surface area of conventionally synthesized electrode
materials for charge transfer.®> This led to drastically improved
ionic and charge transfer kinetics with enhanced power and
cycle performance, opening a new era combining “nano” and
“battery” systems. Many reports have successfully demon-
strated boosted electrochemical performance through the use
of nanomaterials, which is well illustrated by the effects of
reduced size/dimensions on battery kinetics.* The transition of
the dimensions of the Li host material from the micro to the
nano scale not only enhances the kinetics but also often leads
to a thermodynamic change in the battery reactions, a newly
observed phenomenon (Figure 1). The higher surface-area-to-
volume ratio of nanomaterials significantly alters the free
energy of the bulk state,” resulting in modified thermodynamic
properties in terms of chemical potentials, defect solubility, and
electronic structure, which are tied to the energy density,
reaction path, and redox properties of battery materials.°~®
These nanoscale phenomena also opened a path to discovering
novel energy storage mechanisms and enabled the design of
new types of electrodes.’ For example, the decoupling of
electron and ion storage in nanocomposites has been suggested
as a way to overcome the limitations of current intercalation
materials, and new enerqy storage mechanisms are continu-
ously being uncovered.'®* Most recently, nanoscale phenom-
ena have been exploited to explore nonground-state
thermodynamics for the design of metastable materials."?
Mechanochemical reactions at the nanoscale have allowed the
design of rock-salt-type cathodes with percolated lithium
diffusion and anion redox capability.”>~® Exploration of these
new nanoscale phenomena could offer novel ways to tackle the
current borders of LIB chemistry and aid in their better
understanding.

Herein, we review the various approaches to exploiting
nanoscale materials that have been employed in LIB chemistry,
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Figure 2. High-resolution TEM images and rate capabilites of half-cells composed of lithium metal and (a,d) nanosized TiO,(B),*° (b.e)
Li,TisO1,,** and (c.f) T-Nb,Os,2"?® respectively. Reprinted with permission from refs 20,24,27 Copyright 2011—2012 Wiley-VCH Verlag GmbH
& Co. KGaA. Reprinted with permission from ref 28. Copyright 2013 Springer Nature.

from improving specific electrochemical properties to explor-
ing new electrode materials. In addition, we spotlight the
potential applicability of nanoscale phenomena and suggest
feasible directions for further exploration. The hurdles involved
in adopting nanomaterials, such as a low tap density, high cost
of synthesis, side reactions at the surface, aggregation among
nanoparticles, and nonuniformity of the oxidation state or
chemical distribution, are also discussed in relation to real-
world applications. Finally, we explain the need for an in-depth
understanding of the nanoscale phenomena by introducing
state-of-the-art analytical techniques that can be used to
overcome the currently limited spatial/time resolution of
conventional analysis techniques.

2. PART 1: GENERAL NANOSCALE PHENOMENA:
KINETICS, THERMODYNAMICS, AND MECHANICS

2.1. Accelerating the Reaction Kinetics

The nanosizing of electrode materials has most frequently been
carried out with the aim of improving their rate capability,
which is essential to achieve fast charge/discharge in lithium
batteries. Several important phenomena can be expected from
the nanosizing of electrode materials, including: (1) reducing
the charge-carrier transport path length, (2) enhancing the
charge-transfer reaction at the surface, and (3) modifying the
material properties by size effects. In this section, we focus
mainly on these nanoscale phenomena along with representa-
tive examples.

The electrochemical reactions in LIBs generally involve the
solid-state diffusion of lithium ions within the electrode

material and the transfer of lithium ions at the interface of
electrode and electrolyte. The size reduction of the electrode
material leads to a decrease of the diffusion length required for
the lithium ions and an increase of the interfacial area between
the electrode and electrolyte, thereby aiding in improving the
rate capability. When charge carriers travel through the bulk of
the material, the finite diffusivity induces an increase of the
impedance of the electrochemical system. Additionally, the
overall electrochemical reaction rate is inversely proportional
to the dimension of the electrode material."” From Fick’s first
law of diffusion and random walk theory, the diffusion length L
can be defined as

L~ DXt (H)

where D is the diffusion coefficient of the charge carriers and t
is the time required to diffuse into the bulk of the electrode
material. Here, to achieve a high charge/discharge capacity, the
diffusion coefficient of an electrode material should be high
enough for the electrode to complete the reaction. Or, by
reducing the particle size, the diffusion time can be shortened,
ultimately leading to an improved rate capability for a given
material.

There have been a number of reports on the synthesis of
nanomaterials of electrodes aimed at the enhancement of
power capability. Anode materials have been more actively
fabricated with nanostructures than cathode materials,
presumably due to their more facile synthetic routes, and
examples include TiO,—bronze (TiO,(B)),*®-2!
Li,TisO;,,°>~* and orthorhombic Nb,Og (T-Nb,O:).2*=*
These exemplary anode materials have been of particular
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Figure 3. (ab) High-resolution TEM images of nanosized (a) RuO,®* and (b) TiO,—TiN.®® (c) Rate capability of a Li—O, cell with the cathode
framework composed of RuO, shown in (a). Reproduced with permission of ref 62. Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA (d)
Rate capability of Li—S cell with the cathode framework composed of TiO,—TiN shown in (b). Reproduced with permission of ref 66. Copyright

2017 The Royal Society of Chemistry.

interest as nanosized electrodes due to their stability, which is
attributed to them, either forming a robust solid-electrolyte
interphase (SEI) layer at the surface or operating in a voltag3e
range that does not induce the formation of a SEI layer.'®>"
Ren et al.?® reported that TiO,(B) nanoparticles with sizes of
approximately 2.5 x 4.3 nm? delivered a capacity of ~130 mAh
g~! at a surprisingly high current density of 18 A g~* (Figure
2a,d). Li et al.** succeeded in synthesizing porous TiO,(B)
nanosheets attached to a nanowire, forming a bunched
hierarchical structure. This structure provided a lithium storage
capacity of 159 mA g~! at a current density of 6.7 A g~*
(equivalent to 20 C). The rate capabilities in these two
examples are the highest reported for TiO, electrodes to date.
Spinel Li,TisO;,, which is known to undergo a first-order
transition upon lithium insertion/deinsertion with a negligible
volume change, has also been subject to nanosizing. Feckl et
al? synthesized Li,Ti;O,, with a nanoporous framework with
crystalline domains 3—4 nm in size that could endure rates up
to 140 A g~* (equivalent to 800 C), delivering 73% of its
theoretical capacity (Figure 2b,e); this rate capability is the
highest among all Li,Ti;O;, electrodes reported to date. T-
Nb,O; has been reported to operate via a surface-limited
lithium insertion reaction, so-called “intercalation pseudocapa-
citance”, enabling; low-hindrance migration via unique diffusion
path topologies.* This allows the rate capability of T-Nb,O
to be even further increased upon nanosizing with large surface

areas. Interestingly, a capacity of ~40 mAh g~* was reported at
a rate of 1000 C, even for a thick electrode (40 um) composed
of nanocrystalline T-Nb,O5 (Figure 2¢,f).* Later, Lou et al.
also synthesized three-dimensional ordered macroporous T-
Nb,Os, further improving its rate capability.’> The nano-
structured conversion-reaction electrode materials such as a-
Fe,0; and Co;0, also benefit from the nanosizing strategy.
While the conversion-reaction itself induces the formation of
the nanoparticles during the reaction, the large, tailored
reaction surface area obtained from nanostructuring not only
compensates for the intrinsically sluggish kinetics but can also
suppress the irreversible phase transformations observed in
uncontrolled microcrystalline structures.*=® Xiao et al.*
recently reported a rate capability up to 20 A g~ for Co;0, by
fabricating hierarchical nanobundles. Guo et al.** reported a
mesoporous yolk—shell octahedron structure of a-Fe,O; that
can endure a rate of 1 A g%,

Representative cathode materials such as LiCoO,,
LiFePO,,***~*" and LiMn,0,****>° have been also exam-
ined in the nanostructured electrodes. For these materials,
various morphologies such as nanofibers,*® nanowires,*’
nanotubes,® nanoplates,***® and hierarchical structures**
have been fabricated and demonstrated to be effective in
improving the rate capability. In some cases, the nanostruc-
tures were designed along a specific crystallographic direction
considering the intrinsic lithium diffusion pathway. For

40—44
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Figure 4. Effect of immobile antisite defects embedded in the one-dimensional lithium transport channels in (a) LiFePO,>* and (b) LiMnBO;.”®
Reproduced with permission of ref 51. Copyright 2010 American Chemical Society. Reproduced with permission of ref 70. Copyright 2015 Wiley-
VCH Verlag GmbH & Co. KGaA. (c) Schematic illustration of the role of an intrinsic nanodomain in LiFeSO,F and (d) observation of that
nanodomain by HAADF-STEM.®® Reproduced with permission of ref 69. Copyright 2017 Wiley-VCH Verbg GmbH & Co. KGaA.

example, LiFePO, has open structures with one-dimensional
channels in the [010] direction, and Malik et al. reported that
the ionic diffusivity can be significantly enhanced by the
reduction of the path along the direction, which is vulnerable
to the blocking antisite defect.>* Later, Guo et al. demonstrated
that controllable growth of the (010) facet in the synthesis of
LiFePO, leads to an effective enhancement of the charge
transfer reaction.**>? For spinel electrodes, which have three-
dimensional diffusion channels, the crystallographic depend-
ency was less substantial; however, it was shown that truncated
octahedral spinel LiMn,O, and shape-controlled Li-
NigsMn;50, could deliver much higher power perform-
ance.53,54

In addition to conventional transition metal oxide electro-
des, other types of electrode materials for post-LIBs have also
taken advantage of the nanosizing strategy. For instance,
electroactive organic electrodes have been subjected to
nanoscaling because of their generally poor electron and
lithium-ion transport properties, and size reduction could offer
a promising measure to improve the rate capability and to
achieve full capacity utilization.>>=>® It was reported that
nanosized Li,CgH,O¢ could successfully present enhanced
reversible capacities and rate capabilities up to 10 C in lithium-
ion cells, which is comparable to the results found for
conventional electrode materials.>® Moreover, similar effects
could be observed for sodium-containing organic electrodes
such as Na,C¢Og in sodium-ion cells.”® Other post-LIB
chemistries such as lithium—oxygen (Li—O,) and lithium—
sulfur (Li—S) batteries have benefited from the nanoscale
design of current collectors or host materials for discharge
products. Considering the low electrical conductivity of the
discharge products (Li,O, for the Li—O, system or Li,S for the
Li—S system), many researchers have attempted to build a

novel nanostructured framework that can provide a large
number of reaction sites for discharge products along with an
efficient pathway for electron conduction. For instance,
nanostructured gold,>® graphene,"*®* Ru0,,°*** Co0;0,,°
and MnMoO,® have been employed to achieve high-rate
Li—O, batteries. Fabrication of a hierarchical structure
composed of porous RuO, hollow spheres led to an increase
of the surface area for the Li,O, deposition, which resulted in a
high discharge capacity of 668 mAh g~* even at 1000 mA g~*
(Figure 3a,c).? For the Li—S system, nanostructured TiO,—
TiN,%® VN,*” and carbon nanofibers®® have been explored to
achieve improved rate capability. Yang et al. reported that a
nanostructured TiO,—TiN coating layer (Figure 3b) on a
separator promoted LiPS nucleation and allowed fast
conversion into insoluble products, resulting in better rate
capabilities than Li—S cells with uncoated, and graphene-only
coated, TiO, cells (Figure 3d).

Unconventional effects of nanosized electrodes were found
in work by Malik et al. and Seo et al., who demonstrated that
the detrimental role of defects present in the electrode material
could be mitigated by size reduction.”®® Malik et al>*
reported that when the diffusion of guest ions follows a one-
dimensional path, which does not allow any detours, the path
can be simply blocked by immobile point defects such as
antisite defects. This finding suggested that nanosizing can be
beneficial in reducing the immobile trapped region indicated in
red in Figure 4a. Numerical simulations showed that as the
channel length decreases, the probability of diffusion channels
being blocked by two point defects significantly drops. This
phenomenon was demonstrated in several electrode materials
with one-dimensional diffusion paths, including LiFePO,>* and
LiMnBO;"® (Figure 4(ab), in a combined study of first-
principles calculations and experiments. It was noted that this
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Figure 5. (a) Graphical illustration of particle size and surface free energy effects on Gibbs free energies and transformation chemical potential in a-
to-f phase transformation.® Reproduced with permission of ref 5. Copyright 2009 Elsevier. (b) The second discharge curves for LiCoO, of various
particle sizes.** Reproduced with permission of ref 40. Copyright 2007 American Chemical Society. (c) Third cycle charge—discharge profiles for
TiO, samples.”® Reproduced with permission of ref 78. Copyright 2010 The Electrochemical Society. (d) Size dependence of galvanostatic
discharge curves of Ni(OH), nanoparticles at 1 Ag'~."® Reproduced with permission of ref 79. Copyright 2015 Springer Nature.

effect is clearly distinguished from the enhanced rate capability
by the simple reduction of diffusion lengths by nanosizing.
Another interesting example of mitigation of the influence of
defects on the kinetic properties was found from the
nanosizing of triplite LiFeSO,F. Seo et al.®® demonstrated
that there exists intrinsic nanodomains in triplite LiFeSO,F
that are composed of two distinct Fe orderings in the crystal.
The boundary of the nanodomains contains mixed Fe ordering
configuration, which significantly impedes the lithium trans-
port at the domain boundary, resulting in the poor kinetics of
LiFeSO,F (Figure 4c,d). It was demonstrated that the effect of
these domain boundaries could be minimized upon reduction
of the electrode particles because each electrode particle
contains fewer nanodomains, thus reducing the fraction of the
diffusion process across the boundary. The nanosized LiFe-
SO,F electrode could display both enhanced charge storage
capacity and rate capability, whose origin is different from the
simple reduction of diffusion lengths by nanosizing.

2.2. Altering the Thermodynamics of Li Storage

Reducing the particle size of the electrode to the nanoscale
does not merely modify the reaction rate but can also change
the thermodynamic properties of the electrode. It has been
frequently reported that the electrochemical profiles of
nanostructured electrodes are different from those of bulk
systems. For electrode materials that exhibit a first-order phase
transition, such as LiFePO,”™ and TiO,’* one of the
noticeable effects of nanosizing is the reduction of the
miscibility gap, which tends to systematically promote solid-
solution-like voltage profiles. Another general phenomenon

observed in nanostructured electrode materials is a change of
the relative phase stabilities due to non-negligible surface
energy contributions. This leads to changes in the apparent
voltages exhibited by the electrode materials or in the reaction
paths involving intermediate phases during lithiation and
delithiation processes. These phenomena are driven by an
increase in the surface-to-bulk ratio in nanostructured systems,
highlighting the importance of the surface in determining the
thermodynamic properties of the electrode. In this section, we
will introduce some of the reported theoretical models of
nanoscale electrode systems and discuss how the surfaces of
electrodes in various morphologies affect the voltage, solubility
limit, and overall reaction mechanism.

2.2.1. Tuning the Reaction Voltage. The voltage of a Li
electrochemical cell can be described as the relative difference
of the Li chemical potentials (x;) of the cathode and anode
based on the Nernst equation:

cathode __ anode
v=_lu Li
e ©)
where e is the electron charge and x{2°% and 4{7°% are the Li
chemical potentials of the cathode and anode, respectively.
The chemical potential of Li can be defined as

_9G| _%

Li —
ONy,; T,P,n Ox ©)

where ¢ is the free energy G normalized by the number of
formula units, Li,M (M is the host material for Li ions). In
nanostructured electrodes, the energy of the surface is not
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Figure 6. (2) The first three cycles of charge—discharge data of a Li/FeF; cell obtained at a rate of C/60. The thermodynamic potentials of the iron
reduction from Fe®* to Fe?* and from Fe?* to Fe® are shown as dotted lines. (b) Proposed reaction mechanism of the Li/FeF; reaction based on the
electrochemical data.%® Reproduced with permission of ref 83. Copyright 2012 American Chemical Society.

negligible in determining the Gibbs free energy, resulting from
the increase in the surface-to-bulk ratio. In a theoretical study
performed by Van der Ven et al.,> the effects of the particle size
and surface free energy on the voltage profile were
demonstrated upon first-order phase transformation. For
spherical electrode crystallites, for instance, with isotropic
surface free energy o, the Gibbs free energy was determined as

3Qo

g(x) = g(x) + —
§x) = g(x) @
where Q is the volume per Li,M unit and r is the radius of the
electrode particle. When the crystallite size r is sufficiently large
(r - o0), the excess energy from the surface approaches zero
and becomes negligible. However, for a small crystallite size,

the excess energy from the surface,22%, shifts the free energies

r

of the constituting phases (« and g phases in Figure 5a) by an
amount depending on the surface properties of each phase.”
This translates into a deviation of the voltage profile from that
of the bulk. The surface energy of the nanoparticles can be
quantified using various experimental techniques including
contact angle approach, atomic force microscopy (AFM), and
inverse gas chromatography. The contact angle approach is the
most common method to measure the surface energy, which
involves dropping various liquids onto the surface of the
material.”® Alternatively, the adhesion force can be calculated
under a quantitative nanomechanical mapping mode using
AFM.”*™ Using the Derjaguin—Muller—Toporov (DMT)
model, the surface energy can be extracted using the following
relation: F.4, = 22zRT°P, where R is the AFM tip radius, P is the
factor with Tabor number, and T = 2(yprsampe)™? is the
interfacial energy between the tip and the sample (y denotes
the surface energy). Inverse gas chromato7graphy (IGC) can
also provide surface energy information.”®’” In IGC, a column
loaded with the sample powder is flowed with the single probe
gas, and the surface energy of the sample is calculated based on
the retention time of the probe gas molecule physically
adsorbed on the solid surface.

Some examples of voltage changes observed for nanosized
electrodes are illustrated in Figure 5b—d. Figure 5b presents
discharge profiles of LiCoO, nanoparticles with systematically
controlled sizes, indicating a clear correlation between the
particle size and the redox potential.”” Okubo et al. observed

that, as the particle size of LiCoO, decreases from the typical
micrometer sizes to 6 nm, the overall electrochemical profiles
are significantly altered. Not only is the average voltage
lowered, the profile also loses its plateau nature with the slope
region increased. This is probably due to the greater fraction of
Li storage in the subsurface region of the LiCoO, particles. A
similar result was observed for anatase TiO, nanocrystals, as
presented in Figure 5¢.”® While the change in the average
voltage was not as significant as in the case of LiCoO,, a
reduced plateau voltage region is also commonly observed
upon decreasing the size of TiO, electrode materials. A more
precise control of the nanoparticle sizes was gained for
Ni(OH), nanoparticles from 3.3 to 7.9 nm in Figure 5d.” The
potential plateau corresponds to the Ni2*/Ni* redox reaction
between Ni(OH), and oxidized NiOOH phases, and the
plateau region gets shorter with reduction of the particle sizes.
Although it was not Li-ion storage in a conventional lithium
cell, this study also demonstrated that the voltage displayed is
significantly altered with the particle size.

Unlike the intercalation reaction, conversion-reaction
electrode materials typically involve the formation of nano-
particle phases during the electrochemical reaction regardless
of the initial size of the electrode materials. This is because, in
most conversion reactions (e.g, Li + MX & M + LiX),
nanosized metallic phases (M) are produced within the matrix
of LiX after the discharge. This results in experimental voltages
that are often reported to deviate significantly from the
equilibrium potential predicted from the Gibbs free energa/ of
the bulk electrode material (by as much as ~1.0 V).*~®
Figure 6a presents the first three charge—discharge cycles of a
Li/FeF, cell with the redox reactions based on Fe**/Fe?" and
Fe?*/Fe®. According to the proposed reaction mechanism
illustrated in Figure 6b, the initial lithiation process occurs via
the Li intercalation reaction into FeF;, which exhibits a voltage
that is close to the expected redox potential of Fe3*/Fe?.
However, when reducing Fe?* to Fe® the discharge voltage
becomes substantially lower than that expected from the bulk
reaction. This can be attributed to the formation of nanosized
Fe metal particles within a LiF matrix, as schematically shown
in Figure 6b. The formation of the nanosized phase adds the
excess energy from the large surface areas to the overall
reaction, subsequently causing the e%uilibrium voltage to
deviate from that of the bulk reaction.®> As will be discussed
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Figure 7. (2) Open-circuit voltage curves for Li,FePO, for mean particle sizes of 200, 80, and 40 nm.?® Reproduced with permission of ref 86.
Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA. (b) Schematic illustration of bulk Gibbs free energy resulting from the interfacial energy
for the diamond shape, leading to a smaller miscibility gap.>® Reproduced with permission of ref 90. Copyright 2009 Wiley-VCH Verlag GmbH &
Co. KGaA. (c) Domain size evolution of a-Li,TiO, and p-Li-titanate phases for two different particle sizes deduced from in situ XRD line
broadening as a function of overall lithium composition. (d) Schematic illustration of the sequential nucleation mechanism for different particle
sizes of the TiO, electrodes during discharge. Reproduced with permission of ref 8. Copyright 2014 American Chemical Society.

further in section 2.2.3, this also ultimately leads to the kinetic
deviation of the reaction pathways.

2.2.2. Changing the Solubility Limit in Intercalation
Electrodes. As discussed regarding the change of the
electrochemical profile, nanosized electrode materials generally
display a shortened plateau voltage region in the two-phase
reaction, partly due to the enhanced solubility limit of Li ions
in the host. Olivine LiFePO, is a representative example that
exhibits an apparent size-dependent solubility. A microsized
LiFePO, electrode undergoes a two-phase reaction involving
heterosite FePO, and triphylite LiFePO, during the electro-
chemical reaction. These two phases coexist in a range of 0.05
< x < 099 for LiFePO,, while either the pure heterosite
Li,FePO, (x < 0.05) or pure triphylite Li,FePO, (x > 0.99)
phase is present outside this range. Kobayashi et al. showed
that, as the particle size of LiFePO, decreases below ~40 nm,
the one-phase (e.g., heterosite Li,FePO, or triphylite
Li,FePO,) composition range is extended to x < 0.12 and x
> 0.83, respectively (Figure 7a).%"*%® Using neutron and X-ray
diffraction (XRD) analyses, it was also confirmed that the
solubility limits in heterosite and triphylite phases strongly
depend on the particle size.2” Chen et al.%® demonstrated that
the phase separation leads to anisotropic strain at the interface
due to the lattice mismatch between heterosite FePO, and
triphylite LiFePO,. The magnitude of the strain increases at
the nanoscale and can potentially result in reduction of the
miscibility gap.®’

According to work by Wagemaker et al.*° for a crystallite
composed of two-coexisting phases a and g, the free energy
should consist not only of the surface energy of each phase «
and g but also of the extra energy arising from the interface
separating « and g, which can be expressed as

asurface
1% 1% P
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where V and Q correspond to the particle volume and volume
per Li site, respectively. S' and ¢' are the surface area and
surface energy of the surface i of each phase, respectively. ¢,
and ¢, are the fractions of the a and f phases, respectively,
that satisfy ¢, + @4 = 1. yﬁﬁ corresponds to the interfacial free
energy between o and g for interface k having an area of A‘;ﬁ.
The equilibrium composition was then determined from the
following equilibrium criterion (eqs 6 and 7) for two-phase
coexistence, which was derived from eq 5:
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Accordingly, the effect of the interfacial energy on the
miscibility gap and equilibrium composition was demonstrated
using first-principles calculations, estimating y,k,ﬂ between
LiFePO, and FePO, for a diamond-shaped crystallite, as
shown in Figure 7b. For the bulk material, because 1/V
approaches zero, the excess energy from the surface and
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Figure 8. ga,b) Stress-modulated driving force for lithiation as a function of the lithiation front position A/Rg for (a) solid and (b) hollow silicon
nanowires.”* Reproduced with permission of ref 94. Copyright 2015 Elsevier. (c) (i,ii) Li concentration profiles and corresponding hydrostatic
stress concentration profiles at different lithiation stages of a simulated Ge nanowire. (iii) Lithiation kinetics of simulated Ge nanowire. Both the
lithiation thickness and time are normalized by the diameter and total time for full lithiation of the Ge nanowire.”® Reproduced with permission of

ref 96. Copyright 2014 American Chemical Society.

interface becomes negligible. For nanoscale crystallites,
however, the composition of the phase boundary becomes
sensitive to the size and shape of the crystallite, and the two-
phase coexistence range is reduced because of the extra energy
penalty at the interface, as illustrated in Figure 7h.

Similarly, it was found that the Li-ion solubility in anatase
TiO, progressively increases with decreasing particle size.
However, unlike in LiFePO,, in anatase TiO,, because of the
large phase boundary energy penalty, the formation of single-
phase particles is energetically more favorable.>’* For particle
sizes below 40 nm, the separation into two phases becomes
thermodynamically unstable within particles, and instead, a
complete single-phase transformation occurs particle by
particle. In this case, the dynamics of the Li-ion insertion are
purely determined by the outer surface tension of the
particle.”” Figure 7c illustrates the domain size evolution of
the Li-poor phase (a-phase) and Li-rich phase (f-phase) for
two different particle sizes based on Rietveld refinement of
XRD data. For relatively large particles (~130 nm), the
domain size of the a-phase decreases upon lithiation with a
gradual increase of the domain size of the g-phase. However,
for the nanosized particles, the size of the newly formed p-
phase during lithiation starts at a value close to the particle size
and remains almost constant upon further lithiation. Therefore,
as schematically represented in Figure 7d, for the large particle,
the p-phase grows at the expense of the a-phase within a
particle, whereas the nanosized particle does not allow phase
coexistence within a single crystallite. The nanoparticles are
transformed particle-by-particle upon lithiation.

2.2.3. Triggering Changes in the Reaction Pathway.
The intrinsic lithiation/delithiation mechanism can be altered
in nanosized electrode materials, depending on the strain-
induced surface energy of reaction phases and the interfacial
relationship between the phases. The size-dependent reaction
mechanism influences the chemical and morphological
evolution of the electrode materials and can be either beneficial
or detrimental to the long-term cycle stability of the electrode.
Marschilok et al. reported the particle size effects on the
reaction mechanism by comparing the lithiation path of two
Fe;O, nanoparticles of different sizes. A large Fe;O, crystal is
more likely to undergo a nonhomogeneous lithiation by
immediately triggering the conversion reaction to Fe metal
from the surface of the crystal while lithium insertion is
occurring. However, smaller Fe;O, particles first allow lithium
ions to intercalate into the Fe;O, crystal structure, followed by
the conversion reaction. At full lithiation, a small Fe;O, particle
forms a smaller Fe domain than that generated from a large
Fe;O, particle. In addition, the formation of smaller Fe
domains produces a homogeneous FeO-like structure upon
delithiation and thus improves the reversibility of the
electrode.”

Some transition metal chalcogenide materials, such as
NbSe;, also exhibit size-dependent reaction mechanisms;
~45 nm NbSe; nanoribbons undergo a complete conversion
reaction, while ~300 nm NbSe; nanoribbons undergo the
intercalation reaction with limited conversion reaction
occurring only at the surface. The surface-limited conversion
reaction is due to the large mechanical confinement during the
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intercalation-to-conversion transition. However, unlike the
case of Fe;O,4, nanosizing is detrimental to the electrochemical
performance of NbSe; as it makes its reaction irreversible.®?

2.3. Mechanical Coupling with Electrochemical Properties
from Nanosizing

The mechanical stress in electrode materials can affect the
thermodynamics and kinetics of the ionic transport, interfacial
reactions, and phase changes. The effects become intensified
and more adjustable upon nanosizing as nanostructures are
openly exposed to electrochemical stimuli and prone to
changes in their physicochemical properties with the
application of mechanical stresses. In the previous section, it
was shown how the surface energy of nanostructures becomes
significant in determining the total Gibbs free energy of
electrode systems from a thermodynamics viewpoint. Here, we
elaborate on the intimate coupling of stress with electro-
chemical processes and discuss how it could be taken into
account to achieve improved structural stability and electro-
chemistry for nanostructures.

2.3.1. The Role of Stress in Reaction Dynamics of
Nanomaterials. Surface stress is a critical factor that
influences the lithiation dynamics of nanomaterials by altering
the chemical potential of Li. The mechanical stress can either
be self-imposed on the system or applied by forming a
heterointerface with the substrate. Self-induced stress can be
present in nanostructured materials when the lithiation or
delithiation of the electrode involves an appreciable volume
change and mechanical deformation in the lattice during phase
transformation. A geometrical change or mechanical bending
of an electrode alters the lithiation-induced stress, changing
either the direction or strength of its reaction driving force.
Such an effect is most notable in alloying reaction systems such
as Si.” Both slowing and halting of a reaction front have been
observed microscopically in many alloying-reaction systems
and were attributed to the limited lithiation driving force
owing to the negative contribution of lithiation-induced stress.
According to Li et al, the reaction driving force can be
modulated with lithiation-induced stress in certain nanostruc-
tures, such as hollow Si nanostructures, by varying the ratio
between its inner and outer radii.”* The authors claimed that,
unlike for solid nanostructures, where the reaction-induced
stress always increases throughout the lithiation process,
hollow nanostructures exhibit a distinct stress profile. The
initially rising positive stress decreases gradually toward
negative stress during the later stage of lithiation, promoting
the advance of the reaction toward full lithiation (Figure 8a,b).
This study also demonstrated that hollow nanostructures with
larger inner radii resulted in less stress-induced resistance to
lithiation and hence expedited the lithiation process.

Lithiation-induced stress can also alter the direction of the
reaction driving force. Depending on the direction of the
stress, the lithiation kinetics can either be promoted or
impeded according to the following relation:*®

GhQ
Dg = Df(C)eXP_
: ; ks T

)
where D is the Li diffusivity in the lithiated region, Dy (¢) is
the Li diffusivity under stress-free conditions as a function of
the Li concentration, o}, is the hydrostatic stress, Q is the
activation volume of Li diffusion, and kgT is the thermal

energy. For an alloying system with large volume expansion, it
was found that mechanical stress plays an important role in

regulating the lithiation dynamics and directions. Wang et al.
studied the effect of mechanical bending of a Ge nanowire and
observed the symmetry breaking of the lithiation front (Figure
8c).”® According to the study, a 2—3-fold difference in the
lithiation thickness was possible between the tensile and
compressive sides of the nanowire. Similarly, Gao et al. found
that the lithiation thickness difference can vary with the degree
of bending of Si nanowires’” It was demonstrated that
increasing the bending angle of a Si nanowire results in a larger
difference in its lithiation thickness, while the maximum
difference of a Si nanowire is smaller than that of a Ge
nanowire.

Stress can be also applied by having the active material
forming heteroepitaxy with a structurally similar conductive
matrix, which sometimes results in a notable change in the
intrinsic properties of the active material. Kim et al. reported
an epitaxial synthesis of a rutile-VO, system that is known to
exhibit low lithium activity on a conductive Sh:SnO, current
collector.”® The authors observed that the epitaxial stress
between the two materials induced preferential growth of VO,
along the c-axis with high exposure of the reactive (002)
surfaces, leading to both high reversible capacity and rate
capability. Similar work was performed on a V,0s anode by
Pint et al. by depositing it on a NiTi alloy current collector.”
Regulating both the ¢ and a—b strains induced reversible
transformation among phases and altered both the interaction
energy and diffusion coefficient of Li ions.

2.3.2. Structural Accommodation of Volume Change
by Nanosizing. Insertion of lithium ions into an electrode
often involves phase transformation, which is sometimes
accompanied by a large volume change. Electrode materials
that transform into phases with low elastic moduli upon ion
insertion are prone to fracture. In this context, strain
accommodation is important, especially for battery anodes
undergoing conversion and alloying reactions because their
transformed phases easily undergo volume expansion of more
than 150%, leading to cycle instability. For example,
amorphous Li,Si with an elastic modulus of 12 GPa has a
fracture toughness that is an order of magnitude lower than
that of crystalline Si with an elastic modulus of 185 GPa,****%*
accompanying a volume expansion greater than 300%.

One of the approaches that can enhance the intrinsic
tolerance to fracture of an electrode upon lithium insertion is
to reduce its size and regulate the shape at the nanoscale. In
particular, the size reduction enables a facile strain relaxation
along with fast lithium transport. Upon reducing the size to a
critical value (L), the increase in the surface energy that is
accompanied by the potential fracture of a particle exceeds the
energy gain of the strain release from the fracture, thus can

effectively prevent the fracture:'%?

/4
Z,..Eel 9)

Here, L is the critical particle size upon fracture, y is the
fracture energy of the particle, Z,, is the maximum energy
release rate, E is the Young’s modulus, and &, is the mismatch
strain. Huang et al. investigated surface cracking and fracture of
large Si particles upon electrochemical lithiation and observed
that the critical size of Si nanoparticles for lithiation fracture is
~150 nm from transmission electron microscopy (TEM)
studies.’>® They found that the electrochemical lithiation of
small nanoparticles near the critical size do not show fracturing
from sequential TEM images (Figure 9a—e). On the other
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Figure 9. (a,c) Sequential TEM images showing surface cracking and fracture of a large Si nanoparticle upon electrochemical lithiation and (b)
corresponding SAED pattern showing the phase transformation from single-crystalline Si to Polycrystalline Liy5Sis. (d,e) Sequential TEM images of

electrochemical lithiation of a small nanoparticle near the critical size showing no fracture.

%3 Reproduced with permission of ref 103. Copyright

2012 American Chemical Society. (f) Theoretical calculation showing hoop stress evolution of a hollow and solid Si nanoparticle at a lithiation rate
of C/10 for different durations of lithiation, with positive and negative stresses representing tensile and compressive stresses, respectively. (g) Cycle
retention characteristics of a hollow Si nanoparticle."°® Reproduced with permission of ref 106. Copyright 2011 American Chemical Society.

hand, Nix et al. investigated the critical size of Si nanowires by
TEM in conjunction with numerical calculations using the
continuous phase model and reported that the critical size is
~300 nm for Si nanowires."” Some intercalation electrodes
also showed size-dependent fracture behavior even though
they are not as sensitive as those of alloying- or conversion-
reaction electrodes. Zhao et al. applied the numerical model on
a LiCoO, particle and reported that its critical size is slightly
less than 300 nm.**® This conclusion is consistent with the
results obtained from electrochemical cycling by Chiang et al.,
which showed the presence of microcracks in 300—500 nm
LiCoO, nanoparticles cycled 50 times.’® It was shown that
LiCoO, particles smaller than the critical size were much more
robust toward fracture than larger particles.

The shape of the electrode particle has been also revealed to
influence its tolerance toward structural fracturing. According
to a study performed by Cui et al., hollow Si nanospheres
exhibited better fracture endurance than solid spheres with
similar sizes because the maximum tensile stress of a hollow
nanosphere is ~5 times lower than that of a solid sphere with
an equal volume of Si.*°® From theoretical calculations on
hoop stress evolution, it was shown that a hollow Si
nanoparticle was more eftfective in tolerating the stress of
lithiation than that of a solid nanoparticle (Figure 9f). This
improved fracture endurance contributed to the good

cyclability of Si electrode, which could deliver a discharge
capacity of close to 1500 mAhg~! even after 700 cycles with a
Coulombic efficiency close to 99.5% (Figure 9g). Similar
results have been reported for other hollow systems, including
Ru0,*" Sn0,'® and Zn,Ge0,'* nanoparticles and SiO,
nanocubes.*'? Sastry et al. analyzed the fracture condition of a
LiMn,O, particle in relation to its aspect ratio and discharge
rate. The authors observed that a particle with an aspect ratio
of 1.5 had the highest maximum principal stress of all the
particles with different ratios and thus required the lowest
discharge rate for crack propagation to occur.'* The fracture
endurance of hollow structures often results in morphological
reconstruction of an active anode. Lian et al. reported that
hollow Co;0, nanospheres accompany a morphology change
to more open mesoporous structures, triggering their electro-
chemical reactivation after a capacity degradation as their
capacity recovers to a higher level than the theoretical value.*'?

In dealing with the mechanical stress and failure of the
nanosized electrodes, an additional interesting approach is to
modify the surface nature of the nanosized electrode by
coating the surface with materials of different lithium
diffusivities/reactivities, thus regulating the directions of the
volume change in the nanostructure. When the lithium
diffusivity of the surface coated material is considerably faster
than the core, lithium ions tend to migrate more rapidly along
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Figure 10. (a) Sequential TEM images showing the different lithiation behaviors of Si nanowires with two different coatings, aluconem, and Al,O3
and corresponding plot showing average lithiation thickness vs time for an alucone-coated Si nanowire (black) and an Al,O5-coated Si nanowire
(red).*® Reproduced with permission of ref 113. Copyright 2015 American Chemical Society. (b) Band-edge profile and effective Li-ion chemical
potential for Si-coated Ge and bare Ge nanowires, showing a negative Schottky barrier height that is larger for the Si-coated Ge than for the Ge-
only nanowire. The difference in the chemical potential barrier at the nanowire surface induces a difference in the lithiation dynamics for the two
nanowires.** Reproduced with permission of ref 114. Copyright 2013 American Chemical Society.

Figure 11. (a) (top) Theoretically predicted composition of LiF and Fe as libraries. Experimentally measured (middle) total mass and (bottom)
mole fraction of each component. (b) Theoretical (black line) and experimental (red dots) capacities of LiF,_,Fe, nanocomposites.*?® Reproduced

with permission of ref 126. Copyright 2008 American Chemical Society. .

the surface than through the bulk in the nanostructures,
engendering volume expansion along certain directions. Wang
et al. compared the uses of alucone and Al,O4 for Si nanowire
coating, respectively, and demonstrated a difference in the bulk
lithiation kinetics of Si for the two cases.**® The faster surface
diffusion of lithium relative to that of the bulk for alucone-
coated Si, in comparison to Al,O5-coated Si, resulted in a “V-
shaped” reaction front rather than an “H-shaped” reaction
front (Figure 10a). Another example is a Ge nanowire
electrode coated with Si. Dayeh et al. proposed that the use
of Si as a coating layer for Ge may allow only axial expansion
and volume expansion of Ge (Figure 10b).*** It was elucidated
that as the chemical potential barrier for lithium ion diffusion is
higher at the Si/Ge interface than at a bare surface of Ge,

lithium ion migration along the surface of a Ge/Si core—shell
nanowire is prevented.

3. PART 2: NEW CHEMISTRIES AT THE NANOSCALE:
ELECTRODE MATERIAL DESIGN

3.1. Nanocomposite Electrodes

The development of nanomixture electrodes has traditionally
focused on enhancing the kinetics of active materials by
making composites with conductive agents.***~**" However,
some types of nanocomposite electrodes have provided a way
to explore novel electrode chemistries that could not be
exploited in the bulk-scale materials. Early research focused on
materials that undergo the conversion reaction with lithium,
where nanosizing of the materials could significantly improve
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Figure 12. (a) The first charge and discharge profile of non prelithiated BiF; and BiF, prelithiated with Li;N.*** Reproduced with permission of ref
134. Copyright 2011 Elsevier. (b) The charge and discharge profile of LiF/Cu, LiF/Fe, and LiF/Fe/Cu nanocomposites.*®> Reproduced with

permission of ref 135. Copyright 2019 American Chemical Society.

the kinetics and reversibility.***=*?° While they could be
successfully employed as anode materials, their use in cathodes
for lithium ion batteries, especially for those with high redox
potentials, required prelithiation by a lithium supplier. In this
regard, nanocomposite electrodes comprising lithium com-
pounds and zerovalent metal have been extensively inves-
tigated, mimicking the discharged states of the conversion
electrodes, so that the electrodes become ready to charge. In
recent years, studies on nanocomposite electrodes have been
extended to nanocomposites composed of lithium compounds
and transition metal compounds with oxidation states higher
than 2+. The newly reported nanocomposites showed novel
reaction mechanisms distinct from the conventional con-
version reaction and could offer higher redox potentials
suitable for the cathode, benefiting from the use of oxidized
transition metal ions with high redox potentials. In this section,
progress in nanocomposite cathodes is summarized with a
focus on newly reported nanocomposites.

3.1.1. Nanocomposite Electrodes Mimicking the
Discharged States of the Conversion Reaction. For
conversion-based electrode materials that exhibit high redox
potential and specific capacity but do not contain lithium in
their structure,*812%121 the prelithiation strategy has been
extensively applied for their use as cathodes, physically
mimicking the discharged state of conversion materials. This
approach has been particularly popular for metal fluorides that
have generally shown redox potentials close to ~3 V (vs. Li/
Li*), and the nanocomposites were generally composed of
zerovalent metal and LiF. Among conversion-type materials,
iron fluorides (FeF, and FeF;) have received significant
attention because of their low cost, high capacity, and high
voltage.®*2122=124 \When lithiated, FeF, undergoes a con-
version reaction, resulting in the formation of a LiF/Fe
composite. Likewise, FeF; undergoes an insertion reaction
followed by a conversion reaction similar to that for FeF,. In
both cases, the discharge product is a LiF/Fe nanocomposite
in which Fe nanoparticles 2—5 nm in size are embedded in a
LiF matrix.2>*?® In 2008, Liao et al. prepared (LiF),_,/Fe,
nanocomposites with x varying from 0 to 1 by cosputtering of
LiF and Fe'®® (Figure 11a). The authors tested the
electrochemical activity of each composition after the initial
charge, and the highest discharge capacity (620 mAh g* at 70
°C) was attained for a LiF:Fe ratio of 3.16, close to the ratio of
F to Fe in FeF; (Figure 11b) as follows.

3LiF + Fe < FeE + 3Li" + 3¢~ (10)

The low capacity in the LiF-deficient region was attributed
to the incomplete reconversion from the LiF/Fe nano-
composite to FeF; while the low capacity in the LiF-rich
region was ascribed to a highly insulating nature of LiF
remaining after FeF; formation. Hori et al. also studied the
reconversion reaction of a LiF/Fe (LiF:Fe = 1:1) composite
thin film prepared using the codeposition method."?’ After
charging, the LiF/Fe composite film delivered a capacity of
300 mAh gt at 25 °C. Even at 25 °C, the discharge capacity
almost reached the theoretical capacity. However, for LiF:Fe
ratios of 2:1 and 3:1, the cyclability was inferior to that of the
1:1 electrode. The poor cyclability at high LiF:Fe ratios was
attributed to the insulating nature of LiF and lack of
conductive Fe.

Nanocomposites for this purpose have been also prepared
using ball milling.**® LiF/Fe nanocomposites with a LiF-to-Fe
ratio of 3:1 were found to deliver a capacity of 568 mAh g~ at
20 mA/qg, which is close to the theoretical capacity of the
nanocomposites (600 mAh g1). Fichtner et al. claimed that
the low conductivity issue associated with LiF in the LiF/Fe
nanocomposite can be partly overcome by adding V,05 into
the composite™****° due to the electron and Li-ion conducting
nature of V,Os. It was found that, with the addition of V,0O5 to
the LiF/Fe (3:1) nanocomposite, the capacity and reversibility
of the electrode could be enhanced. In addition, the cyclability
was further improved after heat treatment of the LiF/Fe/V,05
nanocomposite. The authors accredited the increased
cyclability to the release of the strain induced by ball milling
during the heat treatment. Nevertheless, Li,VO,_,F, and
V[FeV]O, phases were also shown to be formed after ball
milling of LiF/Fe/V,0s, implying that the observed electro-
chemical activity could have been partly a consequence of the
presence of these species.'*’

Various synthetic routes other than ball milling have been
employed to improve electrical conductivity while maintaining
the LiF/Fe composite. Prakash et al. synthesized a LiF/Fe/C
nanocomposite by pyrolysis of a ferrocene/LiF mixture
(LiF:Fe = 2.2:1) at 700 °C under Ar flow.”** A homogeneous
LiF/Fe/C mixture was obtained from the formation of Fe and
C resulting from the decomposition of ferrocene. The LiF/Fe/
C mixture delivered a relatively low capacity of 230 mAh g~ at
20.8 mA/qg because of the low LiF content. Zhang et al. applied
similar strategies to fabricate LiF/Fe/C nanofibers by heat
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Figure 13. Schematic illustration of the surface conversion reaction.

Figure 14. (a) Charge/discharge curves of a LiF-MnO nanocomposite. (b) (left) EELS 2D mapping on fluorine (green) and Mn (red) of a
charged particle. (right) Mn L-edge spectra at core (red) and surface (black) region of charged particle. (c) In-situ XANES spectra of the Mn K-
edge for the first cycle. (d) Ex-situ XPS spectra of Li 1s region. (e) Electrochemical properties of a LiF-Mn;O, nanocomposite with various Mn;O,
particle sizes.'® Reproduced with permission of ref 10. Copyright 2017 Springer Nature.

treatment of electrospun LiF/ferrocene/polyacrylonitrile
(PAN) precursors.*** Carbon nanofibers were prepared by
the decomposition of ferrocene and PAN, and the morphology
of the nanofiber was controlled by varying the precursor
concentration. The nanofibers prepared from a 21 wt %
precursor solution exhibited the best cyclability because of
their uniform structure. Ma et al. fabricated LiF/Fe/graphene
nanocomposites using a two-step synthesis method.™** The
uniform distribution of LiF and Fe nanoparticles on graphene
resulted in a stable cycle life of over 180 cycles. Reports on the
varying electrochemical activities of the LiF/Fe/C electrodes
imply that not only the composition but also the
morphological state of the nanocomposites is critical in
determining the performance.

Other transition metal systems, such as those containing Bi
and Cu, have also been studied. Amatucci et al. investigated
the electrochemical behavior of a Bi/LiF nanocomposite."**
The Bi/LiF nanocomposite was synthesized by high-energy
ball milling of Li;N and BiF;. The formation of a metal/LiF
nanocomposite through ball milling with Li;N was also verified
with FeF,, producing a Fe/LiF nanocomposite. The Bi/LiF
nanocomposite delivered a discharge capacity of 270 mAh g~*
with an average voltage of 3 V vs. Li*/Li, which is similar to
that of BiF; (Figure 12a). Zhao et al. studied the dual-metal
effect using a Fe/Cu/LiF nanocomposite.** The copresence
of Fe and Cu in the composite resulted in a high reversible

capacity of 400 mAh g~! with an energy efficiency of 76%
(Figure 12b). The good reversibility and high energy efficiency
of the Fe/Cu/LiF nanocomposite resemble the performance of
Cu,Fe; ,F, (0 < x < 1).1*¢

Even for electrodes of the same composition, different
electrochemical behaviors were observed depending on the
morphologies of the electrodes, such as the mixing
homogeneity and electron conduction network, which depend
on their respective synthesis methods. Unlike electrode
materials that undergo an intercalation reaction, where Li-ion
and electron transport occur in the same material, the Li-ion
and electron transport are separated in nanocomposite
electrodes (e.g, Li* in LiF and e in Fe in a LiF/Fe
nanocomposite). Thus, the lithium conductive material can
interfere with the flow of electrons and vice versa. Therefore,
creating a well-connected electron conduction pathway can
have a significant effect on the electrochemical behavior of
nanocomposite materials.

3.1.2. Surface Conversion Reactions. A recent discovery
of nanocomposite electrochemistry revealed that it can be
extended from mimicking the discharged state of the
conversion reaction using zerovalent transition metals to new
reaction mechanisms exploiting high-valent transition metals in
the composites. Recently reported nanocomposite electrodes
have exhibited high voltages because of the use of high-valent
transition metal compounds and have the potential advantage
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Figure 15. (a) Electrochemical profile of 1.5 LIF—MnO nanocomposites mixed by various methods.*® Reproduced with permission of ref 140.
Copyright 2014 The Electrochemical Society. (b) Electrochemical profile of LiF-free MnO nanocomposite and (c) effect of fluorine scavenger in
LiF-free MnO nanocomposite electrodes. (d) LiF-free MnO cycled in various electrolytes. (e) Cyclability of xLiF—MnO (x =0, 0.1, 0.5, 1.0, 1.5,
2.0) nanocomposite electrodes.*** Reproduced with permission of ref 141. Copyright 2017 Wiley-VCH Verbg GmbH & Co. KGaA.

of extension to various combinations of lithium and transition-
metal compounds beyond their zerovalent states. The “surface-
conversion” reaction is one of the recently discovered energy
storage mechanisms observed in nanocomposite electrodes
(Figure 13).

The surface conversion is a reaction accompanying
reversible structural change at the surface of transition-metal
compounds that is triggered by anion incorporation, whereas
the bulk of the transition-metal compound remains in its
pristine state. Jung et al. reported the surface-conversion
mechanism in a LiIF—-MnO nanocomposite.’® A LiF-MnO
nanocomposite with an average particle size of approximately
10 nm was synthesized by high-energy ball milling of LiF and
MnO powders as precursors. Although MnO itself does not
generally exhibit electrochemical activity in the cathode region
(1.5-4.8 V vs Li*/Li),"*"** after mixing with LiF, significant
electrochemical activity was observed. After charging to 4.8 V
vs Li*/Li, the LiF—-MnO nanocomposite delivered a reversible
discharge capacity of 240 mAh g~' (0.9 e/Mn) with an
average voltage of 3.1 V (Figure 14a). X-ray absorption
spectroscopy (XAS) and X-ray photoelectron spectroscopy
(XPS) analyses revealed that the LiF decomposition and Mn
oxidation in MnO occur simultaneously during charging,
which is mediated by reversible fluorine absorption/desorption
at the MnO surface, as observed in TEM and extended X-ray
absorption fine structure (EXAFS) analysis during charge and
discharge (Figure 14b—d). In addition, a reversible structural
change at the MnO surface during charge/discharge was
observed, whereas the bulk region remained as MnO. Because
the dominant reaction occurs on the surface, it was expected
that the electrochemical activity would depend on the exposed
surface area of MnO. Indeed, the discharge capacity increased
linearly upon decreasing the size from 20 to 6 nm (Figure
14e). A representative surface-conversion reaction mechanism
is described by eq 11.

LiF + Mn®TO & Li" + ™ + Mn*>TO — F 1)

Zhang et al. studied the fluorination process in MnO using
various analytical tools, including pair distribution function
(PDF) analysis, scanning transmission electron microscopy
(STEME?, and nuclear magnetic resonance (NMR) spectros-
copy.”®® They also observed the formation of Mn—O—F
compounds composed of an O-rich core and an F-rich surface
after charging. The "Li NMR and PDF analyses suggested the
presence of a lithiated phase in addition to LiF and MnO on
the discharged electrode. Dimov et al. studied the electro-
chemical properties of LiIF—MnO, (x = 1, 1.33, 1.5, and 2)
nanocomposite electrodes, focusing on the effect of changing
the milling time of the nanocomposites.*** Although the LiF—
MnO nanocomposite mixed using a mortar exhibited
negligible activity, the LiF—MnO nanocomposite obtained
using high-energy ball milling delivered a reversible capacity of
190 mAh g%, which increased with increasing milling time
(Figure 15a). This result implies that the uniform mixing of the
nanocomposite and the reduction of the particle size are
necessary for the electrochemical activity. Electrochemical tests
of LIF—-MnO, (x =1, 1.33, 1.5, and 2) revealed that all four
manganese oxides could be activated by LiF decomposition
and that better activation by F~ was achieved for a lower
oxidation state of Mn. Nevertheless, the LiF—MnF, nano-
composite exhibited a negligible capacity. The low charge
capacity delivered by the LiF—MnF, nanocomposite indicates
that the MnF, does not promote the decomposition of LiF.
The role of LiF was further analyzed in a full cell test with a
graphite anode. The Li content in the graphite anode was
tracked using ex situ XRD at various states of charge (SoC).
The Li content in graphite linearly increased upon increasing
the charged amount. These results confirmed that the
electrochemical activity in the LIF—MnO, (x = 1, 1.33, 1.5,
and 2) nanocomposite results from the decomposition of LiF
during the charging process and that the F~ generated during
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Figure 16. (a) Charge/discharge curves for the first five cycles of eight MFx—MnO (MFx = LiF, NaF, KF, RbF, CsF, CaF,, MgF,, AlF;; F:Mn =
1:1) nanocomposite electrodes tested in a Li hybrid cell. (b) Relationship between the F 1s binding energy and the electrochemical activities of the
eight MFx—MnO nanocomposites.*** Reproduced with permission of ref 144. Copyright 2019 Wiley-VCH Verbg GmbH & Co. KGaA.

LiF decomposition activates the electrodes on the cathode. In
addition, the Li* from LiF moves to the anode during charging,
which supports the notion that LiF—MnO, (x = 1, 1.33, 1.5,
and 2) nanocomposites can act as Li sources.

Zhang et al. reported that not only the LiF but also PFg™ in
the electrolyte could partly supply F~ to MnO in the activation
process.*** The authors showed that LiF-free MnO was
activated upon cycling, resulting in a discharge capacity of 14
mAh gt in the initial cycle and 156 mAh g~ after 60 cycles
(Figure 15b). The authors further noted that not only the F~
from LiF decomposition but also the F~ from PFg
decomposition could activate the MnO during charging.
Upon adding 1 wt % Mg(TFSI), into the electrolyte as a
fluorine scavenger, the activation behavior was not observed
(Figure 15c¢), which suggests that the PF¢~ can activate MnO
via F~ donation. The authors also tested the activation
behavior by varying the salt component in the electrolyte
(Figure 15d). LiPFg and LiBF, salts, which are known to
release LiF under water-containing or high-temperature
conditions,*** exhibited activation behavior during the cycle,
whereas the F-free LiCIO, and relatively stable LiTFSI salts did
not exhibit activation behavior during the cycle. The addition
of 0.1 LiF to MnO significantly increased the capacity to 175
mAh g~! because of the F~ donation from both LiF and the
PFs~ in the electrolyte (Figure 15e). However, further
increasing the LiF content led to a reduction of the capacity,
which was attributed to the increase in the total mass and the
decrease in the electronic conductivity.

Unlike conventional intercalation materials, for which the
charge storage capacities are affected by the alkali ion species,

surface-conversion materials are less sensitive to alkali ion
species because the reaction relies on the shuttling of F~ near
the surface of the transition metal compounds, whereas alkali
ions are not inserted into the structure. Zhang et al. studied the
Na storage behavior in a MnO-based nanocomposite
electrode.”* Similar to the case of Li, the NaF-free MnO
electrode tested in a NaPFg electrolyte could be activated
during successive cycling with the aid of F~ donation from
PFs~ decomposition. When fully activated, the electrode
delivered a reversible capacity of 140 mAh g~*. The addition
of 0.1 NaF to MnO significantly increased the initial discharge
capacity from 12 to 157 mAh g~%, resulting from F~ donation
from both NaF and PFg~ decomposition. The results were
similar to those reported in the authors’ previous work on
XLiF—=MnO (0 < x < 2) nanocomposite electrodes.*** The
similar electrochemical results imply that the reaction
mechanism of the NaF—MnO nanocomposite resembles that
of the LiIF—MnO nanocomposite, which is mediated by the F~
reacting at the surface of transition metal compounds, which in
turn is independent of the alkali ion.

Jung et al. studied the factors affecting the activity of the
nanocomposite electrodes and evaluated the feasibility of
exploiting the surface-conversion reaction beyond Li, Na, and
K battery systems.** They synthesized eight representative
nanocomposites ((LiF, NaF, KF, RbF, CsF, 0.5CaF,, 0.5MgF,,
0.33AIF;)—MnO) and tested the electrochemical activity of
each in a Li cell (Li metal and 1 M LiPFg in ethylene
carbonate/dimethyl carbonate (EC/DMC) electrolyte). All
eight fluoride compounds decomposed to donate F~ to MnO
during charging; however, the degree of decomposition varied
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(Figure 16a). The series of electrochemical tests revealed that
the lattice energy of the fluoride compounds, which was
feasibly indicated by the F 1s binding energy, is the key
parameter determining the activity of the nanocomposite. Low
lattice energies, with F~ weakly bound in fluoride compounds,
resulted in easier decomposition; in turn, more fluorine is
provided during the charging process, leading to higher
capacity (Figure 16b). In addition, the authors successfully
tuned the electrochemical activity by adjusting the binding
energy through the formation of a solid solution between LiF
and CsF. This work not only revealed the thermodynamic
origins of the electrochemical activity in the nanocomposite
but also suggested that this concept can be expanded to other
battery systems such as MgF,—MnO as a Mg battery cathode
material.

Studies on nanocomposites using transition metal com-
pounds other than MnO have also been conducted. One
examg;le is the LiF—NiO nanocomposite reported by Tomita
et al.** A larger first discharge capacity was obtained upon
increasing the milling time (116 mAh g~* for the 12 h milled
sample and 216 mAh g=! for the 144 h milled sample).
However, the authors claimed that the LiF and NiO formed a
solid solution when the mixture was ball-milled more than 72
h. Therefore, it is not yet clear whether the electrochemical
activity originated from the nanocomposite or intercalation/
deintercalation of Li* ions into/from the host structure. The
same group also reported the electrochemical properties of a
4LiIF—NiMn,O, nanocomposite cathode.*® Similar to the
results of their previous study, the discharge capacity increased
from 205 to 256 mAh g~ upon increasing the ball-milling time
from 36 to 144 h. However, the composite that was ball-milled
for 192 h exhibited a decreased capacity of 213 mAh g1,
Further research is needed to better understand the behavior of
LiF—NiO based nanocomposites.

3.1.3. Host Formation Reactions. Another unconven-
tional electrochemical mechanism found in nanocomposite
electrodes is the “host-formation” reaction. The initial state of
the composite and the charging process are similar to those of
the surface conversion reaction, where alkali compounds and
transition-metal compounds are mixed on the nanoscale and
the charging process involves the dissociation of the alkali
compounds. However, it differs in that the transition metal
compounds gradually transform into a new intercalation host
for the alkali ions, as a result of the chemical reaction between
the transition metal compound and the liberated anions from
the alkali compounds (Figure 17).

Further reaction occurs via reversible intercalation/dein-
tercalation of the alkali ions into/from the host structure. Kim
et al. first reported host-formation behavior in a LiF—FeF,
nanocomposite.” After the first charge, the composite delivered
a reversible capacity of 190 mAh g=! (Figure 18a). The
composite was also compatible with a graphite anode, which
showed that LiF not only activates the FeF, via fluorine
donation but also acts as a Li source in the cell. It was revealed
that the Fe?*/Fe®* redox couple is responsible for the reversible
reaction from Fe K-edge XAS analysis. Local structural analysis
presented that the FeF, transforms into a FeFs-like structure
during charging, which resembles the defective FeF; The
formation of defective FeF; in the LiF—FeF, nanocomposite
was attributed to the nature of in situ electrochemical
synthesis, occurring at room temperature with kinetically
slow F~ incorporation into bulk FeF, Once the FeFj-like
phase was formed during the charge, further reaction occurred

Figure 17. Reaction mechanism of LiF—FeF, nanocomposite that
undergoes a “host-formation” reaction.” Reproduced with permission
of ref 9. Copyright 2012 Elsevier.

via Li insertion into the FeFs-like phase to form a trirutile
LiFeF; phase. The host-formation reaction for the LiF—FeF,
nanocomposite is described in eq 12.

LiF + Fe’"E, - Li* + ¢” + Fe’*E © LiFeF, (12)

The detailed reaction mechanism of LiF—FeF, was recently
reported by Tawa et al.**” The authors synthesized the LiF—
FeF, nanocomposite using the sol—gel method in an ethanol
solution to overcome the shortcomings of the high-energy ball-
milling method and to demonstrate the possibility of mass
production. EXAFS analysis revealed that the charged phase
was defective FeF;, which is consistent with the report of Kim
et al. During discharge, a small polarization was observed in the
plateau region, while a relatively large polarization was
observed at the end of the discharge, which implied that the
reaction mechanism may change at the end of discharge
(Figure 18b). The trace of FeF, was observed using XRD in
the fully discharged state, and the authors concluded that after
a certain proportion of Li is inserted into FeF; to form LiFeF;,
additional lithiation leads to a surface conversion reaction to
form the LiF—FeF, nanocomposite. The reformation of LiF—
FeF, at the end of discharge also resulted in a large voltage
hysteresis in the second charge, which is similar to the first
charge profile (Figure 18b).

The formation of a FeF;-like phase during cell operation was
also reported by Hwang et al. for a NaF—FeF, nanocomposite
cathode for a Na-ion battery.*® During the charge, NaF was
decomposed, and the liberated F~ was incorporated into FeF,,
which triggered the transformation into FeF; It was
demonstrated that the Fe K-edge was reversibly shifted during
charge and discharge, indicating that the Fe?*/Fe* redox
couple is active in this system. The detailed mechanism of host
formation involving Na was analyzed by applying two different
cutoff voltages (4.5 and 4.8 V vs Na*/Na). Upon increasing the
charge cutoff voltage from 4.5 to 4.8 V, the discharge capacity
increased with a greater fraction of the host structure being
formed. The EXAFS fitting for the charged phase also
indicated that the portion of FeF; increased with increasing
cutoft voltage. It was found that the transformation from FeF,
to FeF; did not occur homogeneously throughout the particle
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Figure 18. (a) Charge/discharge curve of LiF—FeF, nanocomposite.® Reproduced with permission of ref 9. Copyright 2012 Elsevier. (b) GITT
measurements for the first two cycles.*” Reproduced with permission of ref 147. Copyright 2019 Elsevier.
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Figure 19. (a) Charge/discharge curves of xLiF—FeSO, nanocomposites and (b) discharge capacity as a function of LiF content.**° Reproduced

with permission of ref 149. Copyright 2018 Elsevier.

Figure 20. (a) Charge/discharge curves of LiF—FeO nanocomposites and (b) ex situ XRD results for various cycles.'? Reproduced with permission
of ref 12. Copyright 2018 American Chemical Society. (c) Charge/discharge curves of NaF—FeO nanocomposites.*>* Reproduced with permission

of ref 154. Copyright 2019 Elsevier.

but instead propagated from the particle surface to the interior
of the bulk.

A xLiF—FeSO, (1 < x < 2) nanocomposite was studied by
Kitajou et al'*® The xLiF—FeSO, nanocomposite was
prepared using high-energy ball milling by varying the LiF
content between 1 and 2 equiv. Although a sufficient analysis

of the charged phase was not provided in the report, xLiF—
FeSO, is suspected to have followed the host-formation
reaction given the presence of the LiFeSO,F host struc-
ture®*! and the well-defined plateau of the electrochemical
profile. The capacity increased to 131 mAh g~! upon
increasing x from 1 to 1.3 but decreased upon further
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increasing x from 1.3 to 2 (Figure 19). The results indicate that
a slight excess of LiF helps to form the host structure; however,
too much LiF does not contribute to the host structure and
acts as an inactive component.

Host formation behavior was also reported for LiF—FeO
nanocomposites by Jung et al.** In the LiF—FeO nano-
composite, unlike the LiF—FeF, and LiF—FeSO, nano-
composites, an increase in the capacity (200 mAh g=* in the
initial cycle and 272 mAh g~ in the thirtieth cycle) were
observed as cycling progressed, along with the change in the
charge/discharge curves (Figure 20a). Ex situ XRD analysis
revealed that the FeO peak was observed in the initial cycle but
was gradually replaced by a new set of peaks corresponding to
FeOF with a cubic symmetry with increasing numbers of cycles
(Figure 20b). The authors concluded that the charged phase
was FeOF, analogous to the cubic Fe,O; structure and,
moreover, that the discharge reaction occurs via Li
intercalation into the cubic FeOF. These findings are
interesting because rutile iron oxyfluoride is already a well-
known host structure for Li* and Na* ions, but the host-
formation reaction instead yielded a cubic iron oxyfluoride
polymorph.**2*3 The new polymorphic cubic FeOF reported
by Jung et al. exhibited higher redox potential, lower voltage
hysteresis, and extended structural stability compared with
those of rutile FeOF. The gradual formation of the cubic FeOF
host structure was confirmed by CV and rate capability tests at
the first and twentieth cycles. Both tests showed the
characteristics of a surface reaction in the initial cycle and a
bulk diffusion reaction in the later cycle, clearly supporting the
gradual formation of the cubic FeOF host structure upon
cycling.

The formation of cubic FeOF was further reported in a Na
battery system by Hwang et al. for NaF—FeO nano-
composites.* Similar to the LiF—FeO system, the charge/
discharge curve changed as cycling progressed and the capacity
increased, reaching a maximum capacity of 165 mAh g~* at
later cycles (Figure 20c). Ex situ XRD and HAADF-STEM
analyses revealed that cubic FeOF was formed after cycling,
similar to the LiF—FeO case. Through a series of F K-edge
XAS analyses in both the surface-sensitive total electron yield
(TEY) mode and the bulk-sensitive total fluorescence yield
(TFY) mode, after various number of cycles, it was observed
that the host structure was not entirely formed after the initial
charge. Instead, as the capacity increased with cycling, a larger
amount of the host structure was formed, with a dominant Na
intercalation reaction in the new host structure. Hwang et al.
also synthesized a KF—FeO nanocomposite and tested it in a
potassium battery system.*>* In contrast to the LiF—FeO and
NaF—FeO nanocomposites, the discharge capacity of the KF—
FeO nanocomposite did not increase as cycling progressed.
This finding implies that the host structure may not be formed
in the KF—FeO nanocomposite. Ex situ XRD analysis of the
cycled electrode only revealed a trace of cubic FeOF, with
most of the peak remaining as FeO, implying a specific
dependency on the alkali ion species in determining the
formation of the intercalation host.

Beyond fluoride-based alkali compounds, the host-formation
reaction has also been reported recently for oxide-based alkali
compounds. Kataoka et al. reported the synthesis of a sodium-
ion battery cathode material after the initial charge process
using Na,O,—Mn30, nanocomposites.">> After the composite
was charged, XRD analysis revealed that a structure resembling
A-MnO, was formed, indicating that, during charging, the O

species generated by decomposition of Na,O, triggered the
transformation of Mn;O, into A-MnO,. Once the host
structure was formed, it delivered a discharge capacity of 194
mAh g~! with Na intercalation/deintercalation into/from the
host structure. The highest capacity in the half-cell
configuration was achieved at Na:Mn = 1:1, and the best
cyclability in the full-cell configuration with a carbon-based
anode was achieved at Na:Mn = 1.5:1.

The nanocomposites formed between alkali-ion compounds
and transition-metal compounds can either follow surface-
conversion or host-formation reactions upon proper electro-
chemical activation. In both reactions, the transition-metal
redox reactions are triggered by incorporation of anions (F and
O) generated by the decomposition of the alkali-ion
compounds during the charge process. The surface-conversion
reaction is characterized by fast reaction kinetics; however, the
particle size should be sufficiently small to ensure high
capacity. The host-formation reaction revealed the possibility
of in situ formation of the host structure during cell operation.
However, the kinetics of host formation may differ for each
transition-metal compound, which is attributed to the F~
diffusivity in a specific structure as well as the thermodynamic
stability of the host structure. In addition, the results for the
KF—FeO nanocomposite indicate that, unlike the surface
conversion reaction, the host formation reaction cannot be
universally expanded to other MF, compounds (M = Li, Na, K,
etc.) because it involves cation insertion into the host
structure; thus, the host structure must be capable of storing
cations for it to exhibit electrochemical activity. Nevertheless,
this may result in a new polymorphic intercalation host with
distinct electrochemical properties, as demonstrated by the
discovery of a new cubic FeOF intercalation host. Research on
nanocomposites remains in its infancy, and there is great
potential for further development in the future.

3.2. Charge Storage at Interfaces

Size reduction of electrode materials gives rise to a significant
increase in the surface area or interface in a mixture. Recent
studies have shown that charge storage on the surface or at the
interface becomes non-negligible in nanoscale electrodes and
can significantly contribute to increasing the overall capacity.
In this section, we will briefly introduce some recently
proposed energy storage mechanisms taking place in the
interface region: the job-sharing mechanism, where cation and
anion charge storage occur in two different compounds at
interfaces, and the pseudocapacitor mechanism, where cation
intercalation occurs at the surface of the active material with
characteristics of both a capacitor and a battery.

3.2.1. Job-Sharing Mechanism. In conventional inter-
calation electrodes, lithium ions and electrons are simulta-
neously stored within a single intercalation host. In layered
lithium-transition metal oxides such as LiCoO,, for example,
lithium de/intercalates from/into the interstitial sites offered
by the crystal, accompanied by electron extraction/insertion at
the redox center, which is primarily the transition metal, such
as Co®*/* jons in the crystal. However, some materials can
store lithium ions and electrons in two different and separated
media and can function as electrodes. Balaya et al. reported
that in the mixture Li,O/Ru, lithium ions are stored in the
Li,O phase, while electrons can be inserted into the Ru phase
via the so-called “job-sharing” mechanism.’*® In this
mechanism, one substance stores ions and the other substance
stores electrons at their shared interface. When an ionic
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Figure 21. (a) Discharge curve of RuO,, which consists of five regions."*° Reproduced with permission of ref 159. Copyright 2013 American
Physical Society. (b) Schematic illustrations of a weakly disordered ionic conductor (phase ) and a weakly disordered semiconductor (phase
$).**® Reproduced with permission of ref 158. Copyright 2017 The Royal Society of Chemistry. (c) Variation of silver content in a
RbAg,ls:graphite (90:10) composite, achieved by coulometric titration.” Reproduced with permission of ref 157. Copyright 2016 Springer

Nature.

Figure 22. (a) Storage capacity of RbAg,ls:graphite composite as a function of volume fraction of RbAg,ls. (b) Schematic of the different chemical
diffusion mechanisms (bulk and job sharing).’®” Reproduced with permission of ref 157. Copyright 2016 Springer Nature. (c) Relative Ag
nonstoichiometry of pure Ag,Se and Ag,Se:Al,O; composite.’®? Reproduced with permission of ref 162. Copyright 2015 American Chemical
Society. (d) D, desorption amount of Ru, Li,O and Ru—Li,O in different ratios (in the temperature range of 200—400 °C).*** Reproduced with

permission of ref 161. Copyright 2018 American Chemical Society.

conductor « phase (e.g., conductor for Li* ions) and an
electronic conductor S phase are properly mixed to produce
heterojunctions at the interface, the interface can serve as a
mixed ionic and electronic conductor. In this case, Li* can
migrate through the space-charge zone of the a phase, whereas
e~ can transport through the /8 phase.*"**® If these artificial
mixed conductors can also allow stoichiometric variations of
Li, they can serve as electrochemical hosts of Li* ions and thus
as electrodes.

For the electrochemical reaction of RuO, in a lithium cell in
Figure 21a, Balaya et al. proposed that the reaction in region V
occurs via the “job-sharing” mechanism and contributes to the

additional capacity beyond the theoretical value.**® According
to the authors, the reactions in regions I, I, and Il were
attributed to lithium intercalation into the RuO, host, while
the region 1V represents the conversion reaction of the host to
form a Li,O/Ru composite. It was proposed that the additional
capacity beyond the intercalation and conversion reaction was
possible due to the large interface area and the heterojunction
between Li,O and Ru through the job-sharing mechanism.**®
At the heterojunction, the electrons and Li ions were presumed
to be stored at Ru and Li,O, respectively. Fu et al. analytically
investigated the relationship between the capacity and the
voltage for this mechanism. As illustrated in Figure 21b, two
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Figure 23. Typical CV profiles of (a) electric double-layer capacitors, (b) intercalation pseudocapacitors, and (c) batteries. Typical discharge
profile as a function of time of (d) electric double-layer capacitors, (e) intercalation pseudocapacitors, and (f) batteries.'”® Reproduced with

permission of ref 173. Copyright 2018 American Chemical Society.

weakly disordered ionic conductors (a phase) and semi-
conductors (/3 phase) were considered. Thereby, it was shown
that, when a certain atom M (= M* + ¢7) is stored in the
heterojunction, the storage capacity Q and voltage E at each
point have the following relationship:*>°

eXP[_E] o« ap; o Q" exp(yQ)
kT (13)
Here, E is the voltage, kg is the Boltzmann constant, T is the
absolute temperature, e is the electric charge of the electron, a;
is the lithium activity, Q is the electric charge, n is 3 or 4
depending on the assumption, and y is a constant

(y = LRT), where R is the ideal gas constant, F is the
€ap€o

Faradaic constant, e,4is the relative permittivity in the charge-
free zone, and s is the length of the charge-free zone. In
addition to the Li,O/Ru composite, Li et al. suggested this
could be extended to various metal fluorides (TiFz;, VF;, MnF,,
FeF,, ...), metal oxides (TiO,, TiO,, VO,, V,05, ...), and TiS,
and TiN by deep discharging, exploiting the job-sharing
mechanism.**°

The job-sharing mechanism was further applied to the
design of conductors transferring other ions such as H and Ag.
Chen et al. reported that a RbAg,ls/graphite nanoscale
composite can function as a fast silver-ion conductor.”>’
Whereas RbAg,ls and graphite are electronically and ionically
insulating, respectively, when they are mixed on the nanoscale,
the resulting material could function as a mixed conductor.
Moreover, with stoichiometric variation of the amount of
silver, the materials exhibited the properties of electrode
materials. Figure 21c presents an electrochemical profile of a
coulometric cell configured as Ag|RbAg,ls|RbAg,ls/graphite|
Pt. When the Ag was depleted by passing a current through the
cell, Ag vacancies and holes were formed in RbAg,ls and
graphite, respectively. Conversely, when excess Ag was
introduced, silver ions were added to the interstitial site of
RbAg,ls, and excess electrons were generated in the graphite.
Because this stoichiometric variation is caused by the
heterojunction between RbAg,ls and graphite, more stoichio-
metric variation was possible in a larger sample with a higher
heterojunction proportion.

As observed in Figure 22a, the RbAg,ls/graphite composite
exhibited maximum capacity at 40 vol % RbAg,ls in the
composite. Chen et al. observed that stoichiometric variations

in this system have fast kinetics and reported a chemical
diffusivities 10 times (or more) faster than that of NaCl in
water at room temperature i.e.,

3

-5 2
DNaCl—water =16 X 10 cm

5™, Dibagy, = (50 % 20)
X 107° cm?s7!

These rapid kinetics were explained by the fact that the ions
move through the ion path of RbAg,ls and the electrons travel
through the electron path of graphite, as shown in Figure 22b.
For Ag,Se, which has stoichiometry variation of Ag as a mixed
conductor, it has been reported that a greater amount of
stoichiometric variation is possible in the presence of Al,Og
dispersion than in the pure state,"®* as shown in Figure 22c.
The dispersion of Al,O5 forms a larger heterojunction than the
pure state. There are some possible scenarios regarding how
Ag atoms are stored; however, the best fit with theory was that
the excess electrons are stored at the surface of Ag%Se and the
silver ions are stored at the surface of AlL,O5'®* Fu et al.
reported that a Li,O/Ru nanoscale composite can also store
H, through the job-sharing mechanism.*®* Similar to lithium
storage, H" is stored on the surface of Li,O and e~ is stored on
the surface of Ru. As observed in Figure 22d, more
heterojunctions could store more H,, similar to Li storage in
the Li,O/Ru composite. In contrast to conventional mixed
conductors that store energy relying on their bulk properties,
the job-sharing scheme introduced in this section allows for the
discovery of artificial mixed conductors through the generation
of heterojunctions between two phases when two or more
materials form a composite at the nanoscale.

3.2.2. Pseudocapacitors. Unlike a classical electric
double-layer capacitor, which stores charge via a non-Faradaic
reaction, a pseudocapacitor undergoes a Faradaic reaction in
the energy storage process at the surface or near surface
regions. The pseudocapacitor has electrochemical properties
that lie between those of electric double-layer capacitors and
batteries involving a bulk diffusion reaction. Although
pseudocapacitors rely on near-surface reaction and thus
generally exhibit lower energy densities (Wh/kg) than
conventional batteries, they have received substantial attention
because of their high power densities (W/kg). Pseudocapaci-
tors can be roughly classified into intercalation pseudocapaci-
tors and redox pseudocapacitors according to their charge
storage mechanism,*®**** while intercalation pseudocapacitors
have been more extensively studied in lithium electrochemical
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169 Reproduced with permission of

cells. In redox pseudocapacitors, upon application of an
electrical bias, cations (H*, Li*, Na*, ...) are adsorbed on the
surface of the transition metal compounds, triggering the redox
reaction of the redox centers in the electrode materials. This is
often observed in aqueous electrolyte systems involving
nanosized transition metal compounds such as RuQ,*®>'®°
and Mn0,.**"*%® On the other hand, intercalation pseudoca-
pacitors are similar to battery electrodes in that the guest ion is
inserted into the structure and the oxidation state of the
transition metal is altered (V,Ox, TiO,, Nb,Os, ...)?628169-172
but differ in that charge is stored only on the electrode surface
or near the surface, which results in fast Kinetics, thus
resembling a capacitor. These surface-driven pseudocapacitors
have shown remarkable improvements in energy and power
densities with the design and incorporation of various
nanomaterials.

Figure 23 illustrates the typical electrochemical profiles
presented by intercalation pseudocapacitors in comparison
with electric double-layer capacitors and intercalation electro-
des'”® In intercalation electrode materials, a sharp current
response at the redox potential in CV curves and a flat voltage
response in capacity vs voltage plots are typically observed
because of the intercalation process that involves generally
similar local structures around the alkali ions (Li*, Na*, ..).
However, in electric double-layer capacitors, the redox
potential is altered in a linear fashion with the concentrations
of adsorbed alkali ions, which results in the observed
rectangular shape of the CV. On the other hand, intercalation
pseudocapacitors exhibit a mixture of these two behaviors,
where the alkali ions are inserted into the structure, but they
exhibit capacitor-like rectangular CV curves. In nanosized
pseudocapacitors, the surface structure can be distorted, and
the local structure around the alkali ions may become
nonuniform, resulting in a wider distribution of the site
energies for alkali ions. The difference in the redox mechanism
can also be probed by examining the redox response to varying
the CV scan rates. In battery electrode materials that undergo
semi-infinite diffusion in the host structure, the peak potential
shifts when the scan rate changes. In contrast, because of the
fast kinetics of the surface reaction in a capacitor, the peak
potential does not notably change with scan rate.’* A

pseudocapacitor exhibits mixed characteristics. The relation-
ship between the current (i, mA) and scan rate (v, mV/s)
follows i = av/? for battery materials'’®"> and i = bv for
capacitive materials,""**"® where a and b are constants. The
behavior of a pseudocapacitor can be thus expressed by the
combination of the two as given in eq 14.

i(V) = kp + kp'/? (14)

Here, kv and k2 represent contributions of the surface
reaction (capacitor-like) and bulk diffusion (battery-like)
reaction, respectively. By determining the k; and k, values at
a specific voltage, each contribution can be quantified.*’**"¢"

Much of the early research on pseudocapacitors was
performed in aqueous systems that can exhibit fast kinetic
characteristics. However, because to the inherent limitation of
the energy density because of water decomposition, more
recent works have focused on identifying electrode materials in
nonaqueous electrolytes. V,05 is one of the most widely
studied pseudocapacitors and is capable of storin% not only
monovalent ions such as Li™"%® and Na**®®®' put also
multivalent ions such as Mg?*, Ca?*, Zn**, AI**, and Y®*+!82-184
through intercalation reactions. Two research groups reported
separately that V,0s can store cations through a reaction
involving ion diffusion into the bulk structure, but it exhibits
capacitor-like properties at the nanoscale.®>*’® The authors
introduced carbon nanotubes (CNTSs) to address the low
electrical conductivity of V,0s;. Chen et al. fabricated an
intertwined CNT/V,05 nanowire using a one-pot hydro-
thermal process.*®® Using this process, a nanowire containing
V,05 particles 20—30 nm in size was formed around the CNT,
and the electric conductivity was found to increase
approximately 2 orders of magnitude relative to that of a
normal V,0s nanowire. In CV experiments at various scan
rates (Figure 24), the CNT/V,0s; nanocomposite (@)
exhibited a higher capacity than the sum of the contributions
from the pure CNT and V,05 (/) at all the evaluated scan
rates. Sathiya et al. also studied the electrochemical behavior of
a V,0s-anchored CNT.*"® From the systematic CV analyses
performed at various scan rates, it was demonstrated that the
surface reaction contribution increased as the scan rate
increased, whereas a larger V,0s5 loading level resulted in a
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Figure 25. (a) dQ/dV analysis of Nb,Os with various structures. (b) Charge/discharge profiles of T-Nb,O:.'"* Reproduced with permission of ref

172. Copyright 2016 American Chemical Society.

smaller total capacity and larger bulk diffusion contribution.
These results indicate that the pseudocapacitive characteristic
is dominant when the thickness is sufficiently thin (large
surface area). According to the XPS analysis, 85% of the V°*
was reduced to V** after discharging to 1.5 V, which is
consistent with the determined intercalation capacity. The
authors explained that the large capacity resulting from the
nondiffusion-controlled reaction originated from vanadium
vacancies present at the surface, which trap the Li* near
vacancies via a non-Faradaic reaction.

Nb,Os is another important example of a material that
exhibits battery-like characteristics in the bulk state and
capacitor-like characteristics at the nanoscale. Nb,Og forms
several metastable phases at room temperature, and the
orthorhombic, hexagonal, and monoclinic phases exhibit
electrochemical activity based on the intercalation reaction of
Li* ions at 1.5 V vs Li*/Li"®*"® It was shown that the
pseudocapacitive properties of mesoporous Nb,Oy are based
on Li* intercalation into the structure by comparatively
examining electrolytes based on tetrabutylammonium
(TBA®).?® A further study on the pseudocapacitive character-
istics of Nb,Os revealed that the bulk diffusion is the rate-
determining step at high scan rates and that the capacitive term
still contributed to the overall capacities, which are typical
characteristics of pseudocapacitive materials.?® In situ XANES
analysis at the Nb K-edge also indicated a continuous edge
shift during the lithiation process, which confirmed the redox
reaction of Nb. Griffith et al. studied the relationship between
the crystal structure of Nb,Os and its electrochemical behavior.
They synthesized four different 1polymorphs of Nb,Os by
varying the synthesis temperature.’’? The four Nb,Os phases
exhibited notably different electrochemical behaviors with
regard to capacity, cycle life, and CV curves, as presented in
Figure 25a. It was demonstrated that Nb,Os; with Pbham
symmetry could deliver high rate capability even with
micrometer-sized particles, retaining 50% of the low-rate

capacity at 60 C (discharge in 1 min) (Figure 25b). The high
rate capability was attributed to the low activation energy
barrier for Li* diffusion (60—100 meV), which was much lower
than that of battery electrode materials within the 300—500
meV range.®"*® It was also speculated that the relatively
small structural change accompanying the alkali ion insertion
contributes to the fast intercalation pseudocapacitor behavior.

The pseudocapacitive behaviors are only dominant when the
electrode materials have a substantially large surface area, thus
nanoscale fabrication of the electrode is generally a
prerequisite. Benefiting from the intercalation and surface
reaction behavior, intercalation pseudocapacitors exhibit high-
er capacity than other pseudocapacitors and faster reaction
kinetics than batteries because they utilize both bulk and
surface reactions. However, the gravimetric capacity of
intercalation pseudocapacitors remains lower than that of
typical battery electrode materials, and an appropriate trade-off
between capacity and power is required.

3.3. Metastable Phases in Nanomaterials

As a particle size decreases to the nanoscale, its surface energy
simultaneously increases and becomes non-negligible in the
overall energy, often stabilizing metastable phases which can
potentially lead to unexpected electrochemical properties and
performances. According to the Laplace—Young equation,
nanosized particles should experience additional, size-induced
pressure. Therefore, when the metastable nuclei begin to form,
the actual pressure exerted on each nucleus would have an
added contribution from the size effect, stabilizing the
metastable phases. Recently, the group of Ceder reported on
the metastability and synthesizability of crystalline inorganics
using the Materials Project Database'®® and argued that
metastable phases with low surface energies can be stabilized
over the thermodynamically most stable phase with the help of
nanosizing during crystal growth. According to the report, a
metastable phase that was at one point the lowest free-energy
phase during the growth can remain stable even after the
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Figure 26. Realization of the metastable disordered rock-salt concept at the nanoscale. (a) XRD patterns of Li; »,,M0q 46;Crg 30, before and after 1,
2, and 10 cycles. (b) Electrochemical profiles of Lil.anoo,ﬁCrmOz. (c) Computed probability for the percolating network of O-transition metal

channels as a function of lithium content and cation mixing.
Advancement of Science.

Reproduced with permission of ref 13. Copyright 2014 American Association for the

synthesis. Nonequilibrium thermodynamic reactions can be
also exploited in facilitating the design of metastable electrode
materials. Although the relationship between the synthetic
process and phase diagram has not been completely elucidated,
the combined effects of local heating and shear-induced
reactions during nonequilibrium reactions (such as high-energy
ball-milling) are thought to induce the formation of nanoscale
metastable phases.’?°~%®

Mechanochemistry has been one of the most frequently
adopted methods for the synthesis of metastable phases using
the nanosizing strategy.'®* In these methods, a chemical
reaction is induced using mechanical energy from a mechanical
action such as ball-milling. Mechanochemical synthesis usually
offers better contact between the precursors as well as
decreased size of the products. Although the fundamentals of
mechanochemical reactions remain unclear, they have been
used in several fields of materials science to obtain various
polymorphs and metastable phases.”>**° For a Ti—O alloy,
mechanical milling enabled the production of three different
metastable phases, a-Ti solid solution containing 33 at% O, y-
TiO containing 40—55 at% O, and S-Ti,O5 containing 60 at%
O, none of which are stable at room temperature according to
the phase diagram.*®” This was attributed to the fact that the
local pressure and temperature during mechanical ball milling,
as well as defects, affect the stability of the various polymorphic
phases at room temperature. Recently, as will be discussed in
detail below, new battery active materials prepared using
mechanochemistry have been reported such as disordered
rock-salt phase. For example, a temperature of 1750 °C is
theoretically needed to synthesize the Li,Mn,;Nb,,30,F
disordered rock-salt phase, whereas mechanochemical syn-
thesis via high-energy ball milling enables its synthesis at room
temperature.*®

In the context of nonequilibrium thermodynamic synthetic
routes and principles, various nanosized metastable phases
have been studied as novel chemistries of lithium storage. In
particular, the use of disordered rock-salt phases as nanosized
materials has been extensively revisited, as the nonequilibrium
thermodynamic synthetic routes involving mechanical milling
often induce isotropic strain in the powder, thereby producing
disordered rock-salt phases easily. The disordered rock-salt
phase provides numerous advantages, such as flexibility in the
design of electrode materials, as it allows structural
incorporation of various multivalent transition metals as
redox reservoirs in the rock-salt structures, making them
suitable for use as high-energy-density electrode materials. In
addition, the isotropic environment of the disordered rock-salt
phase results in relatively small lattice parameter changes
during cycling.* Nevertheless, disordered rock-salt materials
have traditionally been considered inappropriate for inter-
calation-based electrode candidates because of the randomly
distributed cations in the structure, which blocks the lithium
diffusion channel. However, Lee et al. reported that
Li; 211M0g467Cro30, is capable of delivering high capacity
and stability even though the material transforms from the
layered to the disordered rock-salt structure after several cycles
(Figure 26ab).** According to their work, the disordered
materials could offer sufficiently fast lithium diffusion when 0-
transition metal percolation channels (Figure 26c) are formed
by the lithium-excess environment. Since then, there have been
several attempts to synthesize the disordered rock-salt phase
via a nonequilibrium thermodynamic reaction as a nano
phenomenon.**~*6198:199 Because of the unique characteristics
of nanosized disordered rock-salt phases, many groups have
conducted research aimed at elucidating the underlying
mechanism and developing a definitive process for the
synthesis of nanoscale metastable phases for electrodes. In
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Figure 27. (a) XRD patterns of Li,MnO; before and after a 20 h mechanochemical ball-milling process. (b) Electrochemical profile of a ball-milled
nano Li,MnO, material.**® Reproduced with permission of ref 198. Copyright 2017 The Royal Society of Chemistry. (c) Electrochemical profile of
Li,Mn,O5 over three cycles with a gradual increase in the cutoff voltage. (d) Comparison of Mn oxidation states by their paramagnetic effective
moments for as-prepared and partially and fully oxidized Li,Mn,O5 materials."* Reproduced with permission of ref 14. Copyright 2015 Springer
Nature.

Figure 28. (a) Electrochemical curves of Li; sNbg sMeg 40, (Me = Fe**, Mn*, and V*"). (b) XRD patterns of Na; sNbg sMn,0, before and after
mechanical milling.?*” (c) Electrochemical properties of Na; sNbysMn,,0, prepared by mechanical milling.*° Reproduced with permission of ref
199. Copyright 2017 American Chemical Society.
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this section, the current status of research on disordered rock-
salt phases is described using two representative material
groups, transition metal oxides and transition metal oxy-
fluorides.

Among the potential candidates, manganese-based rock-salt-
type nanostructured materials have been spotlighted because of
their low cost, nontoxicity, and the high potential of the Mn®*/
Mn* redox couple. Freire et al. recently showed that a
disordered rock-salt Li,MnO5; metastable phase could exhibit
electrochemical properties distinct from the ordered Li,MnQO,
phase'®® (Figure 27ab), simply by transforming an ordered
phase to a disordered nanostructure with high-energy grinding.
Unlike the ordered structure of Li,MnQ;, which suffers from a
large irreversible capacity originating from cation migration
and oxygen gas evolution,””® the nanoscale metastable
Li,MnO;, displayed an exceptionally reversible capacity of
approximately 290 mAh g% In addition, the nanostructured
phase could accommodate the strain during the (de)-
intercalation process, which is needed for long cyclability of
the cathode material. Freire et al. reported a new Li—Mn—O-
based metastable nanomaterial, Li,Mn,Os, which delivered an
impressively high discharge capacity (~355 mAh g!) as a
cathode.***** Mechanochemically synthesized Li,Mn,O5 ex-
hibited similar redox active centers (Mn®*/Mn** and 0*~/0")
to other lithium-excess manganese oxides. However, unexpect-
edly, the disordered Li,Mn,O5 nanomaterial displayed a
certain proportion of Mn*/Mn°" redox reactions (Figure
27c¢,d) in the final stage of the charging process, which was
confirmed by performing magnetic susceptibility measure-
ments. This finding was unforeseen because it is known that it
is difficult to oxidize Mn* to Mn® in octahedral sites.
According to density functional theory (DFT) calculations, it
was speculated that the oxidation of Mn*" to Mn°* should
accompany Mn ion migration from octahedral sites to the
adjacent tetrahedral sites.’®” Because of the reversal of the
crystal field effects of tetrahedrally coordinated Mn** d orbitals,
the energy to extract electrons from the t,, level was predicted
to be reduced. In addition, the migration of lithium ions was
claimed to be assisted by oxygen vacancies produced during
high-energy ball milling.””® The anion vacancies cause lithium
ions to be predominantly clustered in a pentacoordinate
distorted square pyramidal geometry. These unique structural
effects allow lithium-ion migration to occur between two
square-based pyramidal sites with an intermediate trigonal
planar site whose diffusion path differs from the conventional
octahedral—tetrahedral—octahedral path.”°* In addition, the
three-dimensional lithium-ion diffusion with percolated
channels was identified in the distorted oxygen vacant structure
by bond valence site energy analysis, which could be
implemented in metastable nanoscale phases.

Transition-metal ions that do not have d electrons, such as
Ti*, Nb>*, and Mo®*, promote the formation of the disordered
rock-salt phase.’>>~**° On the other hand, materials containing
d° transition metals are generally electrochemically inactive
because of their lack of further oxidation and insulating
characteristics. Yabuuchi et al. studied d°-containing lithium-
excess disordered materials by substituting several non-d°
elements (Figure 28a).°°?°" According to their work, the
presence of non-d° transition metals increases the electrical
conductivity and triggers the electrochemical activity of these
materials. In addition, specific d electron donor elements such
as manganese were found to act as stabilizers of solid-state
oxygen redox reactions so that excellent reversibility could be

realized for Liy3sNby3Mng4O,, undergoing an anionic redox
reaction. They also synthesized a composite of these materials
with a carbon source using a mechanochemical synthetic
process.*>?** The nanoscale Na, 3NbysMng,0, materials
exhibited a large capacity involving the oxygen redox reaction,
whereas the conventionally calcinated Na; sNbgsMng 40,
delivered only cationic redox behavior (Figure 28b,c).

Fluorine incorporation into metastable nanomaterials has
received considerable attention as an effective strategy to
increase the practical capacity of lithium-excess cathode
materials. Lithium-excess materials targeting a high theoretical
capacity have been reported to exploit the redox activity of
high-valent cations for charge compensation of excess lithium
and the additional redox activity of oxygen anions.***?'3
However, the redox capacity of high-valent cations is limited
because of their redox inactivity in useful voltage
ranges,”>?**=1% and the oxygen redox is known to involve
oxygen loss with structural degradation.”***'"'® Flyorination
of lithium-excess materials enables these limitations to be
circumvented by modifying the required valence of the metals.
The substitution of the lower-valence fluorine for oxygen
lowers the corresponding valence of the metal cations,**%*°
thus the redox of low-valent metals can be utilized even in
lithium-excess oxyfluoride materials. Early works on fluorina-
tion attempted to introduce fluorine into well-ordered lithium
metal oxides that are thermodynamically stable. However,
because of the extremely small fluorine solubility in these
stable phases, the majority of the incorporated fluorine ions
were found to reside near the surface, forming a lithium-
fluoride coating layer,”2°=?** or only a small amount of fluorine
was doped into the structure.?”*=%*° In contrast, work on
Li,VO,F and Li,CrO,F has demonstrated that a substantially
high fluorination level can be accommodated in the
metastable-disordered rock-salt phase in a solid-solution
form.***#** The significantly higher fluorine solubility in the
disordered phase originates from the presence of metal-poor,
lithium-rich local environments in the structure, as evidenced
in the theoretical investigation of Richards et al.>** In their
study, both ordered and disordered lithium metal oxides were
predicted to preferentially incorporate fluoride ions at sites
where less high-energy metal—fluorine bonds were formed.
Disordering provided much more diverse anion coordination
forms, consequently leading to higher fluorine solubility.

In the pursuit of maximizing the redox capacity of cations,
disordered rock-salt oxyfluorides were investigated with
particular attention paid to multielectron redox couples such
as V3+/V5+,219’232'233 Cr3+/Cr5+,231‘234 and M03+/M06+.235
Chen et al. fabricated nanosized disordered Li,VO,F using a
simple ball-milling method with Li,O, LiF, and V,0; as
precursors.”’® The obtained Li,VO,F electrode delivered a
capacity of 420 mAh g~ during the first discharge at 40 °C and
1.3—-4.1 V, which is close to the theoretical capacity of 462
mAh g%, assuming the two-electron V3*/V®* redox process. A
reversible structural change involving a volume change of only
3.3% was confirmed, validating the practicality of using
disordered oxyfluorides as cathode materials. To clarify the
role of fluorine in the electrochemical performance in detail, a
comparative study of isostructural disordered Liz%vog and
Li,VO,F was conducted in a subsequent work.=? Salient
differences were observed in terms of the discharge capacity,
voltage, and Li* transport among the examined properties
during the first and second cycling. While the disordered
Li,VO; delivered a discharge capacity of 295 mAh g2,
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Figure 29. (a) Design of oxyfluorides with high theoretical Mn capacity. (b) (left) Electrochemical accessibility of Li in Li—-Mn—V oxyfluoride
cathode materials as a function of fluorination level. (right) Expected population of tetrahedral Li sites during charge.® Reproduced with

permission of ref 15. Copyright 2018 Springer Nature.

corresponding to one Li* intercalation involving V*/V4*
reduction, the disordered Li,VO,F provided a substantially
higher capacity of 330 mAh g%, corresponding to a 1.4 Li*
intercalation compensated mainly by a V***/V®* reduction.
Moreover, Li,VO,F exhibited a 0.3-V higher average discharge
voltage compared with that of Li,VO,, which was attributed to
the inductive effect of the highly electronegative fluoride
ligand. Electrochemical impedance spectroscopy (EIS) meas-
urements verified the higher Li* diffusivity in Li,VO,F (D~
10~° cm s7) than in Li,VO; (D~ 107 cm s7%). The
authors attributed the improved Li* kinetics in Li,VO,F to the
lower electrostatic repulsion between Li* and neighboring V3
during Li* hopping relative to the repulsion between Li* and
V# in Li,VO, Other approaches have been employed to
produce disordered Li,VO,F through the deep lithiation of
rhombohedral VO,F, which is synthetically accessible using
both a solid-state reaction and ball milling.**?*® Deep
lithiation of VO,F irreversibly converted the phase from
rhombohedral to disordered cubic phases,®*>**" and resulted
in analogous electrochemical properties to those of the
mechanochemically synthesized Li,VO,F. In a related study,
Takeda et al. reported on disordered Li;,,M0O,F, (0 < x < 2)
prepared by mechanical milling.*®> High theoretical capacities
of more than 300 mAh g=! were estimated for the series of
compounds, for example, by assuming a three-electron Mo®/
Mo®* redox for x = 2 (Li;MoO,F,) or a two-electron Mo**/
Mo®* redox for x = 1 (Li,M0O,F). Among the considered
compositions, Li,MoO,F exhibited the largest reversible
capacity of over 300 mAh g=* at room temperature. Although
Li,M0O,F delivered a capacity that was comparable to the
theoretical value involving the reversible Mo*/Mo®* redox,
other fluorinated samples delivered much smaller capacities
relative to their theoretical values. The authors attributed this
disparity to the loss of electrical conductivity resulting from the
enrichment of insulating F~ ions and the reduction of
conductive Mo®" ion content.

Despite the advantages of vanadium- and molybdenum-
based oxyfluorides in terms of capacity, their low average
voltage remains an issue. To this end, Chen et al. noted the
higher redox potential of the Cr3*/Cr*" couple than the V3*/
V#* couple and replaced vanadium in disordered Li,VO,F with
chromium, producing a series of materials of formula
Li,V,Cr; ,O,F (x = 0, 0.2, 0.5, 0.8).2** With increasing
chromium content, the main redox peaks in the CV analysis
shifted from 2.5 to 3.5 V, indicating a larger contribution of the
Cr¥*/Cr* couple. Benefitting from the increased discharge
voltage and the relatively constant capacity over the range of

0.2< x < 0.8, the highest specific energy was achieved for x =
0.2, i.e., Li,Vy,CrygO,F. Furthermore, the mixing of chromium
and vanadium enhanced the cycling stability compared with
that of their V- or Cr-only counterparts, with the best capacity
retention achieved at x = 0.5. XANES analysis in a subsequent
work verified that the local structure around the V and Cr ions
is well preserved after cycling of Li,V,Cry3O,F in contrast to
the irreversible variations observed in Li,VO,F and
Li,VO,F.?** Oxyfluorides with high voltage can also been
obtained by utilizing high-voltage trivalent redox couples such
as Mn®*/Mn*, Fe**/Fe*, and Co®/Co*.**® However, the
use of these trivalent couples can severely limit the capacity in
the absence of other redox reservoirs because reaching metal
oxidation states above 4+ requires a prohibitively high voltage.
House et al. overcame this limitation by inducing the redox of
both manganese and oxygen species.'® In their study,
disordered Liy gMngg50,g5Fo9s, Which was prepared by a
ball-milling process targeting the Li,MnO,F composition,
yielded an initial discharge capacity of 283 mAh g=* with an
average potential of 3.4 V. The Mn**/Mn* redox was
demonstrated to be responsible for at most ~230 mAh g*
of this capacity, with oxygen redox providing the extra capacity.
Unexpectedly, Li; gMng 450, 05Fq g5 did not suffer from oxygen
loss from the lattice unlike other lithium-excess materials that
exploit the oxygen redox; however, the underlying mechanism
by which the oxygen redox is stabilized is not yet clear.
Considering the compromise between the redox capacity
and voltage of transition metals, a critical issue to achieve the
highest energy density from metal redox processes was to
circumvent the negative correlation between these two
properties. Some of the most recent studies have succeeded
in simultaneously achieving both high capacity and high
average voltage by inducing Mn double redox.**>***%% To this
end, high-valent d° species (Ti**, Zr**, Nb%*, Sb%*, Mo®", etc.)
and low-valent fluorine anions were combined in the
disordered phases (Figure 29a). Lee et al. devised disordered
Li,Mn,/sNb,,;O,F and Li,Mn,,,Ti;,»O,F compositions that
are synthesizable using mechanochemical ball milling."> The
presence of Nb® (or Ti*) and F~ produced Mn?" in the
discharged state so that theoretical Mn?*/Mn*" redox
capacities of 270 and 230 mAh g~' were expected for
Li,Mn,/3Nb,/50,F and Li,Mn,,,Ti;,O,F, respectively. Cy-
cling of Li,Mn,,3Nb;/;0,F resulted in a high discharge
capacity comparable to or higher than the theoretical Mn?*/
Mn** capacity depending on the cutoff voltages, along with a
relatively high average discharge voltage over 3.0 V;
Li,Mn,,,Ti;,,0,F also delivered similar electrochemical
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Figure 30. Schematic illustration and brief description of chronic issues associated with nanomaterials that must be overcome.?**?*° Reproduced
with permission of ref 239. Copyright 2015 American Chemical Society. Reproduced with permission of ref 240. Copyright 2016 Wiley-VCH

Verbg GmbH & Co. KGaA.

properties. The XANES measurements elucidated the
predominant Mn?*/Mn*" redox and the small fraction of
oxygen redox beyond the Mn redox. Notably,
Li,Mn,,sNb,,;O,F exhibited negligible O, evolution even
after charging to 5.0 V, benefitting from the limited utilization
of the oxygen redox. As a result, the voltage and capacity fading
typical for materials with excessive use of oxygen redox were
dramatically mitigated, suggesting the use of Mn double redox
couples as a promising strategy to achieve cycling stability of
lithium-excess materials. While maintaining the Mn double
redox, Kitchaev et al. substituted redox-inactive d® elements
with a redox-active high-valent element to additionally employ
the redox of high-valent cations.’®® Disordered
Liy 143MnNg 266V0.57202, Li1171MNg343V0.48601.8F 0.2,
Liy 133MNg 400V0.467018Fg . (metal-rich variant), and
Li; 23MnNg 255V 51501 gFg, (lithium-rich variant) were synthe-
sized as representative compounds targeting the combination
of MnZ/Mn* and V*/V°" couples. Although all four
compounds provided high reversible capacity and energy
density with observations of Mn?*/Mn*" and V**/V%* redox,
their practical capacities were much lower than the theoretical
value assuming Mn%*/Mn*" and V**/V®* couples. On the basis
of a precise comparison of the four compounds, the authors
identified that the distribution of lithium site energies in the
disordered structure, rather than the accessibility of transition-
metal redox couples, determined the observed subtheoretical
capacity. Specifically, the existence of strong lithium—fluorine
bonds and the formation of high-voltage tetrahedral lithium
sites restricted the accessibility of lithium extraction in the
high-voltage region (Figure 29b), leaving the task of finely
tuning the chemistry of oxyfluorides to achieve desired energy
densities to future work.

AB

4. PART 3: LIMITATIONS OF NANOMATERIALS AND
STRATEGIES TO OVERCOME THESE LIMITATIONS

4.1. Limitations of Nanomaterials in Battery Systems

The strategy of nanosizing electrode materials not only
provides an opportunity to find new battery chemistries but
also results in a remarkable improvement in their electro-
chemical properties. Nevertheless, the application of nanoma-
terials to practical battery systems is also met by inherent
limitations, as graphically summarized in Figure 30. The high
synthetic cost and low tap density makes the utilization of
nanomaterials in various energy storage platforms difficult.
Moreover, although the large surface area of nanomaterials
significantly increases their electrochemical activity in terms of
the kinetics, it is also inevitably accompanied by side reactions
or oxidized surfaces, which lead to degradation of the active
materials. The positive and negative effects of nanomaterials
are in constant competition in electrochemical systems, and
sometimes the drawbacks outweigh the merits, leading to
inferior battery performance.

A comprehensive understanding of the correlation between
nanomaterials and their electrochemical properties is necessary
because of the inherent nonuniform characteristics in the
intraparticle space, such as the composition, oxidation state,
and defect concentration, which are commonly observed in
nanomaterials. In addition, attaining a deep understanding of
the surface reactivity of nanomaterials remains challenging
because many factors are simultaneously involved, such as the
crystal facet, aggregation, and complex interactions with
electrolytes. In this section, we categorize and describe the
challenges facing nanomaterials that need to be addressed for
their practical application. We also introduce the underlying
origins of “nano” characteristics, including advanced strategies
to overcome these challenges.
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Figure 31. Side reactions and surface degradation of electrode materials at the nanoscale. (a) Irreversible capacity loss during the first cycle of a
graphite anode due to SEI layer formation.”** Reproduced with permission of ref 241. Copyright 2005 Wiley-VCH Verlag GmbH & Co. KGaA.
(b,c) Surface crystal structure evolution of NCM cathode materials in the range of a few nanometers.?**?*> Reproduced with permission of ref 244.
Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Reproduced with permission of ref 245. Copyright 2014 Springer Nature. (d) Gas
evolution process at the interface between the electrolyte and Li-rich cathode materials.>*” Reproduced with permission of ref 217. Copyright 2012
American Chemical Society. (e) Transition metal dissolution of NCM cathode materials as a function of SoC, temperature, and aging time.*>*
Reproduced with permission of ref 254. Copyright 2013 American Chemical Society.

4.1.1. Surface Reactivity (Side Reactions, Surface
Degradation/Aggregation). Deterioration of the electro-
chemical performance of battery systems occasionally results
from side reactions or material degradation occurring at the
electrode surface on both the anode and cathode side. It is
often attributable to the vulnerability of the surface in contact
with the electrolyte or external conditions, which can trigger
serious degradation of a battery. Here, we briefly introduce the
side reactions and surface degradation generally observed in
battery systems without focusing solely on nanomaterials.
Nevertheless, it needs to be pointed out that these issues are
more critical to nanomaterials than to microsized materials
because the large surface area of nanomaterials will promote
these side reactions and accelerate the degradation of materials.

4.1.1.1. Side Reactions and Surface Degradation. The
formation of a SEI layer on anode materials, which is a well-
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known and essential side reaction for stable cycling, leads to
consumption of Li ions supplied from the cathode side,
resulting in an irreversible capacity and a low Coulombic
efficiency.?*?*? In particular, because nanomaterials have a
significantly larger surface area, much higher irreversible
capacity is often observed in nanomaterials than in bulk
materials. As a representative example, Figure 31a shows that
the irreversible capacity increases proportionally to the BET
surface area of the graphite anode material.*** The relationship
between the active surface area and irreversible capacity shows
a clear dependence on the particle size of graphite, with a 7
mAh/m? increase in the irreversible capacity increase observed
per BET square meter.”*? On the cathode side, preferred
surface-driven side reactions, such as surface structure change,
gas evolution, and transition metal dissolution in the
electrolyte, mostly contribute to the reduction of the
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electrochemical performance of the cells. Surface structural
evolution is usually observed in layered- and spinel-type oxide
materials after electrochemical cycling with a high voltage
cutoff of more than 4 V (vs Li). The structural evolution from
layered to spinel-like or rock-salt phase can yield a degraded
region with a thickness of a few tens of nanometers in a 300—
600 nm particle,**~>*® as shown in Figure 31bc. This
structural evolution increases the charge-transfer resistance and
kinetically hinders the Li-ion diffusion from the surface to the
bulk region, leading to cycle degradation.?** These findings
indicate that a decrease of the particle size can result in more
severe and faster structural evolution, leading to a rapid
increase of the charge-transfer resistance of active materials.
This undesirable effect competes with the effect of the short
diffusion length in terms of kinetics.

Evolution of gases such as O, and CO, at the electrode
surface can be fatal to the safety of Li-ion batteries as this can
lead to swelling of the battery package or explosion in extreme
cases. Gas phases can evolve from the interfacial reaction
between the electrode and electrolyte as well as from the
electrode material itself, as shown in Figure 31d.*" Oxygen
radicals generated from the electrode surface can repeatedly
induce electrolyte consumption and decomposition. For
example, in lithium-excess Ni—Co—Mn (NCM)-based cathode
materials, O, and CO, gas evolution have been observed
during charge.?*’=2*° The oxygen gas was detected at the end
of the charge and originated from the lattice, whereas the
majority of the CO, gas evolved from the electro!é/te and
resulted from side reactions involving the oxygen.”*"*** In
another case, Renfrew et al. claimed that residual lithium
precursors, such as Li,CO,, remaining on the material surface
after synthesis more dominantly promote CO, or CO gas
evolution.”*® These results regarding gas evolution indicate
that the reactivity properties of the surface of electrode
materials should be carefully considered for nanosized
materials with large surface areas.

Transition metal dissolution is another major issue occurring
at electrode material surfaces and has representatively been
studied in NCM-based layered and Mn-based spinel cathode
materials. The dissolution occurs mainly at the surface and
results from the interaction with the electrolyte and HF attack.
The dissolution is regarded as one of the origins of cycle
degradation because of the deteriorating effect of the dissolved
transition metal ions on the SEI layer of the anode.”*~?** For
Mn-based spinel cathode materials, Mn or Ni ions easily
dissolve in the electrolyte depending on the SoC, temperature,
and storage time, as shown in Figure 31e.?** The dissolved Mn
ions form inactive surface layers consisting of MnF, on the
cathode when an electrolyte containing a fluorine-containing
lithium salt (e.g., LiPFg) is used, which increases the cell
impedance. In addition, the migration of dissolved Mn?* ions
to the anode can induce unnecessary electron consumption as
the reduction of Mn ions promotes the decomposition of the
electrolyte and Li consumption, resulting in the formation of a
undesirable SEI layer.”®*?*? For Li(Ni,Co,Mn)O,-based
layered materials, Gallus et al. demonstrated that the amount
of dissolved transition metal ions in the electrolyte can be
reduced by using LiBF, or LiPF salts rather than LiClO,,?>* as
the oxidized perchlorate ion easily reacts with the electrolyte
and transforms into perchloric acid.”®®> Recently, Fan et al.
suggested that HF can be formed by proton transfer from the
surface of the active material to the electrolyte, which suggests
that nanomaterials with large surface areas capable of
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absorbing protons may be critical to electrolyte stability and
emphasizes the need for surface engineering.®® These
dissolution problems have been a chronic problem in battery
systems and should be resolved not only for ceramic-based
electrode materials but also for organic electrode materials.>>’

4.1.1.2. Aggregation. Aggregation of nanoparticles not only
inhibits the large-scale synthesis of nanomaterials but also leads
to deterioration of electrode performance. The kinetics of
electrochemical reactions governed by the active surface area
can be significantly depreciated when nanoparticle aggregation
gradually reduces the practical surface area. Moreover,
aggregation makes it difficult to retain the original particle
size and morphology, which could have been optimized for the
optimal performance of the electrode. Aggregation by
electrochemical reactions can be typically observed in the
conversion and alloying reactions owing to the recombination
reactions of sub-Angstram-level clusters. In general, the metal
nanoclusters, which are the main redox sources, are easily
aggregated into a larger size, and the lumpy particle loses its
electrochemical activity because of reduction of its active
surface area.®?*®?*° Thus, the mobility of transition metals
was regarded as one of the critical factors determining the
cyclability of conversion electrodes. For example, a FeF,
electrode based on FeF, + 2Li — 2LiF + nano-Fe?*® exhibits
a respectable cycle stability, whereas the similar chemistry of
CuF, shows far inferior performance. This was attributed to
the higher mobility of Cu ions than Fe ions, which leads to the
formation of largely aggregated Cu nanoparticles, inducing
irreversibility of the reconversion reaction from Cu to CuF,
(Figure 32a).*° This phenomenon results in poor cyclability
and a drastic reduction of the electrochemical activity during
the conversion/reconversion reaction of CuF,. Similarly, in the
alloying reaction, a large volume expansion can cause
aggregation or pulverization of particles. Intraparticle cracks
that induce pulverization can be formed from the accumulated
energy of strain resulting from volume expansion for large
particle sizes; however, nanoparticles usually aggregate with
other nanoparticles via compressive stress on the grain
boundary resulting from volume expansion. For example, to
prevent the aggregation of Sn nanoparticles in an alloying
reaction, a carbon matrix was adopted to prepare a Sn/C
nanocomposite. The use of the carbon matrix effectively
prevented the aggregation of Sn nanoparticles even after 200
cycles, as shown in Figure 32b.2%*

The driving force of aggregation is usually known as the
destabilized free energy from the high surface-area-to-volume
ratio of nanoparticles. Detailed parameters affecting the driving
force of aggregation have been studied in the field of colloid
science using the Derjaguin—Landau—Verwey—Overbeak
(DLVO) theory.?®*=%6* DLVO theory thermodynamically
considers the competition of attractive and repulsive forces
between two nanoparticles when they collide together by
Brownian motion. The attractive van der Waals force induced
by the interaction of electrons in two particles competes with
the electrostatic double-layer repulsive force induced by
charged surfaces. As illustrated in Figure 32c, the net force is
determined by a function of the separation distance between
the particles, and an attractive force is dominant in a primary
and secondary well region. In the primary well region, particles
irreversibly aggregate together, forming a large cluster, whereas
particles reversibly aggregate in the secondary well region and
can maintain a dispersed state when appropriate forces are
applied.”®> The nanoparticle aggregation behavior can include
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Figure 32. Aggregation of nanoparticles during battery operation and
the fundamental origins thereof. (a) TEM images of CuF,—C
electrodes at initial and lithiated states. The red and green colors
represent LiF and the Cu metal phase, respectively.?’ Reproduced
with permission of ref 80. Copyright 2011 American Chemical
Society. (b) TEM and HR-TEM image of a Sn—C composite after
200 cycles.”®' Reproduced with permission of ref 261. Copyright
2014 American Chemical Society. (c) Driving force of aggregation of
nanoparticles as a function of distance between nanoparticles (DLVO
theory). The net force is determined by the competition between the
electrostatic double layer (EDL) repulsion force and the attractive van
der Waals force. Compared with DLVO, XDLVO additionally
considers magnetic attraction, osmotic repulsion, and steric
repulsion.?®> Reproduced with permission of ref 262. Copyright
2010 American Society of Agronomy.

other parameters, such as magnetic attraction, osmotic
repulsion, and steric repulsion (XDLVO, extended DLVO
theory). Although DVLO and XDLVO theory describe the
nanoparticle aggregation behavior, many challenges remain to
explain the behavior in the electrochemical systems because of
the particle size, morphology, composition, and inseparable
correlation among electrochemical forces. While these
theoretical inputs can serve as a reference to understand the
aggregation phenomenon, better strategies need to be
developed for the practical application of nanomaterials in
electrochemical systems.

4.1.2. Physical and Chemical Nonuniformity of
Nanomaterials. The high surface-area-to-volume ratio of
nanomaterials often leads to physical/chemical nonuniformity
of surface states compared with the bulk region. The electronic
structure and chemical composition of the surface also tend to
be different from those of the bulk in order to minimize the
overall surface free energy. While these different physical or
chemical states of surfaces may offer the novel properties
described above, the loss of uniformity poses a new challenge
in controlling the electrode chemistry.
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Qian et al. showed that the average electronic spin state of
LiCoO, can be altered with particle size,” where the Co ions in
the bulk region have low spin states; on the other hand, for the
particles below 10 nm, the low-spin state portion of the Co®"
ion falls to 92.9%. The mid- or high-spin state of the Co®" ion
increases from 1.2% to 7.1% upon decreasing the particle size
from 30 to 10 nm (Figure 33a). The spin transition occurs to
minimize the surface energy of the (104) and (110) planes,
which have an oxygen coordination number lower than six.
This stabilization of the surface free energy affects the de/
intercalation potential of lithium ions in the surface region of
the LiCoO, electrode, which differs from the value expected
for the bulk LiCoO,. It implies that, without precise
information on the surface-to-bulk ratio or the particle-size
distribution, prediction of the electrode potential, which is
important for the practical assembly of the battery, may not be
trivial. Chung et al. also demonstrated that Li/Fe disordering
defects in LiFePO, are mainly distributed on the surface of the
nanocrystal because of its stabilized defect formation at the
surface.”®® The defect formation energy was found to be
anisotropic with respect to the crystallographic orientation
(Figure 33b), indicating that the morphology control of
LiFePO, can be more complicated, not only considering the
typical lithium diffusion channel in the bulk crystal but also
perceiving the nature of preferred defect formations in specific
surface directions.

A high surface energy can also induce inhomogeneity of
anions in the synthesis of nanoparticles. For iron oxyfluoride
cathode materials, the elemental separation of oxygen and
fluorine in a single nanoparticle was observed by EELS, as
shown in Figure 33¢.>*® A FeOF nanoparticle was separated
into an O-rich shell and an F-rich core region, where the
reversible oxidation and reduction occurred. The O-rich shell
region remained in the O-rich rock-salt phase during
subsequent cycling, and only the F-rich core region underwent
a phase transition between bcc-Fe metal and the F-rich rutile
phase via a conversion/reconversion reaction. The inhomoge-
neity of the anionic fluorine and oxygen species may have
resulted from the limited diffusion distance of oxygen when
fluorine was replaced by oxygen or the thermodynamic stability
of the oxygen-substituted phase itself. Li et al. discussed that
compositional inhomogeneity can induce a large voltage
hysteresis during conversion and reconversion reactions for
the nanosized FeF; electrode.’® Spatial inhomogeneity of the
composition results from the difference in the reaction kinetics
between the bulk and surface regions. As a result, the
distinctive phase evolution of the surface compared with that
of the bulk induces voltage hysteresis during charge/discharge,
as shown in Figure 33d. Park et al. reported that the
inhomogeneity of the nanomaterials is inherent from the
synthesis and can vary depending on the average sizes of the
particles.?®”?%® In the synthesis of magnetite (Fe,0,) nano-
particles, the portion of the more-oxidized maghemite (Fe,O5)
increased as the particle size decreased from 13 to 4 nm. The
average oxidation state increased as the particle size decreased
because of the large contribution of Fe** ions compared with
that of Fe?* ions, as shown in Figure 33e. Therefore, Fe,0,
became the main phase in the 4 nm iron oxide nanoparticles,
indicating the difficulty in securing the phase purity and
homogeneity in the preparation of nanosized electrode
materials.

4.1.3. Low Tap Density. Decreasing the particle size to the
nanometer scale creates a substantial amount of interparticle
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Figure 33. Nonuniform properties of nanoparticles. (a) "Li MAS NMR spectra of nano LiCoO, as a function of particle size. The percentage of
high-spin Co®* increases with decreasing particle size.” Reproduced with permission of ref 7. Copyright 2012 American Chemical Society. (b)
Highly anisotropic characteristics of antisite defect formation energy of LiFePO, at each surface.”®® Reproduced with permission of ref 266.

Copyright 2015 American Chemical Society. (¢) Chemical nonuniformity in FeOF by separation of oxygen-rich shell and fluorine-rich core.

239

Reproduced with permission of ref 239. Copyright 2015 American Chemical Society. (d) Kinetic hysteresis in FeF, resulting from compositional
inhomogeneity at the nanoscale and schematic figure of chemical distribution.*?® Reproduced with permission of ref 125, Copyright 2016 American
Chemical Society. (e) XAS and X-ray magnetic circular dichroism (XMCD) of Fe;O, nanoparticles as a function of particle size. The Fe,04
character gradually stands out as the particle size decreases from 13 to 4 nm.?®” Reproduced with permission of ref 267. Copyright 2005 Wiley-

VCH Verbg GmbH & Co. KGaA.

space, resulting in a low tap density of electrode materials. The
low tap density inevitably leads to not only a low volumetric
capacity but also necessitates a thick electrode to achieve a
comparable Eacking level as a conventional elec-
trode.**?%°=2"3 For example, the tap density of nano-Si
particles with a 150 nm diameter is approximately 0.15 g cm3,
whereas the theoretical bulk density of Si is almost 2.33 g
cm~3, which results in approximately 15 times less volumetric
energy density and requires a much greater thickness than that
of bulk powders.?”*?"> The use of the low tap density materials
followed by the thick electrode results in several disadvantages
in terms of the electrochemical performance. The lithium-ion
diffusion distance from the counter electrode to and from an
active surface through the electrode pores significantly
increases with increasing thickness of the electrode. As a
result, the increased diffusion distance causes a large cell
polarization and makes it difficult for the electrode to achieve a
high rate capability despite the expected fast kinetics in the
individual nanoparticles. Moreover, poor cycle life can result
from the severe current concentration, which is attributed to
unbalanced traveling paths between electrons and guest
ions.?’%?"" While applying a manufacturing process, such as
calendaring, may lead to a dense electrode that has a shortened
overall lithium-ion diffusion length and well-connected
electrical pathway.”’® the rolling process generates mechanical
cracks or fractures on the particles due to its high stress and
sometimes cuts the electric or ionic path off, in addition to
leading to a nonuniform particle distribution. To overcome
these problems, the development of advanced electrode
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processes and the reduction of the internal volume of
nanomaterials are critical to maximizing the benefits of
nanoparticles.

4.1.4. High Synthetic Cost and Alternatives. According
to the cost structure of battery components, the electrode
materials generally account for more than half of the total cost
of the battery components.?’® The additional nanosizing of the
active materials inevitably results in an increase of the electrode
cost; thus, it is essential to consider and minimize the cost of
nanosizing to achieve economic viability. Lithium-containing
nanoparticles are often highly air-sensitive due to their large
exposed surface area and are thus synthesized and stored more
carefully in low-H,O and -O, environments, resulting in a
further increase of the material cost. Many studies have used
hydrothermal reactions,****° the sol—gel method,?**~?% and
aerosol-spray pyrolysis*®* to synthesize nanocrystalline materi-
als. These methods can be manipulated for upscaling; however,
costs may rise because they generally require the control of
subtle reaction conditions (such as the reaction temperature,
pressure, solvent selectivity, and reactant ratio) to synthesize a
product with size monodispersity. The use of additives for
down-sizing also increases costs and requires additional post-
treatment processes to eliminate the additives. Planetary ball
milling has been used to reduce particle sizes simply by
controlling the rotation speed and time, without the need for
complex synthesis schemes or reaction conditions. The
planetary ball milling method may compete with the synthesis
of nanocrystalline materials in a simple batch, however, the
control of the homogeneity of materials, the uneven particle-
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Figure 34. Schematic illustration of the three main categories described in section 3.2. Approaches to overcoming and understanding nanomaterials
in terms of atomic-scale redesign, electrode design engineering, and new advanced techniques. Each block illustrates the representative nanostrategy

for each length scale for battery systems.

size distribution, defects generated by the strong physical
collisions, and suitability for mass production remain
challenges. As further material developments have been made
with multiatomic compositions*®® such as mixed nickel, cobalt,
and manganese for cathodes or various alloy types for anodes,
uniformity has remained one of the most important issues and
is critical in the quality control of battery systems employing
nanomaterials.

4.2. Strategies to Overcome the Limitations of
Nanomaterials

The current limitations of employing nanomaterials in
electrochemical systems have delayed the successful utilization
of the interesting new properties uncovered by nano-
electrochemistry and have prohibited their commercial
feasibility. However, intensive recent efforts have identified a
few important strategies that may overcome these limitations.
In this section, we introduce these attempts with respect to (i)
atomic-scale redesign of nanomorphologies, (ii) electrode
design engineering, and (iii) new, advanced techniques for the
observation of nanomaterial-dependent electrochemical phe-
nomena as illustrated in Figure 34. The main principle of each
strategy will be discussed with some examples provided.

4.2.1. Atomic-Scale Redesign of Nanomorphologies.
4.2.1.1. Dimensional Classification of Nanostructures.
Nanomaterials are generally classified by their structural
dimensionalities; 0D (clusters and small particles), 1D
(nanotubes and nanowires), 2D (nhanoplates and layers), and
3D (hierarchical nanostructures) nanostructured materials
(NSMs).?®® As NSMs with different dimensionalities will
experience different Li* ion diffusion modes, active surface
ratios and Li-ion storage properties controlling their nano-
architectures is a potentially useful method for improving the
electrochemical performances of active materials.?®"2%%

0D NSMs, such as clusters, which can shorten Li* ion
diffusion paths in all directions, have been studied to resolve
the generally poor Li* ion and electron conduction within the
materials. Many researchers have synthesized a range of 0D
NSMs with high crystallinity, demonstrating significantly
enhanced rate performances.”® In addition, nanoparticles
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with large surface energies could trigger reaction paths through
nonequilibrium phase transitions. For example, LiFePO,
nanoparticles deliver better rate performance by suppressing
phase separation, which proceeds by deviating from its
thermodynamically equilibrium state.”° Nevertheless, 0D
NSMs generally have large surface areas in contact with the
electrolyte, which often deteriorates their stabilities and
triggers side reactions (see section 4.1).

1D nanostructures are attractive morphologies for Li-ion
batteries due to the short Li-ion diffusion along the radial
direction, fast electron conduction along the 1D direction, and
their structural variety, such as nanotubes or nanowires.>**%2
For example, single crystalline nanotubes of spinel LiMn,O,
with a 200 nm wall thickness showed an excellent rate
performance along with high structural stability.>> It was
demonstrated that 70% of the initial capacity was maintained
over 1500 cycles at a current density of 5 C. Moreover, core—
shell type Si nanowires exhibited about 90% of their initial
capacity after 100 cycles as the nanowire architecture could
relax the internal strain and prevent pulverization over
repeated cycles.?%?

2D NSMs can provide more well-defined Li-storage sites
compared with 0 or 1D NSMs, generally showing the highest
energy density among the various nanostructures.”>* Nano-
plates or nanosheet-like structures facilitate the charge transfer
of Li-ions from an electrolglte gnificantly increasing both
energy and power densities.”>*°® However, the large surface
area of 2D materials can also cause electrochemical
irreversibility during cycles due to the consumption of
electrolytes or structural deformation.™’

3D NSMs are usually assembled from 0D, 1D, or 2D NSMs
in an effort to circumvent the major problems of each
nanostructure such as material instability or low tap-
density.”?°® For instance, hollow microsphere 3D NSMs
composed of V,05 nanorods exhibited much improved energy
densities, capacity retention, and rate capability because their
mesoporosity provides a greater number of active sites and
helps to alleviate the volume expansion during cycling, while
the single-crystalline nature of the V,Og nanorods facilitates
fast kinetics with the merits of 1D nanoarchitectures.?*’
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However, 3D architectures sometimes require the additional
process(es) of reassembling individual 0, 1, and 2D NSMs,
making them less cost-effective.”®’

4.2.1.2. Surface Dependence of Nanostructures. Despite
the potential advantages of nanosized materials, intrinsic
obstacles including their surface reactivity, agglomerations,
and nonuniformity limit their use and delay their practical
application in battery systems. These properties are deter-
mined by the nature of the surface, including the preferred
crystal facets, surface atomic structure, and reconstruction.
Therefore, redesigning the morphologies of nanosized
materials can effectively suppress the limitations when adapting
nanomaterials for battery systems. A few studies have
demonstrated that a careful redesign of the morphologies of
nanomaterials can efficiently mitigate the side reactions
involved with the surface reactivity. Growth of particular
surfaces in the controlled nanomorphologies may offer
minimized side reactivities with electrolytes, along with
optimized battery performance.*® For example, in the case
of LiMn,O, spinel-type materials, as the Mn dissolution from
the material degrades the cycle stability, an effect that is
magnified when used as nanosized electrodes with larger
surface areas,”®>*> Kim et al. proposed that a truncated
octahedral nanomorpholog of LiMn,O, can successfully
mitigate the dissolution.””* It was noted that the Mn
dissolution is dependent on the lattice orientation of the
surface contacting the electrolytes, which was the most
favorable at the (1 1 0) surface.**—° Accordingly, it was
demonstrated that truncating the reactive surface in the
morphology could lead to a substantial reduction of the Mn
dissolution, while the cycle and rate performances are
maintained for nanosized LiMn,0,.

Given the anisotropic nature of the electrode material,
thermodynamic information on the different crystal facets can
also be useful in tailoring nanosized electrode materials for
high structural and thermal properties. For example, in the case
of LiCoO,, it is known that a thermal runaway, which involves
oxygen release from LiCoO, lattice, poses a safety problem for
elevated-temperature applications. Moreover, this problem
increases drastically with nanosize LiCoO, electrodes.®**
Interestingly, the (0 0 1) facet is much more resistant toward
oxygen release, while it is relatively easy to induce oxygen
release on the (0 1 2) and (1 0 4) facets. The oxygen release
from those facets tends to trigger local structure transitions
from the original layered structure (R3m) to spinel (Fd3m)
and rock-salt (Fm3m) structures.** The structural transitions
further propagate from the side surfaces of the crystal to the
core, accompanied by further oxygen loss and thermal
decomposition. This implies that understanding the oxygen
release reaction of each facet can help guide attempts to
minimize thermal runaway of LiCoO, by morphology design.

Regarding the aggregation or coarsening of nanoparticles at
elevated temperatures*®® a thermodynamic approach to
suppress the grain growth of nanostructured polycrystals has
been evidenced in a few systems.**’—3°° Mayr and Bedorf
rationally designed a method to mechanically stabilize Cu
nanostructures by grain-boundary doping with Bi.**° Upon
doping Bi atoms within the grain boundaries of nanocrystalline
Cu, molecular dynamics (MD) calculations revealed the
occurrence of a locally negative grain-boundary free energy,
while the overall free energy remained positive. The presence
of the locally negative free energy introduced by the grain
boundary doping inhibited grain growth. This implies that
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dopants within the grain boundaries of active electrode
materials, or locally negative grain-boundary free energies
within nanocrystals may offer stable long-term stability of
nanoparticles against aggregation in electrochemical systems.

4.2.2. Electrode-Level Considerations. Some limitations
of nanosized active electrode materials can be addressed
eftectively by optimizing their electrode-level engineering. For
example, accelerated transition metal dissolution from the
larger surface area can be mitigated by forming a physical
protection layer on the electrode surface. In addition, the
aggregation of nanoparticles and the large interparticle
resistance can be resolved by adopting a conductive carbon
architecture in the electrode.”®**'='2 The strategies discussed
here address the electrode-level considerations, modifying the
function/shape of individual electrode components such as the
binder and conductive agent or the packing approaches, in
order to alleviate the shortcomings of the nanomaterials. Some
of the strategies have also been intensively investigated in other
electrochemical devices such as those for energy harvesting and
water splitting, thus many review papers related to this
“nanostrategy” provide useful points of view.>?"1:313=316

4.2.2.1. Surface Modifications for Stability. The most
widely practiced solution to the side reactions induced by
surface reactivity is the improvement of the electrochemical/
chemical stability of the surface using coatings or formation of
physical protective layers. Such surface modifications are
usually implemented using either direct coating of heteroge-
neous materials on the active materials by specific synthetic
processes™ 'Y or using additives in the electrolyte to trigger
the formation of special SEI layers by electrochemical
processes.’*~*** Both methods have proven to be effective
in increasing chemical stability by avoiding the direct exposure
of the electrode surface to the electrolyte/salt. These
approaches have also resulted in remarkable improvements
of the electrochemical stabilit); of postlithium-ion battery
systems, such as Li/sulfur®**=?" or aqueous®**=>*° recharge-
able battery systems, indicating that surface modification is a
universal strategy that can be applied to electrochemical
systems with similar problems.

Essentially, the materials used for surface coating or
modification should meet the following conditions. (i) The
material and its dimensions should allow reasonably fast
lithium ion and electron conductivity. Otherwise, the battery
will suffer from a high overpotential, resulting in a reduced
power density and poor cycle life. In addition, due to the
presence of many interparticle interfaces of nanomaterials, it is
crucial that the materials used for coating or encapsulation
have a high electrical conductivity and provide an effective
electrical connection. (ii) The surface coating material should
be chemically compatible to the active materials and
electrolytes used in the battery and stable in the voltage
range of the cycling. (iii) It is also essential for the coating
material to exhibit mechanical compatibility with the electrode
materials, which undergo volume changes with de/lithiation,
either by their intrinsic properties or coating/encapsulating
geometry. For example, for electrodes that undergo severe
volumetric expansion during cycling, it is advantageous to have
an encapsulation structure with a buffer space rather than a
coating directly connected to the material because permanent
breakage of the coating can occur with the volume
changes.®>***%2  Alternatively, anchored structures can be
effective in utilizing the large active surface area of nano-
particles provided that the chemical/physical stability of the
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Figure 35. Schematic illustrations comparing the kinetic factors of nanoparticle-based electrodes with different structures. Electron flows in (a)
carbon-coated nanoparticles and (b) an electrical-matrix-supported electrode with carbon-coated nanoparticles. The overall resistance of the
electrode can be reduced by using both carbon-coating and electric wiring techniques. Guest-ion diffusion paths in (c) densely packed
nanoparticles and (d) arranged nanoparticles with micropores. The diffusion of guest ions into electrodes with micropores is more advantageous.

particles is secured.***=** (iv) Finally, industrial aspects such
as cost competitiveness, eco-friendliness, and large-scale
synthesizability should be satisfied.

The most widely used materials for the surface modification
of nanoparticles include carbon-based materials (amorphous
carbon, graphitic carbon, graphene®*****=33%) 2D materials
(boron-nitride, phosphorene®*®3%%) and inorganic materials
(Al,05, MgO, ZrO,, or glassy materials*>*"***=34%) Carbon
materials have been widely used in both cathode and anode
materials because of their low cost, high electrical conductivity,
and good mechanical properties. The distinct properties of
different carbon species and the availability of processing
techniques have made carbon materials one of the most
suitable coating/encapsulating agents for nanosized electrode
materials.>**’ Recently, 2D materials were also investigated as
surface coating/encapsulation materials, as the physical and
electrical properties of 2D materials can be engineered by
modulating the number of layers.>**=3>" Although only a few
studies have demonstrated the application of 2D materials
(except for graphene) to enhance the stability of lithium metal
or the electrochemical properties of anode materials.>***°%%2
Its applicability is expected to be expanded in the future.

While surface modification can offer a viable way to reduce
side reactions, it also compromises some of the beneficial
nanophenomena, particularly those relying on the surface
electrochemistry. The charge storage mechanisms at the
interface or in pseudocapacitive materials can be passivated
by the presence of the coating materials. Thus, this approach
cannot be universally applied and their use is limited to certain
classes of nanomaterials. Moreover, the additional surface
modification process may not be cost-effective, and the actual
cost may also increase depending on processes required to
achieve a conformal coating on wide surfaces of the
nanomaterials. Solution processes or chemical vapor deposi-
tion (CVD) may alternatively be used to increase the coating
uniformity, but the increased cost resulting from the use of
certain solvents or equipment is unavoidable. Conventional
mechanothermal treatment methods can provide a relatively
inexpensive process; however, it is challenging to achieve high
uniformity throughout the entire nanoparticle sample.

4.2.2.2. Maximizing Kinetics within the Electrode. The
electrochemical hysteresis of a nanomaterial is caused not only
by thermodynamic effects but also kinetic factors originating
from the nanofeatures of the material. In the ideal case, a
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round-trip galvanostatic curve with a high efficiency should be
obtained for electrodes containing nanomaterials because the
active surface area is large and the path through which lithium
ions diffuse is relatively short. However, it is sometimes
difficult to fully exploit the advantages of fast kinetics in
nanosized electrodes because of practical problems, such as the
electrical connection of each nanoparticle or the increase of
interfacial resistance.*>* In addition, the structural complexity
of the nanostructure, with limited pore connectivity, can
severely elongate the diffusion paths of guest ions and impede
charge transfer.**%3>%° Thus, the electrochemical response of
some nanoparticles is difficult to achieve and eventually leads
to deterioration of the electrochemical properties, with higher
hysteresis, lower power density, or reduced cycle retention.

Generally, to enhance the electrical connectivity among large
numbers of nanoparticles, coating each particle with
conductive materials could offer higher contact probability
and reduced interfacial resistance. Remarkably improved
electrochemical performances achieved using carbon or
conductive materials have been documented in many coating
studies, stronglg supporting the basis of the coating
effect 312318356557 \While coating clearly alleviates the issue
of electric connection for individual particles, it still presents
challenges regarding elongated electrical paths through
particle-to-particle surfaces, as schematically illustrated in
Figure 35ab. The electron path along the surface of
nanoparticles is inordinately longer than a straight path to
the current collector (Figure 35a,b), which causes a greater IR
drop of the cells. In this respect, it is necessary to shorten the
overall electronic path in the electrode using conductive matrix
agents, such as CNTs, graphene oxide, or 2D materials.***=>¢*
Other approaches include regulating the shape of the current
collector or 6growing the nanomaterial directly on the current
collector.*®3°*=3%% Through these approaches using nano-
architectures, the challenges associated with the electrical
connectivity can be efficiently resolved.

Nanomaterials generally exhibit low tap densities, which
necessitates the use of thick electrodes to gain the desirable
energy density. If the nanoparticles are too densely packed on
the electrode, the electrode only contains nanoscale pores
inside, and eventually some particles have limited access to the
electrolyte, as schematically shown in Figure 35c. Thus, the
overall diffusion path of ions becomes longer than that of an
electrode possessing micropores, resulting in limited electro-
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Figure 36. Various strategies for obtaining high-tap-density nanomaterials. (a) Schematic illustration of secondary particle design using Si
nanoparticles.?*® Reproduced with permission of ref 269. Copyright 2014 Springer Nature. (b) Graphene/ethyl cellulose-supported electrode with
high volumetric energy density. (c) Graphene flakes in the electrode. This makes the electrode more densely packed, resulting in a reduced
electrode thickness (d) relative to that of an electrode prepared using the normal fabrication process (e).*** Reproduced with permission of ref 311.
Copyright 2017 American Chemical Society. (f) High-tap density Si nanoparticle obtained using a new binder (left) and pristine Si nanoparticles
(right). SEM images showing that the particles are more densely packed when using a PPyMAA binder (g) compared to a controlled powder
(h).>”® Reproduced with permission of ref 376. Copyright 2015 American Chemical Society.

chemical kinetics.**® The ionic accessibility can be improved to
some extent if the nanoparticles are well ordered using
chemical or mechanical processes. However, the volumetric
energy density and loading density should be simultaneously
considered when using the dispersion strategy (Figure 35d). In
this respect, researchers have attempted to assemble
hierarchical structures wherein the nanomaterials are arranged
consistently, which can simultaneously ensure the micro-
porosity and higher packing density of the material. Some
examples include the arrangement of nanorods in a row on
current collectors®®*3%® or the fabrication of secondary
particles with internal alignment.?***" Studies that adopted
such strategies successfully demonstrated higher electro-
chemical properties and volumetric energy densities than
those of randomly distributed electrode structure.*?’* The
direct growth or distribution of nanoparticles on arranged
conductive matrixes, such as graphene oxide or CNTSs, have
been shown to improve both ionic and electronic percolating
paths.368,369

The optimization of the kinetic factors of the electrode can
improve the uniformity of the electrochemical reaction, which
in turn has a positive effect on the power density, charge/
discharge efficiency, and cycle life of nanomaterials. However,
it is worth noting that these approaches often result in the need
for excessive conducting agent or matrix to cover the large
nanoparticle surfaces, decreasing the practical specific and
volumetric energy densities. Thus, the development of an
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advanced electrode fabrication method that meets the above
conditions is necessary for viable commercialization.

4.2.2.3. Materials Packing toward High Energy Density.
Recent studies have shown that the low tap density drawback
of nanomaterials can be effectively overcome through the
advanced process of stacking nanoparticles and fabricating
electrodes. One of the main approaches includes the
fabrication of the secondary structure by assembling nanoscale
primary particles and forming microsized secondary par-
ticles.*’°=*"* A much higher tap density can be attained than
in the original state without compensating for the specific
energy density. Liu et al. suggested a hierarchically structured
Si nanoparticle using microemulsion droplets.?*®> The micro-
scale secondary particles, which resembled a pomegranate,
were designed such that each nanoparticle was separately
encapsulated by a thin carbon layer with void space for
volumetric change (Figure 36a). The coated nanoparticles
were assembled into secondary particles encapsulated by a
thick carbon layer, which prevented further mechanical
isolation of the primary particles. With the pomegranate-like
structure, the electrode density could be dramatically enhanced
by 250% from 0.15 to 0.53 g/cm®. The assembly of the
nanosized primary particles into secondary particles was also
practiced in the preparation of the nanoscale cathode materials.
Wen et al. fabricated microsized secondary particles with
LiFePO, nanoparticles using a spray-assisted method, achiev-
ing an electrode loading density of 2.6 g/cm? which was
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approximately 40% higher than that of electrodes produced
using the conventional casting method.*”® The electrodes were
able to attain volumetric energy densities of up to 70% of the
theoretical value of LiFePO,.

Improvement of the low tap density of nanomaterials can
also be achieved with the help of other electrode
components.****3937> Chen et al. was able to increase the
volumetric energy density of nano-LMO using graphene
nanoflakes and an ethylcellulose matrix. They used a
graphene/ethylcellulose complex to form a slurry mixture
with nano-LMO particles and then heated the mixture to
remove the ethylcellulose (see the schematic illustration in
Figure 36b).** During the decomposition of the ethyl-
cellulose, the graphene flakes were strongly compressed against
each other, forming a thin and binder-free electrode film with
increased packing density, as shown in Figure 36¢c. The
electrode thickness was reduced to less than 40% (Figure 36d)
and the volumetric energy density was 30% higher than a
conventional electrode (Figure 36e). Binders with strong
adhesion forces can also be employed to effectively increase
the tap density.>’® A new binder, poly 1-pyrenemethyl
methacrylate-co-methacrylic acid (PPyMAA), provided a tap
density of 0.5 g/cm?® using ~200 nm of nanosilicon particles
(Figure 36f), with a first cycle efficiency of 82%. Parts g and h
of Figure 36 show the nanosized Si particle with and without
PPYMAA binder, respectively. As observed in the SEM images,
the particles using the PPyMAA binder were clustered more
densely and formed a network. It was suggested that the MAA
structure incorporated in the PPyMAA induces strong covalent
bonding with the Si particle surface, which minimizes the
exposed surface area with the high tap density.

The low tap density of nanoparticles is a problem that can
be surmounted by regulating the stacking of nanoparticles at
the electrode level. However, the process used here needs to be
scaled up to the commercialization level and must satisfy cost-
effectiveness requirements at the same time. Moreover, the
development of an electrode fabrication process while
accounting for the surface characteristics of the nanomaterial
will be critical in overcoming low tap density problems.

4.2.2.4. Multifunctional Binders for Nanomaterials. Poly
vinylidene difluoride (PVDF), poly(acrylic acid) (PAA), and
carboxymethyl cellulose (CMC), which are typical binders for
commercialized batteries, do not have electrochemical activity
in the practical voltage range, while the electrode generally
contains a binder with a mass ratio of 1-5 wt %. Nanosized
electrode materials generally require a large amount of
conductive agent and exhibit larger volumes by weight, thus
needing more binding agents than bulk materials. There have
been attempts to address this issue of nanosized materials by
imposing multiple functionalities on the binders.>""*"® Wu et
al. redesigned the polymeric chain of the binder to retain
electrical conductivity in order to improve the energy density
of nanomaterials.®”® Chain tuning of a polymeric binder could
also improve the ionic conductivity of the electrode in addition
to its electrical conductivity. Facile Li-ion transport was
possible along the side chain, which increases the polarity to
enable better uptake of the electrolyte. Studies have also
reported the improvement of the cycle life even with repeated
volume changes in the electrode by using a binder with
intrinsic electrical conductivity, thereby ensuring the presence
of electrical networks in the electrode.**%%*

There have also been attempts to accommodate the volume
changes of nanosized electrode materials by fixing the
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nanoparticles to a 3D scaffold polymer binder using porous
binder structures.*®* Employing a binder with a 3D inter-
penetrated network offered a better cycling stability because of
its capability of reversible deformation upon volume change.**
Recently, a new type of binder was reported that enables ring
sliding based on a principle similar to the pulley stress-release
mechanism for mitigating the volume expansion of the Si
anode.*®* As a result, the pulverized particles in the electrodes
could be reintegrated to prevent the loss of active materials as
well as to prevent uncontrolled growth of SEI layers. Hence, it
was possible to maintain a stable cycle life even in commercial-
level areal capacities. This report implies that the molecular
design of the binder can be an important part of the electrode
redesign process, encompassing nanosized electrode materials.

4.2.3. Advanced New Techniques for Exploring
Nanochemistry. Over the last two decades, the direct
observation of micro/nanostructure changes upon electro-
chemical reactions has been actively pursued in the field of
battery research; consequently, the understanding of battery
chemistry has greatly progressed owing to these pioneering
efforts.*©105385=387 "Today, real-time observation at the
nanoscale is becoming more important than ever: nano-
technology is playing an increasing role in rechargeable battery
systems as researchers have begun to realize that electro-
chemical reactions at the nanoscale are far from thermody-
namic equilibrium.??%3%83%% Reflecting these issues, recent
advances in observation technology have led to new insights
into the nanoscience of battery systems. In this section, we
discuss the challenges of technology for the observation of
nanosized electrode chemistry and then introduce advanced
new tools to characterize this chemistry for rechargeable
batteries.

Generally, these fields of study have three major challenges:

(i) Realization of actual battery conditions. To accurately
monitor the behavior of nanomaterials, the observation should
be implemented under the actual electrochemical conditions
or, at least, in corresponding environments. However, battery
systems used in observation equipment are significantly limited
by the characteristics of the equipment. For example, the use of
commercialized organic electrolytes is not compatible with
vacuum equipment because of their high vapor pressures.>*%=°*
In addition, light/beam sources with high energies often cause
severe electrolyte decomposition, damage to the active
materials, and local heating, leading to an increase of the
complexity of realizing battery conditions.**> Thus, many
studies have used ionic liquids, solid electrolytes with physical
contacts, or encapsulated systems for better stability under the
measuring conditions.****% Although these alternative meth-
ods can facilitate understanding of the nanosized active
materials, it is difacult to fully ensure the realistic behavior
of active materials in practical cells. Moreover, it is necessary to
manufacture single-particle or monoparticle-layer dispersed
electrodes to achieve accurate observations; however, this step
also presents another large challenge because of the fabrication
of the nanocircuit and its control.

(ii) High spatial resolution. The electrochemical reactions at
the nanoscale should be investigated with high spatial
resolution with specific reaction information, such as subtle
lattice changes or changes in the oxidation state of the redox
center, occurred simultaneously. In general, apparatus using X-
rays or electrons have theoretical spatial limit resolutions
determined by the energy of the source, with a proportional
relationship. However, the observations of real-time electro-
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Figure 37. Schematic illustration of advanced new TEM techniques for nanomaterials. (a) GPA analysis using high-resolution TEM and an in situ
electrochemical system, which can provide more accurate lattice images at the nanoscale.*®® Reproduced with permission of ref 395. Copyright
2018 American Association for the Advancement of Science. (b) Overall process for cryo-TEM measurement. Continuous cooling with liquid
nitrogen effectively alleviates beam damage and enables the observation of soft materials.**® Reproduced with permission of ref 398. Copyright

2017 American Association for the Advancement of Science.

chemical reactions are limited at their theoretical resolutions
because of the complexity and sensitivity of battery systems.**
Therefore, it is necessary to develop devices, including a
detector or calibration tools, to increase the resolution or to
use an advanced algorithm to interpret the response
information in mild energy ranges.

(iii) Time-resolved information. The electrochemical
reactions of nanoparticles often occur nonuniformly in each
area, even though the overall cell capacity is proportional to
the time and applied voltage/current.****°> Thus, a certain
local area is most likely to react rigorously under high current
density. Moreover, nanosized electrode materials exhibit
significantly increased rate capabilities and fast relaxation
behavior to reach the equilibrium state. Thus, collecting
information over a very short time period is essential to further
identify the rapid kinetics of nanomaterials. However, large
time resolutions can cause significant difficulties in the precise
interpretation of data because of a higher signal-to-noise level
and relatively low intensity counts. Therefore, similar to the
approaches used to overcome spatial resolution issues, the
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development of devices or algorithms to achieve high time
resolution with qualified data is necessary.

These equipment and limitations are also discussed in depth
in other review articles.****°" From here, the most recent
major achievements in addressing the challenges outlined
above, and promoting a new understanding of the electro-
chemical properties of nanomaterials, are introduced.

4.2.3.1. Advanced TEM Techniques for High Resolution.
TEM is widely used for investigating atomic arrangements with
high-resolution imaging up to the Angstram scale. However,
some battery materials, such as Li metal and electrolytes, are
highly vulnerable to electron-beam irradiation, making TEM
study while maintaining the native state of the subject a large
challenge. Moreover, the inherent local heating also causes
serious damage or vibration in in situ electrochemical systems,
creating further difficulties for the direct observation of battery
operations. However, recent technological advances have
significantly mitigated the traditional vulnerabilities of TEM.

High-resolution lattice imaging with advanced geometric
phase analysis (GPA) has revealed a local Li concentration
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Figure 38. Schematic illustration of the operation of various X-ray-based equipment. (a) X-ray powder diffraction, (b) coherent diffractive imaging,
(c) scanning transmission X-ray microscopy, and (d) ptychography technology.

reversal phenomenon during galvanostatic cycling.**> The
advanced algorithm used in GPA results in high time-resolved
and position-resolved lattice images from high-resolution
(HR)-TEM, enabling the investigation of sub-Angstrgm-scale
lattice changes at the single-nanoparticle level using an in situ
electrochemical tool (see Figure 37a). The authors were able
to visualize the local lithium concentration change in areas as
small as several nanometers (3 nm x 3 nm) using electron
diffraction, revealing inhomogeneous intercalation in a single
particle of nanosized LiFePO,. In contrast to the generally
accepted understanding of monotonic Li concentration
changes, it was demonstrated that a reversal of the local Li
concentration occurs in nanosized domains because of their
different chemical potential curves depending on the local
domains.

Moreover, the so-called cryotechnique significantly mitigates
the effects of electron-beam irradiation of Li metals, allowing
the native state of Li dendrites and its SEI layers to be
observed even at a high acceleration voltage of 300 kV.>*® The
SEI layer and Li metal are sensitive to the electron beam
because of their weak atomic bonding and low melting points.
However, as shown in Figure 37b, continuous liquid-nitrogen
cooling during the entire sample preparation and measurement
process greatly alleviates the decomposition of these soft
materials. It was revealed that the single dendritic growth of Li
metal in carbonate-based electrolytes has preferred facets with
certain directions. It has also been demonstrated that the
nanostructure of the SEI layer can be altered by using additives
in the electrolytes. Whereas the standard carbonate-based
electrolyte ethylene carbonate—dimethyl carbonate (EC—
DEC) forms randomly distributed inorganic crystal domains
in the amorphous matrix, a more ordered multilayer structure
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forms when 10 vol % fluoroethylene carbonate (FEC) was
added to the electrolyte.

4.2.3.2. Superior Time-Resolved in Operando XRD. XRD is
a typical diffraction-detecting technique used to investigate
phase evolution using9 the Bragg diffraction fingerprints of
crystalline materials.®*® This technique can provide quantita-
tive microstructural information such as the single-crystal grain
size or internal strain. Conventional XRD measurements
provide a pattern for thermodynamically stable states because
the electrode is measured in a relaxed state. In contrast, the
patterns measured using in situ or in operando electrochemical
systems can represent the nonequilibrium state of active
materials, providing more comprehensive insight into the
kinetics of batteries. However, the relatively long measurement
time of conventional XRD, from a few minutes to hours, is
insufficient to gather accurate information regarding dynamic
states because of the rapid kinetics of nanomaterials.
Therefore, synchrotron-based in-operando XRD with a 2D
detector (as shown in the schematic of Figure 38a), which can
provide higher diffraction intensity even for short measurement
times because of the use of high-energy X-rays, plays an
important role in dynamics studies of nanosized electrode
materials.

Using in operando synchrotron XRD, Liu et al. observed
metastable phases spanning the range of 0 < x < 1 in Li,FePO,
(~190 nm).“® They successfully measured the phase transition
behavior at 5, 10, and 20 °C using a 2D diffraction detector
with a data collection time of 3 s for each pattern. The time
scale corresponds to 0.004Li, 0.008Li, and 0.017Li per formula
unit change of LiFePO,, respectively. They observed that the
diffraction patterns broadened toward higher angles under
higher current density and concluded that this feature
originated from capturing the metastable phases between two
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end members of phases rather than nucleation of the new
phases. They analyzed the measured XRD patterns by fitting
and compared them with XRD simulation results with
multilithium composition phases. It was possible to analyze
the phase distribution with high accuracy because the
synchrotron beam has only a single peak for each Bragg
position (unlike conventional XRD using a metal emission
source that generates Kal and Ka2 peaks). This work
represents important progress that maximizes the time and
phase resolution and thus provides an in-depth understanding
of the nonequilibrium behavior of nanomaterials.

4.2.33. X-ray Diffraction for Coherent Imaging. The
coherence of X-rays from a synchrotron source is one of the
key characteristics that allows structural information to be
analyzed more accurately from diffractive information.
Coherent diffractive imaging (CDI) uses a lens-less micro-
scope taking advantage of the coherence of the beam and
phase shifts in the specimen. Figure 38b presents a schematic
illustration of CDI. The plane detector collects the intensity of
the diffraction patterns containing large scattered vectors from
the isolated single particle. If the collected information is
converted into real space, one can obtain a high-resolution
image of nanosized specimens. Moreover, when one measures
the interference near the Bragg diffractive position of the
sample with rocking in a small angle range, the 3D electron
density images in real space can be rendered using
sophisticated phase retrieval algorithms. The image has a
relatively low resolution (~10 nm); however, it can provide a
variety of structural information for nanomaterials from the
diffractive properties, such as the elastic properties of or defect
movements in the material.*® Recently, these advanced Bragg
CDI techniques have been combined with an in situ
electrochemical system, enabling observations to be made of
the inside of a single nanoparticle by focusing the X-ray beam.

Ulvestad et al. revealed three-dimensional strain evolution in
a single LiNiysMn;50, nanoparticle under in operando
conditions.*™ They observed the stripe morphologies and
coherency strain using the Bragg CDI technique and showed
that the stripe formation required a critical size of above 50
nm. Moreover, the dependence of strain on the direction of
charge/discharge was elucidated by the elastic energy land-
scape with femtojoule precision, directly showing hysteresis in
a single nanoparticle. They also could track a single edge
dislocation in a single LiNigsMn;5;0, nanoparticle under
electrochemical cycling.“> The negative Poisson ratio
observed by the authors could explain the phenomenon by
which LiNiysMn;s0, does not undergo serious structural
collapse or oxygen evolution even at high voltages. Moreover,
it was visualized that the dislocation served as a nucleation
starting point during phase transition, confirming theoretical
expectations.””® Coherent imaging technology, introduced
relatively recently, can be used to directly investigate the
nanomechanical behavior or defect characteristics of a single
nanoparticle in real time as well as in 3D maps. Thus, it is
believed that this imaging technology will be widely used to
explore nanomaterials in the future.

4.2.3.4. Scanning Transmission X-ray Microscopy. Anoth-
er imaging technology providing 2D maps is scanning
transmission X-ray microscopy (STXM). This is a microscopy
technique that scans a sample, as depicted in Figure 38c, with a
nanofocused X-ray beam to obtain images and bring to light
chemical information on reactions, such as X-ray fluorescence
and the yield of electron emission or diffraction. By using a
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focused beam to scan a sample, synchrotron-based STXM can
provide a deeper penetration depth and less damage to the
material than an electron microscope, while having a higher
resolution than an optical microscope.**®“®* The scanning
method has many strengths for analyzing materials; however,
there are limitations associated with the use of STXM. The
focused beam size determines the resolution of the micro-
scope; thus, advanced beam focusing techniques down to the
nanoscale are required. In addition, it can take a long time to
examine a large field of view, making it difficult to examine a
large sample under in situ conditions. Rapid recent
technological developments have led to focused beam sizes
of less than 10 nm, and the time needed to acquire images has
been gradually decreasing.>*® Through these efforts, STXM is
becoming a suitable tool for observation of electrode materials
without serious damage and with high spatial resolution.
However, the decomposition and evaporation of electrolytes
resulting from heating by the focused beam, although much
less than with other techniques, still causes difficulties in
introducing an in situ electrochemical system into STXM. Li et
al. overcame these limitations by handling the sample
rationally.*®> As soon as the cell was stopped, the electrolyte-
containing salt was rapidly removed to eliminate the relaxation
path in the electrode. Thus, the authors were able to take a
frozen picture of the dynamic situation at the electrode using
STXM. In another report, an electrolyte circulation system was
installed in an in situ STXM system to effectively mitigate
damage and vaporization of the electrolyte, and it was possible
to directlgl observe the real-time behavior of a LiFePO,
electrode.*®

4.2.3.5. X-ray Ptychography. Ptychography technology is a
next-generation imaging technology that combines the
advantages of both STXM and CDI technologies. This
revolutionary imaging tool simultaneously resolves the issues
of the limited resolution of STXM and the selectivity on the
objective of CDI.*® The technique also uses focused, coherent
X-rays, and the beam scans the specimen using a 2D axis.
Thanks to the coherent beam, coherent diffractive patterns are
obtained from the lattice, and this information is partially
overlapped with the illumination imaging of the specimen (see
Figure 38d). When phase-retrieval algorithms deconvolute the
overlapped information from Fourier space, one can obtain
high-resolution images in real space. A more detailed algorithm
for ptychography imaging is described elsewhere.*®®4% X-ray
ptychography can read chemical information changes with high
resolution; thus, it is expected to play an important role in
studying the electrochemical behavior of nanomaterials.

The relationship between the amount of carbon present and
reaction order depending on particle size has been revealed by
ptychography. Using LiFePO, particles distributed from 50 to
500 nm, Li et al. observed that if the amount of carbon in the
electrode differs from 20 wt % to 5 wt %, electrochemical
reactions occurred first near the carbon, regardless of the
particle size. However, carbon-rich electrodes began to react
from small LiFePO, particles because of their increased
surface-to-volume ratios. This observation indicates that the
electrochemical reaction of electrodes with nanoparticles is
prioritized by electrical connectivity.*®® Moreover, ptychog-
raphy has recently been used to obtain 3D maps of particle
dispersion and chemical composition change in combination
with tomography. Yu et al. successfully constructed a 3D map
of a LiFePO, electrode at 50% SoC. With a resolution of 11
nm, the 3D map provided a comprehensive view of the phase
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boundaries within a single particle as well as changes in phase
transitions depending on the size and location of the
particles.*®” Ptychography technology is expected to be
combined with other imaging equipment as well as in situ
electrochemical systems, providing an in-depth and compre-
hensive view of battery reactions on the nanoscale.

4.2.3.6. Advanced Nanosynthesis Techniques. Rationally
designed nanostructures can open the possibility of identifying
specific material properties, however, the shape control of
nanomaterials is not a trivial task. The formation of
nanoshapes is determined by the thermodynamic free energy
balance between the bulk and surface under the applied
conditions. Because of the large surface area of nanomaterials,
they can be transformed into various shapes depending on the
energy state of the surface. Most conventionally, hydro-
thermal®®**** and solvothermal synthesis,**“°® and sol—gel
methods,**"?%% which apply variations of the surface chemical
environment using certain solvents or additives, have been
extensively employed for the synthesis of nanomaterials. Using
these methods, a variety of nanostructures have been fabricated
for common electrode materials, such as LiCoO,, LiFePQ,, Si,
and SiO,, from 0D to 3D shapes (extensive information can be
found in other review articles**°=*'?). Depending on the type
of solvent or additive, post-treatment processes have to be
conducted to remove residual chemicals.

Physical vapor deposition (PVD),**** chemical vapor
deposition (CVD),****'% atomic layer deposition
(ALD),**"*® and pulsed laser deposition (PLD)****?° have
been widely used both in the coating of active materials***=*>*
and in producing film-type active materials. While these
techniques are generally regarded as unsuitable for the mass
production of battery materials, they can provide model film-
type nanoscale geometries for the theoretical studies of
nanophenomena. Moreover, the sequential deposition process
can realize ideal interfaces between certain combinations of
battery components, such as the active and solid-electrolyte or
active and carbon additive interfaces, which can be he[PfuI for
investigating the interface chemistry at the nanoscale.***~*?® In
particular, recent studies have been undertaken on the
interfaces between solid electrolytes and active materials
using well-defined model systems derived from this techni-
que. 27—-429

Solution process exfoliation and high-energy milling
techniques,"®*®> which are typical top-down approaches,
physically reduce the size of the original materials down to
the nanoscale. The solution exfoliation process is often used in
the fabrication of various 2D type materials, exfoliating layers
from bulk states such as graphite or MaS, into single or groups
of a few layers with large crystalline basal planes. The yield of
solution exfoliation processes is typically low, however, recent
research has led to some improvements.**> High-energy ball
milling, which involves strong collisions and breaks down the
materials, offers a facile and simple route for the synthesis of
nanocomposites or nanophases while preserving the character-
istics of the parent materials. This technique allows the
exploration of new metastable chemistry beyond that of the
bulk materials,"**>*%*1>* however, the undefined defects of the
surface and uneven morphologies produced often present
major obstacles to these studies.

430,431

5. CONCLUDING REMARKS

Over the last two decades, nanostrategies have been extensively
employed as extrinsic solutions for overcoming the physical
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and chemical limitations of electrode materials in battery
reactions. This work has offered improved electrochemical
performance and rich chemistry based on unprecedented
phenomena driven by altered kinetics and thermodynamics.
Furthermore, this new avenue of research is not only creating
breakthroughs in rechargeable batteries and but is also
expanding our understanding of materials. Herein we have
reviewed general nanoscale phenomena in electrochemical
reactions and overall battery performance in terms of kinetics,
thermodynamics, and mechanics. Nanosizing accelerates
reaction kinetics by shortening the diffusion length and
widening the reaction-active area but also changes the
thermodynamics and mechanical properties of the materials.
The increased surface ratio leads to variation of the free energy
of materials, changing the chemical potential of de/inserting
ions sufficiently for manipulation of the voltage, reaction
pathway, and even mechanical properties regarding the phase
evolution. The increased impact of surface and stress on the
reaction mechanism has provided new possibilities for
controlling the reaction mechanism by modulating the size
of the electrode particles, ultimately offering opportunities to
overcome the limitations of current LIB chemistry. Several new
strategies for designing electrode materials have been
introduced based on nanoscale phenomena. Decoupled
electron and ion storage in nanocomposite electrodes and
pseudocapacitors has provided new insights for the exploration
of electrode materials beyond conventional intercalation-based
chemistry. In addition, the discovery of synthetic routes based
on nonequilibrium thermodynamics and new chemical
principles has spurred research into electrode materials with
metastable states.

Finally, the inherent limitations of materials due to their
surface reactivity are discussed, namely side reactions, particle
aggregation, and chemical nonuniformity. The high surface-
area-to-volume ratio of nanomaterials not only has a positive
effect on capacitive electrochemical reactions in terms of
Kinetics but also causes undesired side reactions due to
exposure of unstable surfaces to the external environment.
Going one step further, general strategies to overcome these
nanolimitations were introduced, along with state-of-the-art
analytical approaches that enable in-depth understanding of
nanoscale phenomena. The nanosizing strategy is a holey grail
for LIBs in that it entails not only the opportunity to access
rich chemistry but also is accompanied by formidable problems
that must be solved before its wider application can be realized.
We believe that this review can provide fresh insights into
nanoscale phenomena and act as a guide for future research.
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