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Abstract | Battery electrodes comprise a mixture of active material particles,
conductive carbon and binder additives deposited onto a current collector.
Although this basic design has persisted for decades, the desired size scale of the
active material particle is a matter of debate. Advances in nanotechnology have
spurred interest in deploying nanoparticles as the active material. In this
Perspective, we compare the features of nanoparticle and microparticle
electrodes, and discuss why the battery industry is unlikely to replace
microstructures with nanometre-sized analogues. We then address the question
of whether there is a place for nanomaterials in battery design. We suggest that
the way forward lies in microscale particles with built-in nanoscale features, such
as microparticles assembled from nanoscale building blocks or patterned with
engineered or natural nanopores. These multiscale particles offer exciting
possibilities to develop battery electrodes that are quintessentially both micro and

nano with respect to their performance attributes.

Modern human society cannot flourish
without an efficient, affordable and safe
means of energy storage. Today, rechargeable
lithium-ion batteries (LIBs) dominate the
energy storage landscape from portable
electronics to the rapidly expanding
electric vehicle and electricity (grid) storage
markets. The cost of LIBs is at present about
US$150kWh ™ but it is dropping; the US
Department of Energy concludes that below
a threshold of around US$100kWh™!, LIBs
will be more cost-effective than an internal
combustion engine vehicle'~. As a result,
electric vehicle sales, which already exceed
a million units per year, are expected to
see explosive growth to about 30 million
units per year by 2030 (REFS.""). The grid
energy storage sector is also predicted
to grow rapidly over the next decade
owing to increasing reliance on renewable
but intermittent energy sources such as
wind and solar’. Consequently, by 2030,
global LIB demand is expected to soar to
1,200-1,600 GWh, roughly ten times the
demand in 2020 (REF}).

Although LIBs represent the best
available rechargeable battery technology,

a substantial gap in both energy and power
density exists between LIBs and petrol°.
There is thus considerable need for further
improvement in LIB performance. The
energy and power density of LIBs strongly
depend on both the composition”"* and
particle size'*'"” of the active electrode
materials, the latter of which also affects

the electrode fabrication process. Therefore,
deploying active electrode materials with the
desired particle size is an important design
consideration for the battery engineer.

In the context of batteries, a
nanostructured electrode contains active
material particles in the size range 1-100 nm,
whereas a microstructured electrode
uses micrometre-sized (=1 pm) particles.
Over the past two decades, advances in
nanotechnology have substantially improved
nanostructured electrode performance'®".
Nanostructured electrodes offer clear
advantages in terms of high rate capability,
power density, higher lithium solubility and
gravimetric capacity, reduced memory effect,
as well as superior fracture toughness and
fatigue resistance. Despite these advances,
industry has so far resisted the mass
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market adoption and direct (one-to-one)
replacement of microstructured electrodes
with their nanostructured counterparts.

We analyse the underlying reasons for this,
including their low first-cycle Coulombic
efficiency, poor volumetric performance
and low mass loading, and the high
manufacturing cost and complexity
associated with the use of nanoparticles, and
conclude that nanostructured electrodes are
unlikely to directly displace the incumbent
microstructured electrode technology.

What then, if any, is the role of
nanotechnology in battery development?
We suggest that to achieve substantial
improvement over state-of-the-art
(microstructured) batteries, active
material particles in future batteries must
be inherently ‘multiscale’ in nature —
microscale in size with in-built nanoscale
features, thus reaping the benefits of both
scales in the same system. How best to
achieve these multiscale particles is an
open question. Besides performance,
manufacturing scale-up, safety and cost
considerations are also important factors
in determining whether such multiscale
particle technologies can move forward
into engineering practice.

In this Perspective, we compare
nanostructured and microstructured
electrodes and describe their advantages
and disadvantages from the thermodynamic,
kinetic and mechanical points of view.

We review promising approaches towards
achieving multiscale particles, including
the self-assembly of nanometre-sized
active materials into micrometre-sized
particulates, and the use of microparticles
with engineered or naturally occurring
nanoporosity. We hope that this
Perspective will help the academic and
industrial battery communities to better
contextualize the role of microstructuring
and nanostructuring in battery design, and
to accelerate the development of superior
electrode architectures for future LIBs.

Nanostructuring versus
microstructuring

Owing to the different size scales of the
active material particles, nanostructured and
microstructured electrodes exhibit different
kinetic, thermodynamic and mechanical
properties.
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Kinetics. Fast-charging capability in
high-energy-density LIBs is an important
design requirement for electrification of
automobiles. For an electrode with high
tortuosity, solid-state diffusion of Li ions
and electrons is usually the rate-limiting
step, determining the rate capability of the
battery'®. Sufficient electronic conductivity
in these electrodes is generally achieved
by using conductive nanometre-sized
carbon additives as an inactive component
of the electrode, which speeds up electron
conduction’. Therefore, we focus our
discussion on Li* diffusion into the active
material particle and on the relationship
between particle size and the maximum
achievable charge-discharge rate (C-rate)
of the battery.

The diffusivity (D,) of Li ions can be
calculated using the Arrhenius equation:
D,=De(-AG,/KT), where D_is a
pre-factor determined empirically, k
is the Boltzmann constant, T'is the
temperature and AG,, is the energy barrier
for migration'®”. The time required
(7) for Li ions to diffuse into the active
material particle (FIC. 1a) can be predicted
using Einstein’s formula: 7=A*D,, where
A is the transverse length dependent
on particle size'*. Assuming D, to be
independent of particle size, the maximum
achievable C-rate can be obtained using
the relation: C,,=3,600D,/A\% where C, is the
bulk-diffusion-limited C-rate*". Therefore,
reducing A about tenfold by switching from
microparticles (A = 1 pm) to nanoparticles
(A=100nm) can reduce 7 and increase C,, by
about 100-fold, enabling quick charging and
discharging capability. Similarly, for alloying
and conversion chemistries, the time taken
for the reaction front to propagate through
the particle and complete the phase
transition is quicker in nanometre-sized
than in micrometre-sized particles.

Therefore, nanostructured materials
have been extensively studied, in order to
fabricate LIBs with high-rate capability>*.
FIGURE 1b compares the rate performances
of LIBs with nanoparticle and microparticle
lithium titanium oxide (Li,Ti,0,, (LTO))
electrodes?. At a rate of 1C, half cells
assembled with lithium metal show a
similar gravimetric capacity for both
nanometre- and micrometre-sized LTO.
However, when the current density is
increased to 100C (that is, 36 seconds
charging time), micrometre-sized LTO
exhibits a negligible gravimetric capacity.
By contrast, nanometre-sized LTO with an
average particle size of 15-55nm delivers
approximately 70 mAh g™ capacity at 100C,
which further increases to 160-170mAh g

as particle size is reduced to 3-7nm
(REFS.?>?%). The 3-7nm LTO can even be
operated at ultrafast rates of up to 400C

(9 seconds charging time) while delivering
about 72% of its theoretical capacity

(FIC. 1b). Nanostructuring has a similar
positive impact on high-rate capability

for a broad range of intercalation, alloying
and conversion-type electrode materials
(TABLE 1). Thus, nanostructuring holds the
key to developing LIBs with high power
density, which is crucial to keep pace with
the demands of customers for increasingly
higher power and quicker charging.

D, is generally independent of particle
size. However, sphere-like particles that
contain 1D migration channels can exhibit
faster Li* diffusion when the particulates
are nanometre-sized. For example, LiFePO,,
LiMnBO, and LiFeSO,F particles containing
1D migration channels are prone to antisite
disorder defects, which originate during
material synthesis**~°. Unlike in bulk
materials, Li* diffusion through 1D channels
is blocked by immobile or low-mobility
defects in those channels®. For a fixed defect
concentration, the probability of having
two or more defects in a migration channel
increases with channel length; the blocked
areas between these defects make certain
pathways inaccessible for Li* entering from
either side of the channel®* (FIG. 1¢). The
diffusion constant and specific capacity
decrease when Li* ions are unable to
circumvent the defects. Nanostructuring
can mitigate the adverse effect of such defects
on rate capability and specific capacity.
Because nanometre-sized spherical particles
have nanometre-scale channel lengths,
they are less likely than microscale particles
to carry two or more defects in a single
migration channel — and thus they have very
few or no blocked areas** (FIC. 1¢). It should
be noted that the above discussion pertains
to 1D channels formed within sphere-like
particles. 1D materials can also form fibre
or rod-like particles with nanometre-scale
diameter and micrometre-scale longitudinal
dimensions?. In some cases, Li* diffusion is
prohibited along the lateral dimension and
can take place only along the micrometre-
scale longitudinal direction®**. In such
cases, the adverse effect of defects on lithium
diffusion will be prevalent even in 1D
materials.

Thermodynamics. Microparticles of certain
electrode materials (such as LiFePO, or
TiO,) exhibit a room-temperature miscibility
gap wherein Li-poor and Li-rich phases
coexist in a certain composition range
(0.05<x<0.89 in the case of Li FePO,)™.

Outside of this composition range, either
only the Li-poor phase (Li FePO, where
0<a<0.05) or the Li-rich phase (Li;FePO,
where 0.89 <3< 1.0) exists™. As the particle
size is reduced from the micrometre-

to the nanometre scale, the miscibility

gap narrows (for ~40-nm Li FePO,, the
composition range is 0.12 <x<0.83)"2,
The coexistence of distinct phases in a
nanoparticle is energetically less favourable
than the existence of a single phase

owing to lattice-mismatch-induced strain
in the particle, which increases as the
particle size is reduced**. Therefore,

the phase separation energy gain decreases
with nanostructuring, thus closing the
miscibility gap® (FIG. 1d).

A reduced miscibility gap in smaller
particles translates into increased solid
solubility of lithium, which allows smaller
particles to deliver higher reversible
capacity” (FIG. 1e). For example, lithium
solubility in the a phase of small ~7-nm
TiO, particles (Li/Ti ~0.22) is much
higher than that in bigger ~120-nm
particles (Li/Ti ~0.03)". Similarly, certain
electrode materials deemed inactive in their
bulk state, such as rutile TiO,, perform
adequately as LIB electrode materials after
nanostructuring, owing to a decreased
miscibility gap and higher solid solubility***.

Nanostructuring can also affect the
reaction voltage*~*“. For microstructured
electrodes, the excess energy generated
through the surface (3Qo/r, where o is the
surface free energy, r is the particle radius
and Q is the volume of the lithiated unit) is
negligible"’. However, when r is reduced to
the nanometre scale, the free energy of the
constituent phases increases significantly,
which alters the chemical potential of
the electrode and leads to a deviation in the
voltage profile*’. FIGURE 11 illustrates how
areduction in particle size modifies the
voltage profile of LiFePO, (REF*).

The memory effect in LIBs is also
influenced by particle sizing. The memory
effect describes the bump in voltage
(or voltage overshoot) observed in the cycle
following an incomplete charge-discharge
cycle. It can result in incorrect estimation
of the state-of-charge and adversely affect
the capacity, durability and safety of the
battery”~*. The effect has been reported
in several materials that undergo phase
transformation, such as LiFePO, and
TiO,, and is strongest in materials with
delayed phase transitions. The memory
effect and voltage overshoot is substantially
reduced in nanoparticles, which have
faster phase changes than their microscale
counterparts® (FIG. 1¢). Because it is
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energetically unfavourable for two phases
(such as Li-poor (a) and Li-rich () phases)
to coexist in a nanoparticle*>*, phase
transitions occur rapidly in nanoparticles

o

to release the excess free energy generated
from lattice mismatch and high surface
area. By contrast, in microparticles there is
no substantial energy cost associated with
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phase separation, so phase transitions are
relatively slow*.

The reaction pathway is also altered
by nanostructuring, especially for
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Fig. 1 | Kinetic, thermodynamic and mechanical properties of
nanometre- and micrometre-sized active material particles in Li-ion
batteries. a| Size-dependent diffusion of lithium ions (Li*) in the active mate-
rial. The time required (1) for Li* to diffuse into the particle is directly propor-
tional to the square of the transverse length (1), which depends on particle
size. D, denotes the diffusivity of Li* ions. b | Size-dependent gravimetric
performance of Li,Ti;O,, electrode at variable charge-discharge rates
(C-rates) confirms that higher capacity at high C-rate can be achieved in
nanometre-sized particles owing to their faster kinetics. c | Size-dependent
impact of immobile antisite defect on Li* transport in an electrode material
with 1D ion channels. Owing to the smaller channel lengths in nanoparticles,
the probability that antisite defects will block Li* channels in nanoparticles
is lower than for microparticles. d | Schematic illustration depicting decrease
in miscibility gap in LiFePO, with decrease in particle size; x indicates lithia-
tion extent in FePO,. e | Schematic illustration depicting increase in solid
solubility of lithium in TiO, electrodes with decrease in particle size; x indi-
cates lithiation extent in TiO,. f| Size-dependent voltage plateau in LiFePO,;
ris the active material size. g | Size-dependent memory effect in Li-ion

Particle size, D (nm)

batteries, showing lower impact of incomplete charging/discharging on
battery performance while employing nanometre-sized active materials; a,
a’ and B are different phases observed when the active material under-
goes lithiation. h | Difference in reaction pathway in micrometre- and
nanometre-sized NbSe,. The nanometre-sized particle undergoes uniform
lithiation, while the micrometre-sized particle undergoes stepwise lithiation.
i | The size-dependent fracture mechanism in silicon anodes indicates the
higher mechanical stability of nanoparticles than microparticles; D is
the silicon particle diameter and t is the shell thickness of Li Si. Data in
panel b adapted with permission from REF.?, Wiley, and REF.”%, Elsevier.
Panel ¢ adapted with permission from REF.?, Wiley. Panel d adapted with
permission from REF.**, Wiley. Panel e adapted with permission from REF.*’,
copyright 2007 American Chemical Society. Panel f adapted with permission
from REF.*, Elsevier. Data in panel g adapted with permission from REF.**,
Wiley, and adapted with permission from REF.*, copyright 2018 American
Chemical Society. Panel h adapted with permission from REF.*?, copyright
2016 American Chemical Society. Panel i adapted with permission from
REF.*, copyright 2012 American Chemical Society.
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Table 1| Performance of nanometre- and micrometre-sized cathode and anode materials explored for lithium-ion batteries

Type Electrode material Particle size Gravimetric  Volumetric  Cyclic stability C-rate (capacity  First cycle
capacity capacity (capacity retention)  retention) Coulombic
(mAh g™*) (mAhL?) efficiency (%)
Cathode LCO 300nm 203 <690 93% (50 cycles) 49.7% (7C) 86
lum 194 776-1,363° 63% (50 cycles) 10% (7C) 94
LFp13-118 20-200nm 130-169 90 = 80% (2C) =
0.4-6um 72-115 225 = 33% (2C) >97
NCAM o117 200-500nm 196 370 >95% (100 cycles) 80% (1.37Ag™) 70
>1um 170 420 78% (100 cycles) 75% (1.37Ag™) 83.7
LNMQO™# 80nm 129 396 62% (500 cycles) 69% (11.8Ag™) 83
3-5um 108 407 95% (500 cycles) 46%(11.8Ag™) 90
FeF, (REF.'™) 30-50nm 160 - 85% (100 cycles) 75.7% (1.2Ag™) 84
1-3um 106 - 60% (100 cycles) 35.5% (1.2Ag™) 90
LMFP® <100nm 160 261.1 88.5% (50 cycles) 81% (2C) 87.5°
7um 140 369.3 88% (50 cycles) 78% (2C) 93.5°
C-S (RER'?) 10nm 1,600 = 87.5% (100 cycles) 55% (6.6 Ag™) <932
150nm 1,000 = 80% (100 cycles) 22%(6.6A/g™) =952
Anode Si (REFS. 71179 5-100nm 1,500-3,000 <500 >50% (10 cycles) 92% (2Ag™) 65-80
>1um 500-1,500 1,200-1,500 <9 % (10 cycles) 45% (2Ag™) =90
Fe,O, (REFS.*#71%)  4-200nm 800-1,000 950-1,200 80% (10 cycles) 70% (5Ag™) 70-80
0.5-5um 300-700 1,500-3,000 <50% (10 cycles) 37% (5Ag™) >95
Nb,O, (REFS.?"1217) 20-50nm 75-160 50-80 71% (100 cycles) 86% (20C) 85-95
lum 175 190 78% (100 cycles) 57% (20C) 95
V, 0O, (REFS. 179 40-100nm 140.3 64.54 79.4% (100 cycles) 82.5% (3Ag™) 97.7
3-6pum 135 136.35 104% (60 cycles) 71% (2Ag™) 98.5
Co,0, (REFS."*%) 70-100nm 1,068° 587.4 97% (100 cycles) 77% (5Ag™) 76
4-8um 1,539° 3,231.9 28.4% (45 cycles) = 74
C (REFS.1B713%) Nanosheets 567 <300 65-100% (100 cycles) 54% (3.5Ag™) 75.9
Bulk 372 400-800 85% (100 cycles) 27% (3.5Ag™) 84
TiO, (REFS.*113>71) <100nm 240-280 = 60% (20 cycles) 80% (5Ag™) 80
0.3-5um <200 - 45% (20 cycles) 60% (5Ag™) 96
The table shows typical values taken from the literature®'*99%97112713% Al data are produced from lithium half-cell configurations. Retention values in the cycling

stability column are at low C-rates. The number of cycles over which the retention is averaged is specified in the column. In the C-rate column, the maximum
reported C-rate or operating current density is specified along with the capacity retention at that particular C-rate or current density. LCO, lithium cobalt oxide;
LFP, lithium iron phosphate; LMFP, lithium manganese iron phosphate; LNMO, lithium nickel manganese oxide; NCA, lithium nickel cobalt aluminium oxide.
*Ballpark measurement calculated either manually or predicted theoretically. "Capacity calculated at different current density.

conversion-based electrodes such as

Fe,O, and NbSe, (REFS.*~). Lithiation in
a-Fe,0, can be described in three steps.

In step 1, lithium intercalates, maintaining
the original crystal structure; step 2 involves
irreversible structural transformation to

a cubic close-packed rock salt structure
after the critical lithium concentration

(X)) has been reached; and in step 3 the
close-packed structure converts to Li,O and
Fe’. A direct comparison of nanometre-
versus micrometre-sized a-Fe,O, particles
found that X_is dependent on particle

size: X_=1 for 20-nm particles and 0.03 for
0.5-um particles®. Nanoparticles are able to
lithiate uniformly owing to their small size.
Micrometre-sized particles, being bigger,
lithiate in stages (their outer surface first
and then propagating to the core), undergo

non-homogeneous lithiation, and encounter
higher structural stress, leading to early
phase transformation. The differences in
X_affect the onset of step 3 (the conversion
reaction): it starts early for microparticles,
leading to the coexistence of multiple phases
(a-Fe,O,, cubic Li,Fe,O,, Fe’ and Li,0) and
material inhomogeneity. For nanoparticles,
step 3 is delayed, providing sufficient time
for intercalation to complete. The reaction
pathway in nanoparticles causes less

stress compared to microparticles, which
lends itself to better reversibility and cycle
stability. It should, however, be noted that
nanometre-sizing alone is not sufficient to
guarantee long-term cycling stability. In
addition to nanometre-sizing, composition
optimization (such as binder and carbon
additives)™, electrode engineering

(3D architecture)™, and chemical changes
(such as fluorination)***” are needed to
boost cyclic stability.

The relationship between size and
reaction pathway is also illustrated in
NbSe, (REF*?). For NbSe, nanoribbons
(diameter < 50 nm) the entire nanoribbon
undergoes conversion, whereas the
conversion reaction of bigger ribbons
(~300nm) is limited to the outer surface
(FIG. 1h). There are a few reasons for this
phenomenon. The conversion reaction is
catalysed predominantly at surface defect
sites. Given their lower surface-to-volume
ratio, bigger particles lack such nucleation
sites, which impedes the conversion process.
Moreover, as the conversion reaction
proceeds from the surface towards the
bulk, it transmits high stress owing to
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non-uniform volume changes within the
particle. This impedes the propagation of
the reaction, limiting it to the surface for
larger ribbons™. As a result, nanometre-sized
NbSe, can deliver a higher specific capacity
than can micrometre-sized NbSe,.

Mechanical stability. Nanostructuring
provides improved mechanical stability over
microstructuring, especially for alloying
materials (such as silicon, phosphorus,
aluminium, tin, antimony or bismuth)

that undergo large volume changes during
lithium insertion and extraction*’”*. For
example, in the case of silicon, in situ
transmission electron microscopy has
shown that below a critical diameter of
~150nm+ 10 nm (FIG. 1), silicon particles
are resistant to stress-induced cracking and
pulverization®. The stress build-up in silicon
particles is related to a lithium concentration
gradient at the interface, which results in

a strain mismatch within the particle. The
cracking of the microparticle relieves this
stress. However, in the case of nanoparticles,
when the particle diameter is of the

order of or below the typical crack size,

this effect is suppressed and the particle
survives the lithiation/de-lithiation event™.
Moreover, nanoparticles tend to lithiate
more uniformly than microparticles, which
also helps to mitigate strain mismatch

and particle cracking. As a consequence,
nanoparticles of alloying materials display
far superior fracture toughness and fatigue
life in the electrochemical environment

of a LIB.

Why the industry prefers
microparticles

Despite the fact that nanoparticles offer
vastly superior high-rate capability and
power density, extended Li-ion solubility,
higher gravimetric capacity, reduced
memory effect, and superior fracture

and fatigue resistance, the LIB industry

has yet to adopt nanoparticles as a direct
replacement to microparticles. While there
has been industrial activity directed at
creating composite electrodes comprising
both nanoparticles and microparticles,
microparticles still remain the active material
of choice in commercial LIBs. We offer our
perspective as to why this has been the case.

Reduced Coulombic efficiency. The small
size and ultrahigh specific surface area
of nanoparticles is a double-edged sword.
On the one hand, these features facilitate
fast diffusion and high-rate performance.
On the other, electrolyte decomposition
over nanoparticle surfaces is responsible

for generating a massive amount of solid—
electrolyte interface (SEI) in the first
(formation) cycle of the battery®. This SEI
drastically reduces the first-cycle Coulombic
efficiency of the battery*"* (FIG. 2a).

The very large contact area between
the nanoparticle and electrolyte also pro-
motes side reactions and higher irreversib-
ility in subsequent cycles. In a LIB full
cell, a limitless supply of lithium is
not available. Consequently, a low first-
cycle Coulombic efficiency or relatively
poor Coulombic efficiency in subsequent
cycles will severely reduce the battery’s cycle
life. The electrolyte is also limited, and its
constant decomposition will dry up the
battery. These limitations are unacceptable
to the industry, which is pushing for longer
cycle and calendar life in applications such as
electrification of automobiles and electricity
(grid) storage.

Poor volumetric energy density. Although
academic studies have tended to focus on
gravimetric energy density (Whkg™), the
volumetric energy density (Wh1™) is far
more relevant as a performance parameter
for energy storage in compact spaces, where
packing the maximum amount of energy
into a limited volume becomes critical.

For example, battery packs for electric
vehicles, stationary (grid) storage and even
portable electronics are volume- rather
than weight-limited. The packing (or tap)
density of nanoparticle-based electrodes
tends to be poor owing to the presence of
void space between the nanoparticles®.
This void space has no impact on the
gravimetric performance, but it greatly
reduces the volumetric capacity and energy
density of nanometre-sized compared

to micrometre-sized materials® (FIG. 2b).
Although repeated calendaring (that is,
pressure-induced compaction) cycles have
been used to improve the packing density
of nanoparticle electrodes, their volumetric
performance still falls well short of industrial
standards®.

Low mass loading and aggregation. To
deliver longer battery life, the industry is
aiming to maximize the mass loading of the
electrode. At present, the industrial standard
for electrode mass loading lies in the range
20-30mgcm™. Achieving such high mass
loadings at a reasonable electrode thickness
(that is, a few tens of micrometres) is very
challenging with nanoparticles owing to
their relatively low tap density. Uncontrolled
aggregation of nanoparticles also leads to
deterioration in performance and poor
reliability®>.

PERSPECTIVES

High cost and complexity. Nanoparticle
electrodes are not easy to manufacture at large
scale®’. Nanostructuring generally requires
arduous, time-consuming and expensive
syntheses that produce a large amount of
chemical waste, a major environmental
concern’®%, Given their high surface

area, nanomaterials are prone to oxidation,
and so most of the synthetic steps must be
performed in an inert environment, which

is not cost-effective”. Furthermore, size
homogeneity is difficult to achieve through
nanostructuring and typically requires
additional post-processing”. All of these steps
increase the production cost and complexity
of nanostructured electrodes compared with
their microstructured counterparts.

Current industrial scenario

Although many industries have benefited
from the advent of LIBs, the impact on

the automobile industry has been truly
transformative. The battery electric vehicle
(BEV) market is in exponential growth
mode and could completely displace
combustion engine vehicles in the coming
decade™7°. Several electrical vehicles

were introduced in the past decade with
improvement in gravimetric energy
density (from ~120 to ~260 Whkg™),
volumetric energy density (from ~200

to ~680 Wh1), and driving range (from
~120 to ~570km)”” (FIC. 20). In spite of
substantial gains in BEV performance,
much improvement is still needed before
BEVSs can gain widespread community
acceptance. For example, the average time to
refuel a petrol vehicle is less than 5 minutes,
whereas the best-performing Tesla cars still
take about 15 minutes at a supercharging
station to allow a driving range of around
320kilometres. FIGURE 2d illustrates current
estimates and aspirational BEV battery
targets up to the year 2030 (REFS.”"”").
Volumetric and gravimetric energy density
require a fourfold to fivefold improvement
between now and 2030 in order to displace
petrol-powered vehicles. BEVs must become
considerably cheaper to fabricate and

safer for passengers to use. They must also
generate much greater power over a wide
temperature range. Lastly, faster charging is
mandatory for BEVs to compete with petrol
vehicles and gain community acceptance.

Microscale particles with nanoscale
attributes

Continued BEV improvement is contingent
on our ability to improve the structure

and function of active material particles
used in battery electrodes. FICURE 2e

and TABLE | compare the performance
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of nanometre- and micrometre-sized
electrode materials with the same
composition undergoing different types of
electrochemical reactions. Nanometre-sized
particles outperform their micrometre-
sized counterparts in terms of gravimetric
capacity, charging rate and cycle retention
but perform less well in volumetric capacity
and first-cycle Coulombic efficiency. Neither
nanoparticles nor microparticles can meet
the BEV performance, cost and safety
targets indicated in FIC. 2d. What, then,

is the way forward? In our view, the next
generation of active material particles
deployed in future battery systems must be
inherently multiscale in nature — that is,
they must be micrometre-sized, yet endowed
with nanoscale features or attributes — in
order to keep pace with the demand for
ever-improving batteries. In other words, the
attractive features of both nanoparticles and
microparticles must be combined in a single
multiscale particle to get the best of both
worlds. In the following sections, we review

some promising approaches to accomplish
this outcome.

Engineered nanoporosity. To boost the
performance of LIBs, high-capacity
alloying anodes are being considered as

an alternative to intercalation anodes.
Alloying materials, such as silicon, typically
suffer from poor cycle life owing to pulver-
ization and cracking during the lithiation/
delithiation process’. Stress build-up
during lithiation/delithiation can be
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¢ Higher first-cycle Coulombic efficiency
¢ Higher volumetric energy density

¢ Higher electrode mass loading

¢ Reliable performance

* Better scalability

¢ Lower cost

¢ Higher power density
e Faster charging

¢ Improved cycle stability
¢ Lower memory effect
¢ Lower miscibility gap

Fig. 2 | Shortcomings of nanostructuring and current industrial scenario
for battery-electric vehicles. a | Particle-size-dependent first-cycle
Coulombic efficiencies for lithium-ion batteries with silicon anodes. Owing to
ahigher ratio of surface area to volume, which leads to greater decomposition
of the electrolyte, the first-cycle Coulombic efficiency of nanoparticles is lower
than for microparticles. b | Volumetric capacity comparison of nanometre- and
micrometre-sized LiMn, 4 Fe,,,PO, (LMFP) at 0.05C. Owing to higher packing
density and lower empty (void) space, micrometre-sized particles exhibit
superior volumetric capacity, when compared to nanometre-sized particles.

¢ Higher gravimetric energy density

c| Energy density, specific energy and driving range of various battery electric
vehicles currently on the market. d | Road map for key performance parame-
ters at the cell level for fully electrified vehicles from today up to the year 2030.
e| Schematic depicting the advantages of microparticles and nanoparticles
in lithium-ion battery applications. Data in panel a adapted from REF.*!, CC BY
4.0 (https://creativecommons.org/licenses/by/4.0/). Panel b adapted with
permission from REF.%, Wiley. Data in panel c adapted from REF.”%, Springer
Nature Limited. Data in panel d adapted with permission from REF.”, Royal
Society of Chemistry, and obtained from REF."".
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mitigated by engineering nanometre-sized
pores in micrometre-sized alloy-based
particles. Several synthesis techniques can
create these porous microparticles, including
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metal deposition and chemical etching,

as well as assembly of nanometre-sized
building blocks®"*. These strategies lead to
stable cycling of silicon microparticles in
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Fig. 3| Microparticles with engineered or nat-
ural nanoporosity. a | Schematic illustration (left)
and SEM micrograph (right) showing ant-
nest-like micrometre-sized silicon with engi-
neered nanoporosity. The particle undergoes
cycling without pulverization, cracking or delam-
ination. b| Mesoporous and continuous 3D nickel
current collector substrate decorated with
y-Fe, 0, nanoparticles (NPs). The manufacturing
process involves self-assembly of polystyrene
opal microparticles. Nickel inverse opal structure
is obtained by electrodepositing nickel through
the polystyrene opal structure and then treating
it with toluene or tetrahydrofuran to remove the
polystyrene spheres. Finally, NPs of the active
material (y-Fe,0,) are loaded onto the nickel
inverse opal structure by pulse voltage deposi-
tion. ¢ | Alignment of particles with a layered
structure in the thickness direction of the elec-
trode. Left schematic shows unaligned particles
and thus a tortuous pathway, whereas right sche-
matic shows that aligning particles reduces tor-
tuosity to provide a straighter pathway for direct
lithium transport. d,e | Natural nanoporosity is
observed in certain classes of materials, such as
niobium tungsten oxides. The crystal structure in
paneldisNb,\W,O,,, constructed through blocks
(red rectangles) of 4 x 5 (Nb,W)O, octahedra con-
nected at corners (parallelogram with black
lines indicates the unit cell) and, in panel e, a
Nb, W, Oy, superstructure is shown, made up of
tetragonal tungsten bronze (blue) with pentago-
nal tunnels (grey) partially filled by -W-O chains
that form pentagonal bipyramids (the rec-
tangle with black lines indicates the unit cell).
f| Volumetric capacity comparison of Nb, W, O,,
and Nb,;W,,O,, in non-aqueous and aqueous
lithium-ion batteries with other often-used elec-
trode data taken from the literature. CDC, car-
bide derived carbon; CNT, carbon nanotube; NS,
nanosheet; NT, nanotube; NW, nanowire; rGO,
reduced graphene oxide. Panel a reprinted from
REF.**, CC BY 4.0 (https://creativecommons.org/
licenses/by/4.0/). Panel b reprinted with permis-
sion from REF.%”, American Chemical Society.
Panel c reprinted from REF., Springer Nature
Limited. Panels d and e reprinted from REF.%/,
Springer Nature Limited. Data in panel f
reprinted from REF.”, Springer Nature Limited,
and adapted with permission from REF.'%",
Elsevier.

LIBs, but are limited by complex and costly
synthesis®.

In one method, porous Si microparticles
were fabricated through nitridation of
Mg-Si alloy, followed by removal of Mg,N,
byproducts*. The resulting ‘ant-nest-like’
microparticles had an average diameter of
3+0.2um and contained a multitude
of ~50-nm nanopores (FIG. 3a). Nanopores
provide buffer space for the Si microparticles
to expand and contract during lithiation
and delithiation, leading to high structural
stability and stable electrochemical
performance®. Engineering of nanopores
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into microparticles has also been utilized to
overcome pulverization and cracking in other
alloying materials such as red phosphorus®.
Porosity can be engineered by various
approaches such as hollowing of materials®,
solid-state decomposition®, hard/soft
templating®, microemulsion templating®"*
and template-free synthesis™".

The best features of both microparticles
and nanoparticles can also be captured
by depositing nanoparticles of the active
material on a continuous 3D mesoporous
scaffold. This strategy has been reported
for y-Fe,O, particles on a nickel scaffold”
(FIG. 3b). The mesostructured architecture,
being highly porous, accommodates
volume expansion and contraction during
charge-discharge cycles, and ensures
that the electrolyte has better accessibility
to the active material. Additionally, the
nickel current collector serves as an
efficient pathway for electron conduction.
This multiscale electrode delivered
reversible capacities of ~1,000mAh g™ and
~450mAh g™ at 0.2C and 20C, respectively.
Voltage hysteresis was low compared to
the non-multiscale Fe,O, literature™*,
and the particle size of the cycled electrodes
remained stable at ~20 nm.

Porosity can be engineered not
only at the particle level, but also at the
electrode level”. For example, sheet-like
microparticles can be aligned in the
direction of electrode thickness to create
less tortuous pathways for direct lithium
transport (FIC. 3¢). Such alignment can be
engineered using numerous approaches™.
In one method, application of an external
magnetic field during electrode synthesis
aligns the particles™.

Natural nanoporosity. Certain
micrometre-scale materials are naturally
endowed with nanoscale channels

or tunnels that are capable of fast Li*
transport. One such class of materials are
complex oxides such as niobium tungsten
oxides, like Nb, WO, and Nb ;W O,..
Nb, WO, belongs to the Wadsley-Roth
type of crystallographic shear structure
and is composed of blocks of (4% 5)

MO, (M=Nb, W) octahedra® (FIC. 3d).

The octahedra inside the blocks are
corner-shared, forming tetragonal channels.
These (4 x 5) block subunits are connected
by crystallographic shear planes at the edges,
and four such subunits are connected by a
WO, tetrahedron at the corner. Nb, ;W O,
has a pseudo-tetragonal tungsten bronze
structure” consisting of NbO, and WO,
octahedra, which form pentagonal,
tetragonal and triangular tunnels (FIC. Ze).

Some of the pentagonal tunnels are occupied
by W-O chains and are edge-shared with
the neighbouring octahedra, which form
twisted locked octahedra and frustrated
polyhedral networks. In both Nb, \W.O.,
and Nb ;W O,,, the ubiquitous tunnels and
channels enable ultrafast diffusion of Li ions.
Further, substantial edge-sharing prevents
structural rearrangement, and therefore
maintains high Li* mobility through the
channels”. This behaviour is in stark
contrast to simple oxides (such as ReO,)
that are prone to structural phase transition
during lithiation, negatively affecting
lithium mobility®. These characteristics
enable niobium tungsten oxides to achieve
ultrafast operation at charge-discharge rates
of up to 100C, which is unprecedented in
traditional microparticle-based electrodes.
The presence of open tunnels also provides
buffer space for volume expansion, which
mitigates stress-induced fracture. In
addition, these oxides possess multiple redox
couples (Nb**/Nb°*, Nb*/Nb*, W**/W*" and
W*/W>*) active at safe potentials above 1V
(versus Li/Li*)”". Because all of these redox
reactions occur above 1V, this material
is unlikely to encounter lithium plating
during fast charging, which is a major safety
concern for low-voltage anodes such as
graphite” and silicon'®. There is, however,
a trade-off: high-potential anodes lower
the battery voltage, which reduces energy
density.

Volumetrically, the performances
of Nb,,\W,O,, and Nb, ;W O, are some of
the best reported to date. In non-aqueous
electrolytes, these niobium tungsten oxides
delivered higher capacity at low rates
(520-530 Ah1" at 1C) and at high rates
(350-400 Ah1" at 20C) in comparison with
conventional electrode materials” (FIC. 31).
Similarly, with aqueous electrolytes, the
oxides delivered stable volumetric capacities
of 124-200 Ahl" at 1C and 117-148 AhI™!
at 5C, which substantially outperformed
all other reported materials in aqueous
batteries'”" (FIG. 3f). Although the volumetric
energy and power density of these oxide
materials are stellar, the same cannot be said
of their gravimetric numbers, owing to the
presence of heavy elements such as Nb and W.
The discovery of new oxide compositions
with lighter and/or cheaper elements
— such as the Wadsley-Roth-derived
layered niobates NaNb,O, and KNb,O,
synthesized last year'”> — may considerably
improve gravimetric performance and cost
effectiveness. Facile Li transport pathways
may also extend beyond complex oxide
phases to include other classes of metal
oxides. For example, fast Li-ion transport

routes in lithium titanate (Li, Ti;O,,) arise
from intermediate configurations involving
face-shared Li polyhedra'®.

Assembly of nanoscale constituents.
High-energy-conversion cathodes are
also being explored as an alternative to
intercalation-based LIBs. Conversion
cathodes based on materials such as sulfur
exhibit very low electronic conductivity,
which makes it challenging to deploy them
as microparticles. Multiscale particles, in
which nanometre-sized carbon-sulfur
(C-S) primary particles are assembled into
micrometre-sized secondary particles,
can solve this problem (FIC. 4a). To achieve
this, sulfur can be melt-diffused into the
matrix of a microscale carbon cluster
(diameter ~1-2 pm) that is composed of
many smaller hollow carbon nanospheres
(diameter ~120nm)'*. The resulting
C-S cluster is coated with a polymer,
poly(3,4-ethylenedioxythiopene) (PEDOT),
to buffer the volume expansion of sulfur
and to prevent polysulfide shuttle (FIC. 4b).
A Li-S battery with a PEDOT-C-S cluster-
based electrode delivered high gravimetric
capacity (~1,000mAh g) and rate capability
(up to 3C), with excellent Coulombic
efficiency (>99.5 %). Importantly, owing
to its high tap density, the PEDOT-C-S
also delivered high volumetric performance
(~1,290 Wh1 at 3C).

Multiscale particles can also be formed
by the dense molecular-level mixing of S
and C into nanometre-sized composite
particles, and their subsequent aggregation
into larger microscale secondary particles'”
(FIG. 4c,d). Sulfur was decomposed in the
presence of oxygen and a nitrogen-rich
carbon source, leading to small sulfur
molecules (S, and S,) chemically bonded
with carbon (C-S and O-S bonds), forming
a dense nanometre-sized carbon-sulfur
(C-S) composite, which then aggregates
into microparticles. Given its molecularly
dense nature with the presence of
nanometre-sized primary particles, the
C-S electrode displayed superior rate
capability (~322mAhg" at ~32A g
current density). In addition, solid-state
reactions between small S molecules and Li
(4Li* +SO +4e < Li,S+Li,O) prevent the
formation of liquid lithium polysulfides,
which are responsible for capacity
fade in conventional Li-S batteries'®.
Consequently, the C-S composite was
able to deliver high specific capacity
(~836mAhg™ at ~500mA g™ current
density) with high capacity retention
(~0.025% capacity decay per cycle) and very
high Coulombic efficiency (~100%) over
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Fig. 4| Microscale particles assembled using nanoscale building blocks for
high-energy conversion cathodes. a| Schematic depicting the self-assembly
of hollow carbon nanospheres into microscale carbon clusters, which are then
impregnated with sulfur, forming carbon—sulfur (C-S) microparticles. In the
final step, the C=S microparticles are coated with layer of the conductive pol-
ymer poly(3,4-ethylenedioxythiopene) (PEDOT). The purpose of the carbon is
to improve electronic conductivity, while the polymer also provides
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conductivity, buffers the volume expansion of sulfur and suppresses poly-
sulfide shuttle. b | Scanning electron microscopy (SEM) image of a typical
PEDOT-C-S multiscale particle. ¢ | Schematic depicting molecular sulfur con-
fined into nanometre-sized particles with carbon coating. These particles
subsequently aggregate into larger microscale particles.d | SEM image of the
multiscale C=S particles. Panel b reprinted with permission from REF.'*, Wiley.
Panel d reprinted with permission from REF.'*, National Academy of Sciences.

1,000 charge-discharge steps'®. Multiscale
nano- and micro-architectures have also been
used to create composites of Chevrel-phase
Mo,S, and sulfur for Li-S batteries'.

Concluding remarks

The size scale of the active material particles
used in the anode and cathode has a crucial
role in LIB performance. In this Perspective,
we show through thermodynamic, kinetic
and mechanical analyses that nanoparticles
offer clear advantages over microparticles in
terms of fast-charging capability, superior
power density, higher solid solubility and
gravimetric capacity, reduced memory
effect and superior cycle life. Yet the
industry continues to favour microparticles
in commercial battery products. We

suggest that the industry’s reluctance to
adopt nanoparticles stems from their low
first-cycle Coulombic efficiency, poor tap
density and volumetric performance, low
mass loading, complex manufacturing
processes and increased cost of use. These
general conclusions apply to both anode and
cathode materials.

Although microparticle- and
nanoparticle-based electrodes have unique
sets of pros and cons, in our judgement,
the issue of micro versus nano is a false
choice. If we are to significantly outperform
today’s LIB technology, future active
material particles will need to realize the
best performance attributes of both
the micrometre and nanometre scales.

Multiscale particles that feature densely
packed or molecularly mixed nanoscale
constituents in a microscale package show
great promise for improved cathodes in
conversion-based LIB and lithium-sulfur
chemistries. Similarly, anode microparticles
with engineered nanoporosity enable
relatively stable cycling of alloying anodes,
because the presence of free volume within
the bulk microparticles provides stress
relief. Nanoporosity need not always be
engineered; it also occurs naturally in
certain classes of materials, such as complex
oxides of niobium and tungsten, whose
microscale structures are endowed with
built-in nanoscale channels and tunnels
for fast Li* intercalation. These complex
oxides may have a transformative impact
on the high rate (or equivalently high power
density) performance of LIBs, enabling
LIBs perhaps to rival the performance of
supercapacitors, without compromising
on volumetric performance, mass loading
or first-cycle Coulombic efficiency. The
drawback of niobium tungsten oxides is that
they contain heavy and expensive elements,
which negatively affects their gravimetric
performance and cost attributes. Future
efforts should aim to discover alternate
oxide chemistries that feature lighter and/or
cheaper elements.

In general, our comparisons of
nanoparticles versus microparticles
hold for solid electrolytes in addition
to liquid electrolytes. Limitations in the

electrochemical stability window'"” can
cause decomposition of solid electrolytes,
especially in high-voltage solid-state
batteries. Because solid electrolytes are
immobile, the SEI formed in solid-state
batteries is not as dynamic (that is, it is
frozen at the solid-state interface) as that
in liquid-electrolyte-based batteries'*.
Reformation of the SEI is commonly
observed in liquid-electrolyte batteries,
arising from cracking/pulverization
of active materials'”’. Such effects are
suppressed in solid electrolytes owing
to the frozen SEI, which explains why
micrometre-sized silicon anodes show poor
cycle stability in liquid-electrolyte batteries,
but can work well in solid-state batteries'"’.
The formation of a purely inorganic SEI
in solid-state batteries also mitigates the
challenges associated with high-capacity
electrodes. It is worth mentioning that
the properties, especially the ionic and
electronic conductivities, of the SEI
formed in solid-state batteries are highly
dependent on the composition of the solid
electrolyte. For solid electrolytes that form
electronically conductive interphases, it
is not advisable to use nanometre-sized
(that is, high-surface-area) and
electronically conductive active materials,
owing to increased electronic conductivity
of the solid electrolyte''".

While the abovementioned technologies
could have a breakthrough impact from an
electrochemical performance perspective, it
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should be emphasized that manufacturing,
scaling up, safety and cost considerations
will have the ultimate say in establishing
commercial viability. That being said,
active material particles that are multiscale
in nature — microscale in size but with
nanoscale attributes — are likely to be
ubiquitous in future batteries.
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