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Lithium-based vertically aligned
nanocomposites for three-dimensional
solid-state hatteries

Daniel M. Cunha* and Mark Huijben

Planar two-dimensional (2D) solid-state lithium-ion batteries exhibit an undesirable energy
versus power balance, which can be dramatically improved by the application of three-
dimensional (3D) geometries. Current ceramics-based nanocomposites exhibit limited control
of the distribution and orientation of the nanoparticles within the matrix material. However, the
tailoring of functionalities by the strong coupling between the two phases and their interfaces,
present in epitaxial 3D vertically aligned nanocomposites (VANs), show promising advantages
over the conventional 2D planar multilayers. Although a range of epitaxial VANs have been
studied in the last decade, lithium-based VANs toward battery applications have remained
mostly unexplored. Interestingly, two recent studies by Qi et al. and Cunha et al. demonstrate
the unique potential of lithium-based VANs toward the realization of 3D solid-state batteries
with enhanced energy storage performance. In this article, we will discuss these promising
results as an enhanced current collector within the cathode or as an integrated solid-state
cathode-electrolyte composite. Furthermore, we will describe different design configurations

that can be applied to realize self-assembled VAN-based complete 3D battery devices.

Introduction

Since its introduction in 1991 by Sony, lithium-ion (Li-ion) bat-
teries are the most popular rechargeable batteries,' as they have
become the main power source for many applications, such as
portable electronics, power tools, and hybrid/full electric vehi-
cles. Tremendous research effort has been devoted to investi-
gate the electrochemical performance of a wide variety of active
lithium-based materials to develop batteries with large capacity,
high energy and power density, improved safety, long cycle life,
fast response, and low cost. Despite the efforts, none of the
current rechargeable batteries can fully satisfy all of the chal-
lenging requirements for the projected energy storage needs.
Key problems for this limitation include slow electrode process
kinetics with high polarization and a low rate of ionic diffusion
or electronic conductivity, particularly at the electrode—electro-
lyte interfaces.>* The differences in ion-chemical potentials and
Fermi levels at the interfaces lead to unwanted reactions, such as
space charge layers and atomic intermixing, as well as parasitic
side reactions and large structural rearrangements. Therefore,
mastering control of the interfaces is identified as the grand
challenge in energy storage research, being more important than
designing new electrode and electrolyte materials. New research

directions focused on interface structure optimization for ionic
diffusion, electron transport, and the regulation of electrochemi-
cal reactions that are crucial for developing the urgently needed
pathways to enhanced energy storage.

Current commercial lithium-ion batteries have an energy
density of 300—500 mWh c¢cm™>, which is still far below the
theoretical energy density of lithium-air batteries (2800
mWh cm™).% Common rechargeable batteries are based on
organic liquid electrolytes, which result in several restrictions
for their design and size due to the available separators and lig-
uid electrolytes. Second, these acidic liquids cause unwanted
reactions at the electrode surfaces, reducing the stability of the
battery. Finally, these liquids carry the inherent risk of leakage
and fire hazard. Therefore, the need for all solid-state micro-
batteries arises, which will exhibit enhanced safety, volumetric
energy/power density, and chemical stability, see Figure 1.

One of the main issues with state-of-the-art solid-state
electrolytes is the poor ionic conductivity compared to lig-
uid organic electrolytes. Increasing the ionic conductivity
of solid electrolytes is, therefore, an essential step to make
further progress in this direction. However, while some
promising solid electrolytes with lithium conductivities
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approaching those of liquid electrolytes have recently been
reported for sulfide conductors (e.g., Li;P;S,;, Li;(GeP,S,,,
and Lig 5,Si; 74P} 44811 7Cj93), stability issues limit the ionic
transport across the electrode—electrolyte interface. In contrast,
promising oxide electrolytes (e.g., perovskite La, sLij sTiOs,
garnets Li;La;Zr,0,,, LiPON (Li, ¢¢PO; 73N 14), and LISI-
CON (Li;4ZnGe,O,4)),”” with high chemical stabilities are
currently limited by high grain-boundary resistances. Hence
a dramatic reduction of the thickness of the solid electrolyte
is required to overcome the limited lithium conductivity to
enable fast charge—discharge rates.

Planar two-dimensional (2D) solid-state thin-film batteries
exhibit an undesirable energy versus power balance, which can
be dramatically improved by the application of three-dimen-
sional (3D) geometries. An additional advantage of these 3D
batteries is that the internal surface area between cathode, elec-
trolyte, and anode is enlarged, improving their current output.
This will ensure a giant step in power and energy density for
solid-state devices, as depicted in Figure 1, allowing for a
much better energy storage performance.'®"'? Several concepts
for a 3D microbattery layout have been proposed in previous
studies, based on membrane templates, interdigitated micro-
rods, porous aerogels, microchannel plates, and anisotropic
etching.!""'3!* However, most of these designs are only con-
ceptual, require multiple fabrication steps, or have only been
focusing on partial solid-state devices. Furthermore, fabrica-
tion of such 3D batteries relies presently on the use of costly
methods, such as microlithography and photolithography, or
electrodeposition techniques combined with spin coating/infil-
tration. Therefore, the benefits of 3D batteries can only be
fully exploited in the future if a synthetic route provides struc-
ture control of such systems down to the tens of nanometers
length scales in combination with tunable crystal orientations
of the individual materials and their shared interfaces.

The advantages of nanostructured materials are larger elec-
trode/electrolyte contact area leading to higher (dis)charge
rates, short path lengths for both electronic and Li-ion transport
leading to higher charge flow, and better accommodation of the

strain during lithium insertion/extraction. Various studies on
Li-ion batteries have demonstrated that nanocrystalline inter-
metallic alloys, nanosized composite materials, carbon nano-
tubes, and nanosized transition-metal oxides are all promising
new anode materials, while nanosized high-voltage cathodes
LiCoO,, LiFePO,, and LiMn,0, show higher capacity and bet-
ter cycle life than their usual larger particle equivalents.'

Nanocomposites have attracted great interest over the last dec-
ades due to the presence of enhanced functional material prop-
erties induced by confinement of the structural dimensions.'®
Ceramics-based nanocomposites is a rapidly evolving research
area,'’"'® as they are currently being used in a wide range of appli-
cations, such as motor engines, heat exchangers, power plants,
and aircraft/spacecraft technology. However, accurate control of
the distribution and orientation of the nanoparticles within the
matrix material is often limited or impossible. Detailed knowl-
edge on the alignment of nanostructures through self-assembly
is well studied in organic systems,'® and lately, more efforts are
being done on inorganic, ceramic nanocomposites.

In parallel to 2D planar heterointerfaces, 3D vertical het-
eroepitaxial nanocomposite thin films have been developed
in the past decade as a new materials’ platform for creating
self-assembled device architectures and multifunctionalities,
as they show a wide range of attributes arising from the strong
interplay among structural, electronic, magnetic, and even
ionic properties.?* 3 Such epitaxial vertically aligned nano-
composites (VANs) offer promising advantages over conven-
tional planar multilayers as key functionalities are tailored by
the strong coupling between the two phases and their inter-
faces, such as strain-enhanced ferroelectricity and multiferro-
ics,?* 2 enhanced ferromagnetism,’® magnetoresistance,’’ elec-
tronic transport,?® and coupled dielectric and optical effects.?’
Although a range of epitaxial VANSs has been studied in the last
decade,’>* lithium-based VANs toward battery applications
have remained mostly unexplored. Interestingly, two recent
studies by Qi et al.* and Cunha et al.>' demonstrate the unique
potential of lithium-based VANs toward the realization of 3D
solid-state batteries with enhanced energy storage performance.
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Figure 1. Ragone plots of (a) solid-state battery architectures illustrating the enhanced
performance of a 3D nanocomposite system over a 2D planar film, (b) state-of-the-art

thin films by introducing tilted Au nan-
opillars as effective current collectors.
Due to its high theoretical capacity of
459 mAh ¢!, Li,MnOj; is a promis-

ing cathode material for high energy
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density applications.**** However, the low electrical conduc-
tivity of approximately 10° S cm™ limits its power density. The
approach by Qi et al. was the use of VAN-based thin-film elec-
trodes to achieve higher electrical conductivity, as the proposed
Li,MnO;—Au matrix-pillar configuration can provide more
effective, continuous pathways for electrical and ionic transport
across the entire cathode. Furthermore, the authors indicated
that oxide—metal interfaces can provide better mechanical integ-
rity and enhanced electrochemical cycling stability.

The metal Au nanopillars were incorporated into Li,MnO,
thin films through the oblique angle deposition (OAD)
method* in pulsed laser deposition (PLD), as depicted in
Figure 2a. The OAD technique was applied to facilitate the
metal pillar formation and to avoid the agglomeration of metal
particles in the oxide matrix.>>** The Li,MnO;~Au VAN film
was deposited from a single target containing both materials
on Al,O; single crystalline substrates for structural analysis, as
well as on stainless steel substrates buffered with Au for elec-
trochemical measurements. The crystallographic analysis of
the Li,MnO/Au composite films by x-ray diffraction (XRD),
shown in Figure 2b, indicates the highly textured growth of
Li,MnO; on both Al,O; and Au stainless steel substrates,
where the composite exhibits oriented Li,MnO; (001) and Au
(111) along the out-of-plane lattice direction.

The growth of the VAN film, exhibiting Au nanopillars
embedded within Li,MnO;, was achieved and its formation
on an Al,O; substrate is shown in the energy dispersion x-ray
(EDX) images in Figure 2c. Due to the set angle during OAD
growth, the resulting Au nanopillars are tilted 19° from the out-
of-plane direction, presenting an average diameter of ~6 nm

and spacing of ~ 50 nm from each other. The d-spacings along
the out-of-plane direction are measured to be 4.731 A and
2.285 A, corresponding to Li,MnO,(001) and Au(111).

The discontinuity observed in some of the Au pillars was
attributed to the shadowing effect from the OAD growth. In
this case, the small Au nanorods near the film—substrate inter-
face are Au nucleates formed at the beginning stage of the
growth that are shadowed by nearby taller pillars and stopped
growing.* Furthermore, the discontinuity occurred along the
nanopillars was credited to the different adatom diffusivity,
generally lower in OAD growth.** Additionally, the tilting
angle can be tuned by the PLD growth parameters.*' Smaller
tilt angle indicates slower growth rate, further indicating
increased stability of in-plane growth and suppression of out-
of-plane growth,*” also reducing the shadowing effect.

The composite films on stainless steel were characterized
electrochemically in coin cells using lithium metal disks (Sigma-
Aldrich) as anode, Celgard 2400 PP (Celgard) as separator, and
1 M LiPF salt dissolved in 1:1 volume ratio EC:DEC (Sigma-
Aldrich) as electrolyte. The observed cycling behavior was
enhanced as compared to pure Li,MnOj; thin-film cathodes, also
prepared by PLD, and with thicknesses 6—20x thicker than pre-
viously reported studies.*** Charge—discharge results show for
the first cycle a total discharge capacity of 41.2 pAh cm ™ pm™,
corresponding to 110.8 mAh g™!, while a total capacity of
71.64 uAh cm? um ™' (192.6 mAh g ') was observed for 100th
cycle. The capacity increase of 74% was reported in the liter-
ature to be a result of a phase transformation upon cycling.*’
Cyclic voltammetry (CV) analysis was conducted to study the
redox reactions in the nanocomposite thin-film electrode, see

Figure 3a. Typical redox reactions for
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Figure 2. (a) Expected growth mechanism in oblique angle deposition by pulsed laser
deposition. (b) Out-of-plane x-ray diffraction pattern of Li,MnO5;-Au vertically aligned
nanocomposite film on both Al,O5; and Au-buffered stainless steel substrates grown at
750°C and 0.067 mbar oxygen pressure. (c) Energy dispersion x-ray mapping for Au

the spinel structure were observed, with
intercalation of lithium-ion in the 16¢
octahedral and 8a tetrahedral sites for the
redox pairs at 3 V and 4 V, respectively.
Similar to the cycling test, the unex-
pected large anodic peak and the abnor-
mal cathodic peak near 4 V confirm the
existence of electrolyte decomposition.
Although the pure Li,MnO,
film failed after the 9th cycle, the
Li,MnO;—Au composite film can be
cycled for at least 100 cycles, with elec-
trochemical performance improving
with time, indicating that the proposed
Au pillars increase the conductivity of
the overall composite film. The enhanced
current density within the VAN film was
also demonstrated by the rate perfor-
mance at different C-rates as shown in
Figure 3b. The Li,MnO;—Au VAN film
displayed good rate performance with
61% capacity retention at high rates of
14.8 C, corresponding to the current

Li,MnO,
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density of 80 pA cm™2, as compared to slow rates of 0.57 C (5
HA cm), which is higher than previously reported.**” The
battery analysis indicates an enhanced electrochemical perfor-
mance of the promising Li,MnO; cathode material due to the
VAN structure with embedded Au-tilted nanopillars.

Integrated solid-state cathode-electrolyte
Many cathode materials exhibit limited Li-ion diffusivities,
resulting in low power densities. This common behavior
restricts their application for ultrafast charging and discharg-
ing performances. Reduction of the cathode material thickness
will improve the power output as the Li-ions have to travel
over a short distance, see Figure 1b. However, such thickness
reduction consequently lowers the energy storage capacity at
the same time due to the limited amount of Li-ions stored. A
3D architecture, combining a cathode with a solid-state elec-
trolyte, would significantly reduce the pathway for Li-ions to
travel within the cathode material together with the realization
of the required cathode volume to store a large amount of Li-
ions and, therefore, achieve a large energy capacity.

The incorporation of oriented cathode nanopillars into
a solid electrolyte matrix was recently achieved via self-
assembly in a single step VAN growth procedure.’' The
materials used were the spinel LiMn,0, (LMO), a high-
voltage cathode material*® with a lattice parameter of a=8.245
A, and La,sLi,sTiO; (LLTO), a high ionic conducting
electrolyte® with a perovskite structure (a=3.904 A), making
them an interesting combination, similar to previous successful
spinel-perovskite VAN formations.?**° The LMO-LLTO
VAN films were grown by PLD on (100)-oriented Nb-doped
(0.5 wt%) SrTiO; (Nb:STO) substrates from a sintered 67%
La, sLij sTiO5+33% LiMn,0, (30 wt% excess Li) target at
a substrate temperature of 850°C, target—substrate distance
of 5 c¢m, laser fluence of 2.3 J/cm?, and frequency of 20 Hz,
resulting in a growth rate of ~ 0.15 A/pulse.

Following the trend of other perovskite-spinel systems
reported (e.g., ordered pillars of BaTiO;—CoFe,O, and
BiFeO;-CoFe,0,),***" the phase separation of both materials

into a nanopillar-matrix structure within the nanocomposite was
successfully achieved. The phase separation is shown by the
scanning electron microscope (SEM) images, Figure 4a—b,
and the XRD spectrum, in Figure 4c, which confirm the purity
and crystallinity of both specific. The out-of-plane (100) crystal
orientations of both LMO and LLTO phases within the VAN
films are aligned with the (100) Nb:STO substrate orientation.
In a good agreement with previous studies of individual LMO
or LLTO thin films grown on crystalline STO(100), the LMO
and LLTO peaks show the presence of highly crystalline-
oriented spinel and perovskite structures.>*>® The LLTO
phase is epitaxially strained to the underlying STO substrate
as determined by reciprocal space mapping XRD. The LLTO
exhibits an out-of-plane lattice parameter of~3.85 A, which
corresponds to a crystal structure with a volume equal to
a relaxed cubic phase of about Lij ;La, 5, TiO; with a lattice
parameter of~3.88 A.* This indicates a 0.06% in-plane strain
in the LLTO unit cell. The LMO phase is not strained to the
underlying STO substrate, but relaxed to a cubic spinel structure
with a lattice parameter of 8.42 A. The extra peaks with lower
intensity indicate the presence of minor contributions of the
tetragonal LLTO (Lij s¢La, 33 TiO3), which could be embedded
in the LLTO matrix or located at specific interfaces. The
in-plane orientations of both cubic LMO and LLTO phases are
aligned to the cubic substrate as confirmed by detailed XRD
analysis resulting in square LMO nanopillars rotated 45° with
respect to the (010) in-plane direction of both the perovskite
LLTO matrix and STO substrate. Additionally, Figure 4d shows
the phase separation by energy selective backscattered (ESB)
SEM analysis, where contrast is determined by compositional
differences, resulting in a brighter LLTO matrix due to the
presence of heavy La ions.

The study focused on how different growth parameters,
such as temperature and deposition rate, can influence the size
and distribution of the nanopillars over the surface.*! In order
to analyze this relation, a Kinetic Monte Carlo (KMC) model
to simulate the nanopillar formation was used. In contrast
with the KMC models presented previously in the literature,

the proposed model introduced higher

degrees of freedom and activation ener-
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scope images. Although the growth
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substrate temperatures for a 20 Hz
deposition rate, and the different depo-
sition rates for a substrate temperature
of 800°C, is shown by Figure 6a-b,
respectively. The KMCS results show
good agreement with the evolution of
pillar density upon changes in synthe-
sis parameters, with a difference of a
factor of 100. This difference is caused
by the static contribution (£g) values
used in the KMCS. Eg is the surface
energy, or the activation energy for

the compositional contrast.3!

Figure 4. (a) Top-view and (b) cross-sectional scanning electron microscope (SEM)
images of a nanocomposite thin film composed of LiMn,O, (LMO) pillars embedded in
Lag sLig 5TiO5 (LLTO) matrix. (c) X-ray diffraction (XRD) analysis of the vertically aligned
nanocomposite film, in which LLTO peaks are shown by *, LMO by 4, and the SrTiO,
substrate peaks by B, whereas minor contributions of the tetragonal LLTO phase are
indicated by ¢. (d) Cross-sectional energy selective backscattered SEM image showing

hopping of a free adatom. The term
was introduced by Ratsch et al.,** and
in the model sets the number of hops
per pulse. A lower Eg value increases
the number of hops per pulse, which, in
turn, results in an increase of the com-
putational time of the simulation. For

the results presented, Eg=1.0 eV was
used, which generates qualitatively

800°C

700°C

Figure 5. Atomic force microscope images (top) and Kinetic Monte Carlo simulations
results (bottom) for the LiMn,O,—Lij sLa, s TiO3 nanocomposite growth at a deposition rate
of 20 Hz for different growth temperatures.®'

good results for a low computational
cost. Extrapolating KMCS number
densities for different Eg values from
Figure 6b to the experimental number
density of 7.6 x 10 nm™2 for a 50 Hz
deposition rate, an Eg value of 0.38 eV
is calculated, resulting in an estimated
increase of computational time for
the KMC simulation of two orders of
magnitude. The study demonstrates
the promising capability to combine
state-of-the-art cathode and solid-
state electrolyte materials into a highly
ordered VAN structure enabling further
optimization of the electrochemical

temperature is a key factor that affects the nanopillar shape,’’
as the shape of the nanopillars is determined by the competition
between the strain energy and interfacial energy,’® the KMCS
model does not incorporate anisotropic interaction energies
to reflect different crystal facets and disregards the thermody-
namic processes for energy reduction at the interfaces between
the different material phases (i.e., nanopillar and matrix).
Because the interaction energies are relatively close, the
LMO and LLTO components show some intermixing. Increas-
ing the difference between these values would lead to stronger
phase separation.’® Nevertheless, the simulated vertical nano-
structures are qualitatively similar to those described in other
simulated nanocomposite studies.’*** A quantitative analysis
was also performed considering the number density of pil-
lars over the VAN surface. The number density comparison
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performance.

Conclusion

Although various epitaxial VANs have been studied in the
last decade, exploration of lithium-based VANs for enhanced
energy storage has only started recently. The first studies show
promising results as an enhanced current collector within the
cathode®® or as an integrated solid-state cathode-electrolyte
composite.>! However, more fundamental understanding about
the diffusion of Li-ions in such epitaxial VAN structures is
required during intercalation across the vertical epitaxial inter-
faces within the electrodes (cathodes and anodes) or toward
the adjacent electrolyte.

For the development of complete 3D battery devices, several
different design configurations can be applied with increasing
complexity, see Figure 7. Current solid-state battery devices
are based on 2D planar architectures with the limitations in
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components will need to be studied to
characterize the relationship between
them. The dependence of the energy stor-
age behavior in complete solid-state bat-
tery devices on the specific formation of
epitaxial VANs of various cathode/elec-
trolyte/anode nanocomposites will need
to be studied regarding the size distribu-

Figure 6. Number density comparison between Kinetic Monte Carlo simulations (M) and
experimental results (o) as a function of (a) different substrate temperatures for a 20 Hz
deposition rate and (b) different deposition rates for a substrate temperature of 800°C.
White squares (O) in (b) represent different Eq values used during simulations.®'

tion of the nanopillar-matrix structures
and the crystal orientations at the incor-
porated interfaces. The energy storage
performance should be explored by using

standard battery testing techniques, such
as galvanostatic cycling, cyclic voltam-

Al _—— [b]

metry, rate capability experiments, poten-
tiostatic intermittent titration technique,

and electrochemical impedance spectros-

ANODE ANODE ANODE

ELECTROLYTE

ANODE

copy, to determine the dependence of the
energy storage content, power output,
rate of charge, and cycle life perfor-
mance on the structure and composition
of the nanocomposites. However, recent

Figure 7. Epitaxial vertically aligned nanocomposite-based solid-state battery configura-
tions: (a) 2D planar, (b) 2D/3D-combined, (c) partial 3D-integrated, and (d) full 3D-interdig-
itated solid-state batteries. Example of lithium-ion pathway is indicated by the red arrow.

development in operando characteriza-
tion techniques will enable monitoring of
the lithium intercalation mechanisms at

energy versus power optimization, as discussed in the intro-
duction. Introduction of a 3D-based electrode (e.g., cathode)
will require an additional electrolyte layer before applying
the final 2D anode layer to create a 2D/3D-combined configu-
ration. However, the 2D anode layer could also be replaced
by a 3D-based anode layer to realize a partial 3D-integrated
configuration. Preliminary experiments in our laboratory have
shown promising results for combinations between the spinel
LiMn, 0, (cathode),* spinel Li,TisO,, (anode),®® and perovs-
kite La, sLij sTiO; (electrolyte),?' although many more oxide
lithium-based materials are available to explore. Finally, the
synthesis of a full 3D-interdigitated battery configuration would
require the self-assembly of a three-component 3D nanocom-
posite at the center of the battery device. Such self-assembled
three-component vertically aligned nanocomposite has not been
realized yet and will require a very subtle balance of the inter-
action energies between all involved materials. This configura-
tion would exhibit the highest complexity with the sequential
deposition of three specific layers on top of each other: first
a two-phase cathode/electrolyte layer, second a three-phase
cathode/electrolyte/anode layer, and finally a two-phase anode/
electrolyte layer to realize a complete device.

The crystal structure of the electrode nanopillars, electrolyte
matrix, and their interfaces will determine the lithium diffusion
mechanism within the complete structure, which will eventu-
ally be crucial for the battery performance. Therefore, variations
to the size and orientations of the crystal structures within all

the length scales of the nanopillar-matrix
structures, with a focus on the detailed
ionic transport across the epitaxial interfaces.
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