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A suitable interface between the electrode and electrolyte is crucial in
achieving highly stable electrochemical performance for Li-ion batteries, as
facile ionic transport is required. Intriguing research and development have
recently been conducted to form a stable interface between the electrode
and electrolyte. Therefore, it is essential to investigate emerging knowledge
and contextualize it. The nanoengineering of the electrode-electrolyte
interface has been actively researched at the electrode/electrolyte and
interphase levels. This review presents and summarizes some recent advances
aimed at nanoengineering approaches to build a more stable electrode-
electrolyte interface and assess the impact of each approach adopted.
Furthermore, future perspectives on the feasibility and practicality of each
approach will also be reviewed in detail. Finally, this review aids in projecting
a more sustainable research pathway for a nanoengineered interphase design

1. Introduction

Since their initial commercialization by Sony in
the 1990s, lithium-ion batteries (LIBs) have
attracted significant attention and are utilized in
various applications, ranging from portable elec-
tronics to electric vehicles.!' ™) The impact of
the LIB was also honored by the selection of the
2019 Nobel Prize in Chemistry® and has
become one of the most successful recent tech-
nologies in our daily lives. The interface and
interphase between the electrode and electrolyte
have been critical factors in the past and current
LIBs since they affect the performance, from
cydle retention to rate capability.” "% It is indis-
pensable to have a stable electrode/electrolyte

between electrode and electrolyte, which is pivotal for high-performance,

thermally stable Li-ion batteries.

N.-Y. Kim, I. Kim, H.-J. Lee, Prof. J.-W. Jung
School of Materials Science and Engineering, University of Ulsan, Techno
saneop-ro 55 beon-gil, Nam-gu, Ulsan 44776, Korea
E-mail: jwjung4@ulsan.ackr
B. Bornamebhr, Prof. Dr. V. Presser
INM — Leibniz Institute for New Materials, Campus D22 66123, Saarbriicken
Germany
Department of Materials Science and Engineering, Campus D22 66123,
Saarbriicken Germany
E-mail: volker.presser@leibniz-inm.de
Prof. Dr. V. Presser
saarene — Saarland Center for Energy Materials and Sustainability, Campus
C42 66123, Saarbriicken Germany
Dr. H. Ueda
Institute for Frontier Materials (IFM), Deakin University, 221 Burwood
Highway, Burwood Victoria 3125, Australia
Battery Research and Innovation Hub, Deakin University, 5/154 Highbury
Road, Burwood Victoria 3125, Australia
Dr. ). Y. Cheong
Bavarian Center for Battery Technology (BayBatt) and Department of
Chemistry, University of Bayreuth, UniversitdtsstraBe 30 95447, Bayreuth
Germany
E-mail: jun.cheong@uni-bayreuth.de

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/eem2.12622.

DOI: 10.1002/eem2.12622

Energy Environ. Mater. 2024, 7, 12622

10of 13

interface at both cathodel' ") and anodel'”! since
Li* ions reversibly move between the anode
and cathode, and an unstable interface in either
of the electrodes is detrimental to the electro-
chemical performance of LIBs.

Various factors affect the quality of the interface and interphase
between electrode and electlrolyte.m_15 1 For instance, various additives
in the electrolyte greatly affect the interphase between the electrode and
electrolyte,[m’”] as even a minute change in the types of chemicals
used in the electrolyte leads to the formation of interphase with varied
composition. There is also a difference between liquid and gel/solid-
state electrolytes (SSEs),['®! where the formed interface between the
electrode and electrolyte shows distinct physicochemical properties.

The composition of the electrode-electrolyte interface depends on
the chemical mixing of the electrolyte with the cathode and the reduc-
tion stability of the electrolyte with Li metal.[**1 For example, when the
LiCoO, cathode is paired with a garnet-type Li;La;Zr,O;, solid-state
electrolyte, the resulting interface may include Li,CoOj;, La,0;, and
La,Zr,0;. When a Li,S-P,Ss electrolyte is used, the chemical reaction
products at the LiCoO, |Li,S-P,Ss interface may include transition-metal
sulfides (such as CoySg, Mn,S;3, Ni3S,, CoNi,S,) and polyanions such as
PO,*” and SO,*”. At the Li|solid-state electrolyte (SSE) interface, the
reduction decomposition can lead to chemical reaction products such as
LiS, Liy,P, and Li,Ge (which can form at the Li|Liz »5Geg.25P0.7554
(LGPS) interface). The electrolyte has a pivotal role in determining
whether the interface between the electrode and electrolyte is suitable.
In addition to the electrolyte, electrochemical reaction parameters are
essential to investigate. For example, the formation cycle(s) condition
the morphology and composition of the interphase between the
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Several nanoengineered inorganic surficial

AS IS TO BE layers were adopted to realize rechargeable
P batteries with higher energy and power den-
O sity. For instance, Song et al.l”®) reported on
nanosizng O O nancengineering employing a nano-AlPO, coating layer for
Li; 15Nig17C00.11Mng 570,, enhancing  the
O capacity. Such coating processes employ a fac-
Large particke Small particle Desirable interace? Nanolayer ile in situ dispersion process, filtering, drying,
(nterece; 1) atheseiemerizce and heat treatment, where heat treatment con-
dition plays an important role in modulating
- . e e the elecrochemical properties of Ii; ;sNig. ;7
er e | e s e Cop.11Mnyg 5;0,. Figure 2a shows the X-ray
HIPS diffractograms of the AlPO,-coated cathode at
9== IE — 0 various heat treatment conditions, where no
° I:—’ (R apparent change in the overall crystallinity was
S +—o ) 8 seen. Based on the elemental mapping
e & 'iT’ g Q - g (Figure 2b), AIPO, is seen on the cathode’s
<_:': S T o surface. Cycle retention (Figure 2¢) and rate
© :i—' ? ‘at capabilities (Figure 2d) highlight the impor-
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liquid-electrolyte Li-ion batteries

Figure 1. Schematic illustration of a desirable, nanoengineered interface between (electrode and
electrode) or (electrode and electrolyte) for liquid- and solid-electrolyte Li-ion batteries.

electrolyte and electrode, where current density in the formation cycle
plays a significant role in the interphase between the electrode and elec-
trolyte, hence the electrochemical performance.”**'! From a recent
study,[n] electrode materials with smaller particle sizes (240 nm in the
study) showed comparably good electrochemical performance com-
pared with a particle size of 810 nm in liquid and gel-like electrolytes,
where the formation of various by-products from the electrolyte degra-
dation did not significantly affect the electrochemical performance of
smaller particle sizes. This shows that the size of the electrode material
particles can be a dominant factor. Nevertheless, as the interface
between the electrode and electrolyte involves many factors, it is essen-
tial to control the variables to optimize the interface further. So far,
most of the adopted approaches were aimed at tuning the surface char-
acteristics of electrode material and/or electrolyte, which need to be
summarized and explained further. We focused on and dealt with the
interface ‘as is’ and ‘to be’ for liquid- and solid-electrolyte Li-ion batte-
ries in this review (Figure 1).

2. Surface Modification of Interface in Electrode
Materials by Nanoscale Layer

2.1. Cathode

The ever-increasing demand for rechargeable battery systems with faster
charging and extended utilization requires cathode material with
superior rate capabilities and cycle retention. Nanoengineered surface
modification of cathode has been extensively carried out!*! as it leads
to enhanced cyde life***] (26271 1
recent years, more in-depth and creative research on improving the
cathode capacity has occurred by employing organic and inorganic
nanoengineered surficial layers,[M'ZS] which made significant research

advances.

and superior rate capabilities.
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tance of heat treatment temperature on overall
electrochemical ~ performance: nano-AlPO,
coating layer (at 400°C) for Li; sNig ;.
Cop.11Mng 5,0, (A-400) exhibits the best
electrochemical performance, where the heat-
ing temperature has a significant effect on ini-
tial Coulombic efficiency, capacity decay per
cycle, and cycle retention at various C-rates. Effective coating of AIPO,
led to surface protection of Li; ;5Nig 17;C00 11Mng 5;0,, which signifi-
cantly minimizes the formation of reaction by-products (LiF and
LiPO,F,) shown by 50 cycles of charge and discharge. Similar to this
concept, the hybrid surface coating was employed for LiNijg
Cop.1Mng O, cathode using Li;PO, and carbon nanotube (CNT)A[Zg]
Here, the role of Li;PO4 and CNT is to improve ionic and electronic
conductivity simultaneously, significantly enhancing overall electro-
chemical performance. LisPO, coating layer with 4 nm was deposited
on NCM, and such a thin nanoscale coating layer allows facile ionic
and electronic transport and ensures chemical stability against more
extended exposure to air. With effective surface protection from HF
corrosion, the structural integrity was well maintained for LiNijg
Cop 1Mny 10O, cathode with Li;PO, and CNT coating (CNT-LPO-NCM)
(Figure 2e). In contrast, the pristine LiNiggCog;Mng O, cathode
shows (006)/(102) and (108)/(110) split peaks that are amalgam-
ated, indicating changes in crystalline structures (Figure 2f). Such pro-
gressive structure destruction led to a higher metal ion concentration in
the electrolyte (Ni, Co, Mn) which further suggests the superior elec-
trolyte stability for CNT-LPO-NCM. The practical role of Li;PO, was
also demonstrated for another cathode material (NMC81 1),[30_33]
where it suppresses electrolyte side reactions while alleviating crack for-
mation after numerous cycling. For the NCM cathode (NMC811), the
effects of three typical ionic conductors (LizPOy, Li,ZrOj;, LiyTisOy;)
were further compared.**] The electronic and ionic conductivity
improved when Li;PO, was coated, leading to superior rate capabilities.
Other metal oxide materials were also adopted for surface modification
of the cathode, some of which include I_i144A10_4T11_6(PO4)3,[35‘36]
LimO,,B"1 AL,0,,P* 1 Al,04 and LiAlO,,*Y 7r0,,I** 1iNbO,,[*3
tungsten oxide,** 1i,510,,1** 1i;v0,,1* Tio,,*7! v,05,* and
$n0,,1**T and can be used for nanoscale modification in the interphase
between cathode and electrolyte. Different methods for stabilizing the
metal oxide coatings can be used, such as sol—gel,[‘“] atomic layer
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Figure 2. Microstructure and electrochemical performance of cathode with surface modification. a) X-ray diffractograms of 1% nano-AIPO, coated cathode
at various heat treatment conditions. b) Elemental mapping of nano-AIPO, coated cathode at 400 °C. c) Cycle retention characteristics, and d) rate
capabilities of various cathode samples. Reproduced with permission.?®) Copyright 2018, American Chemical Society. e) Scanning electron micrograph of
CNT-LPO-NCM after 150 cycles. f) X-ray diffractograms of respective samples after 100 cycles. Reproduced with permission.?” Copyright 2019, American

Chemical Society.

[45] [48]

deposition, co-precipitation, and milling procedures such as
plasma-assisted milling,*” and ball-milling.[**! Usually, the aim is to
deposit a Li-containing phase due to its ionic conductivity so it does
not impair the rate capability. Finding the optimum coating thickness is
critical for a positive effect, and thicker coatings can impede diffu-

18] and decrease lattice matching.[*®! In most works, the improve-

sion
ment in the performance is correlated to the protection of the cathode
material from HF attack, which is referred to as HF scavenging and
restriction of direct electrode/electrolyte contact.**7*%) This protective
effect is greater at higher potentials and temperatures, at which the
cathode metals are more likely to dissolve in the electrolyte.”**] By this
protection, these phases also lower the interfacial impedance,*”! and
maintain a gradual potential slope, combating the polarization at the
interface™**¢! and increasing the charge cut-off voltage.™**!

In addition to metal oxides, metallic coatings have also shown con-
siderable improvement in electrochemical performance regarding cycle
retention and rate capabilities. For instance, highly stabilized LiNiggs.
Cop 15Alp 0350, secondary particles were achieved by introducing
molybdenum (Mo),[so] which induces a Li,MoO, layer on the outer
part and epitaxially grown NiO-like surface. Such coatings give rise to
three critical characteristics: i) suppression of cathode-electrolyte side
reactions, ii) prevention of structural degradation, and iii) minimization
of intergranular cracking. Just with 1 mol % of surficial Mo coating, it
shows outstanding rate capabilities (140 mAhg™" at 10C) and cydle
retention characteristics (95.7% at 5C after 250 cycles). In addition to
Mo, other metals/metal halides and metal sulfides were also doped on
the surface of cathodes, such as Zr,[SI’SZ] MOSZ,[53] HA1F4,[54] and s.°%1
Moreover, co-doping of metals and/or metal sulfides/halides were also
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adopted to improve the electrochemical performance, such as Na and
FL% ¢d and S,°7) and F and LiF.P® Instead of using similar ele-
ments/compounds, metal and metal oxide surficial modifications were
employed simultaneously for some cathodes, including Ti and La,Ni-
LiOg 1 With a significant change in structural features, a double-shell
hybrid nanostructure was also employed for electrochemical perfor-
mance, the example of which is combining a Li,SiO3 coating layer and
a cation-mixed layer (Fm3m phase) and coating them on the surface of
NCM811.1 With the introduction of a Li;SiO; coating layer (<10
nm), cation-mixed layer increased from 1-2 nm to 5-6 nm, which led
to the interfacial stability and structural integrity. Carbon@spinel@-
layered@spinel@carbon shells that were employed for Li-rich layered
oxides,[*!] retaining discharge capacities of 228 and 196 mAhg™" at
1C and 5C, respectively, after 200 cycles. These multi-layer coatings
aim to improve the electrochemical performance by increasing the
ionic transport, and improving the structural stability.

In addition to the above-mentioned inorganic species, polymer coat-
ings have also been employed to overcome the shortcomings of the
inorganic coating layer. For example, constructing a poly(acrylonitrile-
co-butadiene) surface layer on a LiNig (Mng,Cop,0, cathode signifi-
cantly improved electrochemical performance.[*”) Here, the polymeric
surficial layer suppresses side reactions by enlarging the physical contact
at solid electrode/solid electrolyte interfaces from points to larger areas
during the cycling process and decreasing the interfacial resistance. This
resulted in higher cycle retention (75% cycle retention over 400 cycles)
and rate capabilities (99 mAhg™" at a rate of 3C) compared to the
unprotected cathode. Similarly, a protective conductive polymer (poly
(3,4-ethylene dioxythiophene)) was used to coat Ni-rich cathodes

© 2023 The Authors. Energy & Environmental Materials published by
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highly conformally.[*! As a result, it facilitates the transfer of ions and
electrons, suppresses the undesired layered to spinel/rock-salt phase
transformation, and mitigates intergranular/intragranular mechanical
cracking.!**! In addition, other conductive polymers, such as polyani-
line (PANI), have been used as a coating to create a physical barrier
between the cathode and the electrolyte.**] A 57 nm thin PANI layer
was uniformly coated onto the Ni-rich NCM811, which effectively hin-
dered side reaction and improved the interface between electrode and
electrolyte. PANI has also been co-polymerized with ionically conduc-
tive poly(ethylene glycol) to create a homogeneous coating.[**] A
homogeneous and amorphous layer with a thickness of 25-30 nm and
30-35nm was observed with PANI and PANI/poly(ethylene glycol)
composite film, which was sufficient to ensure high ionic conductivity
and maintain structural integrity. In contrast to the inorganic coating,
these organic counterparts can mitigate the volumetric expansion dur-
ing cycling, avoid pulverization, and increase the mechanical stability
of the cathode material due to their flexibility.”**) On top of these
research advances, Yoon et al.l! recently reported a nano-scale Co,B
protective layer on the surface and grain boundary of NCM, which
greatly improved the electrochemical performance. This work is impor-
tant in that interface was controlled at the grain boundary level, where
uniform interfaces in both grain boundary and boundaries between pri-
mary particles cathode are also necessary to ensure enhanced electro-
chemical performance.

(@) pe

Mp-Si@Si

In summary, inorganic and organic nanoscale coating layers were
used for the cathode, and some hybrid inorganic/organic surficial coat-
ing layers have been explored. The thickness of the nanoengineered
layer was usually below 10nm, a thin layer that prevented side reac-
tions and contributed to enhanced interfacial stability while allowing
facile ionic transport since ionic conductivity is indispensable for the
electrochemical performance of the cathode. Many of these studies hint
at the importance of nanoscale interfacial engineering on the cathode
part, significantly improving the electrochemical performance and
properties.

2.2. Anode

From a practical perspective, surface modifications must be applied to
micrometer-sized anode particles in contrast to the nanosized anode
particles, as the former exhibits higher tap density. For example, Wang
et al.l”) deposited a thin Si coating followed by a graphene cage on Si
microparticles (Mp-Si@Si@G), which greatly enhanced the interface
between anode and electrolyte and enhanced the electrochemical per-
formance. The Si coating was about 100 nm thick, while the outermost
graphene cage coating was only ~7 nm, which were employed as
double layers to alleviate the volume changes of Si effectively. The sche-
matic illustration of the fabrication of Mp-Si@Si@G is presented in Fig-
ure 3a, which undergoes annealing, etching,
Si coating, and graphene coating. To compare
the dynamic changes on the interface of the
anode, Si microparticles (pristine sample) and
Mp-Si@Si@G were analyzed for in situ trans-
elecron  microscopy  analysis
(Figure 3b—e). Crack formation is observed in
the Si microparticles, which leads to an unsta-
ble interface between them and the electrolyte.
The interface and structure of Mp-Si@Si@G
are well maintained during and after lithiation.
It is further verified that Si skin lowers the
unfavorable electrolyte/electrode contact area
and minimizes SEI layer formation for Mp-
Si@Si@G, resulting in much superior cycle
retention (Figure 3f).

Although Si is actively researched due to
its high theoretical capacity (ten times higher
than the theoretical capacity of graphite),

Graphene
—————
coating

Mp-Si@Si@G mission

o g other anode materials such as graphite are
= 4000 NAN N i, - ol S, Voo md 100 [68]
‘é o Ehii i i ' Sieedi — 2 also researched. Tallman et al sputtered
z ; ) ‘
;3000 e ’ M‘;Si@G - S Cu and Ni nanoscale layers on the graphite
{@Si 1 Q . . . .
$ 2000 ci2 o mgg:gg: - £ to increase the overpotential for Li deposi-
§' )‘MA = g %0 2 tion, thereby suppressing Li plating under
& 1000r o - e £ high-rate charge conditions. Deposition over-
g o , , , , . 85 o potential can be increased by modifying the
» 50 100 150 200 250 300 ©

Cycle number

Figure 3. Microstructure and electrochemical performance of anode with surface modification. a)
Schematic illustration of the synthesis of graphene cage-encapsulated Si skin-sealed mesoporous Si
microparticles (Mp-Si@Si@G). b) Schematic illustration of the in-situ TEM setup for the Si
microparticles. ¢) Time-series TEM snapshots of Si microparticles. d) Schematic illustration of in situ
TEM setup of Mp-Si@Si@G. e) Time-series TEM snapshots of Mp-Si@Si@G. f) Capacity retention
characteristics of mesoporous Si microparticles (Mp-Si), graphene cage-Si microparticles (Mp-Si@G), Si
sealed mesoporous Si (Mp-Si@Si), and Mp-Si@Si@G. Reproduced with permission.””) Copyright 2019,

Elsevier.
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graphite interface, which significantly reduces
the quantity of plated Li metal by 50%.
Heng et al [¢] suggested a functional film
(nano 2,2-dimethylethenylboronic acid) on
natural graphite, which greatly enhanced the
cycling stability of graphite when it is assem-
bled in a full cell (with LiNig sCop,Mng 30,
as a cathode). Although the thickness of the
film was only about 20 nm, it built a stable

© 2023 The Authors. Energy & Environmental Materials published by
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Table 1. Summary of nanoscale layer on electrode materials by surface modification.

Electrode material Coating material Method Layer thickness References
Liy.15Nig.17C00.11Mng 5,0, AlIPO, Co-precipitation 5-15nm (28]
LiNiggC0g1Mng;0, Li;PO,, carbon nanotube (CNT) Co-precipitation 4nm 129
LiNig C01Mng;0, Li;PO, Hydrothermal synthesis 2—-4nm [34]
LiNig C01Mng;0, Li,ZrO; Hydrothermal synthesis 2—-4nm (34
LiNig C0g1Mng;0, LisTisO4, Hydrothermal synthesis 2—-4nm (34
LiNig6C0g,Mng,0, Liq 4Alg4Ti16(PO4)3 Sol-gel method 6nm 135]
LiCoO, Liz 4Alo4Tiz6(PO4)3 Solid-state synthesis ~20 nm 136]
LiNiggCog1Mng 0, In,O3&LilnO, Co-precipitation 12 nm 137
Li1256Ni0.103C00.082MNg 68903 25 AlLO; Co-precipitation 3nm (28]
LiNigsC0¢2Mng,0, AlL,O, Atomic layer deposition 1-4 nm 139
LiNig6C002Mng,0,, LiNiggC0g.15Al0050 AlL,O; Atomic layer deposition 5-10 nm t4o]
LiNig6C00,Mng,0, LIAIO, Sol-gel method 1nm 141
LiNig6C00,Mng,0, ZrO, Solvothermal synthesis/ball- 5nm 142]
milling
LiNiogC0g,1Mng,10, LiNbO; Co-precipitation 5-6nm =
LiNiogC0g,1Mng 10, Li,WO,/WO;, Sol-gel method — e
LiNig5C00.15Alp050, LisSiO4 Co-precipitation/solid-state 2-5nm 14s]
method
LiNig6C002Mng,0, LisVO, Ball-milling 6-10nm 146]
LiNip6Mng,C00,0,; TiO, Atomic layer deposition — 1471
Li12Mngs4Nig13C00130; Y,05 Co-precipitation 5-10 nm t4s)
LiNigsC0g,Mng30, SnO, Plasma-assisted ball-milling — 4]
LiNigsC002Mng 30, Li,MoO, Co-precipitation — 150
LiNigC00,1Mng10, Li,ZrO, Co-precipitation — ts1]
LiNiO, Li,ZrO; Co-precipitation 5-10 nm 1521
LiNiggCog1Mng 0, MoS, Co-precipitation 14-16 nm 1531
Li; 2Nig2Mng 6O, LiAIF4 Co-precipitation 5nm [54]
LiNigsMn ;504 S Co-precipitation — 1551
LiNigsC0¢2Mng,0, Na, F Co-precipitation — 1s6]
Li12Nig2Mno O, cd, S Co-precipitation — 157]
LiNig5C0¢2Mng 30, F, LiF Co-precipitation — s8]
LiNiggCog1Mng;0, Ti, La4zNiLiOg Co-precipitation — 159
LiNigC00.1Mng 10, Li,SiO; Co-precipitation — 60)
LiNiggCog1Mng 0, Carbon, LiMn,O, Co-precipitation 100 nm 161
LiNigsMng,C00,0, Poly(acrylonitrile-co-butadiene) (PAB) UV polymerization ~10 nm 162]
LiNig.33C00:33Mng 330, LiNiggsC0p1Mng¢sO,, Poly(3,4-ethylenedioxythiophene) (PEDOT) Chemical vapor deposition 7-28 nm 1e3]
Li; 2Mng54Nig.13C00.130,
LiNiggC0g1Mng;0, Poly(vinylpolypyrrolidone) (PVP), Polyaniline  Co-precipitation 5-7 nm te4)
(PANI)
LiNiggC0g1Mng 0, Polyaniline (PANI), Polyethylene glycol Co-precipitation 25-35nm 6]
(PEG)
LiNiggC0¢1Mng 0, Co,B Co-precipitation ~5nm tes]
Si Si, Graphene Ball-milling, Chemical vapor 107 nm 1671

deposition
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SEI layer on the graphite through the in-situ self-polymerization of
nano 2,2-dimethylethenylboronic acid molecules. These works dem-
onstrate that the nanoscale surface protection layer helps to build a
more stable interface between electrode and electrolyte.

Surface modification was also adopted for Li metal, which exhibits
high theoretical capacity (3860 mAh g™"), low density (0.534 g cm™>),
and low electrical potential (—3.04V vs. standard hydrogen elec-
trode).[*! Li dendrite growth, rupture of the SEI layer, and formation
of dead Li contribute to the rapid decay in the electrochemical perfor-
mance of Li metal,”’%) and some approaches were aimed at tuning the
surface properties of Li metal. For instance, a 20-nm-thin Al,O; layer
was coated onto the Li metal by sputter coating, which is a simple coat-
ing method.”! The ionic conductivity of LiAlO, was measured as
1077 Scm™', providing both surface chemical stability and suppression
of dendritic growth. Chen et al.’* employed LiF coating on Li metal
by atomic layer deposition, where a thickness of 8 nm was achieved.
Crystalline LiF films achieved a shear modulus of 58 GPa, which is
seven times higher than the sufficient value to prevent Li dendritic
growth. LiF coating led to a stable Coulombic efficiency of 99.5% over
170 years. In addition to single-layer surface protection, a dual-layer
film (organic components such as ROCO,Li and ROLi on top

(estimated to be 25nm) and inorganic components such as Li,CO;
and LiF on the bottom (estimated to be 50 nm)) was coated onto the Li
metal to protect it from the corrosion and regulate the uniform deposi-
tion of Li.l’* It led to a dendrite-free deposition of Li metal, longer
cycling stability in symmetric and asymmetric cells, and smaller interfa-
cial polarization (360 mV for dual-layer-film-coated Li metal and 590
mV for reference at a current density of 5.0 mA cm™%). In contrast to
surface modification (nanoscale surficial layer) on the cathode, the
thickness of the surficial layer on the anode tends to be much larger
(sometimes sub-micrometer scale: 100 nm; Table 1). Such thicker
nanolayers can be attributed to the fact that anode materials (such as Si)
tend to undergo massive volume changes (>300%) and morphological
evolution (such as the formation of Li dendrites), where thicker nano-
scale interphase between electrode and electrolyte is desired.

2.3. Solid Electrolyte
Several recent studies provide an optimized interface between electrodes

and the electrolyte through solid electrolyte modification. Among vari-
ous types of solid electrolytes, Li;LazZr,0,, (LLZO) is one of the most
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Figure 4. Microstructure and electrochemical performance of LLZO. Scanning electron micrographs of a) LLZO powder and b) fracture surface of tape-cast
green tape. ¢) SEM and optical images of LLZO films sintered in optimal sintering profile. d) X-ray diffractograms of sintered and as-received LLZO film. e)
Impedance test (Nyquist plot) and f) DC cycling of Au interface engineered Li/LLZO/Li cell. Reproduced with permission.” Copyright 2020, American

Chemistry Society.
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promising metal oxide-based solid electrolytes, and much work has
been devoted to improving its surficial properties. Recently, Al-
substituted LLZO combined with the cathode featuring dual layers
(dense LLZO membranes and porous LLZO scaffolds) infiltrated with
LiNiy ¢Mng ,C0g ,0, while using Li as the counter electrode has been
reported‘[m] In this work, tape casting followed by sintering resulted in
dense LLZO membranes (Figure 4a—). X-ray diffraction (Figure 4d)
shows that the crystalline peak related to La,Zr,O; disappeared, indicat-
ing more crystalline peaks after the sintering process. Electrochemical
properties of LLZO were characterized by electrochemical impedance
spectroscopy (Nyquist plot, Figure 4e) and electrochemical cycling
(Figure 4f) using a Li/LLZO/1i cell configuration. Based on the imped-
ance test, LLZO exhibits an overall cell impedance of 35 Q cm?, while
an interfacial impedance is only 12 cm?, much lower than previously
reported values.l”*” As a result, LLZO can stably be cycled at current
densities of 50 and 100 pA cm™, which leads to stable electrochemical
reactions having discharge capacities of 125-135 mAh g™

Hybrid polymer-inorganic electrolytes can also induce a suitable
interface between the electrode and electrolyte, especially at the
cathode—solid-electrolyte interface. Wu et a7’ reported functional
composite polymer electrolytes with imidazole-modified SiO, nanopar-
ticles (300 nm), where a combinatorial effect of both SiO, and polyvi-
nylidene fluoride (PVDF)/polyethylene (PE) is present. When
imidazole-modified SiO, nanoparticles are used, they lead to a more
compact and uniform cathode electrolyte interphase (7.5 nm), reducing
interfacial resistance and improving cycle retention.””1 $i0, acted as a
water/acid scavenger and filler for electrolytes, leading to an increase in
charge cut-off voltage to 4.5 V. Another enhanced method is the so-
called tri-layer strategy to improve the contact between the electrode
and the electrolyte effectively. For example, Zhang et al.”’®! employed a
three-dimensional Li;.sAlg sGe; s(POy4)3 (LAGP) layer made by templat-
ing to form a porous structure that hosts the cathode material by infil-
tration. This electrolyte is an ionically conductive thin and dense layer
that can block dendrite growth. After the cathode addition, the last
component is polyethylene glycol bis(amine)-triglycidyl isocyanurate.
This solid-state cross-linked polymer fills the gaps between the former
two to increase their contact. This compact design maximized cathode
loading up to 13 mg em™?, delivering an areal capacity of 2 mAh em™?
at a rate of 0.1C with a capacity retention of 70% after 50 cycles. Com-
posite solid electrolytes were also recently developed with much pro-
gress, some of which include LisBO;-Lig 4LasZr, 4Tag 601,77} PEO,o-
LiTFSI-LigPSsCL®Y LigPSsCl/poly(ethylene oxide),®®" tantalum-doped
lithium lanthanum  zirconium oxide,®* and poly(ethylene oxide)-
LiClO4—Ii1_3A10.3Til_7(PO4)3.[83] Although the solid electrolyte itself is
not nanoscale, adopting proper solid electrolyte results in an enhanced
interface between electrode and electrolyte. It can be in nanoscale inter-
phase that contributes to more interfacial stability.

3. Tuning the Interface by Formation of a Solid
Electrolyte Interphase Layer

3.1. By Introducing an Artificial Interphase

Forming an artificial solid interphase is a powerful concept for tuning
the interface and improving the electrochemical performance. This cre-
ates an electrolyte interphase layer on the electrode before cell assembly,
which artificially mitigates and solves several issues raised in the con-
ventional LIBs configurations. For instance, an artificial interphase layer
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on a cathode material, such as Ni-rich NCM,[M] can comprise silyl
ether functional groups. The latter can be formed by employing wet-
coating-based thermal treatment, using dimethoxy-dimethyl silane as
an organic solvent. Through in-depth analysis, it has been found that
Si-O functional groups were effective in F~ scavenging, leading to
fewer side reactions. The as-formed electrode-electrolyte interphase
layer improved the interfacial stability of the Ni-rich NCM cathode,
leading to higher cycle retention. Jang et al.®*! formed a chemically
induced interphase layer by employing lithium tetra(trimethylsilyl)
borate as a functional precursor. The formed coating layer was about
5-8 nm, improving interfacial stability and scavenging fluoride species.
Silyl-borate functional groups in the precursor greatly minimize the
electrolyte decomposition (along with side reactions) and scavenge
fluoride species. Simulation data suggest that it is thermodynamically
favorable for lithium tetra(trimethylsilyl) borate to bond to fluoride
species, thus mitigating the electrolyte decomposition. As a result, the
cell employing such an artificial interphase layer shows stable cycling at
a high temperature of 55 °C after 100 cycles.

The formation of an artificial interphase layer has also been adopted
for anodes, particularly in the case of Li metal. For instance, Li et alleel
employed garnet-type Lig4lasZr; 4Tag 6O, (LLZTO)-based artificial
interphase layer onto the Cu current collector, where the interphase
layer greatly reduces the contact between Li and electrolyte. When sin-
tering the LLZTO together with the Cu current collector, interdiffusion
of Cu and Ta,Os takes place, fixing an LLZTO layer on the Cu current
collector. Such formation of an artificial interphase layer leads to
enhanced Li plating/stripping performance, a long lifespan of 2400 h
=100 days, high rate capabilities with a maximum current density of
20 mA cm™?, and a high areal capacity of 8 mAh cm™ for 100 cycles.
Various materials were selected as an artificial interphase layer for Li
metal, some of which include covalent organic fralnework,[87]
[LINBH], chains,*® PIM-1,[*"1 LiBAMB-PETMP,*®! metal-organic
framework,”'1 graphene oxide,”?! carbon nitride/graphene/carbon
nitride,”* and antimony-doped lithium phosphate.”*) Furthermore,
an artificial interphase layer has also been adopted in other prospective
anode materials, such as si.[5—%]

Many of these established artificial interphases are thinner than 10
nm and uniform (Table 2), which can effectively prevent the side reac-
tion and enhance interfacial stability. However, also micrometer-sized
artificial interphase layers were adopted onto the anode (Cu, Li).[*¢%~
%2 This showed that both micrometer-scale and nanoscale artificial
interphase layers have been adopted onto the anode to improve surface
properties, ion and electron transport, and structural integrity after gal-
vanostatic cycling.

3.2. By Introducing Additives

Modulating the electrode/electrolyte interphase is very important to
1 and such an approach can only be
employed by preparing the rationally designed electrolyte, forming a
tailored solid electrolyte interphase (SEI) layer. In a typical lowest unoc-
cupied molecular orbital (LUMO) — highest occupied molecular orbital
(HOMO) diagram of the electrolyte,l'°®? an anode works as a reductant
while a cathode works as an oxidant. The gap between the LUMO and
HOMO levels is translated to the operation window of the electrolyte
and the cell potential window can be calculated. The SEI layer is built at
the electrochemical potential of the anode at energies above the LUMO
level. Similarly, cathode-electrolyte interphase (CEI) forms at the

obtain high energy density LIBs,
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Table 2. Summary of interphase layer on electrode materials by artificial interphase layer.

Electrode material Coating material Method Layer thickness References
DODSI- Di-methoxydimethylsilane (DODSi) Wet-Coating 1%coating — 5.0 nm 84]
LiNig5C0o,Mno;0, 2% coating-6.5 nm
10% coating-7.5 nm
0.05 LTB- Lithium tetra(trimethylsilyl) borate(LTB) Rotary evaporation 5-8nm (85
LiNigsC001Mng 10,

Cu foil-LLZTO Lig4LasZrq 4Tags042(LLZTO) Dispersed on and heat treatment 10-20 pm 8]
COFraps-pDA 1,3,5-tris(4-aminophenyl) Filtration 10 nm 187]
-Li benzene (TAPB)-terephthaldehyde (PDA)

Li@[LiNBH]n [LiNBH]n layer Immersed/Heated/cooled/washed and evaporation ~ 140-160 nm (s8]
Li@PIM-1 PIM-1 (polymer of intrinsic microporosity) Stirred/vacuumed/ dried 4.4 pm (#9]
LP-Li LiIBAMB-PETMP (LP) Drop casting/ultraviolet expose/dry 1.8 um (0]
Cu@Zn-MOF/PVA Zn-metal organic framework (MOF)/polyvinyl alcohol (PVA)  Spin coating 3.1pm o1
Cu@GO Graphene oxide (GO) Spin coating 1.2 pm 2]
8-C3N4/G/Cu g-CsN4/graphene/g-CsN, Self-assembly and in-situ calcination reaction 8nm 193]
Cu-Sb-doping Li;PO,4 Sb-doped Li;PO,4 Radio frequency magnetron sputtering 100 nm (241
Si@COF Covalent organic framework (COF) Frozen/heating/filtration 5nm 193]
Si@LIAIO, LiAIO, Stirring/centrifugation/dry 2nm 6]
Si/SiO,-PBS Poly(borosiloxane) (PBS) Drop-casted — 157]
P-SiOX@PTN Poly-tannins (PTN) Etching and drying 50-100 nm (28]

potential of the cathode below the HOMO energy level, thus widening
the stable potential window.['° For example, Cheng et atron recently
suggested a novel inorganic/polymer CEI by in situ electrochemical
oxidation of trace amounts of dual additives. By employing lithium bis
(oxalate)borate (LiBOB) and dopamine (DA) as the dual additives, both
the cycle retention characteristics and rate capabilities were significantly
improved (Figure 5a,b), which could be ascribed to the formation of
different interfacial layers. Schematic illustrations of the cathode without
and with LiBOB+ DA (Figure 5c,d) suggest that a uniform CEI is
formed in the case of LiBOB + DA with only a layered phase, different
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Figure 5. Electrochemical performance and schematic illustration of CEl layer. a) Cycle performance
and b) rate capabilities of electrolyte with and without LiBOB+ DA. Schematic illustration of the
formation of the CEl layer and different phases c) without and d) with LiBOB + DA. Reproduced with

permission.[w” Copyright 2021, Elsevier.
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from conventional electrolyte showing non-uniform CEI with layered
and rock-salt phases. The outer layer of the cycled particles in the con-
ventional electrolyte is 20 nm thick. In comparison, that of cycled parti-
cles in the modified electrolyte is 2 nm thick, which leads to more
facile ionic transport. Furthermore, it protects the cathode from harmful
side reactions and phase transition to rock-shalt phases, leading to facile
Li* ion diffusion.[*"]

Based on experimental evidence and theoretical estimations, a more
optimized combination of electrolyte additives can be investigated. Kim
et all'o employed  3-(trimethylsilyl)-2-oxazolidinone (TMS-ON),
which prevents the hydrolysis of LiPFs and
scavenges HF in the electrolyte. Both experi-
mental and theoretical analyses were com-
bined to demonstrate the superiority of using
TMS-ON. The general issues related to the
hydrolysis of LiPFs and the formation of reac-
tive species are illustrated in Figure 6a, despite
the controversy of whether the water content
has detrimental effects on cell perfor-

HF » PF;0

Uniform CEI 103,104] 1.
Sl mance.['%'%1 TiPF, one of the most fre-

quently used salts in the electrolyte, can

ot o' o' undergo autocatalytic decomposition to form
s o LiF and PFs. The formed PFs can severely dam-
8o age the SHI layer formed on the surface of the

electrode. Additionally, PF¢~ produced by dis-
sociation of LiPF in the electrolyte can react
with water to produce HF, which further lea-
ches the transition metal from the cathode and
strongly affects the SHI layer.['®" Therefore,
TMS-ON was employed to improve the quality
of the SHI layer further. PFs stabilizing effects

Layered phase
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John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

85U017 SUOWILLIOD BATea10 3|edl|dde aup Aq peuenob aJe e YO ‘8sn JO s3I0y AriqiT8uljuO A3|IA UO (SUONIPUOD-PUe-SLLIBY/LID"AB | IM AsRIq 1 Ul [UO//:SANY) SUORIPUOD pUe SWiB | 8L 88S *[7202/80/20] U0 Aflq)aulUO A8]IM ‘'SepUe|iees soq 18IS IeAIuN AQ 2292T 2Wes/z00T OT/I0pwod A8 1w AzeIq1jpuljuo//Sdiy Wwolj pepeolumod ‘e ‘v20Z ‘95805.52



Energy &
Environmental Materials

L — ®) .,
LiPFs PF, LiF 3 02 4
P, > 04 027 026 030
o2 Po ) Autocatalytic 3 -0.38
’:?*.\ =P }(A ¢ ‘ decomposition g :22
g 1.04
£is
&~ POFy HPO,F, H,POSF HsPO, 5 a2 B Ti-ON EC
HO\ ) HO ¢ HO 2 H0 ¢ P€ & 14 -
" & ¥ ..lw Ty 9 o9 16
or 2
'
HF W o® ) e O HE -0
¢ IISIHF L@ U'e
o
PFy % J
hs o c o
Dissociated ({‘)& solvated le; e
iPF, < Lir PF. {“(
i <% ! [ fome S| |ONK PFs
| TMS-ON
: ‘ PF5 - (TMS-ON)(Li*) PF5 - (ON)(Li*)
H Li T N o @F QP @si { 1.95A 231A
CH @Li @C @ON @ | \ Al current collector J
@ @ _
“® 250 lLiNiD,comMnu 150, | graphite J‘z" G @ 250 | LiNosCoo 1My :0; | raphite r‘2° &
< & =
§ = E 100 3
> e < 200 4 v g
> 8 > 80.4%} 80 ©
3 < S 150 «! L e
3 5 g M 60 ©
o o o L
F} 100 o
& 8 40
5 - 5
5 Baseline 3 5 %0 Baseline 20 3
2 4— 0.5% TMS-ON [$) 2 —— 0.5% TMS-ON 45°C o
a ! | 8 0
0 100 200 300 400 0 100 200 300 400
Cycle number Cycle number

Figure 6. Theoretical and experimental investigation on electrolyte additives. a) Schematic illustration
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b) PFs binding energies of various components coordinated with Li*. Cycle retention characteristics of
LiNig;C00.15Mng150,/graphite full cells in a baseline electrolyte and 0.5% (trimethylsilyl)-2-
oxazolidinone electrolyte at c) 25°C and d) 45 °C. Reproduced with permission.””) Copyright 2020,
Wiley.

to TMS-ON rather than to the conventional
electrolyte. The binding distance of TMS-ON
is also very short (1.95A4), due to the
electron-donating nature of TMS functional
groups.[]oz] Attributed to these characteristics,
electrolyte with TMS-ON leads to superior
cycle retention both at room temperature
(Figure 6¢) and 45 °C (Figure 6d). Some other
materials were also employed as additives for
electrolytes, including Al,Os nanoﬁbers,“os]
Lithium difluorophosphate (IjDFP),[l%] bis
(trimethylsilyl)carbodiimide, ™ 1 N-Allyl-N,N-
bis(trimethylsilyl)amine,/'** and  1-(2-
cyanoethyl) pyrrole."®! A number of these
additives in the electrolytes contribute to the
formation of an ultrathin, nanoscale interfacial
layer on the electrode (Table 3), which leads
to facile ionic and electron transport.

4. Conclusions and Outlook

The interface and interphase between the elec-
trode and electrolyte are essential aspects of
research and investigation for various types of
batteries, as they are critical to ensure facile
ion and electron transport and to improve the
state of health in the battery. Especially as the

by various solvents were theoretically investigated by density functional ~ current research is aimed toward solid-state lithium batteries replacing
theory (DFT) calculations (Figure 6b).!'°* TMS-ON shows the highest  lithium-ion batteries, the research interests in tuning the interface and
PFs binding energies among 2-oxazolidinone (ON), vinylene carbonate  interphase between electrode and electrolyte are becoming more critical

(VC), ethylene carbonate (EC), ethyl methyl carbonate (EMC), and  (Scheme 1). Based on the literature,

[HO-14] the following points can

diethyl carbonate (DEC), which suggests that PFs binds more strongly  be concluded and suggested:

Table 3. Summary of interphase layer on electrode materials by electrolyte additives.

Electrode material Electrolyte Additive CEI/SEI layer References
(cathode/anode) thickness
(cycles)
LiNig gC0o.1Mng 10,/ 1.4 M Lithium bis(fluorosulfonyl)imide (LiFSI) in dimethyl carbonate (DMC)-ethylene 1,1,2,2-tetrafluoroethyl-2,2,3,3- 3nm/1nm 199
Graphite carbonate (EC)-1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluropropyl ether (TTE) (2:0.2:3 by tetrafluropropyl ether (TTE) (100)
mol)
LiNiggC001Mng;0,/Li 1.1 M Lithium hexafluorophosphate (LiPF) in ethylene carbonate (EC) — diethylene 0.1 M lithium bis oxalate 5nm/— (200) tro1]
carbonate (DEC) (1:1 by volume) (LiBOB) + 0.1 mass%
dopamine (DA)
LiNig7C00.15Mng 150,/ 1M Lithium hexafluorophosphate (LiPFg) in ethylene carbonate (EC) — ethyl methyl 0.5 mass% 3-(trimethylsilyl)-2- 3 nm/— (400) (oz)
Graphite carbonate (EMC)-diethylene carbonate (DEC) (3:4:3, by volume) oxazolidinone (TMS-ON)
LiNiggsC00,09Al0030,/ 1M Lithium hexafluorophosphate (LiPF4) in ethylene carbonate (EC) -dimethyl AlLO; 200-300 nm/— f10s]
Li carbonate (DMC) (3:7, by volume) (300)
LiNi;,3C0q/3Mn;50,/ 1M Lithium hexafluorophosphate (LiPFs) — ethylene carbonate (EC)/diethylene 1 mass% Lithium ~10 nm/— (o)
graphite carbonate (DEC) (1:3, by mass) difluorophosphate (LiDFP) (100)
Li;2Mng55Nig15C00 1M Lithium hexafluorophosphate (LiPF4)-diethylene carbonate (DEC)/ethylene 1 mass% bis(trimethylsilyl) 6 nm/— (200) (o7)
O,/Li carbonate (EC)/ethyl methyl carbonate (EMC) (2:3:5, by mass) carbodiimide (BTMSC)
LiNig§C00.15Alo0502/ 1M Lithium hexafluorophosphate (LiPF¢)-diethylene carbonate (DEC)/ethylene 2 mass% N-allyl-N,N-bis 10 nm/— (300) (o)
Li carbonate (EC)/ethyl methyl carbonate (EMC) (2:3:5, by mass) (trimethylsilyl)amine (NNB)
LiNip6C002,Mng,0,/Li 1M Lithium hexafluorophosphate (LiPF¢)-ethylene carbonate (EC)/ethyl methyl 1 mass% 1-(2-cyanoethyl) 20 nm/— (50) (03]
carbonate (EMC) (1:2, by mass) pyrrole (CEP)
Energy Environ. Mater. 2024, 7, 12622 9 of 13 © 2023 The Authors. Energy & Environmental Materials published by

John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

85U017 SUOWILLIOD BATea10 3|edl|dde aup Aq peuenob aJe e YO ‘8sn JO s3I0y AriqiT8uljuO A3|IA UO (SUONIPUOD-PUe-SLLIBY/LID"AB | IM AsRIq 1 Ul [UO//:SANY) SUORIPUOD pUe SWiB | 8L 88S *[7202/80/20] U0 Aflq)aulUO A8]IM ‘'SepUe|iees soq 18IS IeAIuN AQ 2292T 2Wes/z00T OT/I0pwod A8 1w AzeIq1jpuljuo//Sdiy Wwolj pepeolumod ‘e ‘v20Z ‘95805.52



Energy &
Environmental Materials

Solid anode | Electrolyte

2

anode AM \

JAdVancedjrechargeanle

Batteries

» Introducing of nanoscale layers *  Tuning solid electrolyte interphase

Electrolyte | Solid cathode

costs and scalability limitations, alternative
methods must also be explored.

In terms of optimal interface composition,
electrolyte additive is the most viable approach
as the amount of electrolyte additive can lead
to the formation of an interphase with a dis-
tinct chemical composition, where the amount
of electrolyte additive and the chemical com-
position of the interface are correlated. The
goal is to employ a cost-effective and scalable
method to form a chemically stable ultrathin
interface  (<10nm) with high electric
conductivity.

In addition to these points, nanoengineer-

-

ing of the electrode-electrolyte interface and
other factors affect the quality of the interphase
formed between the electrode and electrolyte.
Factors such as applied constant current (or
constant voltage) depending on the mass load-
ing of electrode materials and area of the elec-
wode for cycling, formation cycle,*"
temperature,l''”! and pressure!' >}
) significantly affect the interphase between the

\

can also

Scheme 1. Schematic illustration of nanoengineering of electrode-electrolyte interfaces for advanced

Li-ion-based rechargeable batteries.

—

The role of the interface and interphase between the electrode
and electrolyte will become more critical in the emerging pro-
gress from lithium-ion batteries to solid-state lithium batteries.

2 Modification in the electrode or electrolyte is the most frequently
used method to enhance the interface and interphase between
the electrode and electrolyte.

Instead of adopting only one approach, dual or multiple
approaches must simultaneously be taken to improve and opti-

w

mize the electrode and electrolyte interface.

Different synthetic methods have been employed in the literature to
modify the surface of electrode materials. Co-precipitation is usually
carried out for surface modificadon, enabling a thin surface coat-
ing.**** However, its limitations lie in toxic liquid waste and control
of pH levels in some cases. Solvothermal/hydrothermal synthesis can
employ various solvents, but it also requires an autoclave.!''*] Sol—gel
process is a simple method, but it cannot guarantee a uniform coating
due to the nature of solution processing. Similar to the sol—gel process,
ball-milling is a straightforward method, but it cannot easily control
the size of the particle and coating layer.[''*) Atomic layer deposition
enables uniform and thin surface coating. Although widely used in the
semiconductor industry, it remains a cost-intensive process and might
not be scalable in energy storage applications.l''”] UV polymerization
is rarely used, but it has the potential to be investigated further. Chemi-
cal vapor deposition is useful for the deposition of graphene; However,
the processing exhibits similar challenges to atomic layer deposition
regarding costs.!''®] Among various used methods for surface modifica-
tion, atomic layer deposition is most viable for the optimal thickness of
the interface since it allows the coating of layers at an atomic scale, as
the name indicates. As atomic layer deposition increases production
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electrode and electrolyte. Synergistic technolo-
gies are essential to inspect these affecting fac-
tors. For example, monitoring gas evolution at
the electrode-electrolyte interface, related to
unwanted side reactions, can indicate how to
construct the optimal interface. Therefore, differential electrochemical
mass spectrometry (DEMS) is a powerful tool for the in-situ detection
of gaseous species in rechargeable batteries.!'*'"'*2] Moreover, constant
improvement of artificial intelligence (AI, such as ChatGPT) has the
potential to systematically evaluate which nanoengineering approach
would be optimal for each electrode material in different battery sys-
tems and charge/discharge conditions in the future. This will open the
door to an exciting path toward advanced energy storage systems that
address the growing energy demand.!''*'%3]
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