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Molecular Layer Deposition for Energy

Conversion and Storage
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ABSTRACT: The development of nanoscale coatings with well-
controlled properties is critical to the future of nanotechnology for
energy applications. As an extension of atomic layer deposition
(ALD), molecular layer deposition (MLD), has recently emerged as
a thin-film coating technique that can enable the development of
high-performance materials in energy-related applications. MLD
fabrication can be classified into two categories: polymer-based
organics and inorganic—organic hybrid materials. The unique
properties of low growth temperature, precise control of film
thickness, uniformity, flexibility, and low density make MLD films
very promising for energy-related applications. In this Review, we
focus on the recent developments and understanding of MLD in
the application of batteries, supercapacitors, water splitting,
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photodegradation, solar cells, and membranes. The different
types of MLD films and nanomaterials derived from MLD are discussed based on the specific application and properties.
Finally, the future direction of MLD in energy-related applications has been further investigated.

Organic—inorganic hybrid materials have recently received
increasing attention in various areas such as electronics,
photonics, and sensing.'~* Furthermore, the development of
novel hybrid materials at the nanoscale with well-defined
properties is critical for high-performance applications, especially
in the emerging field of energy-related applications like batteries,
supercapacitors, and catalysis.”~'® Generally, hybrid organic—
inorganic materials can inherit advantageous mechanical, optical,
chemical, and electrical properties from the combination of
organic and inorganic constituents. In this case, the hybrid
materials will show synergistic interactions leading to enhanced
properties. There are several methods that have been developed
to prepare these hybrid materials, including sol—gel methods,
Langmuir—Blodgett (LB) techniques, layer-by-layer assembly,
self-assembly procedures, etc.'' ™' However, these methods are
dependent on solution-based procedures, which face significant
challenges in terms of controlling thickness and composition,
which are critical parameters for nanoscale applications.

As anovel gas-phase approach, atomic layer deposition (ALD)
techniques have been rapidly developed over the past decades.
The ALD process is defined as sequential, self-limiting surface
reactions that enable the deposition of ultrathin conformal films
with atomic-level precision on high aspect ratio structures. The
ALD techniques are mainly dependent on binary reaction
sequences, which occur on the surface of the substrate. A wide
range of binary inorganic compounds, including metal oxides,
metal nitrides, metal sulfides, and mixed metal oxides, have been
fabricated using simple reactions based on binary systems. Due to
the unique properties of ALD, this novel technique has been
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widely used in various application areas, and to date, there are
several impressive reviews addressing the technique for different
applications.'*™"” Figure 1 shows the typical ALD process of
AL O;, using trimethylaluminum (TMA) and water (H,O) as
precursors, which is a well-known procedure in this field.

As an extension of ALD, “molecular” layer deposition (MLD)
has been further developed by replacing the oxidizing precursor
with organic linkers or the addition of molecular fragments into
the film. Figure 1 shows a general schematic representation of
MLD growth using sequential, self-limiting surface chemistry. In
the 1990s, multiple research groups in Japan developed
condensation polymerization reactions for MLD of organic
polymers.'®"” Subsequently, many types of MLD polymer thin
films have been studied, such as polyamide, polyimide (PI),
polyurea, polyurethane, polythiourea, and polythiolene.”"*"
Alternatively, metal-containing MLD (metalcone) can be
accomplished by combining a metal precursor, like Al(CH;),,
TiCl,, SnCl,, etc., with organic linkers such as those used in MLD
for organic polymers.””~>* Alucones are one of the most widely
studied metalcone among the different metal alkoxides. Figure 1
illustrates the reaction mechanism of the first developed alucone
using TMA and ethylene glycol (EG) as precursors. As shown in
Figure 1, EG molecules contain two hydroxyl groups separated
by a carbon chain that serve as reactive linkers for condensation
reactions with hydroxyl groups on the metal centers, leading to
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Figure 1. Schematic of MLD growth using sequential, self-limiting surface reactions: typical ALD growth mechanism of Al,O; using TMA and
H,O0 as precursors and the MLD growth mechanism of alucone using TMA and EG as precursors.

organic—inorganic hybrid materials. Following the discovery of
MLD alucone, several novel metalcones based on different
metals (ie., Zn, Zr, Ti, Hf, Co, Mn, V) and organic molecules
(ie, glycerol (GL), hydroquinone (HQ), hexadiyne diol,
polydiacetylene, etc.) have been developed.””** The MLD thin
film shows various advantages compared to the ALD thin film
due to the organic components in the film: (1) Generally, the
ALD metal oxide thin films are relatively brittle, in which defects
could be generated under straining in the film. On the contrary,
the high flexibility of MLD films would reduce the number and
size of defects after straining.35 Meanwhile, the molecular
flexibility will be affected by varying the carbon chain length of
organic components in the MLD films (metalcone).”” (2) The
density of MLD thin films is much less than that of ALD metal
oxides.””** (3) The MLD thin films, particularly the inorganic—
organic metalcone alloy films, display tunable mechanical
properties including the density, refractive index, elastic
modulus, and hardness by changing the ratios of organic
composition.”” (4) The highly porous metal oxides would be
produced by removing the organic components from the MLD
(metalcone) thin films using a thermal or chemical process, in
which the porosity is tunable by controlling the MLD process.
(5) Several types of metalcone alloys show good electrical
conductivity and high dielectric constants and refractive
indices.”**”***" However, it still needs to be pointed out that
some shortcomings remain for MLD thin films currently. First,
the stabilities of some MLD thin films are not satisfactory as most
of the EG-based metalcones are sensitive to air and
humidity.”**" Second, the restriction of organic precursors
with a sufficient vapor pressure limits the choice for the MLD
thin films. Third, porosity of MLD films could lead to diffusion of
gas-phase precursors into the polymer, adding a contribution
similar to CVD.*

Initially, researchers in this field focused on the development
and design of new MLD processes to fabricate thin films. A few
good reviews have already summarized the growth mechanism,
fabrication, and properties of several types of MLD thin
films.>**>*'7* After achieving a better fundamental under-
standing of this novel technique, MLD technique has been
further applied in various applications, including electronically
conducting films, sensors, electronic devices, as well as energy
storage and conversion.”’ ~>' However, there are very few review
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papers focusing on the utilization of MLD for energy storage and
conversion applications. In this Review, we compile a
comprehensive summary on the recent development and
understanding of MLD in the application of batteries, super-
capacitors, catalysis (for water splitting, photodegradation and
solar cell), and membranes. The different types of MLD thin
films and nanomaterials derived from MLD are discussed in
different sections based on the specific applications and
properties. Finally, the future direction of MLD in energy-
related applications has been further prospected.

Applications of MLD in Batteries and Supercapacitors. In
the past decades, lithium-ion batteries (LIBs) have become the
most widely used energy storage systems for portable electronic
devices and electric vehicles due to their desirable properties,
which include high energy density, no memory effect, low
maintenance, and limited self—discharge.sz_54 The performance
of LIBs is mainly dependent on the properties of the electrode
materials. Both cathode and anode materials with high specific
capacity, appropriate working voltages, and high cycling stability
can be considered as ideal candidates. Recently, the fabrication
and design of nanostructured electrodes has been widely used as
an effective approach to improve the electrochemical perform-
ances of LIBs. Nanostructured anodes and cathodes can provide
faster electron and lithium-ion transport, improved electrode/
electrolyte contact, and are capable of accommodating
volumetric strain during discharge/charge processes. Different
methods have been carried out to synthesize nanostructure
materials, such as sol—gel, solvothermal (hydrothermal),
chemical vapor deposition, and wet chemical methods. Another
useful route is surface modification or application of thin-film
coatings to further enhance the electrochemical performances.>®

In recent years, ALD has attracted significant attention in the
development of batteries and supercapacitors.’®~* Our previous
reviews have summarized the application of ALD for battery
technology in detail. >’ Recent advancements in ALD have
proven to be very promising for battery applications, especially
all-solid-state batteries, 2D thin-film batteries, and 3D micro-
batteries. In one respect, ALD can be used to directly fabricate
electrodes with unique properties of controllable phase,
structure, morphologies, particle size, and thickness. Alter-
natively, surface coating layers fabricated by ALD can
significantly improve the specific capacity, cycling stability, rate
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Figure 2. Schematic diagram of MLD thin-film electrodes: (a) direct use as an electrode for batteries or supercapacitors (Copyright American
Chemical Society, reproduced with permission from ref 60); (b) post-treatment to fabricate MLD materials as electrodes for batteries or
supercapacitors (Copyright Elsevier, reproduced with permission from ref 61).

capability, and thermal stability of the anode and cathode
materials. As an extension of ALD, MLD is also considered to be
an excellent candidate with unique features for batteries
applications. We will discuss the detailed information on MLD
for batteries and supercapacitor in the following sections.

MLD for Synthesis of Electrode Materials. ALD has been
considered as one of the most promising techniques for the
fabrication of thin-film electrodes and solid-state electrolytes for
batteries and supercapacitors. Early research has been dedicated
to the deposition of different types of metal oxide anode/cathode
materials on carbon substrates, including TiO,, SnO,, VO,
Co,;0,, etc.”~%* Furthermore, complicated cathode and solid-
state electrolyte compounds containing multiple elements have
been further developed by ALD, including LiCoO,, FePO,,
AIPQ,, LiFePO,, LiTa0;, LiPO,, LiSiO,, LINbO, etc.”"~"" This
approach for the synthesis of metal oxide-based electrodes is a
nonaqueous and versatile process that can enable tailored
structures, morphologies, and electrochemical properties by
tuning the ALD parameters. On the basis of the previous success
of ALD in the application of electrode design for batteries and
supercapacitors, researchers are exploring the potential of MLD
for the similar purposes.

Recently, organic electrode materials have attracted increasing
attention as alternatives to the traditional metal-based inorganic
electrodes. Organic electrodes possess unique features including
low price, environmental friendliness, low weight, as well as
relatively high theoretical specific capacities due to the low
molecular mass with a possibility for multiple redox processes per
molecule. As a promising application, thin-film organic electrode
materials can be used for flexible batteries or supercapacitors. In
2016, Karppinen’s group first demonstrated the fabrication of
lithium terephthalate (Li,CgH,O, or LiTP) as an organic LIB
electrode by MLD/ALD (Figure 2a).” The as-deposited LiTP
organic thin films use Li(thd) (thd = 2,2,6,6-tetramethyl-3,5-
heptanedionate) and terephthalic acid (benzene-1,4-dicarboxylic
acid or TPA) as precursors within the growth temperature range
of 200—280 °C. The mechanism of growth was studied by
altering the precursor pulse lengths (TPA: 10 s; Li(thd): 4s) and
growth rate at different temperatures (~3.0 A/cycle at 200 °C),
verifying the deposition as a typical MLD process. It is very
interesting to note that the LiTP films without any conductive
additives can achieve excellent rate capability. Furthermore, with
a protective coating layer of solid-state electrolyte (LiPON) by
ALD, the LiTP organic electrodes can be stabilized with high
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capacity and excellent cycle life. Their study provides new insight
toward the development of organic thin-film electrodes for LIBs
by MLD. As another popular MLD thin film, titanicone has also
been attempted for use in electrochemical applications.””
Unfortunately, the titanicone, using tetrakisdimethylaminotita-
nium (TDMAT) and GL or EG as precursors, is inactive during
cyclic voltammetry (CV). Thus, for this concept, there are still
significant challenges for the design of structured MLD thin films
with electrochemistry activity.

MLD thin films can be used as
templates to fabricate porous carbon or
metal oxide films with tunable porosity
and heteroatom doping.

Besides the direct use of MLD thin films as electrodes, another
effective approach is to use MLD thin films as a template to
fabricate nanocomposites via different postdeposition treat-
ments. Metal organic frameworks (MOFs) and covalent organic
frameworks (COFs) are some of the hottest materials for energy
storage applications and have structures similar to many MLD
materials, which also contain metal centers with organic linkers
or pure organic connections.”> Numerous nanomaterials or
nanocomposites derived from MOFs or COFs have been
reported, including porous carbon, heteroatom-doped carbon,
nanostructured metal oxides, and metal oxide/carbon nano-
composites.” Following the same post-treatment methods,
MLD thin films can act as sacrificial templates to fabricate various
types of thin films. On one hand, porous metal oxides, such as
ZnO, SnO,, TiO,, etc,, can remain after pyrolysis of the MLD
films under air. On the other hand, carbon thin films or metal
oxide/carbon nanocomposites will be retained with inert gas flow
during the sintering process. Abdulagatov et al. used “titanicones
(Ti-MLD)” as a template to yield conducting TiO,/carbon
composites after pyrolysis under Ar.”’ It was found that the
conductivity of the as-prepared thin film increased with
increasing pyrolysis temperature, reaching the highest value
when heated to 800 °C. Our group also presents a novel way to
deposit aluminum alkoxide films with tunable conductivity.*
The composition of the thin film is tuned by alternating the
number of EG and terephthaloyl chloride (TC) cycles between
the cycles of TMA and EG. After sintering at different
temperatures, a conductive Al,O;/carbon composite can be
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Figure 3. (a) Schematic of the self-limiting reactions of Al-GL used to coat the conventional Si nanocomposite electrodes along with TEM images,
EELS elements mapping, and cycling performance (Copyright Wiley-VCH Verlag GmbH & Co. KGaA, reproduced with permission from ref75).
The scale bar in the TEM images is 20 nm. (b) Schematic of MLD coating (AI-HQ) and cross-linking processes of the AI-HQ chains after
postdeposition heat treatments for the laminated Si electrode. The cyclic capacity and CE of a Si anode coated with as-deposited Al-HQ_(blue
symbols) is shown and compared to the cyclic capacity and CE of a Si anode coated with Ar-treated Al-HQ (green symbols) (Copyright Elsevier,

reproduced with permission from ref 76).

achieved, in which the conductivity of the film is related to the
aluminum and carbon ratio.

In order to make a comparison between the ALD-TiO, and
MLD-derived TiO,, Kerckhove et al. carried out different
treatments of H,O, air, and He for the titanicone thin films.””

The results show that both samples annealed under air and He
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display enhanced rate performances compared with the
respective anatase and amorphous TiO, references (by ALD).
Particularly, the nanocomposites annealed under He had the
highest capacity among all treated samples, in which 4.7 times
higher capacity (compared to the ALD TiO,) can be achieved
with a charge current density of 2 mA cm™". This result is an
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Figure 4. (a) Schematics of surface reactions and cycling behavior of silicon nanoparticles with different coating conditions and captured in situ
TEM images showing the lithiation/delithiation behavior of the alucone-coated Si nanoparticles (Copyright American Chemical Society,
reproduced with permission from ref 85). (b) Time-resolved TEM images show the development of lithiation profiles of the alucone and AL, O;-
coated SiNWs and schematics of the Li diffusion paths through the SiNWs; average lithiation thickness vs time for the alucone (black square) and
Al O, (red dot) coated SiNWs (Copyright American Chemical Society, reproduced with permission from ref 86).

evidence that the inorganic thin film derived from MLD can be
more promising than the directly synthesized ALD inorganic thin
film. Another interesting work is reported by Qin’s group, who
produced N-doped carbon-coated graphene by a carbonization
process of MLD thin films.”' The MLD aromatic PI thin film was
deposited on a graphene substrate using pyromellitic dianhy-
dride (PMDA) and 4,4’-diaminodiphenyl ether (ODA) as
precursors at 160 °C (shown in Figure 2b). After pyrolysis, the
N inherited from the precursor can remain to obtain a N-doped
carbon coating on graphene. Due to the unique properties of
MLD, the PI layers are coated very uniformly on the surface of
graphene and enable homogeneous dispersion of nitrogen atoms
in the carbonized products. When used as electrode materials for
supercapacitors, the nanocomposites exhibit remarkable capaci-
tance performance with a high specific capacitance of 290.2 F g™
ata current density of | Ag™" in 6 M KOH aqueous electrolyte, as
well as good rate properties and stability.

To summarize, there are very few reports that focus on the
application of MLD thin films as electrode materials for batteries
and supercapacitor because the technique is still in its infancy.
Many researchers in this field are still concentrating on the
development of different types of MLD processes. However, the
thin films fabricated by MLD or derived from MLD are very
promising for use as electrodes for batteries and supercapacitors.

MLD Coatings for Battery Materials. MLD Coatings for Anode
Materials. The most common commercialized anode material for
LIBs is graphite. However, it suffers from a low theoretical
capacity (372 mAh g™') and poor rate properties, which severely
limits further improvement in energy density. Si is now
considered as one of the most highly investigated anode
materials for LIBs due to its high theoretical capacity of 4200
mAh g'.”7" Regardless of the high capacity, the serious
volume change of Si (over ~400%) during Li alloying and dealloy
processes leads to pulverization and degradation of Si electrodes.
In order to solve this issue, several approaches have been
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attempted in previous studies. One of the most popular
techniques is to design nanostructure Si with void spaces,
including nanowires, core—shell nanowires, and hollow
structures to accommodate the volume change. Coating or
combining the buffering matrix with Si is another way to relieve
the problems associated with volume expansion. Among the
various surface coating candidates, the rich chemistry of
polymeric materials offers great flexibility, which is ideal for the
volume change of Si-based materials.*’~** MLD thin films can
also be considered as buffer layers for Si nanocomposites due to
the mechanically robust and flexible nature, which is not evident
in ALD metal oxides. D. M. Piper et al. first demonstrated one of
the most popular MLD thin films, alucone, as a coating buffer
layer for Si nanoparticles.” Figure 3a shows a schematic of the
self-limiting surface reactions involved in the formation of
alucone using TMA and GL as precursors. As a result of the
deposition process, the Si nanoparticles are coated with thin and
conformal layers of Al-GL, which can be observed from the TEM
images and confirmed by EESL mapping (Figure 3a). When
tested as an anode material for LIBs, the Si/Al-GL nano-
composites exhibit a high specific capacity of nearly 900 mAh g™*
after 150 cycles, and in contrast, the bare Si nanoparticles show
rapid degradation and fail after only 30 cycles. The results
indicate that the Al-GL coating provides favorable mechanical
properties and flexibility capable of accommodating volumetric
expansion of the Si nanoparticles. Afterward, the same group
developed a new MLD reaction combining TMA with another
aromatic organic diol (HQ), leading to a robust, elastic, and
conductive surface coating composed of aluminum dioxyben-
zene.”® Figure 3b shows a schematic diagram of the typical MLD
process using TMA and HQ as precursors, indicating controlled
layered growth. The linear growth rate of AI-HQ is measured to
be 7.5 A/cycle at a deposition temperature of 150 °C.
Interestingly, the Al-HQ _thin films are further dehydrogenated
when annealing under both inert and air atmosphere. The
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longitudinal cross-linking reaction of aluminum-dioxybenzene
chains occurs due to the dehydrogenation. It is believed that the
polydentate Lewis acid-enabled cross-linking structure can create
strong covalent bonding on the surface of Si nanoparticles as well
as provide higher stability due to the film coating, which is shown
in Figure 3b. They also confirm that the AI-HQ_film with heat
treatment at 150 °C has the highest Young’s modulus, suggesting
a more elastic deformation, which is expected to show less
accumulative strains and strain energies. Similar to their first
work, the AI-HQ coating layer is uniformly distributed on the Si
nanoparticles. With the additional benefits arising from the MLD
film, the AI-HQ-coated Si nanoparticles showed enhanced
electrochemical performances compared to the pristine Si
nanoparticles. After 200 cycles, the Al-HQ-coated (treated at
200 °C) electrodes exhibit a specific capacity of nearly 1500 mAh
g”! and Coulombic efficiency (CE) in excess of 99%.
Furthermore, the as-deposited Al-HQ-coated electrodes show
a stable capacity of 1000 mAh g™". Their newly developed MLD
coating of AI-HQ has a capacity three times higher than that of
the AI-GL thin-film coating. In this case, the postelectrode
manufacturing surface modification by MLD is compatible with
that of Si-based materials and can be further extended to other
high-capacity materials with large volume changes.

In order to obtain a better understanding of the influence of
MLD coating on the performances of Si nanoparticles, Ban et al.
collaborated with Wang’s group to display an in situ TEM
analysis on both uncoated and alcuone-coated Si nano-
particles.””*® The lithiation and delithiation characteristics of
the alucone-coated (Al-GL) Si nanoparticles are revealed by
sequential TEM images in Figure 4a. Compared with pristine
nanoparticles, there is no Li,O formed on alucone-coated Si
nanoparticles because of the dramatic removal of SiO,, during the
alucone coating process. The results indicate that the alucone-
coated Si nanoparticles have fast, thorough, and highly reversible
lithiation behaviors, which are clarified to be associated with the
mechanical flexibility and fast Li* conductivity of the alucone
coating. Further studies have been attempted on alucone-coated
Si nanowires (SiNWs) by the same group using in situ TEM.*
They found distinctly different lithiation profiles between
alucone and Al, O3, in which alucone is V-shaped and Al,Oj is
H-shaped, respectively, as shown in Figure 4b.
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To obtain a deeper understanding of alucone-coated Si
nanoparticles, Ma et al. examined the film formation, lithiation,
and reactivity in contact with an electrolyte solution using density
functional theory, ab initio molecular dynamics simulations, and
Green’s function theory.” It was found that the alucone film is
composed of AI-O complexes with 3-O or 4-O coordination.
When Li ions are inserted into the film, there is very strong
bonding between the Li and O atoms in the energetically
favorable sites. Furthermore, the film becomes electronically
conductive after the film is irreversibly saturated with Li atoms.
The theoretical results are in agreement with those from
morphology and electrochemical analysis.

The metallic Li anode has also been strongly considered as an
ideal anode material for LIBs, particularly for next-generation Li
metal batteries (Li—S, Li—air, all-solid-state battery) due to their
high specific capacity (3860 mAh g™"), low potential (—3.04 V vs
the standard hydrogen electrode), and light weight (0.53 g
cm™? ).88’89 However, a number of issues, such as dendrite growth
and volume change, plague the successful application of lithium
metal for practical devices. The constant stripping/plating
process of Li in each cycle eventually leads to uneven surface
morphologies with mossy or dendritic Li growth and poor CE
due to side reactions. In this case, two critical problems arise for
Li metal; one is the safety concern over potential internal short
circuits, and another is the short cycle life. Furthermore, fire and
other hazards may occur as a result of failure of the batteries.”~**
One of the key components of the metallic Li anode is the
formation of a solid electrolyte interphase (SEI) layer, which is
formed during the initial charging/discharging processes as a
result of reaction between Li metal and different components in
the electrolyte. Although the SEI formation will intrinsically
consume both Li and the electrolyte leading to a lower CE, it can
effectively prevent further contact and reactions with the
electrolyte, leading to a stabilized surface. However, the collapse
of an unstable SEI film can aggravate local dendrite growth and
undesired electrolyte deposition due to nonhomogeneous local
current densities. Recently, two different groups demonstrated
ultrathin ALD Al,O; coatings as protective layers for metallic
lithium.””° In their results, the ALD ALO;-protected Li can
prevent Li metal corrosion in electrolyte and reduce dendrite
growth, which further enhances electrochemical performance
with elevated capacity and longer lifetimes. Due to the toughness

DOI: 10.1021/acsenergylett.8b00145
ACS Energy Lett. 2018, 3, 899-914


http://dx.doi.org/10.1021/acsenergylett.8b00145

ACS Energy Letters

(@)

Unstablc SEI . .
Plating @4t Stripping Cycling T
Na Metal
Alucone+SEI
Aluconessn  Plating Stripping GAWSOIEISEL  Cycling  AINSARSISEL,
(e -
=) e [ E—
Na Metal

"1(b)

...Potential V, vs Na/Na'

{ 1 mA em?, 1 mAh cm®, NaPF, in ECIPC"™

- Bare Na
~— Na@25 Alucone

AeLEELHTH L .‘1 | ‘.'.',i‘ ,id,‘.;."“-vvl'

0 50 100

Testing time h

150

Capacity mAh cm2

e g 4 R i
i'g 3 s 3 e H
: Zz :Z 6 2
‘22 i3 2 S :
Zz :z iz, $
iw ! ig 1 : 2 i
P> . : A 1 H :
S o (e —— -] g > 0 Iy 2 H
P> H _— ] :> :
g B .1“%’“—""——"‘*;5 I R . §
i E i E £ ] |
(57 ig 2 g, i
S B & 5
P4 :o4 Y :

00 02 04 06 08 00 02 04 06 08 10 00 02 04 06 08 10:

Capacity mAh cm2

Figure 6. (a) Schematic diagrams of Na stripping/plating on bare Na foil and Na foil with MLD alucone coating; (b) comparison of the cycling
stability of the Na@25alucone and the bare Na foil at a current density of 1 mA cm™>; voltage profiles of Na@25alucone and bare Na foil in the
three different stages (Copyright American Chemical Society, reproduced with permission from ref 97).

and flexibility of hybrid inorganic—organic thin films by MLD,
our group first demonstrated the use of an ultrathin MLD
alucone (AL-EG) coating as a protective layer for metallic Li to
achieve an improved lifetime and stability.''® Our results show
that the AI-EG coating layer can stabilize the SEI film and further
change the morphology of lithium growth during the plating/
stripping process. Meanwhile, the MLD coating layer can greatly
improve the stability in both ether-based (used in Li—S batteries)
and carbonate-based (used in LIBs) electrolytes, which is more
promising compared with the ALD Al,O; coating. In order to
elucidate compositional changes following the plating/stripping
cycling experiments, Rutherford backscattering spectrometry
(RBS) measurements were performed for all samples (shown in
Figure S). While bare Li shows significant oxidation and
penetration of P and F from the electrolyte into subsurface
layers, Al,O; and alucone films act as good protective barriers,
with small concentrations of P, F, and C localized in the first 70—
100 nm from the surface. Notably, the Li@50 alucone film
mostly remains as a continuous film during cycling, as is evident
from the relatively sharp Al, O, and C peaks, and very small
changes in composition compared to an as-deposited alucone
film. It is believed that our design of MLD alucone-coated Li
anodes opens up new opportunities for the realization of next-
generation high energy density Li metal batteries.

Beyond LIBs, Na-ion batteries (NIBs) and Na metal batteries
(NMBs, including Na—S and Na—O, batteries) have been
explored as alternatives to the traditional LIBs due to the wide
availability and low cost of sodium. Among the various anode
materials for NIBs and NMBs, Na metal is the most promising

905

candidate due to the low redox potential and high theoretical
specific capacity of 1166 mAh g~'. However, Na metal suffers
from similar issues existing with Li metal anodes, including the
unstable SEI layer of nonuniform ijonic flux and mossy or
dendritic growth of Na during repetitive stripping/plating
processes (Figure 6a). Our group and Hu’s group have reported
protective coatings of ALD/plasma enhanced ALD (PEALD)
AlL,O; on Na metal anodes in two types of electrolyte
(NaSO,CF; in DEGDME and NaClO, in EC/DEC).”*"” Both
works show that the ALD Al,O; coating can obtain superior
stable performances and improved lifetime for Na metal anodes
as well as reduced dendrite growth. Furthermore, our group
successfully demonstrated the application of alucone (AI-EG) as
a protective layer for Na metal in the NaPF4 in EC/PC
electrolyte system.”” Compared with bare Na, Na@25alucone
shows significantly enhanced electrochemical stripping/plating
performances under different current densities. Meanwhile, the
application of 25 MLD cycles of alucone leads to a smoother Na
metal surface after plating, and Na dendrite growth is effectively
reduced (Figure 6). Furthermore, MLD alucone protecting Na
metal shows better performances compared with ALD Al,O5-
coated Na in NaPFg (EC/PC) electrolyte.

MLD thin films with high flexibility and
toughness can relieve volume expan-
sion for the Si anode.
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Briefly, the MLD thin films show very promising potential for
surface modifications of the anode materials in LIBs. The roles of
MLD coating for addressing the challenges for anodes can be
divided into three parts: (1) During electrochemical cycling, a
thin MLD film can transfer from nonionic conductive into ionic
conductive for Li* ion transport; (2) the high flexibility and
toughness of the MLD thin film can effectively relieve the large
volume change for the alloy-based anode materials; and 3) the
MLD thin film can be considered as an artificial SEI layer or
stabilize SEI formation to reduce dendrite growth for the alkali
metal anode.

MLD Coatings for Cathode Materials. Li sulfur batteries, as
one of the most promising next-generation battery systems, have
been intensively studied because of their high theoretical capacity
and energy density. However, the so-called “shuttle effect”, which
is caused by the dissolution of polysulfides, leads to rapid decay in
electrochemical performance and CE. Furthermore, low
conductivity and large volume expansion of sulfur are other
significant problems for Li—S batteries. In order to solve these
issues, surface coating with carbon or metal oxides has proven to
be an effective approach to prevent the shuttle effect and
accommodate the large volume expansion. In our earlier work,
we studied the coating of sulfur-based electrodes with Al,O4
coatings of varying thickness.'”> Our results showed that two
cycles of ALD ALO; (~0.2 nm) yield the best performance of
Li—S batteries. It was found that an ionically conductive layer of
AlF;/LiAlO, is formed during the lithiation process of the surface
coating. This ionic conductive layer cannot only protect the
dissolution of polysulfide but also enhance the Li-ion diffusion,
resulting in highly reversible electrochemical performances.
Subsequently, we demonstrated that an alucone (Al-EG) thin-
film coating directly on the sulfur cathode can significantly
improve the cycling stability and capability of Li—S batteries
(shown in Figure 7a)."” The thickness of the alucone coating has
been optimized and investigated for electrochemical perform-
ances with 2, S, 10, and 20 MLD cycles on the surface of sulfur
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electrodes. Different from the Al,O; coating layers, all of the
alucone-coated electrodes show effective enhancement in
stability and CE, in which five cycles of alucone coating delivers
the highest specific discharge capacity of 710 mAh g™" after 100
cycles and stable CE of over 90%. When compared to previous
ALD-ALO; coatings, MLD alucone shows superior electro-
chemical performances, which is shown in Figure 7a. The
morphologies of the pristine electrode and alucone-coated
electrode have been examined before and after electrochemical
cycling by SEM. The SEM results indicate that the pristine
electrode is totally covered with discharge products after cycling;
however, the alucone coating can effectively inhibit discharge
product deposition on the surface. It is believed that the reduced
dissolution of polysulfide and good mechanical properties of the
alucone coating lead to highly improved electrochemical
performances for C/S cathodes.

During our research of alucone-coated C/S electrodes, a more
interesting phenomenon has been further explored and revealed
in our latest report.'”’ We found that alucone-coated C/S
electrodes cannot only display a high specific capacity in ether-
based Li—S electrolyte (LiTFSI in DOL/DME) but also can be
used in traditional carbonate-based Li-ion electrolyte (LiPF in
EC/DEC/EMC), which has not been realized before.
Furthermore, cycling can also be carried out at high temperature
with ultralong cycle life and stability. Figure 7b shows the
electrochemical performances, in which the alucone-coated
electrode delivers an initial capacity of 912 mAh g' and
stabilizes at 429 mAh g ™" after 100 cycles. However, the bare C/S
electrode drops to 159 mAh g_l, indicating the occurrence of
irreversible electrochemical processes. Meanwhile, the alucone-
coated C/S electrode displays well-defined plateaus during
discharge/charge processes and reproducible cathodic/anodic
peaks in the CV curves. To demonstrate the electrochemical
performances of high-temperature Li—S batteries, the alucone-
coated C/S electrode has been tested with both ether-based and
carbonated-based electrolyte at 55 °C. Impressively, alucone-
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coated C/S electrodes demonstrate improved capacity and
extended cycle life in Li—S batteries using carbonate-based
electrolyte. The capacity of the alucone-coated electrode remains
at 661 mAh g™" after SO cycles with a capacity retention of 573
mAh ¢! after 300 cycles. The controllable nature of MLD
enables the use of conventional carbon—sulfur cathode materials
in traditional carbonate-based electrolyte for Li—S batteries and
provides a facile and versatile method that can be applied to a
variety of C/S electrodes without redesigning the carbon host
materials.

In this section, the recent development of MLD in the
application of energy storage (batteries and supercapacitors) has
been summarized in detail. Briefly, the MLD thin film can be
used for energy storage applications in terms of three
approaches: (1) directly use MLD thin films as electrodes; (2)
nanocomposites derived from MLD thin films; (3) surface
modification by MLD thin films. However, there are only a few
reports for MLD thin films in the applications of batteries and
supercapacitors and MLD has already shown promising
potentials in this areas. These further efforts will continue to
build better design and wider application of MLD thin films for
battery and supercapacitor applications, leading to high-
performance, long-lifetime energy storage devices.

MLD in Catalytic Applications. As one of the most important
semiconductors, TiO, has been widely used as a catalyst in many
different applications, including solar energy devices, environ-
mental remediation, and as a catalyst support. ALD TiO, with a
controllable phase, structure, morphologies, and thickness is now
a well-known and typical process using TiCl, and H,O as
precursors. However, the TiO, films deposited by ALD are
intrinsically pinhole-free with low specific surface areas, resulting
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in low catalytic activity. Ishchuk et al. presented the design and
transformation of MLD titanicone films (Ti-EG) into highly
active photocatalytic films.'** The photocatalytic activities of the
films are investigated using hydroxyl-functionalized porphyrin as
a spectroscopic marker. The different annealing temperatures for
the Ti-EG film are investigated for the photocatalytic activity as
well as the TiO, films prepared by ALD. Their results show that
the photocatalytic activity of the annealed MLD Ti-EG thin film
for optimal process conditions is about S times higher compared
to that of the ALD TiO, thin film. The results demonstrate the
relationship between structure and photocatalytic activity, in
which the intermediate film state with both crystalline and
amorphous regions shows high dye loading and high catalytic
activity. In contrast, the films with either an amorphous state or
highly crystalline state present low photocatalytic activity. Their
results demonstrate the feasibility and potential of MLD to form
metal oxides with high photocatalytic activity. Furthermore,
Qin’s group designed a new MLD process for the fabrication of
porous N-doped TiO, films.*® Figure 8a shows the four-step
ABCB MLD reaction sequence for Ti-hybrid film formation
using TiCl,, ethanolamine (EA), and malonyl chloride (MC) as
molecular precursors. After post-treatment annealing in a H,/Ar
atmosphere, N-doped TiO, nanoporous films can be obtained
from the deposited Ti-hybrid MLD films. The distance between
the adjacent Timoieties can be controlled by tuning the length of
organic linkers during the MLD process. The photocatalytic
activities of as-prepared porous N-doped TiO, CNCs with
different numbers of MLD cycles were evaluated through the
photodegradation of methylene blue (MB) under visible-light
irradiation, and the preliminary results are shown in Figure 8b. It
can be clearly seen that samples annealed at 350 °C deliver the
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best performances. This result can be rationalized by the higher
surface area after removal of amorphous carbon and less
aggregation of TiO, at relatively lower temperatures. The
thickness effect of MLD is also revealed, in which the N-doped
TiO,/CNCs with 200 MLD cycles indicated the fastest
decomposition rate for MB, which can be attributed to the
synergy of TiO, and shorter diffusion path length in correlation
with the MLD film thickness.

Qin’s group also demonstrated another way to further enhance
the photoelectrochemical water splitting performances by
utilizing TiO, nanotube arrays.'” Figure 8c presents the design
and fabrication process of the thin carbon-coated TiO, nanotube
arrays. Generally, the TiO, nanotube arrays are obtained by the
electrochemically anodized method, and the MLD process uses
PMDA and ethylenediamine (EDA) as precursors. The TEM
images of the carbon-coated TiO, nanotube arrays are shown in
Figure 8d. It can be seen that the ultrathin N-doped carbon film
can be produced after the annealing process under Ar with the
concurrent conversion of TiO, to hydrogenated TiO,, which can
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prevent the destruction of the pristine morphology of TiO,
nanotube arrays. The results show that the designed core/shell
structure can not only improve the stability of hydrogenated
TiO, nanotube arrays through the ultrathin carbon coating but
also enhance the separation of photogenerated electron—hole
pairs due to the existence of a heterojunction interface.
Furthermore, the highly conductive and active N-doped carbon
thin film derived from MLD coating can significantly enhance the
photoelectrochemical water splitting performances, which has a
S time higher photocurrent and enhanced photostability than the
original TiO,.

Besides the most popular TiO,-based catalysts, their group has
further developed a MLD-assisted approach for the synthesis of
Cu—ZnO catalysts used in the hydrogenation of levulinic acid to
produce y-valerolactone.'” The Zn-hybrid film is deposited
using a four-step (ABCB) MLD process, in which A, B, and C
correspond to Zn(Et),, 1,4-phenylene diisocyanate (PPDI), and
EDA. Similarly to TiO,, the distance between moieties in the
Cu—ZnO coating could be tuned by controlling the length of the
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organic linkers. The catalysts display enhanced selectivity,
efficiency, and stability due to the designed Cu—ZnO interface
sites (Cu”Zn) and the synergistic effects between Cu’Zn and
Cu’. Meanwhile, the ratio of Cu’Zn sites could be simply
controlled by adjusting the MLD cycles. This work provides a
deeper understanding of the relationship between catalytic
activity and the ratio of different Cu species (Cu’Zn, Cu’, and
Cu"), suggesting that the main active site is responsible for the
remarkably enhanced catalytic activity and low activation energy.

In another study, Gregory’s group designed ~20 nm thick
poly(3,4-ethylenedioxythiophene) (PEDOT) films incorporated
in high-conductivity mesoporous indium tin oxide (m-ITO) by a
modified oxidative molecular layer deposition (oMLD).'%°
Figure 9a illustrates a schematic diagram for the cathode
electrode fabrication process of dye-sensitized solar cells
(DSSCs). In the typical process, the MoCl; vapor is first pulsed
into the spin-cast m-ITO films and adsorbed on the surface of it.
After purging to remove the unreacted MoCl;, EDOT vapor is
then introduced to the surface, leading to polymerization and
formation of PEDOT films on the m-ITO, followed by purging
of the HCl byproduct and excess EDOT. The growth rate of this
oMLD PEDOT film is determined as 1 nm per cycle at 100 °C.
The 3D conductive/catalytic network has been successfully
carried out as Pt-free cathodes for DSSCs with an open-circuit
voltage equivalent to that of Pt cathode devices. The results show
that PEDOT-coated m-ITO by oMLD possesses a power
conversion efficiency of 7.18%, which is comparable to the 7.26%
of Pt and higher than that of planar PEDOT coatings (4.85%). It
is believed that the PEDOT deposited by oMLD can achieve
high catalytic activities using more cost-effective and earth-
abundant materials. This novel method can be extended to high-
performance cathodes in other advanced photo- and electro-
catalytic devices such as photoelectrochemical and fuel cell
systems.

Methane reforming has received increasing attention in the
past years, in which the reforming of methane (DRM) is used
much less than methane steam reforming (MSR) due to its lower
H,/CO ratio and exacerbated issues with deactivation from
coking. In this reaction, supported Ni is one of the most popular
catalysts for DRM and MSR. To prevent the sintering of ~5 nm
supported Ni particles during DRM, MLD alucone coatin§s with
porous alumina can be used to stabilize the catalysts."”” The
uncoated catalyst is continuously deactivated during DRM at 973
K. However, the DRM rates for the alucone-coated catalysts
increase first before stabilizing, which is consistent with an
increase of the nickel surface area when exposure to high
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temperatures. Postreaction particles are relatively smaller for the
MLD-coated catalysts. Catalysts with only five MLD layers had
higher DRM rates than the uncoated catalyst, and a sample with
10 MLD layers can be very stable for 108 h.'"”

To summarize, there are very few reports focusing on MLD in
the application of catalysis due to the early stages of MLD study.
Similar to the field of energy storage, one of the effective
strategies is to use MLD thin films as a template to fabricate N-
doped carbon or porous metal oxide films, which can significantly
enhance the catalytic performances. Another useful approach is
to deposit highly conductive polymer films by ALD with high
catalytic activities to replace the rare and expensive Pt. Finally,
MLD thin films can also act as a support or stabilized coating for
catalysts in some specific applications, like dry reforming of
methane, which can effectively lengthen the lifetime of the
pristine catalyst.

MLD for Membrane Applications. Water deficiency is
another serious issue in many countries because of the increasing
water use and depletion of usable fresh water resources.
Nanofiltration membranes are widely considered for use in
purifying drinking water and wastewater treatment, as well as
pretreatment for desalination because of their ability to remove
viruses, hardness, dissolved organic matter, and salts, especially
multivalent ions. Among the possible nanofiltration membranes,
ceramic nanofiltration membranes, usually manufactured from
AL O;, ZrO,, and TiO,, have good chemical, thermal, and
mechanical stability and a long lifetime under extreme operating
conditions. For this type of membrane, the most important factor
is the pore size, which is difficult to control at the nanometer
level. In this case, MLD is an ideal method to deposit porous
materials, including Al,Os, ZnO, TiO,, SiO,, etc. Yu’s group
demonstrated MLD using TiCl, and EG as precursors to deposit
a titanium alkoxide coating on an anodic aluminum oxide (AAO)
support (as shown in Figure 10a)."® Further calcination is
applied to obtain the microporous TiO, coating on a
mesoporous support. Different MLD coating thicknesses of 20,
40, 60, and 80 cycles have also been attempted to achieve the best
performances. Figure 10b shows the water permeability through
abare AAO support and MLD coating AAO support (before and
after calcination). The results show that the film derived from 60
MLD cycles formed a defect-free and dense Ti-EG MLD coating,
which has a high pure water permeability of 48 L/(m’h bar) after
calcination at 250 °C in air. Moreover, the water purification
performance of AAO-60TiO, nanofiltration membranes has also
been investigated for aqueous solutions of NaCl, Na,SO,, MgCl,,
and MgSO, (as shown in Figure 10c). The results indicate that
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AAO-60TiO, has high rejection for MB and natural organic
matter (NOM), moderate rejection for salts, and good
antifouling performance as well as recovery capability. It is
believed that MLD will become a novel approach in the future for
preparing metal oxide nanofiltration membranes with well-
controlled thickness, composition, and membrane pore sizes.

Another group has introduced MLD for the deposition of PI at
alow temperature of 110 °C for membrane separation.'”” It was
found that globular P1is grown on both the free surface and pore
walls of the polypropylene (PP) membranes. The results indicate
that the PI-modified PP membranes display synergistically
improved performances in various aspects, including the
evidently enhanced surface hydrophilicity and permeation
performance. Meanwhile, the overall separation efficiency is
85% higher even after 250 MLD cycles. Furthermore, the thermal
stability of the PI-deposited PP membrane has also been
improved, and the integrity of the porous structure has been well
preserved after harsh treatments.

The MLD film plays an important role in
stabilization of the SEI layer for both Li
and Na metal anodes.

In this section, the present achievements of MLD in the
application of membranes have been summarized. On one hand,
the metal-containing MLD (metalcone) is considered to be a
novel and effective method for the modification of nanofiltration
membranes with postdeposition treatments. Additionally,
polymer-based MLD can be used for membrane separation
with improved surface hydrophilicity, permeation, separation
efficiency, and thermal stability.

Summary. In summary, we have provided insight into the
development and understanding of MLD in energy-related
applications, and we also summarize the reported MLD films and
the materials derived from MLD for the energy-related
applications in Table 1. As shown in Figure 11, the MLD thin
film can be generally separated into two types: one is the pure
polymer thin films, and another one is the organic—inorganic

Figure 11. Schematic and summary of MLD thin films for the energy-
related applications.

metalcone thin films. Furthermore, with post-treatments,
different products will be achieved under different conditions,
including nanocarbon thin films, porous metal oxide thin films,
and metal oxide/carbon composites thin films. All of these films,
including the original MLD films and films derived from MLD,
display their own properties in the different applications.

The strategies for employing MLD for batteries and
supercapacitors can be separated into two categories: (1) the
direct use of MLD for electrodes and (2) the application of MLD
for coating layers for electrode materials. Both the pristine MLD
thin films and inorganic thin films derived from MLD yield
excellent electrochemical performances and are very promising
for battery and supercapacitor applications. Meanwhile, this

Table 1. Summary of MLD Thin Films and the Materials Derived from MLD Thin Films for the Energy-Related Applications

MLD thin film precursors materials derived from MLD
LiTP) ti(thd) and terephthalic -
acid

titanicones TiCl, and EG TiO,/carbon composites

aromatic PI PMDA and ODA N-doped carbon coating on
graphene

alucone TMA, GLY -

alucone TMA, HQ -

alucone TMA, EG -

alucone TMA, EG -

alucone TMA, EG -

alucone TMA, EG -

titanicones TiCl, and EG TiO,/carbon composites

Ti-hybrid film  TiCl,, EA and MC N-doped TiO, nanoporous films

- PMDA and EDA carbon-coated TiO, nanotube
arrays

Zn-hybrid film  Zn(Et),, PPDI, EDA Cu—ZnO

PEDOT EDOT, MoClg -

alucone TMA, EA, MA porous alumina

titanicones TiCl4 and EG titanium alkoxide

PI PMDA, EDA -

applications refs
electrode for LIBs 60
electrode for LIBs 72
electrode for supercapacitor 61
surface coating for Si anode 75, 85, 86
surface coating for Si anode 76
surface coating for Li metal anode 110
surface coating for Na metal anode 97
surface coating for C/S cathode 100
surface coating for C/S cathode 101
photocatalysis 104
photocatalysis 38
photoelectrochemical water splitting 103
catalysts used in the hydrogenation of levulinic acid to produce - 105
valerolactone

cathode electrode for DSSCs 106
stabilize the Ni catalysts 107
modification of nanofiltration membranes 108
modification of PP membranes 109
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unique gas-phase deposition method can be further used for all-
solid-state batteries and flexible energy storage devices.
Furthermore, MLD protective coating layers with high
mechanical strength and flexibility have been shown to be ideal
for electrodes with large volumetric expansions, including Si-, Li-,
and S-based materials, leading to significantly improved
electrochemical performances, stability, and lifetime. Thus, the
MLD thin film can be an excellent candidate for energy storage
applications, especially for batteries and supercapacitors.

Second, the field of energy conversion is also facing significant
challenges in terms of catalysis. One of the effective methods for
energy conversion is to use MLD thin films as templates to
fabricate N-doped carbon or porous metal oxide materials, which
can significantly enhance catalytic performance. Another useful
approach is to deposit highly conductive polymer films by ALD
with high catalytic activities to replace the conventionally used
and expensive Pt. In addition, MLD thin films can also be
considered as catalyst supports or stabilizing coatings in some
specific applications, like dry reforming of methane, which can
effectively lengthen the lifetime of the pristine catalyst.

Finally, we have shown that MLD can be utilized for
membrane applications where controlled thickness, composi-
tion, and membrane pore sizes are needed, like nanofiltration and
PP membranes. The MLD thin film can greatly improve surface
hydrophilicity, permeation, separation efficiency, and thermal
stability of membrane materials.

Perspectives. Although there are already some literature
reporting different types of MLD coatings, the application of
MLD in the field of energy storage and conversion is still in its
infancy. More efforts should be focused on the development and
application of novel MLD thin films. It is believed that the
exploration and development of new MLD thin films should be
targeting specific applications due to the unique requirements of
each system. We propose to develop different classes of MLD
materials for energy-related applications: (1) MLD is one ideal
technique for the fabrication of electrodes for thin-film LIBs and
3D microbatteries. However, most reported MLD thin films
(including metalcone and organic) are electrochemically
inactive. In this case, the development of electrochemically
active MLD thin films with high reversible capacity for batteries
or supercapacitors is urgent. A novel MLD process with redox
properties is expected to present higher reversible capacity for
alkali jon intercalation/deintercalation. (2) Another aspect is to
develop MLD thin films with high ionic conductivity (like Li
(alkali ion)-containing MLD thin films), which can be used as the
polymer-based solid-state electrolyte for all-solid-state batteries.
(3) Highly conductive and catalytically active MLD thin films are
used as catalysts for electrocatalytic devices. (4) More
importantly, the MLD thin films are considered to be excellent
candidates as surface coatings for the electrodes of LIBs and
NIBs. However, new MLD coating development is still a big
challenge, in which each purpose should correspond to each
design for MLD coating. First, there are still no reports on the
application of MLD thin films as surface coatings for the cathode
materials of LIBs and NIBs. Facing this challenge, the MLD film
with a wide electrochemical window, particularly at high voltage,
is expected to be developed for surface modification for the
cathode materials. Second, two big issues for alloy-based anodes
(like Sn and Si) are relatively low conductivity and serious
volume expansion. In order to solve these problems, new MLD
coatings for Si should focus on developing conductive polymer
MLD, like PANI, PPY, or PEDOT, and highly flexible MLD, like
self-healing polymers. Third, the novel MLD films without any
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decomposition at low electrochemical potential will be a good
choice for the alkali metal anode to form a stable SEI layer and
achieve reduced dendrite growth during the electrochemical
plating/stripping process. (5) Hybrid thin films deposited
combining ALD and MLD with layer-by-layer organic—inorganic
structure or a more complex sandwich structure with the same
concept will be more promising as the coating layer for electrode
materials in battery applications, which inherited both
advantages from both ALD and MLD.

As another important part of MLD, the development of
nanomaterials or thin films derived from MLD is another field of
interest for energy applications. (1) Although post-treatment
(including H, O, air, and inert gases) is a facile and promising way
method for MLD thin films, few works focus on applying MLD-
derived materials for batteries and supercapacitors. It is believed
that metal oxide thin films or metal oxide/carbon composite
films are also promising as electrodes for energy-related
applications. (2) Control over pore size and carbon content
derived from metalcones should be further exploited for catalysts
and membranes. (3) Furthermore, heteroatom-doped (N, S, and
P) or co-doped carbon layers can be achieve by proper selection
of the MLD precursors.

Thus, with continued efforts, MLD-based techniques can offer
many solutions to address the current problems in the area of
energy storage and conversion. The employment of MLD in
energy applications deserves significant investigation in future
studies to realize the maximum potential of this novel and
versatile technique.
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