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The design of multifunctional thin films holds the key to manipulate the surface and
interface structure of the electrode and electrolyte in rechargeable batteries and achieve
desirable performance for various applications. Molecular layer deposition (MLD) is an
emerging thin-flm technique with exclusive advantages of depositing hybrid organic-
inorganic materials at a nanoscale level and with well tunable and unique properties that
conventional thin films might not have. Herein, we provide a timely mini-review on the most
recent progress in the surface chemistry and MLD process of novel hybrid organic-
inorganic thin films and their applications as the anode, cathode, and solid electrolytes in
lithium-ion batteries. Perspectives for future research in designing new MLD process and
precursors, enriching MLD material library, and expanding their potential applications in
other energy storage systems, are discussed at the end.
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INTRODUCTION

Rechargeable batteries play an essential role in many applications nowadays, from portable devices
and electric vehicles to miniaturized and intelligent systems, such as wearable devices, the Internet of
things, micro-electromechanical system. The ever-increasing demand for high-performance
batteries requires continuous materials innovation to address the limitation in current
rechargeable batteries. In particular, many pressing issues in batteries, such as degradation,
safety, gas evolution, etc., are closely associated with the structure and properties of the
electrode and electrolyte interface (Xu et al, 2018; Banerjee et al., 2020; Rowden and Garcia-
Araez, 2020). It is well recognized that being able to manipulate the interface, often at the nanoscale
level, is a key to alleviate unwanted side reactions and improve the overall performance of batteries,
particularly at extreme conditions, such as high temperatures, high voltages, fast charging, etc. (Chen
et al., 2010; Zhao et al.,, 2021).

Over the past decades, atomic layer deposition (ALD) has been demonstrated as a promising thin
film deposition technique to tailor the electrode-electrolyte interface in liquid and all-solid-state
lithium-ion batteries (LIBs) (Knoops et al., 2012; Zhao et al., 2018b; Zhao et al., 2021). Distinguished
from other techniques, ALD allows uniform and nanoscale coating of functional inorganic thin films
(metal oxides, phosphates, fluorides, and nitrides) at the electrode-electrolyte interface in LIBs to
suppress undesirable phenomena, such as detrimental surface and near-surface phase transition
(Yan etal., 2018), electrode volume change (Xiao et al., 2011; Lotfabad et al., 2014), transitional metal
dissolution (Scott et al., 2011), etc. Such success has stimulated the industrial pilot study of using a
high-throughput continuous particle ALD process to achieve surface modification on large-scale
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FIGURE 1 | lllustration of one cycle of (A) ALD-AI,O3 (trimethylaluminum (TMA)-H,0) and (B) MLD-alucone (TMA-ethylene glycol) (reproduced from Zhao et al.
(2021) with permission from The Royal Society of Chemistry); (C) electrochemical performance of MLD-tincone (TDMASN-glycerol) as the anode in LIBs (reproduced
from Zhu et al. (2020) with permission from The Royal Society of Chemistry); (D) crystal structure of Li-PDC, Li-TPA, Li-NDC, and LiBPDC, with their corresponding
organic precursors, and redox reactions mechanisms for Li-TPA and LiZAO (reprinted with permission from Multia et al. (2020) Copyright 2020 American Chemical
Society); (E) configuration of an all ALD/MLD-made LioQ/LiIPON/Cu cell, and Li-ion storage mechanism of Li»Q as the cathode (reproduced from Nisula and Karppinen
(2018) with permission from The Royal Society of Chemistry); (F) Nyquist plot, Arrhenius plot, and AFM roughness of lithicone by MLD (reproduced from Kazyak et al.
(2020) with permission from The Royal Society of Chemistry).

battery materials (Weimer, 2019). Besides application in
transitional LIBs, ALD has been recently demonstrated for
fabricating three-dimensional (3D) microbatteries (Pearse
et al, 2017; Liu et al, 2018; Pearse et al, 2018). 3D
microbatteries allow significantly increased surface area of
active materials in the limited footprint as planar thin-film

batteries and thus provide high energy and power densities
(Figure 1A). However, manufacturing 3D microbatteries has
been challenging due to the strict requirements on the
uniformity and pinhole-free deposition of the anode, solid
electrolyte, and cathode layers on high-surface-area substrates
(Oudenhoven et al., 2011; Roberts et al., 2011; Liu et al., 2020),
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and only become possible with the advances in new ALD process
development for these electrode and electrolyte materials.
Therefore, it is vital to design and develop novel functional
thin films with unique properties because it will provide
numerous opportunities for enabling better battery technologies.
While ALD can only deposit inorganic materials, molecular
layer deposition (MLD) has emerged as a thin film technique that
resembles the benefits of ALD in controlling film thickness,
uniformity, conformity, and crystallinity, but is able to deposit
hybrid organic-inorganic materials, namely “metalcone” (George
etal., 2009; Lee et al., 2013). This is achieved by incorporating an
organic fragment in the thin films by pairing metal precursors
with organic reactants (Figure 1B), instead of water as in ALD
(Figure 1A), during the sequential and self-limiting deposition
process. One MLD cycle consists of four steps. During the first
step of the MLD process, metalorganic precursor (such as
trimethylaluminum-TMA) is introduced into the chamber and
react with all surface functional groups (e.g., hydroxyl group)
through ligand exchange. In the second step, the excessive
precursor and any byproducts are entirely removed by inert
gas purging. In the third step, an organic precursor (e.g,
ethylene glycol-EG) is pulsed into the chamber to react with
metalorganic ligands to convert the surface back to hydroxyl
groups. Once the reaction is complete, the residual organic
precursor and byproducts are pumped out using gas purging.
The incorporation of organic fragments technically opens
unlimited possibilities for engineering the structure of
metalcone at the molecular level and tailoring their
mechanical, electrical, optical, and electrochemical properties
for energy storage and conversion systems (Sundberg and
Karppinen, 2014; Meng, 2017). For example, MLD alucone
has been applied as a flexible surface coating layer on the
various anode (Si, SnO,, Li/Na/Zn metals) and cathode in
rechargeable Li, Na, and Zn batteries (Piper et al., 2014; Zhao
etal.,, 2018a; He and Liu, 2020), and been found to outperform its
ALD Al,O; counterpart in stabilizing the electrode-electrolyte
interfaces owing to the added benefits from the organic fragment.
For example, alucone coating, deposited by using
trimethylaluminum (TMA) and glycerol (GL) at 140°C, was
found to improve the cycling stability, rate, and Coulombic
efficiency of nano-Si composite electrodes (Piper et al., 2014).
Alucone was proven to be robust and resilient to accommodate
the large volume change of Si and maintain an intimate network
for fast ionic and electron conduction (Ma et al., 2015; Son et al.,
2017), while conventional metal oxides are not suitable for large-
volume-change materials due to mechanical failure at high
stresses. Therefore, as a surface coating on the anode, the
MLD films should have good uniformity and coverage on the
electrode, good Li-ion conductivity upon lithiation, and excellent
toughness and flexibility to tolerate repeated stress. The
properties of MLD alucone might be tuned by precisely
adjusting the organic reactants during the deposition process
(Lee et al.,, 2013). For Li metal anode, alucone coating (10-25
cycles) showed improved stripping and plating performance,
stabilized polarization curves, lowered internal resistance, and
prolonged lifetime, compared with Al,O;-protected or bare Li
metal (Zhao et al., 2018a; Chen et al., 2018). The highly cross-
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linked structure in alucone coating with good mechanical
properties and flexibility could effectively suppress dendrite
formation, maintain continuous solid electrolyte interphase
(SEI), and reduce the reactions and penetration of electrolyte
with Li metal. MLD-alucone has also been applied as surface
coating on P2-type Nag ¢sMng oMgo 10, (NMM) cathode in Na-
ion batteries, in comparison with Al,O; coating and no coating.
The alucone coated NMM cathode exhibited a 96% capacity
retention, compared to pristine (75%) and Al,Os-coated (71%)
NMM, after 100 cycles between 2 and 4.5V at 1°C (Kaliyappan
et al., 2020). Besides the mechanical robustness, the more
electronically conductive nature of the alucone thin film than
alumina was essential to improved rate capability and benefited
from the carbon linkers in the alucone film. Therefore, different
from the surface coating on the anode, MLD film coating on the
cathode should primarily consider electronic conductivity and
uniformity while emphasizing mechanical properties.
Consequently, we believe that MLD provides a new
opportunity to innovate novel thin-film materials to catalyze
energy storage and conversion research.

Despite the great promise, hybrid organic-inorganic
materials and their MLD surface chemistry and process are
minimal, unlike the rich ALD material library. Many possible
MLD materials remain unexplored, probably due to challenges
associated with the selection of MLD precursors and the
development of the MLD process. Excitedly, several proof-
of-concept MLD materials as the battery components, i.e.,
anode, cathode, and solid electrolytes, have been reported and
demonstrated recently. As such, this mini-review is intended
to provide a timely summary of the recent progress in MLD
surface chemistry and process development for hybrid
organic-inorganic  materials, their applications and
potentials in rechargeable batteries, and the intuitions
learned so far to guide future multifunctional thin film
design by MLD.

NEW MLD THIN FILMS DEMONSTRATED
AS ACTIVE BATTERY MATERIALS

Early metalcone materials, i.e., titanicone (Van De Kerckhove
et al., 2016), vanadicone (Van De Kerckhove et al, 2017),
developed by MLD were electrochemically inactive toward Li-
ion storage as the deposited state and required post-annealing to
convert the metalcone into metal oxide-based materials to present
Li-ion storage performance. However, the harish post-annealing
process caused the damage of the thin film uniformity and usually
led to the formation of island structures (Kazyak et al., 2017),
making them unsuitable for fabricating 3D microbatteries. As
shown in previous ALD works (Pearse et al., 2018), the thin films
need to be electrochemically functional so that they can be
directly applied to fabricate 3D microbatteries. To satisfy 3D
microbattery requirements, the MLD thin films should process
high electrochemical activity toward Li-ion storage or transport,
have high uniformity and conformity on high-aspect-ratio
substrates, and relatively straightforward deposition process
and receipts.
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TABLE 1 | Summary of MLD receipts, growth behaviors, and applications of metalcone films.

Battery MLD film Metal Organic Deposition GPC (A) Post Application References
component precursor reactant T (°C) annealing
Anode Tincone TDMASNH GL 100 2.5 No LIBs Zhu et al. (2020)
Lio TP (or Li-TPA) Li(thd) TPA 200-240 3.0 No LIBs Nisula and Karppinen. (2016)
LioTP-NH, Li(thd) TPA-NH, 200 3.6 No LIBs Heiska et al. (2020)
Li-NDC Li(thd) NDC 220 2.3 No LIBs Multia et al. (2020)
Li-BPDC Li(thd) BPDC 240 7.0 No LIBs Multia et al. (2020)
Li-PDC Li(thd) PDC 220 2.5 No LIBs Multia et al. (2020)
Li-AZO Li(thd) ZAO 270 7.0 No LIBs Multia et al. (2020)
Titanicone TDMAT GL 80-160 0.9-0.2 Yes LIBs Van De Kerckhove et al. (2016)
Magnesicone Mg(MeCp), EG or GL 100-250 2-3 Yes N/A Kint et al. (2020)
Ti-based maleic acid ~ TiCl, MA 140-280 1.42-0.16 No N/A Cao et al. (2019)
Cathode Vanadicone TEMAV GL 80-180 1.2-15 Yes LIBs Van De Kerckhove et al. (2017)
Li-Q LiIHMDS HQ 160 - No LIBs Nisula and Karppinen. (2018)
Manganicone Mn(EtCp)2 EG 160 1 Yes N/A Bergsman et al. (2019)
Mn-based Mn(thd) TPA 200 1-2 Yes N/A Ahvenniemi and Karppinen.
hybrid film (2016)
Co-based hybrid flm  Co.(acac); or TPA 200 1-2 Yes N/A Ahvenniemi and Karppinen.
Co.(thd), (2016)
Solid Lithicone LiO'Bu EG 135 2.6 Yes LIBs Kazyak et al. (2020)
electrolyte LPDO LiO'Bu PD 150-200 0.15-0.23 No N/A Wang et al. (2020)

TDMASN, tetrakis (dimethylamino) tin (IV); GL, glycerol; Li>TP, lithium terephthalate, thd, 2,2,6,6-tetramethyl-3,5-heptanedionate; TPA, terephthalic acid; TPA-NH>-2, aminoterephthalic
acid; PDC, pyridinedicarboxylic acid; NDC-2,6-naphthalenedicarboxylic acid; BPDC, 4,4'-biphenydicarboxylic acid; ZAO, 4,4'-azobenzenedicarboxylic acid; LiO'Bu, Lithium tert-
butoxide; EG, ethylene glycol: TDMAT, tetrakisdimethylaminotitanium, Mg(MeCp)., TEMAV, tetrakisethylmethylaminovanadium, LiIHMDS, lithium bis(trimethylsilyl)amide; HQ,
hydroquinone; LPDO, lithium propane dioxide; PD, propanediol; Mn(EtCp)2, bis(ethylcyclopentadienyl)manganese; maleic acid, MA. N/A, This new MLD material is presumably for LIB

applications but not demonstrated yet.

Alloying-type anode materials (e.g., Sn, Si) are known for their
high specific capacities and their obvious drawback of large
volume change during the lithiation/de-lithiation process (Lao
et al, 2017). The volume expansion could cause structural
pulverization and rapid capacity decay, limiting their practical
applications (Obrovac and Chevrier, 2014). Liu and co-workers
recently reported the use of tincone, at the deposited state by
MLD, as a stable and high-capacity anode in LIBs (Zhu et al,
2020). Tincone was deposited at 150°C by MLD using
tetrakis(dimethylamino)tin(IV) (TDMASn) and GL as the
precursors and exhibited a self-limiting growth behavior with
a high growth per cycle (GPC) of 2.5 A. The tincone on nitrogen-
doped carbon nanotubes (tincone/NCNTs) delivered a reversible
capacity of 490 mAh g™' for 100 cycles and excellent rate
capability of 432.7, 368.7, 301.0, 242.1, and 173.2 mAh g', at
0.1, 0.2, 0.5, 1.0, and 2.0 A g, respectively (Figure 1C), which
outperformed both pristine N-CNTs and ALD-deposited SnO,/
CNTs (Zhu et al., 2019a; Zhu et al., 2019b). It was found that the
Sn ions in the unique tincone structure provided high Li-ion
storage capacity and acted as redox-active sites, while the
surrounding organic species served as a flexible matrix to
accommodate the volume change of Sn during the cycling.
This work not only provides a stable MLD anode for
fabricating 3D microbatteries, but also points out a new route
to address the long-standing problems in alloying-type anodes by
engineering the material structure at the molecular level (such as
Si-based metalcone).

Recently, Karppinen and co-workers made encouraging
progress on MLD surface chemistry and process development
for Li-containing organic-inorganic thin films (Li-
dicarboxylates), and demonstration of these novel materials as

the anode [Li-TPA (Nisula and Karppinen, 2016), Li-PDC, Li-
NDC, Li-BPDC, and Li-ZAO (Multia et al., 2020)] and the
cathode (Li,Q) (Nisula and Karppinen, 2018) in LIBs. For the
first time, they reported the MLD recipes for these Li-
dicarboxylates, by wusing lithium bis(trimethylsilyl)amide
(LiHMDS) as the Li precursor, in combination with five
organic linkers, terephthalic acid (TPA), pyridinedicarboxylic
acid (PDC), 2,6-naphthalenedicarboxylic acid (NDC), 4,4'-
biphenydicarboxylic acid (BPDC), and 4.4'-
azobenzenedicarboxylic acid (AZO) (Figure 1D). Due to the
different organic precursors employed, Li-TPA, Li-PDC, Li-
NDC, Li-BPDC, and Li-ZAO exhibited a GPC of 3.0, 2.5, 2.3,
7.0, and 7.0 A, respectively, (Table 1). Moreover, these MLD
processes yielded highly crystalline and air-stable thin films at low
deposition  temperatures of  220-240°C.  Furthermore,
galvanostatic cycling experiments verified the electrochemical
activity of these novel films toward Li-ion storage. The redox
reaction mechanisms for Li-TPA and LZO are shown in
Figure 1D. This series of MLD Li-dicarboxylates is an
excellent example of engineering MLD material structures by
adjusting the organic precursors and thus tailoring their
electrochemical behaviors toward LIB applications. This
strategy might be extended to other hybrid organic-inorganic
materials by MLD.

In addition to the anode, cathode materials with hybrid
organic-inorganic structures have been synthesized by MLD.
Dilithium-1,4benzenediolate (Li,Q) was successfully deposited
at 160°C by MLD using LIHMDS and hydroquinone (HQ) as the
precursors (Nisula and Karppinen, 2018). Compared with the
known organic electrode materials (p-benzoquinone), MLD
achieved in-situ incorporation of Li into the as-deposited Li,Q

Frontiers in Energy Research | www.frontiersin.org

May 2021 | Volume 9 | Article 665884


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Liu and Wang

film and therefore, can be directly used as the cathode in full cells
due to its lithiated state. The authors further fabricated a solid-
state Li,Q/LiPON/Cu cell using Pt as the current collector, ALD-
LiPON as the solid electrolyte (30 nm), and Li,Q as the cathode
(5-42 nm) (Figure 1E). Cyclic voltammetry (CV) testing revealed
a pair of redox peaks at 3.38 V (oxidation) and 2.57 V (reduction)
at 0.2mV s™'. Due to thin electrode design, the solid-state cell
exhibited ultrahigh rate capabilities and could reach 50% of the
full capacity in less than 0.25 s, with energy and power densities of
108 mWh cm™ and 508 w cm ™, respectively. Furthermore, a
proof-of-concept all-ALD/MLD-made organic battery was
fabricated by using Li,Q cathode, LiPON solid electrolyte, and
Li-TPA anode (Nisula and Karppinen, 2018), demonstrating the
feasibility of ALD and/or MLD in the design of 3D microbatteries.

Solid electrolyte thin films have been limited to inorganic
materials (Sheil and Chang, 2020) until very recently, Dasgupta
et al. reported Li-ion conducting “lithicone” by MLD (Kazyak
et al., 2020). The lithicone was deposited at 135°C by sequentially
introducing lithium tert-butoxide (LiO"Bu) and EG (Figure 1F).
Both precursors were chosen due to their sufficiently high vapor
pressure, thermal stability and demonstrated self-limiting surface
reactions. Lithicone possessed a stoichiometry of Li; sC,0; g, with
a bonding environment distinct from that of lithium carbonate.
Most importantly, electrochemical impedance spectroscopy (EIS)
measurements showed that lithicone, upon post-annealing at
350°C, exhibited an ionic conductivity of 3.6 x 10®S cm™" at
30°C with an activation energy of 0.6eV (Figure 1F).
Chronoamperometry test revealed an electronic conductivity
of the film 5-6 orders-of-magnitude lower than the ionic
conductivity, making the lithicone suitable as an interlayer or
bulk solid electrolyte in thin-film batteries. Although solid
polymer electrolytes have been known for many years, this is
the first time that organic-containing electrolyte was made in a
layer-by-layer fashion by MLD and showed measurable ionic
conductivity.

The above recent works positively proved the possibility and
versatility of using the MLD technique to fabricate
multifunctional hybrid organic-inorganic anode, cathode, and
solid electrolyte with targeted applications in rechargeable
batteries. Overall, it can be found that the use of organic
precursors during the MLD processes adds extra, and
sometimes surprising, functionalities into these novel thin-film
materials to address existing challenges and open new
opportunities.

OTHER NEW MLD THIN FILMS PROMISING
FOR RECHARGEABLE BATTERIES

In addition to the aforementioned materials, several new MLD
thin films have been developed recently with the potential for
battery applications. This group of new MLD thin films includes
magnesicone (Kint et al., 2020), manganicone (Ahvenniemi and
Karppinen, 2016), lithium propane dioxide (Wang et al., 2020),
Ti-based maleic acid (Cao et al., 2019), and Mn- and Co-based
hybrid films (Ahvenniemi and Karppinen, 2016). The MLD
receipts and growth behaviors of these MLD films are

MLD Hybrid Films for Batteries

summarized in Table 1. It can be found that these new MLD
materials show high similarity to other hybrid films that have
been validated in LIBs in terms of MLD surface chemistry and
film structure, and therefore deserve to be evaluated in
electrochemical cells in the future.

There are three main approaches for thoroughly assessing the
potential of these new MLD hybrid films in rechargeable
batteries. Firstly, these hybrid films, with or without post-
annealing, might be directly applied as the anode, cathode, or
solid electrolyte in LIBs, taking advantage of the electrochemical
activity of metal ions. Secondly, the hybrid films could also be
employed as surface coating layers to address liquid-solid and
solid-solid interface issues in conventional liquid-based LIBs,
solid-state LIBs, and next-generation batteries (e.g., Na, K, and
Zn-ion). This surface-engineering approach has been widely
demonstrated using alucone, a mature MLD material, in a
broad range of applications, such as Si anode (Piper et al,
2014), Li metal (Zhao et al., 2018a), Na metal (Zhao et al,
2017), Zn metal (He and Liu, 2020), Na cathode (Kaliyappan
etal,, 2020), and many others (Zhao et al., 2021). Compared to in-
situ formed SEI, the MLD coating, as an artificial SEI on the
electrode, become ion and electron conductive upon contact with
charge carriers (e.g., Li-ion, Na-ion), possess better mechanical
stability and interfacial structure integrity over repeated cycling,
and prevent further side reactions between the electrode and
electrolyte. Comprehensive experiment and simulation work has
been performed to understand the structure change and role of
ALD-ALO; coating in LIBs, but not for MLD-alucone coating
yet. Theoretical analysis using density functional theory, ab initio
molecular dynamics simulations, and Green’s function theory
found that the alucone film was composed of Al-O complexes,
and Li atoms bonded to these O atoms during the lithiation (Ma
etal,, 2015). Once the alucone film was irreversibly saturated with
Li atoms, it became electronically conductive. Thirdly, MLD
hybrid films (e.g., zincone, magnesicone) have been converted
to corresponding highly porous metal oxide materials (e.g., ZnO,
MgO) by removing the organic backbones via post-annealing
(Perrotta et al., 2019a; Perrotta et al., 2019b; Kint et al., 2020).
These porous metal oxide structures might be used reactive
barrier layers or porous substrates for Li-ion composite solid
electrolytes.

SUMMARY AND PERSPECTIVES

Herein, we discussed the most recent progress in the MLD surface
chemistry, process development, and applications of metalcone
thin films as active materials in rechargeable LIBs. Several hybrid
organic-inorganic anode, cathode, and solid electrolytes have
been synthesized by MLD and demonstrated promising
electrochemical properties toward Li-ion storage or transport.
Moreover, these novel materials have been integrated into all-
solid-state thin-film batteries by combining MLD with ALD.
Therefore, MLD has shown its great potential in engineering
multifunctional thin films for 3D microbattery applications.
Nevertheless, challenges remain in MLD and its further
applications in energy storage devices and necessitates further
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research into expanding MLD material library, exploiting their
use for surface/interface modification in batteries, and developing
new precursors and surface chemistries for MLD processes.

Develop New MLD Metalcone Materials
Despite recent progress in new MLD development, the number of
available metalcone materials is still very limited. Further
research needs to significantly develop new MLD surface
chemistry and process for other metalcone thin films. This
could be done by either switching metal-organic precursors
that have been validated in ALD and/or adjusting organic
reactants to manipulate the film properties. For example, Li-
containing organic-inorganic materials might be extended to Na-
and K-containing ones by changing the Li precursors (LiO‘Bu
and LiHMDS) to their Na- and K-counterparts (@streng et al.,
2014).

Exploit MLD Metalcones in Broad Energy

Storage and Conversion Devices

The possibility of controlling metalcone structure at the
molecular level creates tremendous opportunities for various
energy storage and conversion systems. Further research might
focus on exploring the use of multifunctional metalcones for
surface modification purposes in liquid- and solid-state LIBs and
other next-generation batteries to improve interfacial stability.
Moreover, the metalcones could also be used as supports and
over-coating on catalysts to increases their durability and catalytic
activities (Gould et al., 2014).

New MLD Precursors and Surface
Chemistry

New metal precursors with high vapor pressure and reactivity are
urgently needed to enable the development of more MLD
metalcones. For example, although lithicone has been
developed, the used Li precursors (LiO'Bu) are certainly not
ideal for the MLD process because they have low vapor
pressure and require high sublimation temperatures. This
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