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Abstract—The ever-growing demand for high performance energy storage systems has fueled the development of
advanced electrode materials with light weight, high energy/power densities, and stable cycle life. Mesoporous materi-
als play an important role in achieving these goals because of their unique features such as high surface area, tunable
pore size, pore volume, and pore structures, as well as adjustable particle size and morphology. In this review, we sum-
marize the recent progress in the synthesis of mesoporous materials and their applications in lithium-ion batteries
(LIBs) and lithium-ion hybrid supercapacitors (Li-HSCs) over the past ten years. The block copolymer guided soft-
template route is highlighted as a simple and versatile tool for designing mesoporous materials with controlled nano-
and macrostructures without complicated synthetic procedures. The structural/morphological benefits of designed
mesoporous materials translate into highly improved electrochemical performance in LIBs and Li-HSCs. Finally, future
challenges and perspectives on the development of mesoporous materials in energy storage devices are provided, which

will be useful both in academia and in industry.
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INTRODUCTION

Rapidly increasing worldwide energy consumption and heavy
dependence on fossil fuels has prompted the utilization of clean,
renewable energy sources [1-3]. Advanced energy storage technol-
ogies are essential for efficient utilization of renewable energies (e.g.,
solar and wind energy) which are unstable in output power and
uneven in energy distribution [1,4,5]. In addition, the demand for
energy storage devices suitable for real world applications such as
portable electronics and electric vehicles is rapidly increasing [6-8].
Thus, for the past decade, considerable research effort has been
devoted to development of high performance energy storage devices
(e.g, lithium-ion batteries (LIBs), supercapacitors, lithium-sulfur
batteries) with high energy/power density and long-term stability.
One of the most extensively investigated strategies to achieve such
goal is the use of nanostructured materials as high capacity elec-
trodes [9-11]. A wide range of nanomaterials with different sizes,
morphologies and dimensions have been reported [9, 10]. Among
the various candidates, mesoporous materials with pore sizes in the
range of 2-50 nm have been of particular research interest because
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of their multi-capability to absorb, store and interact with guest spe-
cies in the pore space and surfaces [12-18]. (i) As the electrochem-
ical reactions are surface or electrode-electrolyte interface related
process, high surface area can provide a large number of reaction
sites for energy storage. (ii) The adjustable pore size and structures
are highly useful for increasing mass transport capability (e.g., fac-
ile electrolyte transportation) which is important to achieve high
capacity retention, especially at high C-rates. In addition, they in-
crease the accessibility of active sites and thus enable full-utilization
of electrode materials with minimum dead surface area. For exam-
ple, introduction of large mesopores and/or macropores (>50 nm)
into microporous (<2 nm) materials greatly increases the effective
electrochemical surface area and the number of accessible active
sites, which are advantageous to preparing high capacity electrode
materials. (iii) Large pore volume effectively alleviates the mechan-
ical strain of electrodes caused by volume change during repeated
charging/discharging cycles. Furthermore, large pore volume enables
high loading of additional guest species with high capacity or cata-
Iytic effects [19]. (iv) Mesoporous structures can provide unique
nanoscale effects [14]. Mesostructured walls are typically as thin as
10 nm and consist of nanocrystals, and these features can greatly
promote solid-state Li" diffusion, the rate-limiting step of LIB, thereby
increasing rate performance of the electrodes.

In this review; we focus on recent progress in synthesis and appli-
cation of mesoporous materials as advanced electrode materials in
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LIBs and lithium-ion hybrid supercapacitors (Li-HSC) over the last
ten years. We summarize the synthesis methods of mesoporous
materials with particular emphasis on simultaneous nano- and
macro-structure control via soft templating routes. Next, we high-
light the key literature in the use of mesoporous materials as elec-
trodes in LIBs and Li-HSCs. The structural benefits of mesoporous
materials and underlying storage mechanism for each device are
described. Finally, we provide future challenges and our perspec-
tive on the development of mesoporous materials in energy stor-
age devices.

SYNTHESIS STRATEGIES

1. Soft Templating Route

The synthesis strategies can be categorized into three groups:
template-free, hard templating and soft templating method. The
template-free method has attracted great attention as an inexpen-
sive and simple route for preparing mesoporous materials poten-
tially suitable for industrial mass production. Template-free approach
usually relies on bottom-up aggregation of molecular or nanoscale
building blocks [20]. A representative example of such is reticular
chemistry-based synthesis of metal-organic frameworks (MOFs),
which are constructed by coordination of inorganic metal nodes
and organic linkers [21]. MOFs typically have crystalline micropo-
res, but in some cases the pores can be expanded to mesopore range
[22]. However, template-free routes generally lack the ability to con-
trol the mesopore sizes and structures considerably, and often only
produce disordered random mesopores [23-27]. Hard templating
route (i.e., nanocasting) employs pre-synthesized “hard” scaffolds
such as silica, carbon and colloidal crystals as sacrificial templates.
The hard templates act as rigid supports that keep the mesoporous
structures intact during heat treatment at high temperature >500°C,
allowing preparation of highly crystalline ordered mesoporous mate-
rials. However, this route usually requires time-consuming multi-
step procedures such as preparation of hard templates, repetitive
infiltration of precursors and heat treatments, and template removal.
Furthermore, the pore structure and particle morphology are lim-
ited and difficult to control because they are inverse replicas of the
parent hard templates. Soft templating uses “soft” organic amphi-
philes such as surfactant and block copolymer (BCP) as templates.
The soft template and diverse organic/inorganic building block
(polymer, metal nanoparticles, inorganic sol, etc.) co-assemble to
form organic-inorganic hybrid composites through direct precipi-
tation or evaporation induced self-assembly (EISA). Subsequent
removal of soft template via solvent extraction and/or pyrolysis
yields ordered mesoporous materials.

In particular, the soft templating route has been subject of inten-
sive research because it is simple and versatile yet provides consid-
erable controllability and flexibility in the synthesis of mesoporous
materials. This can be achieved by controlling the properties of soft
template (molar mass, molecular architecture, volume ratio of hydro-
phobic/hydrophilic block) and guest building blocks (size, surface
functionalities, chemical compositions). In 1992, the first soft tem-
plating route for ordered mesostructures (~2nm pores) was re-
ported by Mobil researchers using cationic molecular surfactant
[28]. Early research focused on controlling the textural properties
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of mesoporous materials, such as pore size, structures and wall
thickness. Along this line, instead of low-molar-mass surfactants,
Stucky and coworkers used commercial pluronic P123 as a soft tem-
plate to prepare ordered mesoporous silica with pore sizes from 5
to 30nm [29]. Wiesner and coworkers used lab-made poly(iso-
prene)-block-poly(ethylene oxide) (PI-b-PEO) with different molar
masses to synthesize mesoporous aluminosilicates with adjustable
pore sizes of 10-50 nm [30]. In 1998, the Stucky group further
extended the use of P123 for synthesis of diverse mesoporous metal
oxides and mixed oxides through EISA [31]. However, pluronic
BCPs consist of thermally unstable PEO and poly(propylene oxide)
and thus easily decompose under relatively low temperature <400 °C,
which is insufficient for full conversion of amorphous state to crys-
talline state. Therefore, the obtained materials are usually semi-crys-
talline and go through structural collapse upon heat treatment at
elevated temperature. To circumvent this problem, Lee et al. pro-
vided a simple and straightforward approach referred to as CASH
(combined assembly by soft and hard chemistries) in 2008 [32].
Instead of direct calcination under air, they introduced an intermedi-
ate carbonization step at elevated temperature as high as 1,000 °C.
During this process, the sp*-hybridized-carbon-containing PI block
of PI-b-PEO templates is converted to amorphous carbons which
act as rigid hard scaffolds that keep the mesostructured intact during
high temperature crystallization. Inspired by this, researchers have
used various sp’-hybridized carbon containing amphiphilic block
copolymers such as poly(ethylene oxide)-b-poly(styrene) (PEO-b-
PS), poly(styrene)-b-poly(2-vinylpyridine)-b-poly(ethylene oxide)
(PS-b-P2VP-b-PEO), poly(styrene)-b-poly(2-vinylpyridine) (PS-b-
P2VP) as advanced soft templates [33]. Among these lab-made poly-
mers, PEO-b-PS has been a choice of researchers because of its
easy synthesis, strong hydrophilic/hydrophobic contrast between
PEO and PS, and high glass transition temperature of PS block.
Over the past decade, significant progress has been made in devel-
opment of ordered mesoporous materials using PEO-b-PS as a ver-
satile soft template and structure directing agent.
2. Block Copolymer Guided Co-assembly for Mesoporous
Materials

The key requirement for controlled mesostructure formation is
selective mixing of guest precursors either into the hydrophilic PEO
or the hydrophobic PS without phase segregation. To achieve this,
tailoring the enthalpic and entropic interactions between the pre-
cursors and PEO-b-PS is necessary [34]. The co-assembly should
be driven by enthalpically favorable interactions such as hydrogen
bonding and electrostatic interaction. The enthalpic interactions
are mainly tailored by the surface chemistry of guest building blocks
(e.g functionalization and ligand stabilization). On the other hand,
the entropic change upon mixing is mostly governed by the rela-
tive size of PEO block to the guest building blocks. For favorable
entropic changes upon mixing (i.e., for increasing overall system
entropy upon mixing), the guest nanoparticles (NPs) should be
smaller than the PEO block which they mix. When the diameter
(d) of NP is smaller than the radius of gyration (R,) of the com-
patible PEO block (d<R,), the NPs can be mixed within the PEO
microdomain uniformly; and thus they co-assemble to form meso-
structures. However, when NPs are larger than R, of the PEO block
(d>R,), the NPs tend to segregate out from PEO-microdomain due
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to the loss of conformational entropy, thereby leading to complete
macrophase separation between NP phase and PEO-b-PS phase.
This principle is valid for the other guest building blocks such as
homopolymers, inorganic sol, and hydrophobic metal precursors.
On the basis of these considerations, a wide range of ordered
mesoporous materials with different structures and compositions
have been prepared. Most inorganic precursors (transition metal
precursors) are highly reactive toward hydrolysis and condensation,
imposing great limitation on preparing inorganic building blocks
suitable for controlled co-assembly with PEO-b-PS (e, the hydroly-
sis of titanium alkoxide is around 10° time faster than silicon alkox-
ide). Thus, non-hydrolytic sol-gel chemistry; acid-base pair chemistry;
and various charge- and electrostatic interaction chemistry (e.g,
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Fig. 1. (a) Schematic illustration of the formation of ordered mesoporous WO; via acetylacetone (AcAc)-assisted evaporation induced self-
assembly, and (b), (c) representative scanning electron microscopy (SEM) images of WO; with different mesopore sizes (Reprinted
with permission from Ref. [35], Copyright 2017 American Chemical Society), (d) Schematic representation of the synthesis of Sn/car-
bon-silica composites (Sn-CS), transmission electron microscopy (TEM) images of () ordered mesostructures with Sn nanowires con-
fined in nanochannels and (f) Sn nanoparticles confined in nanoporous CS frameworks (Reprinted with permission from Ref. [36],

Copyright 2013 American Chemical Society).
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crystallization temperature such as ZnO and Co;0, are difficult to
synthesize through conventional direct co-assembly method. To
strengthen the interaction between precursors and soft template,
various ligand-assisted and resol-assisted strategies were developed.
Zhao and coworkers reported the use of the coordination agent
acetylacetone (AcAc) to slow the hydrolysis and condensation of
titanium isopropoxide and increase its interaction with the PEO
segment through stronger hydrogen bonding [44]. AcAc-assisted
strategy was extended to other kinds of metal oxides including
WO, and SnO,. The addition of AcAc to the co-assembly of WCl,
with PEO-b-PS allowed for a more reproducible and reliable WO,
synthesis compared with the synthesis without AcAc (Fig. 1(a)-
(c)) [35]. In a similar manner, ordered mesoporous SnO, was ob-
tained by using HCl-AcAc dual-ligand assisted co-assembly [45].
In addition, citric acid, a more powerful tridentate chelating agent
with three carboxyl groups, stabilized Zn salts and enhanced their
interaction with PEO-b-PS, enabling the synthesis of ordered mes-
oporous ZnO [46]. Resol is oligomeric phenol-formaldehyde resin
that has been widely used as an organic precursor to prepare ordered
mesoporous carbon. Its abundant hydroxyl and methylol groups
simultaneously interact with hydrophilic PEO segments via hydro-
gen bonding and metal ions via coordination bonding. Thus, resol
can act as a glue and bridge that brings the metal species to block
copolymer together, and already has shown promise in prepara-
tion of various mesoporous transition metal oxide and their car-
bon composites (Sn/C, Ge/GeO,/C, WO,/C, Co0O,/C) [36,43,47-
49]. Recently, Kim et al. utilized a melamine-formaldehyde (MF)
resin as an interaction mediator to prepare highly porous MoO,/C
and MoC/C composites [50]. MF resin can well-mix and cross-
link with resol, and its nitrogen-functionality has a strong affinity
for phosphomolybdic acid (Mo precursor). As a result, MF resin
stabilizes Mo precursors and drags them into hydrophilic PEO
block forcibly. In a control experiment without MF resin, only large
and highly aggregated Mo species were obtained. This observation
further demonstrates the role of MF resins as efficient interaction
mediators for controlled co-assembly.

As mentioned, the synthesis method of mesoporous materials
has been relatively well-established; however, controlling the spa-
tial location of guest species in the mesoporous materials still remains
largely unexplored. In particular, selective incorporation of metal
nanoparticles (e.g., high capacity electrode materials, catalytic active
sites) either in the pores or in the walls has been a challenging task.
Pre-synthesized nanocrystals were the first choice of guest species
for BCP-directed co-assembly, as methods to control nanocrystal
size and tune the functionalities of surface ligands are already known
in previous literature [34,51]. However, surface ligands are usually
bulky and occupy a significant portion of pre-synthesized nano-
crystals, limiting their solubility in BCP microdomains and causing
complete macrophase segregation from mesostructures. In addi-
tion, surface ligands should be removed to expose the active sites
of metal nanoparticles, and this process requires time-consuming
ligand stripping or additional heat treatment that can lead to unde-
sired nanocrystal sintering and aggregation [52]. Therefore, the
development of a simple method that simultaneously directs the
spatial location of guest nanoparticles as well as the formation of
ordered mesoporous support is highly desired. In this regard, Lee
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and coworkers developed one-pot synthesis of metal nanoparti-
cles/mesoporous support composite materials. The method uses
the selective interaction among the precursors and block copoly-
mer, PEO-b-PS; hydrophilic precursors are selectively mixed with
PEO block, whereas hydrophobic metal precursors are incorpo-
rated to PS block exclusively. After the co-assembly, the as-made
hybrid materials are heat-treated at the desired temperature and
gas atmosphere. Hence, metal nanoparticles supported in the pores
of mesoporous materials are easily synthesized by simply adding
suitable hydrophobic metal precursor into the synthesis conditions
for conventional mesoporous materials. In this way, various com-
binations of metal NPs supported on mesoporous materials are
prepared, including Pt/Nb,O; [53], FePt/aluminosilicate [54], Ru/
aluminosilicate [55], PtPb/carbon-silica (CS) [56] and Pt;Co/CS
[57]. Interestingly, the Lee group found unique phase behavior in
the one-pot assembly of hydrophobic Sn precursor, hydrophilic
resol and silicate precursor, and PEO-b-PS (Fig. 1(d)) [36]. Hydro-
philic resol and silicates mixed with PEO block and hydrophobic
Sn precursor selectively incorporated to PS block. When the load-
ing of Sn precursor was low<10 wt%, Sn precursors were well-con-
fined within the PS microdomains and converted to Sn nanowires
in the nanochannel of ordered mesoporous CS frameworks (Fig.
1(e)). Due to the low melting point of Sn metal, carbothermally
reduced Sn metal droplets are aggregated to form Sn nanowires.
When the loading of Sn precursor increased to 49 wt%, a com-
plete phase transition from Sn nanowires to Sn nanoparticles oc-
curred to stabilize the hydrophobic Sn precursor with a fixed amount
of PEO-b-PS and reduce the overall surface-to-volume ratio. As a
result, uniform sized Sn nanoparticles were embedded in CS matrix
(Fig. 1(f)). The resulting Sn/CS nanostructured materials were
used as anode materials in LIB and showed high specific capacity
(600 mAh g™') and good cydle stability with high Coulombic effi-
ciency. So far, several commercial hydrophobic metal precursors
(Pt, Pb, Fe, Ru, Co, and Sn) have been found to be useful in this
one-pot co-assembly, such as (dimethyl-(1,5-cyclooctadiene) plati-
num(II)), (triphenyl(phenylethynyl)lead), (dimethyl aminomethyl
ferrocene), bis(2-methylallyl)(1,5-cyclooctadiene)ruthenium(II),
cobalt(IT) phthalocyanine and tributylphenyltin.
3. Block Copolymer Guided Macrostructure Control of Mes-
oporous Materials

There has been a growing demand for new approaches to con-
trol macrostructures (particle morphologies and macropores) of
mesoporous materials without complicated multi-step procedures.
In amphiphilic BCPs, the immiscible hydrophilic block and hydro-
phobic block are linked through covalent bonds, which leads to
spontaneous microphase separation in a size regime of 5-100 nm.
Therefore, to control macrostructures larger than 100 nm, addi-
tional macroscale templates such as foam and colloidal crystals fur-
ther need to be combined with BCPs. Most of previous literature
focused on the use of multiple templates with different length scales
through step-by-step approaches which are tedious and laborious.
In addition, they considerably lack controllability and flexibility in
adjusting pore size, pore structure and particle shape. Therefore, the
development of a simple and versatile synthesis method for mac-
rostructure-controlled mesoporous materials has been of particu-
lar importance in porous materials society.
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During BCP-directed multicomponent co-assembly, macroscale
phase separation frequently occurs because of solubility limits and
weak interaction between precursors and BCPs. Previously, mac-
rophase separation (>100nm) itself was considered as undesirable
phase behavior that should be suppressed/inhibited for formation
of ordered mesoporous structures. However, if macrophase separa-
tion can be predicted and tamed in a controlled manner, it would
become a useful tool to control macrostructures of mesoporous
materials. Spinodal decomposition is a representative macrophase
separation mechanism that has been intensively studied in materi-
als chemistry (ceramics, alloys) and polymer physics (polymer blends)
[58-61]. In a supersaturated mixture, spinodal decomposition can
be induced by infinitesimal fluctuation such as rapid temperature
change, chemical reaction and solvent removal. Of particular interest
are hierarchically porous materials which combine the advantages
of macropores (large pore volume and fast mass transport), meso-
and micropores (high surface area and accessible active sites). In
2014, Hwang et al. reported combined hierarchical assembly of
micro- and macrophase separation (CHAMPS) method for direct
synthesis of hierarchically macro-mesoporous inorganic oxide
materials (SiO, and TiO,) (Fig. 2(a)) [42]. They simply added con-
centrated HCI to the mixture of resol, inorganic sol, PEO-b-PS
dissolved in THE During solvent evaporation, THF evaporated
first and the relative concentration of acid in the solution increased
accordingly. This strong acidic environment triggered acid-catalyzed
in-situ polymerization of resol during self-assembly. In the mean-
time, PEO-b-PS and inorganic precursor (silica and titania sol) co-
assembled to form ordered mesoporous structures. Polymerizing
resol was expelled from BCP-rich mesostructures and produced
independent resol-rich organic domains. Calcination at 550 °C under
air removed all organic compounds and generated macropores
from resol-rich phase and mesopores from PEO-b-PS (Fig. 2(b)).
Both pore systems created three dimensionally interconnected pore

networks, which were visualized and quantitatively analyzed by
nanoscale computed tomography (NanoCT) (Fig. 2(c)). As a con-
sequence, hierarchically porous inorganic oxides having simulta-
neously adjustable mesopores (15-50 nm) and macropores 50-400
nm) were prepared. The benefits of unique pore systems were
confirmed by using the resulting TiO, as anode material in LIB,
which showed highly enhanced rate capability and capacity reten-
tion at high C-rates. On the other hand, in-situ polymerized resol
can be also used as chelating agent that directs the macrophase
separation of inorganic precursors. Kim et al. utilized the chelat-
ing ability of resol to directly produce functional macrodomain-
integrated mesoporous Nb,O; [62]. Resol can form resol-Nb com-
plexes by chelating. Part of resol-Nb interacted with PEO block of
BCPs via hydrogen bonding, while the in-situ polymerized resol-
Nb complexes segregated from BCP-domains to form independent
resol-Nb macrodomains. After calcination, ordered mesoporous
Nb,O; with submicrometer-sized Nb,O; particles embedded therein
was obtained. When applied as a working electrode in dye-sensi-
tized solar cells, the hierarchical Nb,O; increased power conver-
sion efficiency because of the combined function of submicron-
sized particles (light scattering) and mesostructures (high dye load-
ing). Jo et al. proposed a new synthesis system that induces macro-
phase separation by rapidly evaporating volatile solvent from a
multicomponent mixture [63]. A homogeneous mixture of PEO-
b-PS/Nb and Ti precursor/HNO, underwent dual phase separa-
tion during EISA. Volatile THF evaporates rapidly and preferentially,
acting as a stimulus for macrophase separation between (precur-
sors/BCP)-rich phase and HNO;-rich phase. Since the rate of HNO;
evaporation is much slower than that of THE the HNO;-rich phase
evaporated after the onset of macrophase separation. Subsequent
evaporation of HNO; left empty voids such as isolated macropo-
res or continuous macropores. By controlling the relative amount
of HNO; and the rate of solvent evaporation, various transition
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metal oxide mesoporous materials (TiO,, TINb,O,, WO;) with iso-
lated macropores, continuous macropores and spherical particle
shape were prepared. Interestingly; the use of silicate and resol under
the similar synthesis condition enabled synthesis of large pore
(29 nm) mesoporous silica nanoparticles (~150 nm) [64]. Macro-
phase separation between silicate/HNO, and polymerizing resol
occurred during fast THF evaporation. In the confined space of
HNO;-rich domains, the shape of co-assembled (silicate/PEO-b-
PS)-phase evolved to isotropic spheres to minimize the total inter-
facial energy.

Controlling the macroscopic particle morphology (e.g., uniform
and regular geometry such as spheres, bowls, sheet and hierarchi-
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cal architectures) is of high importance to maximize the potential
use of mesoporous materials in a wide range of applications in
energy devices. For example, uniform particle morphology facili-
tates the formation of densely packed electrode materials which
are advantageous for the development of energy devices with high
volumetric capacity [23,27,66]. Lee and coworkers designed a novel
approach for generalized synthesis of inorganic mesoporous parti-
cles via employing the unique phase behaviour of multicompo-
nent polymer blends (Fig. 3(a), (b)) [65]. They provided design
criteria for controllable integration of mesoscale BCP microphase
separation and macroscale spinodal decomposition to control materi-
als’ nano- and macrostructures, respectively. The use of hydropho-
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made mesoporous aluminosilicate spheres confined in hPS matrix, ((f), (g)) schematics of BCP orientation at interface to hPMMA
and (h) cross-sectional TEM image of as-made mesoporous aluminosilicate oblates confined in hPMMA matrix (Reprinted with per-
mission from Ref. [65], Copyright 2018 John Wiley & Sons).
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bic homopolymer (homopolystyrene (hPS) and homopolymethyl-
methacrylate (hnPMMA)) with high molar mass (350 kg mol ')
plays a decisive role in inducing macrophase separation without
interfering with BCP-directed mesostructure formation. By sim-
ply adding excess hPS to the precursor/PEO-b-PS/THF solution,
mesoporous spheres were formed during solvent evaporation. BCP-
phase was confined within the excess hPS matrix and self-assem-
bled toward the spherical morphology to decrease the total interfa-
cial energy (Fig. 3(a)). In addition, the pore orientation and particle
morphology were tuned by changing the kind of homopolymer
matrix and associated enthalpic interactions at the interfaces. The
hPS matrix provides an enthalpically favorable surface for PS block
of BCP-phase, generating cylindrical nanochannel aligned parallel
to the interfaces (Fig. 3(c)-(e)). On the other hand, hPMMA matrix
provides an enthalpically neutral surface for both PEO and PS seg-
ments in the BCP-phase, creating vertically aligned cylindrical nano-
channels (Fig. 3(f)-(h)). The anisotropic oblates were induced due
to the lower interfacial energy of the end interface than lateral inter-
face of BCP-domains. The particle size was easily controlled by tai-

@) s

loring the rate of solvent evaporation (i.e., the faster the evaporation,
the finer the macrostructure). The mesopore structure and size
can be independently controlled by changing the relative amount
of inorganic precursors and the molar mass of PEO-b-PS, respec-
tively. As a result, this novel approach offers unprecedentedly high
level of control over the pore size (15-50 nm), structure (lam, hex,
bec) and orientation (open, closed), the particle size (200 nm-5 pm)
and morphology (sphere, oblate) as well as the chemical composi-
tion (silica, carbon, aluminosilicate, TiO,, Nb,Os, and WO;) [65].
Higher level of multicomponent co-assembly was further achieved
by using binary homopolymer pairs (hPS and hPMMA) with var-
ious mass ratio as a matrix [65,67,68]. The multicomponent poly-
mer blends can have a diverse blend morphology depending on
their thermodynamic interactions at the interfaces, which are pre-
dicted by spreading coefficient and interfacial tension [69]. Kim et
al. used such phase behavior as a rational tool for synthesis of inor-
ganic mesoporous materials with tunable particle morphology (hol-
low sphere [65], anisotropic bowls [67] and nanosheets [68]). Major
hPS and minor hPMMA pairs allowed preparation of mesoporous
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Fig. 4. (a) Schematic representation of anisotropically self-assembled particle (ASAP) approach, and SEM images of ((b), (c)) bowl-like meso-
porous aluminosilicate particles with different particle/concavity sizes, and d) two-dimensional mesoporous aluminosilicate nanosheets

(Licensed under CC-BY from Ref. [67]).
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hollow spheres (Fig. 3(b)). In this case, BCP-phase intercalates at
the hPS and hPMMA interface, resulting in formation of hAPMMA®
PEO-b-PS@hPS core shell morphology. When major hPMMA
and minor hPMMA pairs were employed, a Janus type (hPS/PEO-
b-PS)@hPMMA stack was formed (Fig. 4(a), (b)). PEO-b-PS phase
partially covers hPS to reduce the relatively high energy hPS/hPMMA
interfaces but cannot fully encapsulate hPS, because the difference
in interfacial energy of hPS/hPMMA and PEO-b-PS/hPMMA is
not significant [67]. Interestingly; as the amount of minor hPS in-
creases, PEO-b-PS domains become thinner and wider to cover
more hPS/hPMMA interfaces with fixed amount of PEO-b-PS, lead-
ing to simultaneous increase in concavity/particle sizes from 70/
170 nm to 370/600 nm (Fig. 4(a)-(c)). At the optimum mass ratio
of hPS and hPMMA, the PEO-b-PS phase spreads thinly to two-
dimensional nanosheets with a thickness of a few nanometers (5-
75nm) (Fig. 4(a), (d)) [68]. Because the chemical composition/struc-
ture of the polymer and the interfacial tension are highly controlla-
ble, this polymer blend-directed multiscale assembly would enable
the design of various macrostructure-controlled mesoporous materi-
als with a high degree of structural/morphological diversities.

LITHIUM-ION BATTERIES

1. Mesoporous Materials for Lithium-ion Battery Applications
LIBs store and release energy by converting electric energy into
chemical energy and vice versa. Electroactive materials in LIBs have
their own Li ion insertion/extraction reaction potential, capacity,
and stability [3,5,70]. Therefore, the combination of anode and

Voltage 25-1.0V

o 50 100 150 200 250 300
Capacity (mAh/g)

Amorphous
carbon filling
—

, Zhppes 8 8%
aphere Si0,@TiIO, SI0,@ Ti0 /¢

and Si0), removal

Calcination at 500 °C
and Si0, removal

Calcination at 800 l‘('I

(@ Anatase TiO),
iu Amorphous carbon |
@ Graphitic carbon |

H-Ti0, H-Ti0JGC

cathode electrode materials mainly determines the battery’s power/
energy density and cycle life. Since the first commercial release of
LIB (graphite//LiCoO,) by Sony in 1991, the energy density and
cycle life of LIBs have been significantly improved, and LIBs are cur-
rently applied in numerous applications including portable devices,
large scale grid energy storage, and electric vehicles.

As LIBs consumption grows, consumers have requested more
specialized batteries for their applications, such as miniature bat-
teries, rapid charge/discharge batteries, high energy density batter-
ies regardless of cell’s size, and long cycle life batteries with moderate
energy density. Therefore, researchers have investigated various
approaches to developing advanced electrode materials over the
past few decades. Among various approaches, in this chapter, we
will summarize recent progress in mesoporous materials for LIB
applications and clarify research challenges of mesoporous materi-
als for better energy storage performance. In general, commercial
LIBs use ~10 pm sized spherical anode (graphite) and cathode (e.g,
lithium cobalt oxide, lithium iron phosphate, and lithium nickel
cobalt manganese oxide) particles as active materials. Mesoporous
materials have different morphologies compared to these commer-
cial particles but have characteristic advantages as already described
in the introduction. We will cover the merits of mesoporous elec-
trode materials depending on Li" reaction mechanisms: i) interca-
lation, ii) conversion, iii) alloying mechanisms and hybridization
of these reaction mechanisms.

2. Intercalation Electrode Materials

Commercial LIBs utilize the intercalation mechanism which

inserts/extracts Li ions into the void space in the crystal structures

Capacity (mAhg')

Fig. 5. (a) SEM image of TiNb,O, synthesized by solid-state reaction and (b) its charge/discharge profiles and cycle performance (inset)
(Reprinted with permission from Ref. [71], Copyright 2011 American Chemical Society), (c) SEM image of mesoporous TiNb,O, (m-
TNO) and (d) capacities at different C-rates (Reprinted with permission from Ref. [41], Copyright 2014 American Chemical Society),
(e) Schematic illustration of the graphitic carbon coated mesoporous TiO, hollow spheres (Reprinted with permission from Ref. [72],
Copyright 2015 American Chemical Society), (f) SEM images of spherical mesoporous TiO,-Bronze (Reprinted with permission from
Ref. [73], Copyright 2011 John Wiley & Sons), and (g) charge/discharge profiles of bulk-Li,Ti;O,, and mesoporous-Li,Ti;O,,-C com-
posites (Reprinted with permission from Ref. [74], Copyright 2011 John Wiley & Sons).
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or defect sites [75,76]. Intercalation reaction accompanies crystal
structure change but does not break the chemical bonding in the
host materials. Therefore, intercalation reaction makes small vol-
ume change and exhibits very stable cycling performance compared
to that of high capacity materials using conversion or alloying reac-
tion mechanisms. However, the number of Li" intercalations into
the void space is usually limited to <1, resulting in low theoretical
capacities and energy densities.

Mesoporous materials have high electrode/electrolyte interface
area and small crystallite size (less than tens of nanometers). Also,
the structure exposes high portion of crystallite edge and defect
sites to the electrolyte. Therefore, intercalation materials with mes-
oporous structures have shown interesting intercalation processes;
compared to the same materials in the bulk form, mesoporous
electrode materials exhibited increased reversible capacities and
different charge/discharge profiles in the electrochemical systems.
It is well known that nanosizing and high surface area accelerate
the Li" insertion process, which is by the transition of reaction
mechanism from diffusion controlled intercalation into capacitor
like intercalation process [77-79] (see further in Li-HSC section).
Although it has lower electrode packing densities, a mesoporous
structure can provide higher reversible capacity and better rate per-
formance compared to those of commercial bulk powder. There-
fore, mesoporous structured materials require fewer active materials
to fabricate LIBs which are irrelevant to the size.

In general, commercial intercalation materials have poor rate
performance due to the poor electronic and ionic conductivity and
large crystallite size (long solid state diffusion length). However, mes-
opores can soak the electrolyte, which makes a broad Li" entrance
area and provides a fast supplement of Li* after intercalation pro-
cess. In addition, mesoporous materials have short solid-state dif-
tusion length, which is related to the reaction time constant 7 (7=
12/2D, L is diffusion length and D is diffusion coefficient) [80,81].
Therefore, mesoporous structure can achieve a rapid charge/dis-
charge process compared to bulk materials.

As an example, the Goodenough group reported TiNb,O, (TNO)
as a new intercalation anode material in 2011 (Fig. 5(a)-(b)) [71,
82]). Its theoretical capacity (387.6 mAh g ') is higher than that of
other Ti-based intercalation materials (anatase TiO,: 168, TiO,(B):
335,and Li,Ti:O,,: 175 mAh g, respectively). They synthesized the
material with a solid state reaction method in 900-1,100 °C range.
With 1OV (vs. Li/Li") cut-off, bulk TNO delivered 285 mAh g™
of reversible capacity at 0.1 C but poor rate performance, ~230
mAh g at 0.2 C. In 2014, the Dai group [83] and the Lee group
[41] reported block copolymer derived synthesis and anode appli-
cations of mesoporous structured TNOs (m-TNOs), respectively.
The Dai group prepared m-TNO using a commercially available
F127 polymer. The m-TNO with 20-30 nm pores showed high
reversible capacity (281 mAh g') and fast charge/discharge perfor-
mance at 50 C (128 mAh g™'). They also investigated the reaction
mechanism of m-TNOs using in-situ X-ray scattering and X-ray
absorption spectroscopy. In parallel, the Lee group applied a lab-
made block copolymer, PEO-b-PS, as a structure directing agent,
m-TNO, constructed of 15 nm crystals and 40 nm pores, delivered
289 mAh g ' at 0.1 C rate and 162 mAh g at 20 C rate (Fig. 5(c)-
(d)). Both papers proved that mesoporous structures provide an

excellent rate performance. Besides, the Lee group recently reported
that hierarchically porous structures containing both mesopores
and macropores (>50 nm pores) can achieve improved ion diffu-
sion process, resulting in better rate capability compared to the same
materials with only mesopores [42,63]. These results indicate that
well-controlled porosity is an important factor for enhancing the
rate performance of intercalation materials. On the other hand, m-
TNOs can be simply synthesized by other approaches. Yang et al.
applied solvothermal reaction method to synthesize m-TNOs with
carbon coated structure [84]. With conductive carbon layer on low
conductivity m-TNO surface, they improved charge/discharge rate
performance, 200 mAh g ' at 30 C rate in m-TNO/C vs. 132 mAh
g ' in pure m-TNO. By analyzing cyclic voltammetry curves, they
claimed m-TNO structure has high portion of capacitive reaction
and it was enhanced after carbon coating process. Besides, m-
TNOs with different material compositions were also prepared for
LIB applications by the facile solvothermal method [85-87].

Mesoporous structures were also applied to titanium based inter-
calation anode materials. Because of high reaction potential (above
10V vs. L/Li"), Ti-based materials are actively investigated in high-
power battery applications because there is no risk of Li metal for-
mation problem during the cycling [88,89]. The Sun group reported
F ion doped mesoporous TiO, by hydrothermal synthesis [90].
The TiO, nanoclusters have ~1 um size and ~7 nm pores, formed
by the agglomeration of nanoparticles. In this study, addition of F~
ion increased specific surface area, pore size, and pore volume. There-
fore, the F-doped m-TiO, electrode showed 144 mAh g™ at 30 C
rate, but ~50 mAh g™ in pristine TiO,. The Maier group also syn-
thesized spherical and sub-micrometer sized TiO,-CdSO, particles
using a solution phase synthesis method and selectively removed
CdSO, phase, resulting in formation of mesoporous structured
TiO, [91]. The mesoporous TiO, electrode delivered high revers-
ible capacity up to Li;TiO, (210 mAh g‘l). Therefore, they proved
mesoporous structure can exceed the theoretical capacity limita-
tion (0.5 Li* insertion into anatase TiO,, 168 mAh g'). On the
other hand, the Wang group reported hollow TiO,/graphitic car-
bon (H-TiO,/GC) material (Fig. 5(e)) [72]. They hydrolyzed tita-
nium precursors on the surface of SiO, sphere and applied glucose
as a carbon source for carbon coating process. Due to the high sur-
face area and porous structure, the electrode exhibited ~178 mAh
g ' at 100mA g ' current density and ~137mAh g at 1A g (up
to 1,000 cycles). Liu et al. reported synthesis of mesoporous TiO,(B)
spheres by converting TiO,/silica spheres, prepared by ultrasonic
spray pyrolysis, into TiO,(B) using sodium hydroxide solution
treatment (Fig. 5(f)) [73]. As an anode material, the mesoporous
TiO,(B) achieved a maximum capacity of 256 mAh g™ at 0.1 C and
130 mAh g at 10 C, respectively.

In addition to TiO, materials, various mesoporous structures have
been applied to improve the capacity and rate performance of Li,
TisO,, (LTO) materials [74,92-94]. Kang et al. synthesized meso-
porous LTO-C composite and tested anode performance (Fig. 5(g))
[74]. Using galvanostatic charge/discharge, they showed excellent
rate performance in mesoporous active material electrode, com-
pared to that of bulk LTO electrode. Electrochemical impedance
spectroscopy test on LTO symmetric cell proved mesoporous struc-
tured LTO-C materials has smaller charge transfer resistance, indi-
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cating better ion/electron diffusion processes. Besides, mesoporous
structures have improved electrochemical performance in differ-
ent types of active materials such as Nb,Os [95-97], MoS, [98], and
even cathode materials (LiMn,O, [99-101], LiFePO, [102-104],
LiCoQ, [105], etc.).
3. Conversion Electrode Materials

Some metal anion compounds (M,X,, M=transition metal and
X=anion), such as metal oxides, sulfides, nitrides, fluorides, and
phosphides, react with Li* by conversion reaction processes [112-

114]. During this reaction, the bonding in metal anion is discon-
nected and anion forms Li-X compounds leaving metal phase.
Depending on the oxidation state of metal, metal anion compounds
can deliver multiple Li*, resulting in high capacity from 500 to
1,200 mAh g . Therefore, conversion materials have been consid-
ered as next generation high energy electrode materials. However,
conversion reaction accompanies large volume change during the
decomposition of metal anion compounds and formation of new
Li-X compounds. Also, this Li-X usually has very low electrical con-
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Fig. 6. (a) Schematic illustration of the formation of mesoporous NiCo,O, (Reprinted with permission from Ref. [106], Copyright 2013
American Chemical Society), (b) exceptional capacity in mesoporous MoO, compared to bulk-MoO, electrode, (c) Li metal forma-
tion between lithiated MoO, layers in mesoporous structure (Licensed under CC-BY from Ref. [107]), (d) synthesis of mesoporous
Fe,0,/carbon composite (Reprinted with permission from Ref. [108], Copyright 2013 John Wiley & Sons), (e) cycle stability of FeF,/
mesoporous carbon, commercial FeF;, Bulk-FeF; and mesoporous carbon physical mixture electrodes (Reprinted with permission
from Ref. [109], Copyright 2016 American Chemical Society), (f) Fe-N-C catalyst coated spherical mesoporous carbon for Li-S batter-
ies (Reprinted with permission from Ref. [110], Copyright 2018 American Chemical Society), and (g) N-doped mesoporous carbon/
sulfur composite electrode with high areal capacity (Reprinted with permission from Ref. [111], Copyright 2013 John Wiley & Sons).
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ductivity. Therefore, these two factors make a short cycle life due
to the pulverization from the electrode layer and increase in elec-
trode resistance by the agglomeration of Li-X phase. Besides, most
anode materials react with Li" at lower potential (<1 V vs. Li/Li"),
which makes repetitive solid-electrolyte interphase (SEI) formation
during the volume change. Lastly, intrinsic reaction processes have
a large charge/discharge overpotential so that conversion materi-
als show low energy efficiency in spite of high reversible capacity.
Therefore, conversion materials have issues to be addressed, such
as alleviation of volume change, improvement of electrical conduc-
tivity, and formation of highly dispersed matrix for metal and Li-X
phases.

Volume change during Li* insertion/extraction processes leads
to structural collapse, increase in electrode thickness, and even pul-
verization from the electrode. After first cycle, the size of conver-
sion materials and electrode thickness cannot be recovered to initial
states. It thus induces low electrode density and a sharp increase in
contact resistance. To solve this volume change issue, researchers
incorporated conversion materials into mesoporous structures. For
example, Li et al. prepared monodisperse NiCo,O, mesoporous
microspheres by two-step synthesis [106]; i) solvothermal reaction
to form spherical Ni;3;Co,,CO; precursor and ii) calcination in
air to create mesopores by the release of CO, gas (Fig. 6(a)). Due
to the porous structure, the anode reached ~1,200 mAh g™ with
excellent cycle stability: Similar to this paper, solvothermal technique
has been widely applied in the synthesis of conversion materials
with mesoporous structures and spherical particle morphology
[115,116].

Hard template route was also applied to design highly ordered
mesoporous conversion materials [117-119]. KIT-6 silica templated-
metal oxides or sulfides were prepared and applied as anode mate-
rial applications. Mesoporous materials have high surface area (50-
150 m’ g '), bimodal pores (~4 and ~20 nm), and exhibit improved
capacity and cycle stability compared to the bulk materials [117-
119]. Wen et al. controlled the porosity of ordered mesoporous
CuCo,0, materials by using KIT-6 templates synthesized at differ-
ent temperature [120]. By controlling hydrothermal reaction tem-
perature at 40 and 130 °C, they prepared two KIT-6 silica templates
with different pore sizes. Interestingly, KIT-6 prepared at 40°C
filled precursor into one of bimodal pores, while precursors were
fully impregnated in both pores in KIT-6-130 °C sample. As a result,
m-CuCo,0, material prepared by KIT-6-40 °C has larger meso-
pores, high surface area and high reversible capacity at all current
densities. On the other hand, Yoon and coworkers prepared m-
CuO and m-MoO, materials [107,121]. In addition to confirming
the enhanced electrochemical performance, they applied computa-
tional modeling, X-ray diffraction, X-ray absorption spectroscopy,
and TEM tools to investigate different reaction mechanisms in the
mesoporous structures. They made an exciting discovery in m-
MoO, material, which shows exceptional capacity of 1,814 mAh
g ', more than twice its theoretical capacity [107]. They proved the
origin of this additional capacity is due to the contributions from
Li" intercalation reaction and formation of a metallic Li-rich phase
between Li" intercalated MoO, phase (Fig. 6(b)-(c)). This study
provides a meaningful finding that the nanoengineering not only
improves battery performance but also makes a new Li" reaction

mechanism.

On the other hand, to increase electrical conductivity of the elec-
trode, researchers have made mesoporous structured conductive
materials. Mesoporous carbon is the most representative conduc-
tive host material because it has high surface area (>1,000m’ g ),
large pore volume (>1cm’ g™), and rigid scaffold [122]. For exam-
ple, iron oxides are very cheap and high capacity materials (Fe,Os:
1,007 mAh g™ and Fe;O;: 926 mAh g™') but have poor cycle perfor-
mance due to the volume change problem. Therefore, nanosized
Fe,O, particles were loaded inside the mesoporous carbon matrix
(Fig. 6(d)). The carbon matrix acts as an electron pathway and pre-
vents swelling and structural failure. As a result, the iron oxide/car-
bon composites showed improved cycle life and enhanced rate
capability [108,123,124]. Jo et al. synthesized ordered mesoporous
tungsten oxide carbon composite [48]. On the contrary to active
materials in the host materials, they constructed mesoporous struc-
ture by using self-assembly of structure directing agent with both
tungsten and carbon precursor. Carbon precursor was decomposed
into amorphous carbon phase and prevented agglomeration of tung-
sten oxide particles. Therefore, this structure shows fine compos-
ite structure such as ~2nm crystallites/amorphous carbon, 48 m’
g ! surface area, 0.2cm’ g ' pore volume, ~10 nm nanowalls, and
30 nm pores. In comparison with m-WO; having almost identical
mesoporous structure but large crystallites (6-10 nm) and no car-
bon phase, the composite material showed higher capacity, smaller
internal resistance, and even better reversibility, as confirmed by
galvanostatic charge/discharge, galvanostatic intermittent titration
technique, and X-ray absorption spectroscopy.

In addition to anodes, conversion type cathode materials can be
impregnated inside porous carbon structures. Chun at el. reported
ammonium fluoride mediated synthesis to prepare metal fluoride
particles in mesoporous carbon materials [109]. Metal fluorides
are Li-free cathode materials which have high theoretical capacity
between 500 and 800 mAh g™'. Ammonium fluoride (NH,F) is
decomposed into NH; and HF gases at ~100 °C. Therefore, metal
precursor loaded mesoporous carbon reacts with NH,E resulting
in formation of CuF,, FeF;, CoF, and carbon composites. These
metal fluoride/carbon composite exhibited highly improved revers-
ible capacity, cycle life, and even decreased charge/discharge over-
potential, compared to the bulk materials (Fig. 6(e)). Different types
of metal fluoride materials can also be synthesized by solvother-
mal methods [125,126]. Lithium sulfur (Li-S) batteries, the most
representative next generation batteries, also use conversion type
sulfur cathode materials. After revisiting the Li-S system using
ordered mesoporous carbon/sulfur composite by the Nazar group
[127], mesoporous carbon materials with different particle mor-
phologies, pore sizes, surface area, surface functionalities, and even
composite structures were introduced into Li-S stabilization research
[128-130]. Recently; Li-S battery fields have focused on increasing
sulfur loading inside the mesoporous matrix and modifying sur-
face of mesoporous materials to achieve practical active material
loading, fast conversion kinetics, and stable cycling performance
(Fig. 6(f)-(g)) [110,131-134].

4. Alloying Electrode Materials

Alloying materials react with Li* by forming Li-metal alloy and

have high theoretical capacity but suffer from large volume change-
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Fig.7. (a) TEM image of Si-mesoporous carbon-TiO, composite (Reprinted with permission from Ref. [135], Copyright 2016 American
Chemical Society), (b) TEM image of ordered mesoporous Si and C composite and (c) its cycling performance (Reprinted with per-
mission from Ref. [136], Copyright 2014 John Wiley & Sons), (d) SEM image of mesoporous SnO, (inset: TEM image) and (e) dia-
gram of overall electrochemical reaction mechanism of m-SnO, (Reprinted with permission from Ref. [137], Copyright 2014
American Chemical Society), and (f)-(h) cyclic voltammetry curves of m-GeO, (f), m-GeO,/C (g), and m-Ge/GeO,/C (h) (Reprinted
with permission from Ref. [47], Copyright 2015 American Chemical Society).

related problems, similar to conversion materials [138]. Among
alloying materials (Si, Sn, Sb, Ge, etc.), Si has been most actively
investigated for high capacity anode applications because of its
high reversible capacity (>3,500 mAh g"'), natural abundance, and
versatility in various industrial fields [139]. After Si nanowire study
for anode application by the Cui group in 2008 [140], nanostruc-
turing researches for Si have grown explosively. It is well known
that a few tens of Si nanoparticles have resistance to fracture and
rapid Li" insertion/extraction kinetics [141-143]. The Cho group
synthesized nanosized Si inside ordered mesoporous carbon using
Si-C,H, precursor. The composite electrode exhibited 87% capac-
ity retention (2,738 mAh g ) after 80 cycles [144]. Yang and cowork-
ers fabricated Si@C@TiO, core-shell-shell structure (Fig. 7(a)) [135].
They coated Si particles with mesoporous carbon shell which acts
as electron pathway and buffers volume for Si expansion. TiO, layer
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on carbon shell provides a rigid protective layer and forms stable
SEI layer, achieving 1,010 mAh g after 710 cycle. Zhao and cowork-
ers simply prepared mesoporous Si/C materials and showed
1,864 mAh g ' at first cycle and 1,790 mAh g ' at 100" cycle (Fig.
7(b)-(c)) [136]. Triconstituent co-assembly of pluronic triblock
copolymer with resol (carbon source) and tetraethyl orthosilicate
(silica source) led to formation of ordered mesoporous SiO,/C
composites. In turn, SiO, was directly converted to Si by magne-
siothermic reduction without forming SiC phase. Likewise, vari-
ous mesoporous Si structures were prepared by reducing mesoporous
SiO, structure through Mg reduction process [145,146].

On the other hand, other types of alloying materials have also
been impregnated inside mesoporous host materials. Sn nanopar-
ticles confined in porous carbon host showed greatly enhanced
capacity and cycling performance [147,148]. For example, BCP-
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directed co-assembly allowed selective positioning of carbon and
Sn metal; Sn nanoparticles or wires were confined inside meso-
structured carbon [36]. Ge particles, which have high capacity, high
Coulombic efficiency, and high ionic conductivity, were also loaded
inside mesoporous carbon host materials [149-151].

Transition metal anion (M,X,) compounds containing alloying
metals (Zn, Sn, Ge, etc.) can store Li" by the combination of con-
version and alloying reactions [152]. Initially, metal anion com-
pounds react with Li* by forming Li-X compounds with transition
metal, followed by alloying reaction. The Kim and Yoon groups
investigated the reaction mechanism for ordered mesoporous SnO,
electrode using synchrotron-based X-ray analysis [137,153]. The
m-Sn0O, electrode showed highly enhanced reversible capacity, 1,043
mAh g', which surpassed other SnO, studies. They applied X-ray
absorption spectroscopy and X-ray diffraction to understand th
reaction mechanism in ordered mesoporous structure. It was con-
firmed that conversion reaction occurs earlier in the first lithiation,
followed by conversion/alloying reactions and alloying process at
lower voltage. From first de-lithiation, alloying reaction takes place
at lower reaction potential and both conversion/alloying reactions
happen at relatively high reaction potential (Fig. 7(d)-(e)). This hybrid
reaction mechanism is also found in Ge/GeO,/C composite elec-
trodes. In mesoporous Ge/GeO,/C composites, carbon phase pro-
vides a facile electron conduction and Ge acts as a catalyst for Ge
oxidation process. Therefore, the composite electrodes showed high
reversibility, stable cycle life, and direct evidence for characteristic
Ge re-oxidation (Fig. 7(f)-(h)) [47,154]. Other metal anion com-
pounds, such as metal phosphide, sulfide, and their mixture, were
also prepared into mesoporous structures and achieved high capac-
ity; stable cycle performance, and improved reversibility [155-158].

LITHIUM-ION HYBRID SUPERCAPACITORS

1. Mesoporous Materials for Lithium-ion Hybrid Supercapaci-
tor Applications

Supercapacitors (SCs), including electric double layer capacitors
(EDLCs, Fig. 8(a)) and pseudocapacitors (PCs, Fig. 8(b)), have been
used in electrical applications. However, because SCs store charges
through (i) the physisorption of electrolyte ions on the surfaces of a
charged electrode material (EDLC) and (ii) the surface and/or near-

(a) Electric double layer capacitor (b) Pseudocapacitor

surface redox reactions (PC), SCs deliver lower energy compared
to LIBs [159,161,162]. Hence, their use has been limited to specific
applications requiring fast charge/discharge rates and long cycle life.

To solve the fatal shortcomings of SC, hybrid energy storage
systems have been intensively developed with a new concept called
“lithium-ion hybrid supercapacitor” (Li-HSC) proposed by Ama-
tucci et al. [163] In general, Li-HSC is composed of LIB anode
and SC (especially EDLC) cathode. For example, LIB electrodes
such as graphite, Li,Ti;O,, (LTO) and anatase TiO, are commonly
used as anodes while carbon material-based EDLC electrodes are
used as cathodes for Li-HSC in organic electrolytes containing Li
salts (Fig. 8(c)) [164-167]. Thus, Li-HSC stores charge with differ-
ent electrochemical reactions based on Faradaic reactions at the
anode and non-Faradaic reactions at the cathode. Due to these
unique properties, Li-HSC simultaneously provides excellent power
capability and high energy with long-term cycling. However, the
difference in kinetics between LIB anode (slow) and EDLC cath-
ode (fast) due to different charge storage mechanisms is one of the
biggest problems in the Li-HSC research community [165].

To improve the anode kinetics, various anode candidates for Li-
HSC such as LTO, Nb,Os, and Li;VO, have been studied by intro-
ducing electrode engineering in the nanoscale domain [168].
Among the various nano-sized electrode materials for Li-HSC, we
introduce the advantages of porous materials, including metal oxides
and carbonaceous materials, especially as Li-HSC anodes.

2. Metal Oxide Materials

Since the first report on Li-HSC in 2001, anatase TiO, and LTO
have been commonly used as materials for Li-HSC systems [163,
172]. In particular, LTO studies are much more advanced than
those of anatase TiO, due to the attractive electrochemical behav-
ior of LTO: (i) Theoretical capacity (~175 mAh g ') at safe operat-
ing voltage (~1.55V vs. Li/Li", possible to 1.0 V cut-off) with little
electrolyte decomposition [173], (ii) fast charge/discharge rate (high
rate capability) [74] and (iii) zero-strain Li" insertion/extraction
characteristics with little volume change during cycling [174]. Also,
due to the LTO’s operating voltage (above 1.0 V compared to Li/
Li"), LTO-based Li-HSC can utilize low-cost, lightweight Al cur-
rent collectors for anodes instead of expensive and heavy Cu cur-
rent collectors [175]. Amatucci and coworkers for the first time
demonstrated that nanostructured LTO anodes synthesized by

(c) Hybrid supercapacitor

current collector

Mn'"O(an

) + — s
o, . ]
=
pry @
% -n,
b LI'. °
0 o ‘
Guat [ ]
"3 -,
Cathode
*Pdl’dlol’

Fig. 8. (a) Schematic illustration for (a) electric double layer capacitor, (b) pseudocapacitor, (Reprinted with permission from Ref. [159],
Copyright 2013 Royal Society of Chemistry), and (c) lithium-ion hybrid supercapacitor (Reprinted with permission from Ref. [160],

Copyright 2017 Royal Society of Chemistry).
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Fig. 9. (a) SEM image of C-LTO (Reprinted with permission from Ref. [169], Copyright 2013 Elsevier), (b) schematic illustration on interca-
lation pseudocapacitance (Reprinted with permission from Ref. [79], Copyright 2014 Royal Society of Chemistry), (c) SEM image of m-
Nb,0;-C, (d) Rate capability comparison on m-Nb,O;-C, m-Nb,O;, bulk-Nb,O;, (e) specific peak current of m-Nb,O;-C on various
scan rates (Reprinted with permission from Ref. [170], Copyright 2014 American Chemical Society), (f) SEM image of hp-LVO/C, (g)
CV curve of hp-LVO/C with separation between the total current (solid line) and capacitive current (shaded region), and (h) Ragone
plots of hp-LVO/C and other results previously reported (Reprinted with permission from Ref. [171], Copyright 2018, Elsevier).

high temperature solid-state reaction can be used for Li-HSCs [163].
They showed that the energy of a prototype Li-HSC packed cell
using an LTO anode is achieved at ~20 Wh kg with a fairly sta-
ble cycle performance (capacity retention: ~94% over 4,000 cycles,
similar to that of conventional SC and better than that of LIB).
After Amatucci et al’s report, various nanostructured LTO anodes
have been reported to further enhance the electrochemical prop-
erties of LTO [168,176]. In particular, mesostructured LTO elec-
trode materials have been studied extensively for Li-HSC applications
because they offer a variety of advantages, as mentioned in the intro-
duction and LIB section. For example, the Sun group reported that
carbon-coated micron-sized LTO spherical particles (C-LTO, Fig.
9(a)) with well-defined mesopores (3-10 nm pore diameter range)
synthesized by hydrothermal method could be used as excellent
Li-HSC anodes [169]. The specific capacity and rate performance
of the prepared C-LTO was ~165 mAh g' at current of 0.17 A g
(1C) and ~142mAh g ' at current of 8.5 A g ' (50 C), which is an
excellent rate capacity (Li half-cell data). In addition, the Li-HSC
full cell data showed high energy (~36 Wh kg ') and fast charge/
discharge rate (~1,600 W kg ") behavior, and stable cycling perfor-
mance for 1,000 cycles in the operating voltage range from 1.5 to
25V.

Recently, the development of a new Li-HSC anode instead of
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the conventional LTO-based anode has been recognized as a major
challenge in the field of Li-HSC research. This is because the LTO
suffers from the low theoretical capacity (~175mAh g ') and nar-
row operating voltage range (~1.55V vs. Li/Li"), which is translated
into low energy (E), considering E=1/2CV* (where C=capacitance,
V=operating voltage). To overcome this limitation, many research-
ers have proposed a new Li-HSC anode. In particular, the Dunn
group strongly proposed Nb,O; as a promising Li-HSC anode to
turther improve the energy-related Li-HSC electrochemical perfor-
mance [177,178], because of higher theoretical capacity of Nb,Os
(~200 mAh g ) than that of LTO. Nb,O; also stores charge in a
very short time because there is no limitation of solid diffusion,
mainly due to the inherent charge storage mechanism called inter-
calation pseudocapacitance (Fig. 9(b)) [79,179]. However, in order
to maximize the electrochemical properties of Nb,Os, an increase
in electronic conductivity and control over the crystal structures
(desirably orthorhombic phase) is highly required [180,181]. Lim
et al. synthesized a highly ordered mesoporous orthorhombic Nb,Os/
carbon nanocomposites (m-Nb,Os-C, Fig. 9(c)) using a lab-made
block copolymer, PEO-b-PS, and applied it as a new Li-HSC for
the first time [170]. Although the orthorhombic phase of Nb,Os is
formed at very high temperature (>600-700 °C), the authors syn-
thesized a highly ordered mesoporous orthorhombic Nb,O; with-
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out disruption of the mesoporous structure through a well-defined
synthesis strategy. In addition, m-Nb,Os-C was synthesized with-
out adding a carbon source because PS segments of BCP in-situ
converted to carbon lining the mesopores of m-Nb,O;-C during
the heat treatment under inert atmosphere. The resulting m-Nb,O;s-
C has 30 nm pores and 76 m” g ' surface area. Tt showed high revers-
ible capacity (~190mAh g at current of 10mA g and operating
voltage of 1.1-30V vs. Li/Li") and excellent rate performance (~120
mAh g at current of 5A g, Fig. 9(d)) with long-term cycle life
for 4,000 cycles. The authors also revealed the charge storage mecha-
nism of m-Nb,O;-C by defining the value of b through a cyclic
voltammetry (CV) test using the Randles-Sevcik equation (i= av, a
and b are variables, i is the current, v is the scan rate). The surface-
controlled (b=1) and the diffusion-controlled (b=0.5) contribu-
tions of the charge storage mechanism can be separated from the
equation. In agreement with Dunns report, m-Nb,Os-C is not kineti-
cally limited by solid-state diffusion, as confirmed by its b-value
close to 1 (Fig. 9(e)) [177]. The energy (~74 Wh kg ") and power
(~18510 W kg ™) of Li-HSC using m-Nb,Os-C anode with acti-
vated carbon cathode were much higher than the other Li-HSCs
using Ti-based anodes and conventional SCs. In addition, Lee and
coworkers recently reported a pH-assisted synthesis method that
allows for easy control of the crystal structure of Nb,Os. They also
revealed the optimal synthesis conditions for obtaining an orthor-
hombic phase, as well as the effect of the Nb,O; crystal structure
on the electrochemical performance [182]. Since the Lee groups
paper, many researchers have focused on developing porous Nb,O;
anodes and various nano-Nb,O; anodes for Li-HSC [183,184].
The Nb,O; electrode is also attracting attention as a sodium-ion
hybrid supercapacitor (Na-HSC) and a sodium-ion battery anode,
demonstrating excellent electrochemical performance [40,185]. In
addition to the intrinsic pseudocapacitive material (Nb,O;), an
extrinsic pseudocapacitive material has been used for Li-HSC anode
[179,186]. The battery-type electrodes can be nano-engineered to
have pseudocapacitive charge storage properties through the ratio-
nal design of the electrode materials such as size control, hetero-
atom doping, and anion intercalation. For example, a representative
battery-type electrode (MoO;) exhibited unique pseudocapacitive
Li" storage behavior when designed in the form of an ordered mes-
oporous film with iso-oriented nanocrystalline walls [187]. This
implies that nano-engineering could open up the new opportuni-
ties to use a wide variety of materials as anodes for Li-HSC.

More recently; a variety of conversion- and alloying-reaction based
anodes have been used in Li-HSC because of their higher theoreti-
cal capacity (>500 mAh g™') compared to intercalation based anodes
[188-191]. However, the conversion- and alloying-type anodes are
usually not suitable for Li-HSC applications due to their poor kinet-
ics and cycling properties. In addition, their charge storage capaci-
ties are too large to make energy balance with low capacity Li-HSC
cathodes such as AC (~60 mAh g in operating voltage range of
3.0-4.5V vs. Li/Li"). Therefore, it is quite difficult to optimize the
Li-HSC full-cell operating voltage. Lim and coworkers suggested
that Li;VO, could be promising candidate for Li-HSC anode because
of the following electrochemical properties [160]: Li;VO, reacts
with Li* through an intercalation reaction, giving a theoretical capac-
ity of ~395mAh g' in the operating voltage range of 0.2-1.0 V (s.

Li/Li"). This indicates that Li-HSC with Li;VO, anode provides
much higher energy than LTO and Nb,O,. However, big challenges
on Li;VO, still remain for Li-HSC application. The electrical con-
ductivity is low compared to the ionic conductivity, which can
lead to large resistance polarization [192]. It is also important to
reduce the particle size to alleviate structural stress during cycling
[193]. To address these issues, the Qian group reported hierarchi-
cal porous Li;VO,/C nanocomposites (hp-LVO/C) synthesized by
solvothermal reaction (Fig. 9(f)) [171]. Compared with the meso-
porous Li;VO, (mp-LVO/C), the hp-LVO/C showed improved rate
capability and specific capacity mainly due to the synergistic effect
of mesopores and macropores. For example, the specific capacity
of hp-LVO/C was ~351 mAh g at current of 0.1 A g"' with high
rate capacity of ~304mAh g ' at 2.0 A g' at an operating voltage
of 0.02-3.0V (vs. Li/Li"), which is much higher than mp-LVO/C
(~300mAh g at current of 0.1 A g and ~200mAh g™ at current
of 20 A g). As can be seen in Fig. 9(g), the charge storage mech-
anism of hp-LVO/C is highly dependent on the surface-controlled
reaction, mainly because of the hierarchical porosity and the car-
bon composite structure. In addition, the authors prepared hp-
LVO/C-based Li-HSC using CMK-3 cathode (a representative meso-
porous carbon synthesized by the hard template method). The re-
ported Ragone plot showed that the prepared Li-HSC exhibited
better energy (~105Wh kg™') and power (~9.3kW kg™') compared
to previous results based on various metal oxide anodes (Fig. 9(h)).
As another example, the Lee group investigated the internal resis-
tance and the b-value trend of Li;VO, during cycling with or with-
out carbon [160]. Definitely, with a carbon shell, Li;VO, resulted
in an improved surface-controlled response (b-value close to 1)
and a reduced internal resistance. In addition, the authors precisely
controlled the operating voltage of Li;VO,-based Li-HSCs through
a pre-lithiation process, resulting in much improved energy (~190
Wh kg™') and power (~18.5kW kg™') capabilities in the operating
voltage range of 0.0-4.3 V. In addition to Nb,Os and Li,VO,, the
development of new anode materials and their integration to full-
cell configuration is highly necessary to significantly improve the
electrochemical performance of Li-HSCs.
3. Carbonaceous Materials

In the early study of Li-HSC, graphite was recognized as one of
the most promising Li-HSC anode materials because of high theo-
retical capacity (~372 mAh g in the operating voltage range below
0.1V vs. Li/Li") [196]. Indeed, graphite-based Li-HSC delivers higher
energy compared to LTO-based Li-HSC due to its higher capacity
and wider operating voltage range. For example, Béguin et al. re-
ported that a high energy Li-HSC was designed using commer-
cially available graphite and AC as the anode and cathode, respec-
tively [194]. After carefully balancing the mass loading between the
two electrodes with the Li-HSC full-cell operating voltage, the gravi-
metric and volumetric energy density of the graphite-based Li-
HSC was estimated to be ~104 Wh kg™ and ~112 Wh L™ in the
operating voltage range of 1.5-4.5V, respectively. Especially when
the cut-off voltage was increased to 5.0 V, the maximum energy of
graphite-based Li-HSC was estimated to be ~145.8 Wh kg™ (Fig.
10(a)). However, the Li" intercalation/de-intercalation kinetics of
graphite are slower than that of LTO, Nb,O;, etc. This means that
graphite-based Li-HSC may not be able to achieve high rate per-
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formance, which is the main advantage of Li-HSC system. More-
over, the low Li* intercalation/de-intercalation voltage of graphite
can lead to safety concerns as Li deposition occurs at around 0 V
(vs. LI/Li") [197]. Thus, precise control of the operating voltage of
graphite-based Li-HSC is highly required for long-term cycling.
The Hyeon group reported the possibility of using a mesoporous
carbon material synthesized by a hard template method as an SC
electrode [198,199]. Inspired by this contribution, mesoporous car-
bon materials have been extensively investigated as one of the prom-
ising electrode materials for various energy storage applications. In
particular, precise control over the properties of carbonaceous materi-
als (eg, surface area and functionality, pore characteristics) and
carrier concentration is very important to improve electrochemi-
cal performance [200-203]. In recent years, biomass-derived porous
carbons have attracted great attention as efficient and low-cost
electrode materials of Li-HSC [204-209]. Ma et al. designed holey
carbon nanolayers (HCNs) with targeted porosity and tailor-made
morphology through multi-step synthesis and utilized them as
both anode and cathode of Li-HSCs [195]. HCN-0 with a high
specific surface area of 936m” g (without KOH activation, Fig.
10(b)-(c)) exhibits a reversible specific capacity of ~700 mAh g ' at
current of 0.5 A g and rapid charge/discharge rate (~280 mAh g~
" at current of 20 A g ') in an operating voltage of 0.3-3.0 V (vs. Li/
Li"). Interestingly, HCN-3 (Fig. 10(b), (d)) treated by KOH activa-
tion was also used as a cathode material, resulting in a specific
capacity of ~140 mAh g at current of 0.5A g ' in the operating
voltage range from 2.0 to 4.5V (vs. Li/Li"). Due to the stable cycle
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performance of both electrodes, Li-HSC using HCN anode and
cathode showed outstanding cycle stability over 5,000 cycles with
high energy (~180 Wh kg™') and power (~65kW kg ™) in the oper-
ating potential of 2.0-4.5 V. Finally, to summarize and compare the
electrochemical performance of Li-HSC systems using metal oxide
and carbonaceous electrodes, Ragone plots of representative results
are provided (Fig. 10(e)) [160,165,169,170,191,204]. For commer-
cialization of Li-HSC, in addition to aspects on development and
design of new electrode materials, researchers should focus on a
number of important factors such as pre-lithiation process, elec-
trode thickness (mass loading), full-cell balance between anode
and cathode, and full-cell operating potential.

The utilization of mesoporous carbon in Li-HSC is rare com-
pared to that of mesoporous metal oxide. However, in recent years,
amorphous mesoporous carbon has been more widely used in
sodium- and potassium-ion hybrid supercapacitors (Na- and K-
HSCs) than metal oxides and conventional graphite [206,210]. This
is because amorphous mesoporous carbon materials offer much
higher specific capacity and better rate capability than metal oxides,
and Na" and K" storage mechanisms in amorphous carbon are
less complicated than those in graphite [211-213]. Therefore, exten-
sive research on the use of mesoporous carbon as an HSC elec-
trode is still open to many researchers.

CONCLUSION AND FUTURE PERSPECTIVE

Considerable progress has been made in the field of mesoporous
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materials. A wide variety of them with controllable pore size, pore
structures, particle morphology, and chemical composition are now
available in the literature. Mesoporous materials have been actively
applied in energy storage applications due to their nanoparticle-
like properties, high surface area, and large pore volume. It thus
enables active materials to achieve better capacity, rapid charge/
discharge performance, and stable cycle life. However, there are
still many challenges and limitations in mesoporous material syn-
thesis and energy device applications.

The main challenges for the commercialization of mesoporous
materials are high production cost and difficulty of mass produc-
tion. Most synthesis routes rely on either complicated multi-step
procedures or the use of cost-intensive precursors. Thus, the devel-
opment of a facile and scalable synthesis method is of great impor-
tance. The use of inexpensive and abundant resources such as
industrial byproducts and biomass would be a promising solution
[214,215]. To increase the feasibility of industrial production, it is
also necessary to conduct a systematic economic analysis of the
manufacture of mesoporous materials.

In addition, precise structural and morphological control over
multiple length scales is an important future goal of the meso-
porous materials society. Enhanced physical designability of meso-
porous materials will provide new opportunities to improve material
performance without altering the chemical composition. To trans-
late the enhanced performance from the laboratory to real-indus-
trial applications, systematic studies on the structure (morphology)-
property relations in target applications are greatly required. This
will provide platforms to understand fundamental electrochemi-
cal reactions at nanometer scale for various electrochemical energy
storage systems.

Low electrode density and side reaction issues should be addressed
for broad and commercial use of mesoporous materials in the LIB
and Li-HSC market. Especially, mesoporous conversion or alloy-
ing materials, which react with Li" under 1.0V (vs. Li/Li"), have
exhibited poor initial Coulombic efficiency (ICE) values because
of their poor reversibility and electrolyte decomposition at the large
surface of active materials. Considering that commercial anodes
have an ICE value of more than 90%, the low efficiency at initial
cycle is a serious problem for full cell design. The low density
problems can be alleviated by i) controlling morphology into reg-
ular sized spheres, ii) filling pores with high capacity/density mate-
rials, and iii) balancing the porosity and the packing density in an
optimal manner. To increase ICEs, iv) coating with rigid and low
surface area materials on outermost surface of mesoporous com-
posite materials can minimize side reaction by lowering electrolyte
decomposition reactions. Assembling primary nanoparticles into
secondary mesoporous particles has shown potential as a possible
solution to alleviate the side reaction problem [216]. v) Besides,
along with structure engineering, electrolyte additives for stable SEI
formation and filling pores with solid-state electrolyte can be con-
sidered to design stable mesoporous materials-based electrodes.
Additionally, it will also continue to find new candidates with well-
designed mesoporous structure and will be able to broaden the field
of energy storage research. Further researches on mesoporous active
material design will not only optimize the LIB and Li-HSC perfor-
mances but also find meaningful information to design next-gen-

eration energy storage systems including Li-S, Li-O,, multivalent
ion batteries, Na-HSC, and K-HSC.
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