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Advanced pillared designs for two-dimensional materials in
electrochemical energy storage

2D materials intercalated by extraneous molecules/ions/
materials can expand lattice spacing, leading to faster
reaction kinetic and the prevention of interlayer restacking
for enhanced cycling stability. In this Minireview, we
summarize the typical pillared 2D materials and their
applications in lithium-ion storage and beyond according to
the intercalated species to highlight the synergistic effects
between hosts and guest species in pillared designs.
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Advanced pillared designs for two-dimensional
materials in electrochemical energy storage

Chong Chen,? Nian-Wu Li,? Bao Wang, 2 *° Shuai Yuan®® and Le Yu{*@

(2D)
electrochemical energy storage owing to their thin nature and large specific surface area. However,
limited interlayer spacing confines the mass and ion transport within the layers, resulting in poor rate
performance. Considerable efforts have been made to deal with this intrinsic problem of pristine 2D

Two-dimensional materials have attracted increased attention as advanced electrodes in

materials. Among them, interlayer engineering through pillared designs offers abundant electrochemical
active sites and promotes ion diffusion. Synergetic effects between incorporated species and 2D hosts
offer much better conductivity and surface modification. As a result, 2D materials with advanced pillared
designs demonstrate great enhancement of specific capacity/capacitance and rate performance. Herein,
we summarize the recent progress of pillared 2D materials in relation to the intercalated species.
Moreover, we highlight their typical applications in lithium-ion storage and beyond to provide some

rsc.li/nanoscale-advances

1. Introduction

With the rapid consumption of fossil fuel and the increasing
use of portable devices, construction of electrochemical energy
storage (EES) systems with long cycling life, low production
cost, and high energy/power density has been considered as an
urgent demand.™* The key challenge in realizing high-efficiency
EES systems is to find suitable electrodes as the present
commercialized lithium-ion batteries (LIBs) are approaching
their theoretical performance limit.>* Therefore, considerable
efforts have been made to explore appropriate materials with
rationally designed structures towards diverse and emerging
EES systems, such as lithium-ion capacitors (LICs),*® sodium-
ion batteries/capacitors (SIBs or SICs),”® magnesium-ion
batteries (MIBs)'>** and zinc-ion batteries (ZIBs).">**

Among potential candidates, two-dimensional (2D) mate-
rials with atomic thicknesses have gained significant research
interest."**> Commonly, 2D materials possess strong intralayer
covalent bonding and weak van der Waals forces between
adjacent layers. On one hand, this unique structural feature
enables the diversity of 2D materials (graphene,' some metal
oxides (MOs),"”™ transition metal dichalcogenides (TMDs),*->>
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insights on future trends towards this research area.

layered double hydroxides (LDHs)*** and MXenes,**>*®) for
composition optimization. On the other hand, the ultrathin
feature shortens ion diffusion path and ensures large surface
area. However, critical drawbacks still exist in these pristine 2D
materials such as poor conductivity limited interlayer spacing,
which deteriorates mass, and ion transport, resulting in the low
utilization of active materials and inferior rate performance.””
Recently, numerous structural and compositional tailoring
strategies have been frequently employed to 2D materials, such
as defect engineering,”®* phase engineering,*>*' doping engi-
neering,*” porous/hollow designs,**** and pillared designs.>****
In particular, pillared designs refer to 2D materials with inter-
layers intercalated by outer molecules/ions/materials, in which
these intercalated species serve as pillar-like supports.®>*=* The
pillaring effect leads to expanded lattice spacing, which leads to
faster reaction kinetics and prevents interlayer restacking for
enhanced cycling stability. Beyond that, different intercalated
species could alter a series of surface physico-chemical prop-
erties such as the adsorption/desorption of electrolyte or
hydrophilic/hydrophobic features. Besides, enriched chemical
compositions might introduce new storage mechanisms.*

In this study, we provide a summary of the recent progress on
the advanced pillared designs of 2D materials based on the
incorporated species (Fig. 1). In particular, three categories based
on the incorporated species are highlighted: sandwich-like struc-
tures, intercalation of ions, and incorporation of molecules or
nanoparticles. Also, typical examples of these pillared 2D materials
applied in EES systems such as LIBs and beyond are presented to
study the synergistic effects between hosts and extraneous species.
In the last part of this study, we discuss the remaining challenges
and future research trends toward the pillared designs.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 An overview diagram of advanced pillared designs in electro-
chemical energy storage.

2. Classification of pillared 2D
materials

According to the intercalated species, pillared 2D materials can
be generally classified into three groups:*"****** one category is
sandwich-like structures composed of alternately restacked
host and guest species as unilamellar nanosheets on top of one
another. Usually, these layer-by-layer structures are formed
through an electrostatic self-assembly strategy, wherein both
the host and guest layers are inorganic species. Another
important family of pillared 2D materials is produced by
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expanding the interlayer through the intercalation of external
ions. In general, electro-driven intercalation reactions or ion-
exchange reactions are employed to realize such structure. As
for the third type, the interlayer spacing of 2D materials are
partly expanded via the incorporation of zero-valent organic/
inorganic molecules or non-layered nanoparticles.

2.1. Sandwich-like structures through self-assembled
methods

Sandwich-like 2D heterostructures with alternate stacking
layers could demonstrate different interface features compared
with the traditional heterostructures.*® For such periodic
structures, each unilamellar nanosheet simultaneously acts as
an active component and an interface. The active sites could
largely be enhanced and synergetic effects between host and
guest would be expected. To be specific, the guest layers could
effectively avoid the restacking of the host layers. Moreover, the
guest layers might serve as active species to participate in energy
storage reactions. Owing to their ultrathin nature, charge
transfer could be promoted. Structural stress during repeated
cycles can be also largely buffered as each stacked nanosheet
serves as a pillar to support each other. As a result, rate
performance could be enhanced and severe pulverization can
be avoided.* As a typical example, Jiang et al*® reported
a hybrid sandwich-like composite via a facile hydrothermal
process. Both sides of the reduced graphene oxide (rGO) are
supposed to be decorated by ultrathin SnS, nanosheets (Fig. 2a).
The X-ray diffraction (XRD) pattern of the SnS,/rGO/SnS,
composite (Fig. 2b) shows the replacement of the (001)
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(a) Schematic of the SnS,/rGO/SnS, sandwich-like structure. (b) XRD pattern and (c) TEM image of the SnS,/rGO/SnS, composite. Panels

(a—c) reproduced with permission.*® Copyright 2019, American Chemical Society. (d) SEM image of the porous 3DG/TM. (e) HRTEM image of
3DG/TM. (f) XRD patterns of 3DG/TM and control samples. Panels (d—f) reproduced with perpission.** Copyright 2019, The Royal Society of

Chemistry.
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diffraction peak of pristine SnS, by two new diffraction peaks at
20 = 10.99° and 16.79°, indicating that the interlayer spacing of
SnS, is obviously expanded from 5.9 A to 8.03 A. The trans-
mission electron microscopy (TEM) image (Fig. 2c) further
confirms the successful decoration of the rGO nanosheet by the
ultrathin SnS, nanosheets. In addition to interlayer expansion,
sandwich-like structures synthesized via a self-assembly
method could prevent the restacking of each component. For
example, He et al.** synthesized novel three-dimensional (3D)
sandwich-like graphene/1T MoS, (3DG/TM) nanostructures
through a one-pot hydrothermal method. 1T MoS, nanosheets
are formed in situ on both sides of graphene. The scanning
electron microscopy (SEM) image (Fig. 2d) indicates 3DG/TM
possesses an interconnected porous network. The high-
resolution TEM (HRTEM) image (Fig. 2e) clearly illustrates the
alternate-layered structure of 1T MoS, and graphene. There is
no obvious (002) peak of graphene in the 3DG/TM hetero-
structure, indicating that the agglomeration of graphene
nanosheets is largely prevented (Fig. 2f).
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2.2. Expanded structures via the intercalation of outer ions

Ion intercalation is a common strategy in building pillared
2D materials by electro-driven intercalation processes or ion-
exchange reactions.?"***>*¢ This strategy could enhance the
electron/ion transfer kinetics in host materials and stabilize
the layered structure during cycling, leading to excellent rate
capability and cycling stability. Moreover, the ion exchange
processes might change the valence states and the surface
electronegativity of the host layers. These changes could alter
the chemical environments of the host species and the elec-
trochemical behaviors. Xu et al'* synthesized bilayer-
structured vanadium oxide nanowires pillared by Mg®" and
water via chemical modification (Fig. 3a). H,O, was chosen as
the reducing agent to decrease the valence state of V species
to convert a-V,05 into VOg octahedra. During this recon-
struction, Mg”>" ions are intercalated in situ into the layer
space via the coordination with lattice oxygen, while water
molecules are embedded into the interlayer. As a result, the
bilayer-structured Mg, ;V,05-1.1H,0 nanowires with a larger
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(@) Schematic of the formation of the Mgg 3V,0s5-1.1H,O nanowires. (b) SEM images and (c) TEM-EDX element mapping images of

Mgp 3V20s5-1.1H,0 nanowires. (d) 25Mg (D) and (e) *H (E) MAS NMR spectra collected for Mg 5V>Os-1.1H,0 in different states. Panels reproduced

with permission.** Copyright 2019, Elsevier.
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interlayer spacing are produced. Different from the usual 2D
materials, the appearance of the bilayer-structured Mg, 3V,-
0O5-1.1H,0 is a one-dimensional (1D) thread-like nanowire
with a smooth surface (Fig. 3b). Elemental mapping images
indicate the uniform distribution of Mg, V, and O along the
nanowires (Fig. 3c). To further study the location of Mg>* ions
and the state of structural water, solid-state magic angle
spinning (MAS) nuclear magnetic resonance (NMR) was
conducted on Mg, ;V,05-1.1H,0 in different charge and
discharge stages. >’Mg MAS NMR spectra (Fig. 3d) show that
the pre-intercalated Mg”" ions act as pillars in the interlayer
without distinct changes after electrochemical cycling
performance. Furthermore, "H NMR spectra (Fig. 3e)
together with ">C NMR data show that pillared Mg”>" ions
could serve as guards to prevent the insertion of the solvent
molecules. Due to the strong bonds between Mg>* and the
oxygen in water, the water species within Mg, ;V,05-1.1H,0
evolve from the pure structural water in the pristine sample
to the combination of bound water and structural water after
cycling. The partial recovery of the structural water is bene-
ficial in keeping the lattice spacing for better electrochemical
kinetics.

Intercalation
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2.3. Pillared 2D materials through the incorporation of outer
molecules or nanoparticles

Incorporation of outer zero-valent molecules can be traced back
to decade ago.**” Water molecules in the electrode lattice could
significantly accelerate the multivalent ion diffusion at the
electrolyte/electrode interface.*®* Moreover, the incorporation
of long-chain molecules/polymers can alter the surface prop-
erties to reduce the diffusion barrier of an electrolyte. Some
redox-active polymers could even serve as active materials to
promote energy storage. As a typical example, Yu et al.*® re-
ported the expansion of 2D VOPO, nanosheets with tailorable
interlayer distance via the intercalation of organic molecules. As
shown in Fig. 4a, the organic intercalants replace the water
molecules within VOPO,-2H,0O bulk sheets to expand the
interlayer spacing. These exchange reactions are stabilized by
the hydrogen bonds formed between VOPO, and organic
molecules. Moreover, different species could change the inter-
layer distance. For tetrahydrofuran (THF), the spacing is
enhanced from 0.74 nm to 0.88 nm. In the case of triethylene
glycol (TEG), the interlayer distance further increased to
1.06 nm. XRD patterns confirm the interlayer expansion of the
intercalated VOPO, nanosheets (Fig. 4b). The HRTEM image
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(@) Schematic of the expanded structure of VOPO,4 nanosheets. (b) XRD patterns of pristine VOPO,4 and pillared VOPO, samples. (c)

HRTEM image of TEG-VOPO,4 nanosheets. Scale bar: 5 nm. (d) K-edge XANES of the pristine VOPO,4 and pillared VOPO,4 samples. (e) EXAFS at the
vanadium K-edge of pristine VOPO,4 and pillared VOPO, samples. Panels (a—e) reproduced with permission.® Copyright 2017, American
Chemical Society. (f) Schematic of the synthesis of Bi@Graphite. (g) Raman spectra of the as-synthesized Bi@Graphite and graphite. Panels (f and
g) reproduced with permission.*? Copyright 2018, The Royal Society of Chemistry.
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also proves that the interlayer distance of TEG-pillared VOPO,
nanosheets is consistent with the XRD result (Fig. 4c). The
intercalants could modify the chemical configuration of the
VOPO, nanosheet because the polarity or the dielectric property
of the organic ligands might change the chemical value of V
species. As presented in the V K-edge X-ray absorption near-
edge spectroscopy (XANES), the edge shifts to a lower energy
with the decrease in electronegativity for different ligands
(Fig. 4d). The intensity change of the extended X-ray absorption
fine structure (EXAFS) oscillations also confirms the distortion
of V-O as the bonds become longer with the decrease in the
intercalant electronegativity (Fig. 4e).

For the incorporation of outer nanoparticles, the hetero-
structures are different from the sandwich-like structures
because the intercalants are not limited to 2D materials. For
example, Chen et al** reported the synthesis of bismuth-
intercalated graphite (Bi@Graphite) materials via intercala-
tion-conversion reactions. As shown in Fig. 4f, the KBi alloy
initially intercalates in two graphene layers to form binary
graphite intercalation compounds (KBi-GIC). After subsequent
deintercalation and acid washing, the Bi@Graphite hybrid is
obtained. Raman spectra reveal that the 2D peak of

View Article Online
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Bi@Graphite is broader than that of the pure graphite, indi-
cating that the layer number of graphene in the hybrid is less
than five (Fig. 4g). After the removal of Bi nanoparticles, the
graphite structure is restored. The above results indicate that
the Bi species could effectively prevent the restacking of gra-
phene sheets.

3. Applications of pillared 2D
materials in EES systems

LIBs have dominated majority of the market for portable elec-
tronic devices in the last few decades. With the consumption of
finite lithium resources and the increasing demand for
advanced energy systems with higher power density and energy
density, EES systems beyond LIBs are urgently needed to solve
the above dilemma. As we mentioned before, 2D materials have
proven successful in the conventional LIBs. Benefitting from
their enlarged interlayer spacing with tailorable compositions,
2D materials with advanced pillared designs demonstrate
apparent advantages in LIBs and beyond. Compared with the
pristine structures, pillared 2D materials possess larger lattice
spacing and more contact area between the electrolyte and the
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layers. In addition, pillar effects reduce diffusion resistance and
withstand volumetric stress during cycling. In the following
section, we list some typical examples in these systems to
highlight the advanced pillared 2D materials.

3.1. Pillared 2D materials for lithium-/sodium-ion storage

Starting from LiCoO, cathode and graphite anode, 2D materials
are the most successful electrodes in LIBs. Pillared 2D materials
bring new insight for lithium-ion storage. Chen et al.>* devel-
oped nitrogen-doped graphene/MoS,/nitrogen-doped graphene
(NDG/Mo0S,/NDG) heterostructures via thermal decomposition
(Fig. 5a). The sandwich-like NDG/MoS,/NDG can protect the
electrochemical intermediates such as Mo and lithium poly-
sulfide from dissolving into the electrolyte. The synergistic
effect between the MoS, and NDG facilitates electron and Li"
transport kinetics. Compared to a pure MoS, sample, NDG/
MoS,/NDG reveals a strong oxidation peak around 1.3-1.8 V vs.
Li'/Li in CV scans, indicating enhanced structural stability
(Fig. 5b). In addition, the cycling performances of NDG/MoS,/
NDG, NDG/MoS, (2-times MoS,), and MoS, clearly show the
superior cycling stability of the pillared sample (Fig. 5¢). NDG/
MoS,/NDG retains a high and stable specific capacity of
750 mA h g~ " after 100 cycles. In contrast, NDG/MoS, and MoS,
samples show a quick capacity decay around the early cycles.

View Article Online
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For the Na-ion storage, the radius of Na" ions is larger than
that of Li" ions. Therefore, a large lattice distance is highly
important to enable the ion storage and bear the structural
strain during cycling. For example, Xiao et al* fabricated
cetyltrimethyl ammonium bromide (CTAB) intercalated Cu,Se
nanosheet arrays (CCNAs) through a room temperature inser-
tion reaction. When applied as anode materials for NIBs, the
intercalated CTAB molecules could not only enlarge the lattice
spacing and buffer the structural strain, but also serve as the
capping agent to prevent the fast growth of Cu particles
(Fig. 5d). Therefore, the reaction activity of Cu particles is
retained to keep high reversibility and cycling stability. As
shown in Fig. 5e, CCNAs reveal better capacity retention over
longer cycles than the Cu,Se nanosheet arrays without CTAB
(defined as CNAs).

3.2. Pillared 2D materials for magnesium-/zinc-ion storage

Compared to the lithium-/sodium-ion storage, researches on
the magnesium-/zinc-ion storage are still in their infancy as
these EES systems are mostly aqueous systems. Rechargeable
MIBs and ZIBs are attractive owing to rich earth abundance,
high theoretical capacity, and dendrite-free plating process.
However, their practical performances are hampered by the
high polarity and sluggish diffusion kinetics of multivalent
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ions. The pillared strategy has proven its advantages to address
these issues. For example, Xue et al.>® reported the synthesis of
2-ethylhexylamine intercalated VS, nanoflowers via a sol-
vothermal method for MIBs. The intercalated 2-ethylhexyl-
amine molecules serve as interlayer pillars to expand the
interlayer for fast ion kinetics in the coulombic interactions
between Mg”* and lattice anions of the VS, host. Although the
expanded and annealed VS, are similar nanoflowers (Fig. 6a),
the lattice distance of the (001) plane for the former is much
higher (9.93 A) than the latter (5.73 A). The CV curves of
expanded VS, (Fig. 6b) show distinct redox peaks located at
1.37/1.18 and 0.80/0.56 V vs. Mg>*/Mg, corresponding to the
Mg>* species intercalation/deintercalation and conversion,
respectively. However, there are no such obvious peaks for the
annealed VS, sample, indicating inferior electrochemical
performance. Besides, the expanded VS, sample delivers much
higher rate performance at different current densities than the
annealed sample (Fig. 6c). For the zinc-ion storage, Huang
et al.* reported the formation of polyaniline (PANI)-intercalated
MnO, nanolayers and investigated their electrochemical
performance. As shown in Fig. 6d, the polymerization of aniline
monomers and reduction of MnO,>" occur in each phase
simultaneously, leading to the self-assembly of PANI and MnO,.
The grainy MnO, nanolayer has an expanded interlayer space
(~1.0 nm) due to the intercalation of PANI (Fig. 6¢). Apart from
the enhanced structural stability, the unusual CV curves indi-
cate a complex ion storage mechanism for this hybrid sample
(Fig. 6f). After a series of investigation, the authors assumed
there is a co-insertion mechanism of H" and Zn>" in PANI-
intercalated MnO, nanolayers that form zinc hydroxide sulfate
at the surface (Fig. 6g). Although the internal mechanism is not
clear, it can be confirmed that the intercalates might bring new
storage mechanism(s) for the host materials.

4. Summary and perspectives

The increasing demand and rapid consumption of methods for
powering mobile electronic devices have promoted the devel-
opment of energy storage systems with high capacity and
superior rate performance. 2D layered materials have been
regarded as promising electrodes because of their high elec-
trochemical activity and large specific surface. However,
inherent drawbacks have strongly inhibited their practical
applications. Advanced pillared designs are helpful to maximize
their significant advantages and break the natural limits,
leading to much higher rate capability and structural stability.

In this study, various pillared design strategies (ie.,
sandwich-like structure, intercalation of outer ions and incor-
poration of outer molecules or nanoparticles) are summarized
and some typical examples applied in ion storage systems are
also highlighted. 2D materials with an enlarged interlayer
spacing exhibit superior electrochemical performance
compared to pristine materials. Despite these progresses,
further endeavors are still needed to reveal the structure-
property relationship for the pillar designs. In addition, large
scale production of pillared 2D nanomaterials is another chal-
lenge for practical applications.” Future research might be
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carried out based on the following aspects: (1) more facile
synthetic strategies should be explored for the industrial-scale
manufacturing.® (2) Apart from pillar effects, the contribution
of the synthetic effect between the host and guest species
deserves more research attention through in situ methods." (3)
The strain effects of different pillared designs should be further
studied as the strain is induced during the formation processes
and electrochemical cycling.*
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