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Abstract

Two-dimensional (2D) superlattices, assembled by vertically stacked inorganic 2D nanosheets, are a
new class of artificial 2D materials of significant scientific and technological importance. The
incorporation of an infinite number of organic molecules within these systems further provides
unlimited possibilities for the design and synthesis of 2D organic-inorganic hybrid superlattices with
predictable functionalities. Herein, the recent research progress on 2D organic-inorganic hybrid
superlattices is summarized. Many facile strategies have been developed for the fabrication of 2D
organic-inorganic hybrid superlattices, in which continuous organic layers are intercalated in the
interlayer galleries of inorganic 2D nanosheets at an atomic/molecular scale. The advantages of these
2D superlattices are discussed for some typical energy storage applications, such as supercapacitors,
lithium/sodium/potassium ion batteries, and multivalent-ion rechargeable batteries. The challenges

and perspectives for future researches are also outlined.
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1. Introduction

Since the experimental discovery of graphene,' great progress has been made on the isolation of two-
dimensional (2D) materials. A number of 2D atomic sheets with similar 2D features have been
explored by exfoliation of their layered bulk materials, including boron nitride,? transition metal
dichalcogenides,? layered transition metal oxides, and double hydroxides,** transition metal carbides,
nitrides and carbonitrides (MXenes),” etc. These 2D nanosheets share an atomic thickness down to the
limit of a single layer.®® Meanwhile, the different chemical composition and crystal structure render
them with a wide range of various electronic, optical, and magnetic properties.'%!# Inspired by the
variety of properties, more attention has been recently paid to assemble vertically stacked artificial
architecture by using these 2D nanosheets as building blocks, known as 2D heterostructures or
superlattices.!>-1° Although the resulting 2D heterostructures and superlattices show a layered structure
analogous to that of bulk layered structures and other layered systems, the periodic alternate stacking
of dissimilar materials demonstrated fundamental difference.2° Therefore, based on these artificial 2D
heterostructures/superlattices, numerous unconventional properties have been demonstrated.!8-21-26

Compared to inorganic 2D materials, the molecular design of organic molecules/polymers is
much more feasible, resulting in an almost unlimited number of potentially available organic materials
with designed functional groups.?’-*® Recently, these organic materials have been assembled with
inorganic 2D materials layer-by-layer into 2D organic-inorganic superlattices.?*-3! The introduction of
the chemical tunability of the organic materials to 2D superlattices will result in a possibility to design
the properties and functionalities at an atomic/molecular level.3>33 Although such hybrid systems can
be considered as biphasic composites, where organic and inorganic phases are hybridized at sub-
nanometre to nanometre scales, the combination of two different components, at the molecular level,
provides a method to design new nanoarchitectures as well as the ability to improve the properties of
both components.36-37

One of the main challenges for the 2D organic-inorganic superlattices is to develop a synthesis
method that can preserve or enhance the best properties of each component while eliminating or
reducing their particular limitations.?® So far, there are several approaches for the synthesis of 2D
organic-inorganic superlattices, which can be divided into direct intercalation of polymers,
intercalation of monomers and interlayer polymerization, layer-by-layer assembly, and delamination-

3
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reassembly. Through appropriate synthesis strategies, the organic layers could be positioned in the
interlayer with controlled orientation. Thus, at the high-quality atomic/molecular interfaces, organic
and inorganic materials combine to reinforce or modify each other.3*4° Besides, the choice of organic
materials is also crucial. Among various organic materials, the conducting polymers are of interest for
the development of 2D organic-inorganic superlattices with suitable conductivities for energy storage
applications.*! They are the polymeric ionic conductors that can transport the electrical signals by
weakly coordinated ions, such as poly(ethylene oxide) (PEO) and electronically conducting polymers
with conjugated bonds in a macromolecule, such as polyaniline (PANI). The synergetic effects
between organic and inorganic materials are supposed to endow the 2D organic-inorganic superlattices
with promising new properties for applications in many fields including energy storage devices.*>*
Recently, conducting polymers-intercalated layered inorganic materials have been intensively
investigated due to their potential use as electrode materials in rechargeable batteries.***” The
introduction of high molecular weight polymers into the interlayer of the layered hosts would improve
the cycling stability, which is particularly favorable for the rechargeable battery based on the beyond-
Li ions. 48 Although great progress has been achieved recently in the field of 2D organic-inorganic
superlattices for energy storage applications, a timely summary has not yet been conducted, to the best
of our knowledge.

Herein, we overview recent progress in 2D organic-inorganic superlattices for energy storage
applications. We present the synthesis strategies for the fabrication of 2D organic-inorganic
superlattices (Figure 1). We then discuss the improved electrochemical performance of these 2D
superlattices in some energy storage systems. We also provide an outlook on challenges and

perspectives associated with 2D organic-inorganic superlattices for further research.
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Figure 1. Different synthesis methods for fabrication of 2D organic-inorganic superlattices using
inorganic nanosheets and organic layers as building blocks. (a) Direct intercalation of polymer
layers into the layered inorganics for the 2D organic-inorganic superlattices. (b) Intercalation of
monomers into the layered inorganics and interlayer polymerization for the 2D organic-inorganic
superlattices. (¢) Layer-by-layer assembly of inorganic sheets and organic layers for the 2D organic-
inorganic superlattices. (d) Delamination of layered inorganics into nanosheets and then reassembly
of the inorganic nanosheets and organic layers for the 2D organic-inorganic superlattices.

2. Synthesis of 2D organic-inorganic superlattices

Various synthesis strategies have been developed for the fabrication of 2D organic-inorganic
superlattices, including direct intercalation of polymers, intercalation of monomers and interlayer
polymerization, delamination-reassembly, layer-by-layer (LBL) self-assembly, and “bottom-up”
synthesis. Among them, the “bottom-up” synthesis was realized through the in-situ nucleation and

5
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growth of inorganic monolayers on organic molecules/polymer templates,*-7 which requires strict
requirements and difficulties in controlling template-mediated anisotropic growth to avoid the
formation of bulk inorganic materials and phase separation between inorganic and organic. In contrast,
the other four approaches are simple and efficient strategies for cost-effective and scalable synthesis.
In this section, the direct intercalation of polymers, intercalation of monomers and interlayer
polymerization, delamination-reassembly, and LBL self-assembly will be mainly discussed for the
synthesis of 2D organic-inorganic superlattices.

2.1 Direct intercalation of polymers

One of the most straightforward methods for the fabrication of 2D organic-inorganic superlattices is
the direct intercalation of polymers into the interlayers of inorganic layered hosts. For example,
polyaniline (PANI)-intercalated graphite oxides (GOs), FeOCl, or layered MnO, heterostructures had
been synthesized via exchange reaction of PANI with alkylamine-intercalated GOs, FeOCl, or MnO,
in an organic solvent, respectively.’®° By changing the contents of alkylamine in the starting materials,
the content of intercalated PANI and the interlayer spacings varied. Based on the basal spacing of the
resulting PANI-MnO,, Zhang et al. found that the benzene rings of PANI were arranged in a zigzag
conformation and located perpendicular to MnO, layers.’® Recently, Yang’s group reported the direct
intercalation of polymer (polyethyleneimine, PEI) molecules into the interlayers of prepared MoS,
multilayered crystallites by mixing the NH, -intercalated MoS, with PEI at room temperature (Figure
2a).*® The direct intercalation was induced by the strong electrostatic interaction between the positively
charged NH," groups of PEI and negatively charged MoS, nanosheets. As a result, an increased d-
spacing of (002) plane for the MoS,-PEI composite was observed, suggesting the intercalation of PEI
molecules into the MoS,; interlayers (Figure 2b). They further studied the direct intercalation of
polymers within 2D layered materials by ab initio molecular dynamics (AIMD) calculations. The
simulated configurations of PEI-intercalated MoS; in an initially ordered state and a final relaxed state
both gave an interlayer distance of 10.8 A (Figure 2¢ and d), agreeing with the experimental value.
The diffusion process of the PEI polymers intercalating into MoS, interlayers was further simulated
(Figure 2e-h). At the initial state, a PEI molecule was placed outside near the MoS, layers. Then, the
PEI molecule adsorbed on the MoS, edge by attaching the NH," group to the sulfur site of MoS,. After

that, the PEI molecule started to intercalate into MoS, layers. Eventually, the PEI molecule fully
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entered the interlayer galleries.
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Figure 2. Fabrication of 2D organic-inorganic superlattices by direct intercalation of polymers
into the interlayers of layered inorganics. (a) The schematic illustration for the synthetic procedure
of the MoS,-PEI heterostructures. (b) X-ray diffraction (XRD) patterns of the MoS, multilayered
crystallites and MoS,-PEI composite. (c-h) Molecular dynamics calculations of the diffusion process
of the polymers intercalating into MoS, nanosheets. (¢ and d) Schematic illustration shows
configurations of PEI-intercalated MoS, with the resulted interlayer distance of 10.8 A: (c) an initially
ordered state; (d) the final relaxed state. (e-h) Illustration of PEI molecule intercalation process with
the MoS, interlayer distance of 10 A: (e) Ops, (f) 4ps, () 6ps, and (h) 7 ps. Reproduced with
permission.*® Copyright 2019, Nature Publishing Group.

2.2 Intercalation of monomers and interlayer polymerization
In addition to the direct intercalation of polymers, the intercalation of monomers and interlayer
polymerization is another efficient method for the fabrication of 2D organic-inorganic superlattices.
By intercalation of monomers into layered inorganic materials followed by polymerization between
the layers with different methods, two distinct chemical components, the organic and inorganic
materials, can be hybridized at a molecular level.

Oxidative polymerization of monomer in the interlayer spacing of the layered host is the most

direct method.%%-63 In this case, the host materials should possess a strong oxidizing layer that provides
7
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the driving force for the insertion of the monomers into the inorganic galleries and then the oxidative
interlayer polymerization of the monomers. Thus, the layered host materials that possess redox couples
are usually used, such as V,0s, FeOCl, and VOPO,. Taking V,05/PANI as an example, the mechanism
of the oxidative polymerization process of aniline monomers in the interlayer spacing of V,05 was
investigated.®4% The aniline monomers were first converted to anilinium cations in an acidic
environment. The V,05 shows a high affinity for nitrogenated compounds because of its Bronsted-
acid character.%® Then, the anilinium cations could diffuse into the interlayer space of V,0s due to an
acid-base interaction. The intercalated anilinium cations were subjected to oxidative polymerization,
during which the layered V,05 was used as an oxidation agent. With the in-situ intercalation and
polymerization proceeding, the bulk layered V,05 was exfoliated to form V,05/PANI nanocomposite.
Guo et al. reported a similar approach, a silk reeling-like process, for the fabrication of layered hybrid
V,05/poly(3,4-ethylenedioxythiophene) (V,0s/PEDOT) nanowires.®” Upon simply mixing V,0s
powders and 3,4-ethylenedioxythiophene (EDOT) monomers in aqueous solution, EDOT started to
intercalate into the surface layers of V,0s microrods and then polymerized, forming intercalated
bilayers of PEDOT between V,0s bilayers. With continuous stirring, the friction between the
microrods and the solvent may peel the intercalated surface layers of the microrods to form nanowires,
similar to the cocoon-to-silk fiber reeling process (Figure 3a). The morphology characterizations
showed the conversion from the microrods to nanowires (Figure 3b-d). After the conversion process,
the V,05/PEDOT nanowires showed an interlayer spacing of 18.6 A (Figure 3e), which is close to the
reported value for the interlayer spacing of bilayer V,0Os intercalated with bilayers of PEDOT.%®
Recently, Li’s group reported the synthesis of V,05/PEDOT via a simple one-pot self-polymerization
method by stirring V,0s powder and EDOT monomer together (Figure 3f).*¢ Similarly, the
polymerization of EDOT did not require an additional oxidizing agent; the V,0s itself could serve as
the oxidizing agent. EDOT monomers could gradually insert into the interlayers of V,0s, and therein
were polymerized into PEDOT, leading to an evident expansion of interlayer spacing (Figure 3g).
Xia’s group demonstrated the redox intercalative polymerization for the synthesis of PEDOT-
intercalated ammonium vanadate oxide (NVO) (Figure 3h).43¢° The layered NVO was first produced
by sonication treatment of V,05 in (NH,4),S,0g (APS) solution. After adding the EDOT monomers

into the NVO suspension, the polymerization of EDOT monomers and intercalation of just-synthesized
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PEDOT into NVO occurred simultaneously, accompanied by a sacrificial reduction of the V;Og layers.
High-resolution TEM (HRTEM) images showed an expanded interlayer distance of 10.8 A for the
PEDOT-intercalated NVO than that (7.8 A) for the pure NVO (Figure 3i and j), suggesting the
successful intercalation of PEDOT (Figure 3k).
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Figure 3. Fabrication of 2D organic-inorganic superlattices by intercalation of monomers and
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interlayer polymerization. (a) The schematic illustration for the reelinglike process to produce
V,0s/PEDOT nanowires from V,0s microrods. (b-e) SEM images showing an EDOT-induced
reelinglike process to produce layered hybrid V,0s/PEDOT nanowires from V,0s microrods. TEM
images of (b) V,0O5 microrod, (¢) intermediate products during the synthesis process, (d) V,0s/PEDOT
nanowires and (e) the layered structure of the V,Os/PEDOT nanowires. Reproduced with permission.®’
Copyright 2015, American Chemical Society. (f) Schematic illustration for the synthesis of
V,0s/PEDOT. (g) HRTEM image of the V,0s/PEDOT. Reproduced with permission.*¢ Copyright
2020, The Royal Society of Chemistry. (h) Schematic illustration of the preparation of PEDOT-
intercalated NVO layered materials. HRTEM images of (i) NVO and (j) PEDOT-intercalated NVO.
(k) Elemental mapping analysis of the PEDOT-intercalated NVO material. Reproduced with
permission.* Copyright 2020, Cell press.

The above interlayer polymerization was limited to some redoxable layered host. Oxidative
polymerization in the presence of an oxidation reagent or electrochemical method is more widely
applied.”®72 Nanocomposites of PANI and different layered protonic transition-metal oxides (HNb;Os,
HTiNbOs, and HSr,Nb;O,() were prepared via the polymerization of monomers within the confined
interlamellar space.”®’* Aniline monomers were first inserted into the layered protonic transition-metal
oxides based on an acid/base reaction. Then, the interlayer polymerization of aniline monomers was
initiated by microwave irradiation or chemical oxidants of either (NH4),S,0g or FeCl;. Two different
mechanisms were proposed for these two different polymerization approaches.”® Since the chemical
oxidizing agent cannot easily diffuse into the interlamellar space, the polymerization of aniline started
at the edge of the layer with the formation of an anilinium cation radical. Then the cation radical reacted
with the aniline monomers and continuously underwent a chain growth reaction to form a high
molecular weight polymer into the inner part. For the polymerization by microwave irradiation with
penetration character, the aniline monomers within the interlamellar space could be simultaneously
excited to form cation radicals. Then, the radicals easily reacted with each other to form oligomers
within the limited space, forming PANI molecules with a relatively lower molecular weight.

Electrochemical molecular intercalation has been demonstrated to be an efficient approach to
fabricate organic-inorganic superlattices in which monolayer inorganic atomic crystals alternate with
organic molecular layers. Wan et al. synthesized inorganic/organic superlattices by electrochemical
intercalation of layered transition metal dichalcogenide TiS, with organic hexylammonium (HA)
cations (Figure 4a).”>77 During the electrochemical intercalation process, the organic cations were

intercalated into the van der Waals gap by Coulomb force, and part of the Ti*" in TiS, was reduced to
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Ti3". High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
observations demonstrated that the TiS, and organic layers are alternately stacked (Figure 4b and c).
This general synthesis route using organic intercalation could be extended to many other layered
materials besides the transition metal dichalcogenides. For example, through the similar
electrochemical intercalation approach, Duan’s group reported a monolayer atomic crystal molecular
superlattice (MACMYS) consisting of alternating layers of monolayer 2D black phosphorus (BP) atomic
crystals and organic cetyl-trimethylammonium bromide (CTAB) molecular layers (Figure 4d).”®
Cross-sectional TEM images showed an expanded interlayer distance of 11.21 A, roughly
corresponding to the thickness of BP monolayer and end-to-end distance between the CTAB methyl—
methyl substituents (Figure 4e and f).

AAA Hexylammonium (HA) @ DMSO ¢ Hz20
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Figure 4. Fabrication of 2D organic-inorganic superlattices by electrochemical molecular
11
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intercalation. (a) The schematic illustration for the synthesis of TiS,-based inorganic/organic
superlattices. (b) HAADF-STEM image of the TiS,[(HA)(H,O),(DMSO),] hybrid superlattice
showing a wavy structure. (¢) Magnified HAADF-STEM image of TiS;[(HA).(H,0),(DMSO),].
Reproduced with permission.” Copyright 2015, Nature Publishing Group. (d) Three-dimensional view
of the simulated atomic structure of monolayer phosphorene molecular superlattices (MPMS). (e)
Cross-sectional TEM image and (f) high-resolution cross-sectional TEM image of monolayer
phosphorene molecular superlattices (MPMS). Reproduced with permission.”® Copyright 2018, Nature
Publishing Group.

2.3 Layer-by-layer (LBL) assembly

The above methods are based on the intercalation of organic species into the interlayers by a chemical
or electrochemical reaction. However, the densely restacked layered architectures with a high charge
density or intimate interlayer interaction make it challenging to controllably intercalate bulky guest
ions or polymer molecules into the interlayers. Delamination of the multilayered materials into single-
or few-layer nanosheets dramatically increases the accessible surface. The synthesis strategies started
from the delaminated nanosheets have proven to be an effective and promising route for the synthesis
of the organic-inorganic nanocomposite.

The LBL assembly technique is an effective approach for the hybridization of different
nanomaterials into an ordered multilayer pattern with desired thickness and designed architecture.”-3>
A multilayered organic-inorganic film can be built up by sequential adsorption of nanometer-thick
monolayers of oppositely charged inorganic nanosheets and organic polymer ions on a substrate. For
example, the LBL assembly of clay nanosheets and polymer chains was used to fabricate clay/polymer
composites on different substrates.®3-38 Several groups have demonstrated the fabrication of multilayer
ultrathin films incorporating inorganic oxide nanosheets and polymers.?-°7 In comparison to the
conventional hybrid films produced by in situ intercalation/oxidative polymerization, the LBL films
showed maximized interactions between organic and inorganic compounds because of the
nanostructured nature of the films, which supposed to enhance the charge storage capability of the
hybrid films in comparison to the corresponding individual components.®>-*® Especially, Sasaki et al.
reported a multilayer organic-inorganic superlattice film by sequentially dipping a substrate in a
colloidal suspension of negatively charged unilamellar metal oxide nanosheets and an aqueous solution
of polycations, such as poly(diallyldimethylammonium chloride) (PDDA) and PEI.93:949%.100 A

photograph of the resulting films showed the color change from light brown to deep brown as the
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deposition numbers increased (Figure 5a). The linearly increased absorbance (Figure 5b) and XRD
peak intensity (Figure 5c) with increasing deposition cycles indicated the successful layer-by-layer
assembly of unilamellar metal oxide nanosheets and polycations. In addition to the metal oxide
nanosheets, layered organic-inorganic hybrid films of layered double hydroxide (LDH) nanosheets
have also been fabricated through the LBL assembly approach.!?":19% For example, multilayer films of
cellulose acetate (CA) and MgAIl-LDH nanoplatelets were fabricated by alternately spin-coating of
CA and LDH nanoplatelets, followed by thermal annealing treatment (Figure 5d). The (CA/LDH);
film exhibited high uniformity, flexibility, and transparency (Figure Se), due to the uniform layered
architecture consists of well-dispersed and oriented LDH nanoplatelets within the CA matrix (Figure

5fand g).!?
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Figure 5. Fabrication of 2D organic-inorganic superlattices by LBL assembly. (a) Photographs of
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thin films of PEI/MnO, deposited on quartz glass substrates. From a to f represent bare substrate and
films with deposition cycle number of 1, 2, 5, 10, and 30. (b) UV-vis absorption spectra of multilayer
films of PEI/MnO, prepared on a quartz glass substrate. (c) XRD pattern of as-prepared multilayer
thin films of PEI/MnO,. From a to e represent films with deposition cycle number of 1, 3, 5, 10, and
15. Reproduced with permission.”® Copyright 2003, American Chemical Society. (d) Schematic
representation for the fabrication of (CA/LDH), films. (¢) A photograph, (f) top-view SEM image
(inset: side-view SEM image), and (g) high magnification of side-view SEM image with corresponding
EDX mapping analysis for the (CA/LDH)y, film. Reproduced with permission.!?> Copyright 2014,
Wiley.

2.4 Delamination—reassembly approach
The above superlattice structures fabricated by LBL assembly processes were obtained in an ultrathin
film on substrates. Bulk-scale synthesis is desirable in some practical applications. In this regard, the
delamination-reassembly approach is a convenient protocol for the bulk-scale synthesis of organic-
inorganic superlattices in large quantities.

Layered nanocomposites with organic polymer layers and inorganic nanosheets have been
prepared by the delamination-reassembly process, including nanoclay,!%-197 GO,!98.19 Jayered
transition metal oxides,'!%!!! transition metal dichalcogenides,''?''5 and MXene.!!¢!18 Yao’s group
synthesized interlayer-expanded MoS,-PEO nanocomposites by a chemical delamination-reassembly
method (Figure 6a). The interlayer spacing of the MoS,-PEO nanocomposites could be controlled by
changing the molar ratio between MoS, and PEO. By optimizing the amount of PEO during the
synthesis, the MoS,-PEO nanocomposites were achieved, accommodating one (peo;-MoS;) and two
(peo,-MoS,) layers of PEO between the interlayers of MoS,. Compared with pristine commercial
MoS, (0.61 nm) and restacked MoS, without PEO (res-MoS,) (0.62 nm), the interlayer distances of
peo;-MoS, and peo,-MoS, were increased to 1.22, and 1.40 nm, respectively (Figure 6b).!12113
Well-ordered, free-standing GO-polymer nanocomposite papers were fabricated via vacuum-assisted
self-assembly of mixed dispersions containing both GO nanosheets and dissolved polymers, such as
poly(vinyl alcohol) (PVA) and poly(methyl methacrylate) (PMMA). Nanocomposite papers
containing larger amounts of polymer exhibited larger interlayer spacings (Figure 6¢). The cross-
section SEM images indicated the incorporation of polymers into the structure of composites led to a
thicker thickness than that of pure GO paper (Figure 6d and €).' The Ti;C,T, MXene/polymer
composites were also fabricated by vacuum-assisted filtration of the mixture of exfoliated Ti;C,Ty

MXene nanosheets and either a charged PDDA or an electrically neutral PVA. The intercalation and
14
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confinement of PVA layers between double layer Ti;C,Ty (Figure 6f) or single-layer Ti;C, Ty (Figure

6g) were observed in the composites with a high or low PVA content, respectively.!!”
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Figure 6. Fabrication of 2D organic-inorganic superlattices by delamination-reassembly
approach. (a) Synthesis of interlayer expanded MoS,-PEO composites. Commercially available com-
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MoS, is chemically lithiated to LiMoS,, which is then delaminated into single-layered structures in
aqueous PEO solutions. Depending on the amount of PEO in the solution, three composites are
obtained: simply restacked res-MoS, with H,O molecules trapped within layers, peo;-MoS, containing
a small amount of PEO, and peo,-MoS, containing a larger amount of PEO. (b) TEM images of com-
MoS,, res-MoS,, peo;- MoS,, and peo,-MoS,. Reproduced with permission.!'?> Copyright 2015,
American Chemical Society. (¢) XRD patterns of PVA, GO papers, and GO-PV A nanocomposite films.
SEM images of (d) graphene oxide paper and (¢) GO-PVA nanocomposite films, demonstrating
increased thickness due to the intercalation of PVA. Reproduced with permission.!% Copyright 2010,
Wiley. Typical HRTEM images of (f) 90 wt% Ti;C,Ty/PVA and (g) 40 wt% Ti;C,T/PVA films
showing the intercalation of PVA between Ti;C, T, flakes. Reproduced with permission.!'!” Copyright
2014, National Academy of Sciences.

The 2D organic-inorganic superlattices using conjugated polymers as electrochemically active
materials are more promising for energy storage applications. Boota et al. prepared a 2D organic-
inorganic nanocomposite of Ti;C,Ty MXene combined with electrochemically active polymers,
polypyrrole (PPy). Delaminated Ti;C,Ty nanosheets were mixed with pyrrole monomers. Then, the
pyrrole monomers were polymerized between the layers of Ti;C,Tx nanosheets (Figure 7a), resulting
in an integrated film composed of well-aligned stacked MXene sheets (Figure 7b). Hydrogen bonding
between the N—H group of the pyrrole ring and terminating oxygen or fluorine present on the Ti;C, Ty
surface may help the alignment of the polymerized PPy chains between the layers, producing a periodic
pattern (Figure 7c and d).!'” Besides, the conjugated polymers with defined properties could provide
new insight into interaction mechanisms for regulation of the physical, chemical, and electrochemical
properties of the resulting organic-inorganic hybrids. The same group prepared free-standing hybrid
films of conjugated polymers@Ti;C, Ty by vacuum filtration of mixture suspensions of the conjugated
polymer and Ti;C,Ty. Different conjugated polymers with the same conjugated backbone but different
lateral chains, namely, apolar, polar, and end-charged group alkyl chains, were used to investigate the
interaction mechanism with Ti;C, Ty nanoflakes.!'® They found that the charged ends of the polymers
were likely to play a crucial role in the intercalation process. Polar polymers with charged nitrogen-
containing groups showed the strongest interaction with the Ti;C,Ty layers, resulting in the most
obvious increase in interlayer spacing. As another electrochemically active polymer, PANI was
intercalated in redox active inorganic materials, layered MnO, nanosheets, through a simple one-step
interface reaction (Figure 7e).#+120 At the inorganic/organic interface, the chemical oxidation

polymerization of aniline and the reduction of MnO4>~ occurred simultaneously, forming a layer-by-
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layer assembled PANI-MnO, nanolayers. The formation of PANI chains assisted the anisotropic
growth of MnO, into 2D nanolayers. Finally, the layered PANI and MnO, gathered to form a
mesoporous spongiform structure (Figure 7f). TEM images revealed the resulting PANI-intercalated

MnO, composite with an expanded interlayer spacing (Figure 7g and h).

Organic phase Mesoporous

(+] © GO ,5,{:’21 Q
KMnO, Aniline Mn—-O sheet Polyaniline Polyaniline-intercalated MnO,

i

Figure 7. Fabrication of 2D organic-inorganic superlattices using conjugated polymers as
electrochemically active materials. (a) Schematic illustration of pyrrole polymerization using
MXene. The terminating groups on the latter contribute to the polymerization process. (b)
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Cross-sectional SEM image of PPy/Ti;C,Tx film. (¢ and d) Cross-sectional TEM images of aligned
polypyrrole chains between MXene sheets. Reproduced with permission.'’® Copyright 2016, Wiley.
(e) Schematic illustration of the expanded intercalated structure of polyaniline (PANI)-intercalated
MnO; nanolayers. (f) TEM image (the inset shows the corresponding selected area electron diffraction
pattern) and (g) HRTEM image of the PANI-intercalated MnO, nanolayers. The red dashed outlines
are used to clarify the morphology profile and particle size of the MnO, nanolayers. (h) HR-TEM
image of the PANI-intercalated MnO, nanolayers with heat treatment at 400 °C to remove the shield
of PANI. Reproduced with permission.** Copyright 2018, Nature Publishing Group.

3. Energy storage applications

2D organic-inorganic superlattices are highly promising for improved performances in energy storage
systems, especially the combination of electroactive inorganic nanosheets with conductive organic
polymers (e.g., PANI, PPy, PEDOT) (Figure 8). The intercalation of organic polymers remarkably
increases the interlayer spacing of the layered inorganic host, resulting in enhanced charge transport.
Besides, the conductive polymers provide additional charge storage sites for improved capacities.
More importantly, the intimate interaction between inorganic materials with organic polymers
strengthens the layered structure, and thus a stable cycling performance is supposed to be achieved.
Herein, we discuss the improved electrochemical performance of the 2D organic-inorganic
superlattices in some energy storage systems such as supercapacitors, Li/Na/K ion batteries, and

multivalent-ion batteries.

Electroactive inorganic Conductive organic polymers
nanosheets (TizC2Tx, MoSz, MnOz)\ (PANI, PPy, PEDOT)

Increased interlayer spaces I i

Additional energy storage sites

Figure 8. The advantages and synergetic effects of 2D organic-inorganic superlattices for energy
storage applications. Schematic showing the advantages and possible synergetic effects in 2D
organic-inorganic superlattices for energy storage application, including the increased interlayer
spaces, additional energy storage sites, and intimate interaction.
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3.1 Supercapacitors

Supercapacitors are promising energy storage devices due to their ultrahigh power density and
excellent operating lifetime. 2D MXenes have already shown great potential in energy storage devices,
especially the aqueous supercapacitors.'?!-124 Their intrinsic metallic conductivity, in combination with
atomic-scale thickness, makes them to be easily assembled into additive-free, flexible films with high
electrochemical performance.'?> Furthermore, their reactive and hydrophilic surfaces render them as
attractive fillers for the fabrication of MXene-polymer nanocomposites. Conductive, flexible free-
standing Ti;C,Ty/PDDA or Ti;C,T,/PVA composite films have been fabricated by mixing the Ti;C,Ty
flakes with PDDA or PVA, respectively.!'”” When used as electrodes for supercapacitors, the
volumetric capacitance of over 300 F cm™ was achieved for all Ti;C,Ty-based films (Figure 9a), which
are higher than those reported for carbon/graphene-based films.!?6-128 The introduction of PDDA
slightly lowered the volumetric capacitance due to a lower density for the Ti;C,T,/PDDA film than
that of pure Ti;C,Ty film. Mixing the Ti;C,Ty flakes with PVA-KOH gel electrolyte resulted in a
dramatic increase in the volumetric capacitances, which may be due to an enlarged interlayer space
(Figure 9b) and maintained high conductivities (Figure 9c). Besides, both the Ti;C,T/PDDA and
Ti;C,Ty/PVA composite films showed sufficient cyclic stability (Figure 9d).

Boota et al. reported a PPy/Ti;C,Tx composite film as electrodes for supercapacitors. Compared
with the above polymer electrolytes,'!” the electrochemically active PPy can not only be
accommodated between Ti;C, Ty layers expanding the space for rapid charge transfer but also provide
aligned paths with charge storage capability.'!® An optimized PPy loading resulted in a high volumetric
capacitance of 1000 F cm™ (Figure 9¢) and better rate capability than that of previously reported
Ti;C, Ty films and composite electrodes (Figure 9f). Besides, the confinement of PPy chains between
Ti;C, Ty layers may suppress the degradation of PPy. A stable cycle life up to 25000 cycles at 100 mV
s'! was observed for the PPy/Ti;C,Ty film (Figure 9g), outperforming previous PPy-containing
electrodes.2%-132

MoS, nanosheets have attracted tremendous attention as electrodes for supercapacitors due to
their unique 2D layered structure and electronic properties.'33 However, their performance was still
limited by the poor electrical conductivity and few accessible active sites of MoS,. Considerable efforts

have been made to improve the conductivity and expose more active sites by intercalating conductive
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materials into MoS; layers.!34136 Feng et al. fabricated a PEI/MoS, composite by direct intercalation
of polymer molecules into the interlayers of MoS, sheets. Then, a 3D MoS,/N-doped carbon
(MoS,/NC) composite heteroaerogel was obtained through a carbonization treatment of the PEI/MoS,
(Figure 9h).** The resulting heteroaerogel possessed an overlapped MoS,/C-layered heterointerface
with an expanded interlayer distance of ~0.98 nm (Figure 9i). As electrode materials for
supercapacitors, the MoS,/NC exhibited high capacitances of 3550, 3150, 2900, 2670, and 2483 F g™!
at current densities of 2, 4, 6, 8, and 10 A g™, respectively, demonstrating an excellent rate capability
(Figure 9j). Compared with pure MoS, powder (Figure 9n), the 3D stably stacked and interconnected
network of MoS,/NC ensured stable ions diffusion channels and fast electron transport between MoS,
nanosheets (Figure 9k). The expanded interlayers and intimate interfacial interactions created new
pathways for efficient ion/electron transport within the MoS,/NC heteroaerogel (Figure 91 and m),

which was not achieved in pure MoS, (Figure 90).
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Figure 9. 2D organic-inorganic superlattices for supercapacitors. (a) Volumetric capacitances of
Ti3C, Ty, Ti3C, To/PDDA, and Ti;C,T,/PVA-KOH films at different scan rates. (b) HRTEM image
showing the cross-section of a Ti3C,T,/PVA-KOH film. (¢) Nyquist plots for Ti3C, Ty, Ti3C,To/PDDA,
and Ti;C,T,/PVA-KOH film electrodes. (d) Cyclic stability of Ti;C,T,/PDDA and Ti;C,T,/PVA-
KOH electrodes. Reproduced with permission.!'!” Copyright 2014, National Academy of Sciences. (¢)
Effect of pyrrole loading on the volumetric and gravimetric capacitance of PPy/Ti;C, T, composites.
(f) Rate performance of PPy/Ti;C,Tx and comparisons of their capacitances with previously reported
Ti13C, Ty electrodes. (g) Cycle life performance showing high capacitance retention of the PPy/Ti;C, Ty
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film after 25000 cycles at 100 mV s™!. Reproduced with permission.'’® Copyright 2016, Wiley. (h)
The schematic illustration for the synthetic procedure of the MoS,/NC heteroaerogel. (i) TEM images
of the MoS,/NC heteroaerogel. (j) Rate performance of the MoS,/NC heteroaerogel. Electron transport
pathways between MoS; nanosheets in the (k) MoS,-based heteroaerogels and (n) pure MoS, powder.
Electron transport pathways across MoS, monolayers in the (I) MoS,/NC heteroaerogel and (m)
MoS,/C heteroaerogel. (0) Electron transport pathways within MoS, monolayers in pure MoS, powder.
Reproduced with permission.*® Copyright 2019, Nature Publishing Group.

3.2 Li/Na/K ion batteries

Lithium-ion batteries (LIBs) with high energy density are in massive commercial adoption and
manufacturing. However, Li-ion technology is plagued by high cost and limited resources.
Considerable efforts have been made on alternative battery technologies such as sodium-ion batteries
(SIBs) and potassium ion batteries (PIBs). Although sharing similar intercalation chemistry, the Na*
and K have much larger ionic radii than that of Li*, thus limiting the choice of electrode materials for
Na and K storage. One of the most effective approaches is to increase the lattice spacing of the host
materials. In this regard, the organic-inorganic superlattices with expanded interlayer spacing are
promising for high-performance LIBs, SIBs, and PIBs.

Shuai et al. theoretically investigated the effect of layer spacing on Li/Na diffusion in 2H-
MoS,.137 The diffusion path in the interlayer space started from the most stable Oy, position and
proceeded via the metastable Ty, site before moving to the next Oy, site (Figure 10a). The diffusion
energy profiles for Li and Na between MoS, layers showed strong qualitative similarities (Figures 10b
and c). The theoretical results showed that the diffusion energy barrier generally decreases as the
interlayer distance increases, suggesting that layer-expanded layered materials have higher ion
mobility and could achieve faster charge and discharge kinetics.!!>13% Li et al. prepared interlayer-
expanded MoS,-PEO nanocomposites as anodes for SIBs (Figure 10d). The interlayer spacing of MoS,
was controlled by the insertion of controlled amounts of PEO.!!3 The electrochemical results showed
that the capacity of MoS, increased accordingly with the increase of interlayer distances (Figures 10e
and 10f). With a 160% expansion in interlayer distance, the MoS,-PEO exhibited a specific capacity

more than twice as high as that of commercial-MoS,.
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publishing. (d) Schematic diagram of synthesis of interlayer-expanded MoS,-PEO nanocomposites.
(e) Cycling performance and (f) rate capability of MoS,-PEO nanocomposites. Reproduced with
permission.!!3 Copyright 2015, Elsevier. (g) Schematic illustration of the synthesis process. (h)
Charge/discharge curves at 50 mA g'. (i) Discharge/charge curves at different current densities. (j)
Long-life cycling performance. Reproduced with permission.” Copyright 2020, The Royal Society of
Chemistry.

Lepidocrocite-type titanate is characterized by the orthorhombic structure composed of
corrugated layers, which has shown great potential for Li/Na/K ion storage.'3%140 Recently, Liao et al.
designed a PANI intercalated protonated titanate (PANI-HTO) for SIBs and PIBs (Figure 10g).”
During the insertion and extraction processes of both Na and K ions, the interlayer spacing
continuously changed without forming any new phase, indicating high structural reversibility. As
anodes for SIBs, the PANI-HTO showed good electrochemical reversibility (Figure 10h), good rate
capability (Figure 101), and high cycling stability (Figure 10j). The high electrochemical performance
of PANI-HTO should be ascribed to the beneficial effects of the intercalated polyaniline between the
titanate layers. On the one hand, the intercalated PANI can play as pillars to stabilize the layered
structure and enlarge the interlayer spacings for fast ion transport. On the other hand, conductive PANI
can enhance the electronic conductivity of the composites. Besides, the PANI itself is a host for Na
and K ion storage.’141,142
3.3 Multivalent-ion batteries
Compared with monovalent Li/Na/K ion batteries, multivalent-ion batteries are attractive for their
superior theoretical volumetric energy densities because of the multi-electron transfer reactions.!43-146
Among the multivalent-ion batteries, the aqueous zinc ion batteries (ZIBs) employing safe aqueous
electrolyte and zinc metal anode have attracted increasing attention recently.'4”-'4 However, divalent
Zn?" has high polarity and thus exhibit strong electrostatic/Coulombic interactions with the host lattices.
This has led to a sluggish insertion and diffusion of Zn?" ions into host lattices and induced a huge
volume expansion of the electrode materials, resulting in a short cycle life. Vanadium-based
composites have been widely investigated as host materials for ZIBs since Nazar’s group explored a
layered Zn »5V,Os cathode for aqueous ZIBs with a high capacity and long cycling stability in 2016.15°
It has been demonstrated that the zinc-ion storage capacity and cycling stability of vanadium oxides
cathodes can be improved through the introduction of ‘‘lubricant’’ into the interlayers, such as

structural water, Li*, Na*, K¥, Ca?*, Mg?*, and Zn>" ions.!3!-15> Recently, the organic molecules have
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been inserted to expand the interlayer spacing and reinforce the layered structure for improved Zn
storage and cycle life.*>*7 For example, Xia’s group employed a layered PEDOT-NH4V;03 (PEDOT-
NVO) as cathodes for aqueous ZIBs.*> Four couples of redox peaks were observed for the PEDOT-
NVO cathodes, implying a multistep intercalation and deintercalation process of Zn ions. In contrast,
the NVO cathodes without intercalation of PEDOT showed two redox couples (Figure 11a). The
PEDOT-NVO possessed a stable layered structure with a large interlayer spacing and improved
electronic conductivity, which was originated from the introduction of PEDOT. As a result, the
PEDOT-NVO cathodes exhibited stable cycling stability (Figure 11b) and excellent rate capability
(Figure 11c¢), outperforming the NVO sample. They further studied the electrochemical mechanism
during the charge/discharge processes through ex-situ XRD characterizations. The layered structure of
the PEDOT-NVO could be well maintained during the intercalation and deintercalation of Zn ions.
Moreover, an increased d-spacing was accompanied by the insertion of Zn ions, whereas a decreased
d-spacing was accompanied by the extraction of Zn ions. During the first discharge process, Zn ions
were intercalated into the PEDOT-NVO. Then the Zn ions were extracted and intercalated upon the
subsequent charge/discharge processes (Figure 11d).

MnO, has attracted much attention as cathodes for aqueous ZIBs because of its high theoretical
capacity (308 mAh g!), low cost, and low toxicity.'47156157 However, the development of
rechargeable Zn—MnO, battery was severely hindered by the poor cycling stability, which was due to
the serious structural transformation during cycling processes.!>8190 Huang et al. reported a stable
MnO, cathode with avoided phase transformation via intercalating the PANI polymer into layered
MnO,.** As a cathode for ZIBs, the PANI-MnO, showed two redox peaks during the cathodic sweep
(Figure 11e), suggesting a two-step charge storage mechanism of H* and/or Zn?>" insertion during the
discharge process. The galvanostatic charge/discharge profile of PANI-MnO, showed a slope
discharge profile from 1.5 to 1.33 V and a consequent discharge platform at about 1.36 V (Figure 11f).
The PANI-MnO, cathode delivered a good rate performance with a capacity of 110 mA h g"! at a high
current density of 3 A g™! (Figure 11g). At high rates, only one discharge plateau was observed,
suggesting that the insertion process of H* dominated the discharge process at high rates (Figure 11h).
A co-insertion mechanism of H* and Zn?" was proposed for the PANI-MnO, cathode. During the first

stage of discharge, H" was initially inserted into PANI-MnQO,. With a sustained decrease of H*
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concentration, the OH™ concentration is high enough to form zinc hydroxide sulfate. During the second

discharge platform, the insertion of Zn?>' occurred, accompanying an increased amount of zinc

hydroxide sulfate formed on the electrode surface (Figure 11i). Besides, the interlayer expansion

strategy of organic-inorganic superlattices has also been applied in Mg storage. The expansion of

interlayer distance of MoS; from 0.62 nm to up to 1.45 nm boosted Mg diffusivity by 2 orders of

magnitude, resulting a high storage capacity and rate capability.'!?> Although not experimentally

investigated, the interlayer galleries between any adjacent organic layers and inorganic sheets can

theoretically store various multivalent metal ions, including Zn?*, Mg?*, Ca?*, and AI** ions, etc. The

2D organic-inorganic superlattices are ideal layered electrodes for multivalent-ion batteries.
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Figure 11. 2D organic-inorganic superlattices for Zn-ion batteries. (a) The second cycle of CV
curves of NVO and PEDOT-NVO. (b) Cycling performance of NVO and PEDOT-NVO. (c) Rate
capability of NVO and PEDOT-NVO at different current densities. (d) Schematic illustrations of Zn?*
intercalation into PEDOT-NVO at first discharge and subsequent extraction and intercalation upon the
electrochemical charge-discharge process. Reproduced with permission.*> Copyright 2020, Cell press.
(e) Cyclic voltammetry curves of the PANI-MnO,. (f) Typical galvanostatic charge/discharge curves
of the PANI-MnO,. (g and h) Rate performance and corresponding charge/discharge profiles of PANI-
MnO,. (i) Diagram showing the sequential insertion of H" and Zn?". Reproduced with permission.**
Copyright 2018, Nature Publishing Group.

4. Summary and outlook

In this review, we have summarized the recent progress on fabrication of the 2D organic-inorganic
superlattices and applications of these 2D superlattices in some energy storage systems such as
supercapacitors, Li/Na/K ion batteries, and multivalent ion batteries. The hybridization of 2D inorganic
materials with organic materials at an atomic/molecular scale represents an ideal platform for the
realization of improved or unprecedented features outperforming the individual components. The
broad choice of inorganic materials and infinite variants of organic materials imply that a wide variety
of 2D organic-inorganic superlattices can be produced with the desired properties. Although recent
efforts have significantly advanced their fabrication, properties, and applications, the concept of 2D
organic-inorganic superlattices is still at the starting stage.

Rational and scalable approaches should be explored for the controllable synthesis of 2D organic-
inorganic superlattices. The nature of the intercalated polymer in the interlayer region is the decisive
aspect of electrochemical performance. For example, ordered polymer chain and decreased interaction
between the adjacent polymer molecules may be contributed to a high anisotropy of conductivity of
the 2D organic-inorganic superlattices. One should control and optimize the molecular conformation,
chain length, the oxidation state, as well as the protonation of polymers. Moreover, precise control
over the atomic/molecular scale assembly of organic molecules between the inorganic layers might
generate some novel properties that are not achieved from separated components. Besides, more
attention should be devoted to the understanding of the intercalation mechanism of monomers, the
polymerization driving force, and the interactions at organic/inorganic interfaces. A conventional
blending of suspensions of organic molecules and inorganic nanosheets produced randomly mixed

composites with meso- or nanoscale interactions. As we move towards the 2D superlattices, the
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organic and inorganic components interact at an atomic/molecular level, boosting the importance of
the interfaces. A better understanding of the nature of the interactions at organic/inorganic interfaces
might lead to optimized synergetic effects for high-performance devices. In situ characterizations and,
in particular, operando measurements have been widely applied in energy storage devices for
investigation of energy storage mechanisms.'®!:192 These techniques are promising to probe the roles
of organic/inorganic interfaces during electrochemical processes, and to study their correlation with
the electrochemical performance, as well as to optimize the electrochemical performance. Molecular
Dynamics (MD) simulations and Density Functional Theory (DFT) calculations have been used to
investigate the electronic states at the organic-inorganic interactions.'®> Recently, machine learning
has proved to have superhuman abilities in materials science.'®*1% A combination of DFT calculations
and machine learning techniques provides a new powerful method for tracking the interaction changes
and charge transport at the organic/inorganic interfaces of 2D organic-inorganic superlattices in energy

storage devices (Figure 12).

Synthesis strategy
€ Scalability
@ controllability
Structure optimization
4 Molecular/polymer
conformation

4 Chain orientation
4 Chain length

4 Oxidation states

In situ characterizations DFT calculations Machine learning techniques

Figure 12. The challenges and direction for 2D organic-inorganic superlattices in energy storage
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applications. Schematic showing the challenges of 2D organic-inorganic superlattices for energy
storage application, including the synthesis strategy, structure optimization, and mechanism
investigation. The future directions of in situ characterizations, DFT calculations and machine learning
techniques are promising for 2D organic-inorganic superlattices in energy storage devices.

There is no doubt that the recent progress has demonstrated a bright future of 2D organic-
inorganic superlattices for energy storage applications. Due to the diverse choice of inorganic and
organic materials, vast new possibilities have not yet been explored. It is believed that specific
superlattices by selective combinations of designed organic and inorganic materials are expected to
deliver a potentially incredible performance that is not limited to the above applications but also
provides a potential avenue for the current environmental and energy issues.
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ToC

Recent progress on 2D organic-inorganic superlattices by alternate stacking of organic layers and

inorganic sheets is reviewed.
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Broader context

Two-dimensional (2D) heterostructures or superlattices, assembled by vertical stacking of 2D
materials on top of each other, are a new class of artificial 2D materials of significant scientific and
technological importance. Numerous unconventional properties have been demonstrated when
different 2D nanosheets are combined at a molecular scale. Compared to inorganic materials, an almost
unlimited number of organic materials could be potentially available with designed functional groups.
Therefore, introduction of the chemical tunability of 2D organic molecules/polymers within the 2D
heterostructures/superlattices provides unlimited possibilities for the design of 2D organic-inorganic
superlattices with predictable functionalities. Herein, we review recent research progress on 2D
organic-inorganic superlattice-like heterostructures, in which continuous organic layers are
intercalated in the interlayer galleries of inorganic 2D nanosheets at an atomic/molecular scale. We
systematically summarize four facile synthesis strategies and discuss the advantages of these 2D
superlattices for some typical energy storage applications. In addition, the challenges and perspectives
for future researches are also highlighted. We believe that this summary may open up new
opportunities for artificial design of 2D heterostructures or superlattices with desired properties and

functionalities at an atomic/molecular level.
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