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CONSPECTUS: Two-dimensional (2D) materials, repre-
sented by graphene, have attracted tremendous interest due
to their ultimate structural anisotropy and fascinating resultant
properties. The search for 2D material alternatives to
graphene, molecularly thin with diverse composition, structure,
and functionality, has become a hot research topic. A wide
variety of layered metal oxides and hydroxides have been
exfoliated into the form of individual host layers, that is, 2D
nanosheets. This Account presents an overview of 2D oxide
and hydroxide nanosheets on the following subtopics: (1) controllable preparation of high-quality nanosheets and (2) molecular
assembly and the exploration of functionality of the nanosheets.
High-quality exfoliation is generally achieved via a multistep soft chemical process, comprised of ion-exchange, osmotic swelling,
and exfoliation. A high degree of hydration-induced swelling, typically triggered by intercalation of organo-ammonium ions, is a
critical stage leading to the high-yield production of molecularly thin nanosheets. Recent studies reveal that massive swelling, an
astounding ∼100 times the original size, can be induced by a range of amine solutions. The degree of swelling is controlled by the
balance of osmotic pressure between the inner gallery and the outer electrolyte solution, which is strongly influenced by amine
molarity. Conversely, the stability of the resultant swollen structure is dependent on the chemical nature of the amine/
ammonium ions. Particular species of lower polarity and bulky size, for example, quaternary ammonium ions, are beneficial in
promoting exfoliation.
Rational design and tuning of the lateral dimension, chemical composition, and structure of nanosheets are vital in exploring
diverse functionalities. The lateral dimension of the nanosheets can be tuned by controlling the crystal size of the parent layered
compounds, as well as the kinetics of the exfoliating reaction, for example, the type of amine/ammonium ions, their
concentration, and the mode of exfoliation (manual versus mechanical shaking, etc.). Employing optimum conditions enables the
production of high-quality nanosheets with a lateral size as large as several tens of micrometers. A couple of examples tailoring
the nanosheets have been demonstrated with a highlight on a novel class of 2D perovskite-type oxide nanosheets with a finely
tuned composition and a progressively increasing thickness at a step of 0.4−0.5 nm (corresponding to the height of the MO6
octahedron).
The charge-bearing nanosheets can be organized through solution-based molecular assembly techniques (e.g., electrostatic layer-
by-layer deposition, Langmuir−Blodgett method) to produce highly organized nanofilms, superlattices, etc., the exploration of
which holds great potential for the development of various electronic and optical applications, among others.

1. INTRODUCTION

The seminal isolation and identification of graphene, a single
layer of carbon atoms arranged in a two-dimensional (2D)
honeycomb lattice, through the Scotch-tape micromechanical
cleavage of graphite, as well as the subsequent discovery of its
extraordinary mechanical, electronic, and optical properties,
have triggered tremendous interest in both academia and
industry.1,2 As a result, graphene has been proposed and widely
explored for use in various applications, ranging from hybrid
materials, energy conversion and storage systems, to next-
generation electronic and optical devices, such as transistors,
sensors, detectors, etc.2,3 Nevertheless, graphene is a simple

material composed of only one element, carbon. This aspect
somewhat limits the versatility, as well as the tunability, of the
composition, structure, and functionality.
The search for alternative 2D materials, molecularly thin with

greater flexibility and diversity of composition, structure, and
functionality, has become a hot research topic.4−7 For example,
2D materials produced from layered metal dichalcogenides, a
class of van der Waals layered compounds analogous to
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graphite, have been explored intensively. Upon exfoliation,
single-layer metal dichalcogenide nanosheets exhibit attractive
properties for use in nanoelectronics, optoelectronics, catalysis,
etc.8−10 In particular, although few-layer MoS2 is an indirect
semiconductor (∼1.0 eV), it becomes a direct bandgap
semiconductor (∼1.8 eV) in the single-layer form.10,11 Such
semiconducting nanosheets, with direct and narrow gap, are
regarded as among the most promising 2D candidate materials
beyond graphene, which exhibits a peculiar Dirac cone band
structure with a zero gap.
On the other hand, inorganic nanosheets derived from

layered transition metal oxides and hydroxides have tunable
properties, stemming from an overwhelming diversity of
chemical composition and crystal structure.12−19 A wide
range of oxide nanosheets of various transition metals have
been synthesized to date. Those based on Ti, Nb, Ta, etc. are
typically wide gap semiconductors (3−5 eV) while those based
on Mn, Mo, W, etc., show facile redox activity.12,14 Generally,
these oxide nanosheets exhibit high chemical and thermal
stability. The potential applications of oxide nanosheets have
been demonstrated in high-k dielectrics, magneto-optics,
optoelectronics, photocatalysts, etc.15,16 As with oxide nano-
sheets, the incorporation of transition metal (Fe, Co, Ni, Zn,
etc.) and rare-earth elements (RE; Ce, Eu, Gd, Tb, Er, etc.) into
hydroxide nanosheets may produce interesting electronic,
magnetic, and catalytic properties and thus attracts more and
more research attention.13,14,17,18

Single-layer oxide and hydroxide nanosheets have been
systematically studied earlier, before the emergence of
graphene. In fact, they can be readily prepared with high
quality via well-established soft chemical routes. Though they
are still far from being fully explored, in contrast to the current
research boom on graphene and even metal dichalcogenides,
they are being recognized and receiving renewed interest as an
important class of 2D materials beyond graphene. This Account
aims to offer a relatively up-to-date review of the research status
of oxide and hydroxide nanosheets, focusing on their
controllable preparation and mechanism of exfoliation, while
also considering some aspects of their application as 2D
building blocks for functional assemblies.

2. CONTROLLABLE PREPARATION OF HIGH-QUALITY
NANOSHEETS

2.1. Layered Host Compounds for Exfoliation

The most effective route to preparing nanosheets is through the
disintegration of a layered precursor compound. Layered
compounds may be categorized into three types, based on
the charge of the host layer: neutral, negatively charged, and
positively charged. Figure 1 illustrates the crystal structures for
some representative layered compounds, that is, neutral (e.g.,
graphite, hexagonal boron nitride (h-BN), and metal
dichalcogenides), negatively charged (oxides), and positively
charged (hydroxides). The tendency toward exfoliation arises
from the unique structural characteristics of these layered
compounds: strong covalent bonding in the host layer with
relatively weaker layer-to-layer interactions, such as van der
Waals or electrostatic attractive forces.
It is well known that graphene can be obtained by the

micromechanical cleavage of graphite using the Scotch-tape
process.1 Though the procedure is time-consuming and the
yield is low, it is the most straightforward method for producing
the single-layer form of a layered crystallite while retaining the

intrinsic host structure. This method has also been successfully
applied to dichalcogenides, for example, single-layer MoS2
nanosheets.4 Very recently, a method of direct liquid
exfoliation, involving exposing layered compounds to ultrasonic
waves, was proposed for the facile production of nano-
sheets.20,21 The selection of a suitable solvent is a key to
stabilize cleaved crystallites. Although this process is useful, the
yield of unilamellar nanosheets is generally no more than a few
tens of percent. In general, these two methods are typically
employed to pick up individual 2D crystallites for the purpose
of physical property evaluation. It would obviously be difficult
to employ such samples as a starting material for the fabrication
of functional nanostructured materials in a uniform bulk form.
For high-yield production of unilamellar 2D nanosheets,

chemical or electrochemical redox protocols have been
developed to charge the neutral host layer, allowing counter-
ionic species to intercalate into the interlayer space, which may
benefit exfoliation. For example, a chemical process known as
the modified Hummers’ method originated in the 1950s or
1960s involving the oxidization of graphite in the presence of
strong acids/oxidants has gradually been accepted for the bulk
production of graphene oxide (GO) and its reduction into
graphene (i.e., reduced GO).22−24 Recently, the exfoliation
procedure for MoS2 developed in 1980s, involving reductive Li
intercalation and subsequent reaction with water, has also been
revisited and modified to produce high-quality dichalcogenide
nanosheets.8,9,25

On the other hand, most layered metal oxides and
hydroxides accommodate interlayer exchangeable cations and
anions, respectively, which can be effectively utilized for the
purpose of delamination.12−14 Though it still lacks a general
principle to distinguish the layered hosts that do or do not
exfoliate, a soft chemical process has become well established to
delaminate many layered hosts through the following steps:
initial interlayer modification via ion-exchange, subsequent
osmotic swelling, and exfoliation in a solution. The exfoliation
is regarded as infinite swelling, or the ultimate consequence of
the swelling accompanied by the inflow of a large amount of
water or solvent, which significantly weakens the layer-to-layer
attractive force. Recent studies have revealed some important
and general insights into the process, especially into the

Figure 1. Layered compounds categorized by host layer charge. (a)
Electrically neutral compounds (graphite, h-BN, and MoS2), (b)
negatively charged oxides (Cs0.7Ti1.825O4 (or K0.8Ti1.73Li0.27O4),
K0.45MnO2, and KCa2Nb3O10), and (c) positively charged hydroxides
(M2+

1−xM
3+

x(OH)2A
n−

x/n·mH2O and RE(OH)2.5mH2O·Cl
−
0.5).
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osmotic swelling stage largely unexplored until recently. The
swelling and exfoliation seem to be affected by a series of
factors, ranging from composition, charge density, and the
counterionic species between layers to the nature of the
exfoliating agent or solvent (size, polarity, dielectricity,
etc.).26,27

2.2. Soft Chemical Exfoliation: Ion-Exchange to Osmotic
Swelling and Exfoliation

2.2.1. Oxide Nanosheets. The production of oxide
nanosheets is illustrated for typical examples, Cs0.7Ti1.825O4
(or K0.8Ti1.73Li0.27O4), K0.45MnO2, and KCa2Nb3O10 (Figure
1b), which are composed of host slabs of corner- or edge-
shared MO6 octahedra (where M = Ti, Mn, Nb, etc.) and
interlayer alkali metal cations (K+, Rb+, Cs+, etc.).28−31 The
polycrystalline sample of the parent layered materials can be
synthesized by various methods, most typically, solid-state
calcination at high temperature (800−1300 °C). Single crystal
growth techniques, such as the flux method, can also be
employed to produce single crystalline platelets of larger size.
The layered compounds are converted into hydrated protonic
forms, for example, H0.7Ti1.825O4·H2O (or H1.07Ti1.73O4·H2O),
H0.13MnO2·0.7H2O, and HCa2Nb3O10·1.5H2O, by treating with
an acid solution. Due to their Brønsted solid acidity, the
protons in the gallery can be further exchanged with organo-
ammonium ions in an aqueous base solution, for example,
te t rabuty lammonium hydrox ide (TBA+OH− , i . e . ,
(C4H9)4N

+OH−). Such a reaction is frequently accompanied
by the introduction of a massive volume of water, and the
electrostatic interaction between host layers is significantly
decreased. As a consequence, the swollen phases undergo
exfoliation with the aid of a shearing force, for example, manual
or mechanical shaking or ultrasonic agitation.
After exfoliation, well-dispersed unilamellar nanosheets,

Ti0.91O2
0.36− (or Ti0.87O2

0.52−), MnO2
0.4−, or Ca2Nb3O10

−, are
usually obtained as a stable colloidal suspension. Figure 2a−c

shows typical atomic force microscopy (AFM) images of
Ti0.87O2

0.52−, MnO2
0.4−, and Ca2Nb3O10

− nanosheets recorded
from specimens obtained by drying the suspension on a Si
substrate. Their measured thickness was ∼1.2, ∼0.8, and ∼2.3
nm, respectively.28−31 These values are close to but somewhat
larger than the crystallographic thicknesses of the host layers,
possibly due to adsorbed water molecules at the surface. In

contrast, the lateral size of the nanosheets can vary from
hundreds of nanometers to tens of micrometers, depending on
the crystallite size of parent layered compounds as well as
exfoliating conditions.

2.2.2. Hydroxide Nanosheets. As shown in Figure 1c,
layered double hydroxides (LDHs) consist of octahedral
hydroxide layers of divalent and trivalent (M2+ and M3+)
metal cations, accommodating charge-balancing anions (An−) in
the interlayer gallery.13,14,18 They are represented by the
general formula M2+

1−xM
3+

x(OH)2A
n−

x/n·mH2O (where M2+ =
Mg2+, Fe2+, Co2+, Ni2+, Zn2+, etc.; M3+ = Al3+, Fe3+, Co3+, etc.;
and A = CO3

2−, Cl−, NO3
−, ClO4

−, etc.). LDHs are routinely
synthesized via the coprecipitation method, simply by mixing
the constituent divalent and trivalent metal salts in an alkali
solution. However, the product is usually a gel-like sample of
low crystallinity. On the other hand, a so-called homogeneous
precipitation from a mixed solution of MCl2 and AlCl3 using
urea (CO(NH2)2) or hexamethylenetetramine (HMT,
C6H12N4) as a hydrolysis agent can produce uniform,
hexagonally shaped LDH platelet crystals of micrometer
width.13,32 Furthermore, a recently developed process involving
the soft-chemical oxidation of homogeneously precipitated
b ru c i t e - t yp e M2 + (OH) 2 ( e . g . , Co 1− xFe x (OH)2 ,
Co1−xNix(OH)2) platelets can lead to highly crystalline all-
transition-metal LDHs.33 These newly developed synthetic
methods have provided a convenient route to produce highly
crystalline LDH samples suitable for controllable exfoliation. In
pioneering studies, incorporation of some organophilic anions
(amino acids, long-chain carboxylates, or other anionic
surfactants) into LDHs was shown to effectively weaken the
layer-to-layer interaction and facilitate swelling and exfoliation
in some organic solvents. It was later discovered that well-
crystallized LDH platelets in suitable inorganic anions (e.g.,
NO3

−, ClO4
−, etc.) could be swollen in formamide (HCONH2)

to be delaminated into well-defined single-layer nano-
sheets.13,14,32,33

Recently, a new family of anion-exchangeable layered
hydroxides, composed of positively charged hydroxide layers
based on trivalent rare-earth cations, has been reported.17,34,35

Exfoliation of these new compounds has been achieved also in
formamide after interlayer modification with dodecyl sulfate
anions.36

Figure 2d,e shows AFM images of the typical hydroxide
nanosheets. Their estimated thicknesses of ∼0.8 and ∼1.6 nm,
respectively, are again close to the crystallographic layer
thicknesses of 0.48 and 0.93 nm of the precursor compounds.
To date, most of the hydroxide nanosheets were obtained in

organic solvents.13,14 The recent report on substantial swelling
of LDHs in water, after incorporation of aliphatic carboxylates
or short-chain organic sulfonates (RSO3

−), is encouraging for
the development of new procedures to achieve hydroxide
nanosheets in aqueous solutions.37

2.2.3. Understanding Osmotic Swelling. As mentioned
above, realizing a high degree of interlayer expansion, that is,
gigantic osmotic swelling resulting from the penetration of a
significant volume of solution, is a prerequisite to promote the
exfoliation of layered oxides and hydroxides.12−14 A swelling−
exfoliation scenario is schematically illustrated in Figure 3I. In
principle, the swelling takes place in every interlayer gallery,
eventually leading to the production of unilamellar nanosheets.
In this context, the understanding of osmotic swelling is of
critical importance to elucidate the mechanism of exfoliation
and to achieve controllable preparation of high-quality

Figure 2. Representative AFM images of oxide and hydroxide
nanosheets: (a) Ti0.87O2

0.52−; (b) MnO2
0.4−; (c) Ca2Nb3O10

−; (d)
[Mg2+2/3Al

3+
1/3(OH)2]

1/3+; (e) [Eu(OH)2.5mH2O]
0.5+. Reproduced

from refs 14 and 36. Copyright 2010 John Wiley & Sons, Inc.
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nanosheets. However, in general, such a high degree of swelling
weakens the binding forces of neighboring layers so severely
that they are prone to fall apart or spontaneously delaminate. In
situ characterization of such a fragile swollen sample in
abundant aqueous media is very difficult. These factors have
prevented a deep understanding of the mechanism behind this
intriguing and important reaction.
In recent studies, a surprisingly stable monolithic swelling of

the layered oxides was found upon exposure to an aqueous
solution of polar amine such as 2-(dimethylamino)ethanol
(DMAE, (CH3)2NC2H4OH).26,27 Platelet crystals of
H0.8Ti1.2Fe0.4O4·H2O undergo unidirectional swelling to ∼100
times their original thickness (Figure 3II-a,b). The greatly
elongated crystals were stable without noticeable collapse.
Small angle X-ray scattering (SAXS) measurements confirm
this enormous swelling, revealing a huge interlayer separation
to ∼90 nm.26 The greatly expanded gallery is filled almost
exclusively with H2O, with a trace amount of DMAE in a
protonated form. It was found that a range of organo-
ammonium ions induce similar massive swelling. Systematic

studies indicate that the uptake of ammonium ions into the
layered protonated oxides is predominantly affected by the
acid−base equilibrium, while the degree of swelling or inflow of
H2O is governed by the osmotic pressure balance between the
inner gallery and the outer solution, both of which are relatively
independent of amine identity but depend substantially on its
molarity.27 That is to say, the osmotic swelling process is
essentially colligative in nature. On the other hand, the stability
of the resultant swollen structure is strongly dependent on the
chemical nature of the amines or ammonium ions. Species of
higher polarity and smaller size, for example, DMAEH+, help
stabilize the swollen structure, whereas those of lower polarity
and bulky size, for example, TBA+ or tetramethylammonium
ion (TMA+), are prone to trigger exfoliation. Such new insights
provide fundamental scientific understanding of the long-
standing mystery associated with osmotic swelling, as well as
the exfoliation of layered compounds in general, rationalizing
the selection of exfoliating reagents for the production of high-
quality nanosheets.

2.3. Rational Design and Fine Control of Nanosheets

2.3.1. Control over Nanosheet Size. The nanosheet
thickness is generally 0.5−4 nm, intrinsically dependent on the
layer architecture of parent layered compounds, as far as
delamination into elementary layers is ensured. In contrast, the
lateral size of exfoliated nanosheets is variable, primarily
determined by the crystal size of the precursor. It may also
be affected by the mode of exfoliation (manual versus
mechanical shaking, etc.). Exfoliation of polycrystalline samples
by mechanical shaking usually brings about lateral fracture,
yielding sub-micrometer to few micrometers-sized nanosheets.
In contrast, exfoliation of a single crystal sample under gentle
manual shaking can produce much larger nanosheets, as seen in
Ti0.87O2

0.52− nanosheets of several tens of micrometers (See
Figure 2a).
The lateral size of the nanosheets could also be tuned by

controlling the kinetics of the exfoliating reaction, for example,
the type of amine/ammonium ions, their concentration, etc.
Recently, the osmotic swelling and exfoliation behaviors of the
protonated oxide H1.07Ti1.73O4·H2O, upon interaction with two
typical tetraalkylammonium ions, TMA+ and TBA+, was
comparatively studied.38 In the reaction with TMA+ over a
short time, few-layer flakes were obtained as a major product.
Conversely, in the other case with TBA+, besides few-layer
stacks, single-layer nanosheets were obtained as a major
component. In both cases, unilamellar nanosheets were
obtained after a sufficiently long shaking time. As shown in
Figure 4, the nanosheets produced by TMA+ generally exhibit
larger lateral sizes, up to tens of micrometers, and the
suspension showed a distinctively silky appearance, arising
from the liquid crystallinity of 2D nanosheets of a high aspect
ratio.

2.3.2. Fine Tuning of the Composition and Structure
of Nanosheets. The rational design and tuning of the
chemical composition and 2D structure of nanosheets are vital
for developing diverse functionalities. Fortunately, the
composition of nanosheets can be readily modified by element
substitution or doping at the synthesis stage of the precursor
layered compounds. The compositional and structural mod-
ification of parent layered compounds is well preserved in the
exfoliated nanosheets. For example, oxide nanosheets with
unique magnetic or photoluminescent properties have been

Figure 3. (I) Schematic illustration of the osmotic swelling to
exfoliation process. Adapted from ref 27. Copyright 2014 American
Chemical Society. (II-a) Optical microscopy image of platelet crystals
of K0.8Ti1.2Fe0.8O4 with lateral sizes of ∼15 × 35 μm2. The platelet
thickness is ∼2−3 μm, corresponding to stacks of ∼3000 host layers.
(II-b) Optical microscopy image of elongated crystals at maximum
swelling in a diluted DMAE solution at DMAE/H+ = 0.5 where H+

denotes the amount of the exchangeable protons in the titanate. The
longest swollen length is ∼200−250 μm, corresponding to a nearly
100-fold expansion from the original thickness. (II-c) SAXS profiles of
swollen phases with various ratios of DMAE/H+. The products of
scattering intensity I and the inverse of the form factor of the flat thin
sheet (q2), I*q2, are plotted against the scattering vector modulus, q.
The lamellar period, d (= 2π/q), first increases with increasing ratio of
DMAE/H+, reaches a maximum spacing of ∼90 nm at 0.5, and then
begins decreasing with further increasing DMAE/H+. The measured
maximum spacing of ∼90 nm is consistent with ∼100-fold elongation
of the crystal. Reproduced with permission from ref 26. Copyright
2013 Nature Publishing Group.
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obtained by doping with transition metal (e.g., Co, Fe, Mn) and
rare-earth ions (e.g., Eu, Tb), respectively.14−16,19

A favorable attribute of layered perovskite oxides stems from
the high flexibility of their chemical composition and crystal
structure, affording them a rich variety of electronic and
magnetic properties. For example, Dion−Jacobson phases with
the chemical formula KCa2Nan−3NbnO3n+1 for n = 3−7
represent a homologous series, with the host layer thickness
increasing stepwise by the number of NbO6 octahedra, n, along
the layer normal.31 In a recent study, these compounds were
exfoliated via the standard soft chemical process to yield
colloidal nanosheets.39 AFM measurements confirmed the
formation of micrometer-sized Ca2Nan−3NbnO3n+1

− nanosheets
exhibiting a thickness of 2.3 nm (n = 3), 2.7 nm (n = 4), 3.1 nm
(n = 5), and 3.6 nm (n = 6) (see Figure 5), which agree well
with the homologous layer structure. These results demonstrate
the successful preparation of a novel class of 2D perovskite-type
oxide nanosheets with progressively increasing thicknesses at a
step of 0.4−0.5 nm. Such precise control provides an ideal 2D
system for studying structure−property relationships, for
example, photocatalytic or dielectric properties as a function
of the composition and thickness of ultrathin 2D oxide systems.

3. MOLECULAR ASSEMBLY AND EXPLORATION OF
THE FUNCTIONALITY OF NANOSHEETS

3.1. Electrostatic Self-Assembly

Oxide and hydroxide nanosheets are both charge-bearing and
monodispersed in colloidal suspensions. A range of functional
materials or assemblies, such as nanocomposites and nanofilms,
can be fabricated via solution-based processes, employing the
nanosheets as 2D building blocks.12,14−16 In particular,
electrostatic self-assembly, taking advantage of the charged
feature, is a very convenient protocol. A multilayer film can be
built up layer-by-layer by repeatedly dipping a substrate in first
a polyelectrolyte solution and second the colloidal suspension
of nanosheets. For negatively charged oxide nanosheets,
polycations such as poly(diallyldimethylammonium chloride),
polyethylenimine, Al13 Keggin ions, and other cationic metal
complexes can be employed as counterparts in the film
fabrication. For positively charged hydroxide nanosheets,
polyanions such as poly(styrene 4-sulfonate) are widely
selected as counterions. The regular multilayer buildup can
be verified by various characterization techniques, including X-
ray diffraction (XRD), UV−visible absorption spectra,
ellipsometry, and so forth. Such a layer-by-layer assembly
approach has been widely applied for the fabrication of
multilayer nanostructured films of Ti0.91O2

0.36− (or
Ti0.87O2

0.52−), MnO2
0.4−, Ca2Nb3O10

−, Mg2+−Al3+, and Co2+−
Al3+ LDH nanosheets, etc.12,14−16

3.2. Langmuir−Blodgett Deposition
The Langmuir−Blodgett (LB) procedure is applicable for
fabricating highly organized films of nanosheets. TBA+ ions in a
colloidal suspension were found to support nanosheets
spontaneously floating at the air/water interface, without the
need for spreading an amphiphilic surfactant. The floating
nanosheets can be suitably gathered or packed via surface
compression, and then transferred onto a substrate. This LB
transfer technique has been applied for nanofilm fabrication
from a range of nanosheets, such as Ti0.91O2

0.36− (or
Ti0.87O2

0.52−), Ca2Nb3O10
−, and La0.90Eu0.05Nb2O7

−.14,16 The
nanosheets can be densely packed, without making gaps or
overlaps, to produce better ordered mono- and multilayer
nanostructures compared with the aforementioned electrostatic

Figure 4. Control of the lateral size of nanosheets. Appearance of the
nanosheet suspensions obtained at a TAA+/H+ ratio of 0.5: (I) TMA+;
(II) TBA+. Typical AFM images of the unilamellar nanosheets: (a)
TMA+ under manual shaking (18 weeks); (b) TBA+ under manual
shaking (18 weeks); (c) TMA+ under mechanical shaking (1 week);
(d) TBA+ under mechanical shaking (1 week). Reproduced with
permission from ref 38. Copyright 2013 American Chemical Society.

Figure 5. Control of the molecular thickness of nanosheets. Structure models (the sheets laterally extend to nearly infinity at this scale), AFM
images, and height profiles for Ca2Nan−3NbnO3n+1

− nanosheets: (a) n = 3; (b) n = 4; (c) n = 5; (d) n = 6. Reproduced with permission from ref 39.
Copyright 2012 American Chemical Society.
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self-assembly procedure.40 As depicted in Figure 6, Ti0.87O2
0.52−

nanosheets are neatly tiled on the substrate surface.
Furthermore, cross-sectional transmission electron microscopy
(TEM) imaging resolves a lamellar fringe of regularly stacked
nanosheets. The corresponding XRD data displays sharp basal
reflections of up to the seventh order. In addition, the first basal
reflection is accompanied by small satellite peaks, which are
accounted for by the Laue interference effect. All these
characterizations identify the exceptionally well-ordered
lamellar quality of the LB films, which is even comparable to
artificial lattice films constructed via modern physical
deposition techniques.

3.2. Exploration of Functionality for Various Applications

The molecular assemblies of nanosheets (nanocomposites,
nanofilms, etc.) exhibit new or enhanced physicochemical
functions.14−16,19 For example, titanium oxide nanosheet films
show high UV-shielding properties.14 A 20-layer film of
Ti0.91O2

0.36− nanosheets, with a total thickness of ∼20 nm,
can attenuate UV irradiation at 265 nm to 5% of the incident
intensity. A monolayer film of this nanosheet, just ∼1 nm thick,
can show very efficient photoinduced superhydrophilicity,
almost comparable to a sol−gel-derived anatase film of a
much greater thickness (>200 nm). Such a dramatic enhance-
ment in surface properties can be ascribed to the discrete 2D
nature of nanosheets.
Recent theoretical and experimental investigations have

demonstrated that Ti- or Nb-based oxide nanosheets act as
robust high-k dielectric nanoblocks.16,40 For example, multi-
layer nanofilms of Ti0.87O2

0.52− nanosheets exhibit a high
dielectric constant of ∼125 at a thickness down to ∼10 nm.
Similarly, films of perovskite-type nanosheets such as
Ca2Nb3O10

− demonstrate a high dielectric constant of >200,
the largest value reported so far in perovskite oxide films with a
thickness as thin as ∼10 nm.16 The solution-based deposition
of nanosheets at room temperature achieves a good film-to-
substrate interface, circumventing the formation of any
interfacial dead layers, which has been a severe drawback in

physical deposition technology involving high-temperature
operations. This process offers a unique route to the fabrication
of superior high-k nanodielectrics.
One exciting application of 2D nanosheets is their use as a

one-nanometer-thick seed layer for microepitaxial growth of
various crystal films on conventional substrates such as glass.41

Nanosheets can promote the highly controlled, oriented film
growth of materials, the structure of which matches the 2D
lattice of the nanosheet. Because many nanosheets with various
2D structures are available, this technique can be applied for the
orientation control and design of a range of functional crystal
films. For the demonstration of feasibility, oriented growth of
perovskite SrTiO3 films (cubic, a = 0.390 nm) along the three
important axes of (100), (110), and (111) was achieved on
glass substrates covered with nanosheets of Ca2Nb3O10

− (2D
square, a = 0.386 nm), Ti0.87O2

0.52− (2D rectangular, a = 0.376
nm, c = 0.297 nm), and MoO2

δ− (2D pseudohexagonal, a =
0.290 nm), respectively (Figure 7).42 In another study,
tantalum oxide (TaO3

−) nanosheets, a unique 2D mesh
structure with opening channels that are almost the same size
as the lithium ion, were deposited at the interface between a
cathode material of LiCoO2 and a thio-LISICON-type solid
electrolyte. The resistance between these two materials was
thereby decreased by 2 orders of magnitude, suggesting that
TaO3

− nanosheets prevent electronic conduction while
allowing the penetration of lithium ions through the open
channels.43 This result will be useful for realizing high-
performance all-solid-state lithium ion batteries.
More importantly, the heteroassembly of multiple nano-

sheets in a designed sequence can create artificial superlattice-
like materials, which may evolve novel functionalities. For
example, a superlattice film was constructed by alternately
depositing semiconducting Ti0.91O2

0.36− and redoxable
MnO2

0.4− nanosheets.44 The excitation of Ti0.91O2
0.36− nano-

sheets under UV irradiation at 280 nm was found to bring
about the reduction of Mn4+ to Mn3+ in MnO2

0.4− nanosheets,
indicating that electrons excited in the Ti0.91O2

0.36− are injected
into adjacent MnO2

0.4− nanosheets. This activity may be

Figure 6. High-quality nanofilm composed of Ti0.87O2
0.52− nanosheets fabricated by LB deposition. (a) AFM image of the film showing the neat

packing of nanosheets. The blue outline indicates a selected individual nanosheet. (b) Cross-sectional high-resolution TEM image of a 10-layer film.
(c) XRD pattern for the film with discernible 0k0 basal reflections up to the seventh order. (d) Enlarged view of XRD profile of the 010 reflection,
showing Laue ripples. Reproduced with permission from ref 40. Copyright 2009 American Chemical Society.
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regarded as photochemical energy storage in the rationally
designed heteroassembly. Recently, a superlattice system was
fabricated using two paraelectric oxide nanosheets (LaNb2O7

−

and Ca2Nb3O10
−) as building blocks.45 Through such artificial

structuring, the superlattice possesses a new form of interface
coupling, which gives rise to robust ferroelectric properties at
several nanometer thicknesses, the thinnest level reported so
far. Interest in this area is rapidly growing, cultivating a research
frontier of 2D materials.

4. SUMMARY AND OUTLOOK

In this Account, the current research status on 2D oxide and
hydroxide nanosheets, especially the controllable preparation
and new insight into the swelling and exfoliating mechanism,
was reviewed. Utilizing these 2D nanosheets as building blocks,
new and enhanced functionalities can be rationally designed
through the elegant molecular assembly approach. This cutting-
edge field of research is attracting more and more attention.
The ever-expanding nanosheet library, either through

exfoliation of new functional layered compounds or through
the development of new exfoliation methods, will certainly
strengthen the position of 2D oxide and hydroxide nanosheets
as alternatives to graphene. Future research requires the
sophisticated tuning of chemical composition and structure
desirable for a targeted functionality, as well as the further scale-
up of the purity and yield of nanosheets, ideally the industrial-
scale production of unilamellar nanosheets of large size and
regular shape.
The solution-based molecular assembly using 2D oxide and

hydroxide nanosheets as building blocks into high-quality
nanofilms will be actively explored to realize novel function-
alities that will be useful in next-generation electronic or optical
devices, among others. This research will emphasize the
promising potential for the design of heterostructures by
integrating these oxide and hydroxide nanosheets with
graphene or metal dichalcogenide sheets.
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