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Abstract: Research into 2-dimensional materials has soared

during the last couple of years. Next to van der Waals type
2D materials such as graphene and h-BN, less well-known

oxidic 2D equivalents also exist. Most 2D oxide nanosheets
are derived from layered metal oxide phases, although few
2D oxide phases can be also made by bottom-up solution
syntheses. Owing to the strong electrostatic interactions

within layered metal oxide crystals, a chemical process is
usually needed to delaminate them into their 2D constitu-
ents. This Review article provides an overview of the synthe-

sis of oxide nanosheets, and methods to assemble them

into nanocomposites, mono- or multilayer films. In particular,
the use of Langmuir–Blodgett methods to form monolayer

films over large surface areas, and the emerging use of ink
jet printing to form patterned functional films is emphasized.
The utilization of nanosheets in various areas of technology,
for example, electronics, energy storage and tribology, is il-

lustrated, with special focus on their use as seed layers for
epitaxial growth of thin films, and as electrochemically
active electrodes for supercapacitors and Li ion batteries.

Introduction

2D materials, or nanosheets, are a class of nanomaterials that
draws more and more attention since graphene was discov-

ered.[1] These 2D materials exhibit a sheet-like structure, hence
the name nanosheets, with lateral dimensions of tens to hun-

dreds of nanometers to even micrometers, and thicknesses no
more than 5 nm.[2] Owing to the effect of spatial confinement

in one dimension, nanosheets exhibit a variety of electronic,

chemical and optical properties that are not present in their
layered bulk counterparts.[3]

A couple of advantages arises from the two-dimensional
nature of nanosheets. Firstly, the electrons are confined in a

thin (nanoscale) region.[3] Their electrons are thus confined to a
2-dimensional lattice plane, which provides an ideal model

system for fundamental studies in condensed matter physics,

but also for development of small (opto-)electronic devices.
Since nanosheets have strong in-plane bonds and the sheet is

atomically thin, they tend to show a combination of high me-
chanical strength, flexibility and optical transparency, which

are all highly desirable properties for utilization in various
types of devices.[4] Their atomic thicknesses results in very spe-
cific surface areas,[5] which is a very important property for ap-

plications in which the surface area is relevant, such as cata-
lysts and supercapacitors.[6] Furthermore, the aqueous solution-

based dispersions of nanosheets are suitable precursors for the
fabrication of nanosheet-based films using simple methods like

spin-coating and ink jet printing, usable in applications such as
solar cells.[7] And finally, the fact that all atoms are surface

atoms provides a handle to regulate the properties and func-
tionalities of nanosheets by means of surface modification and

functionalization, for example with graphene oxide, substitu-

tional element doping, or strain and phase engineering.[8]

Over the last 10 years, we have been synthesizing and using
a range of 2D transition metal oxide nanosheets and have

been developing methods for their assembly into monolayer
films, multilayer heterostructures and hybrid nanocomposites.[9]

This review provides a concise overview of the synthesis and
processing of 2D metal oxide nanosheets into functional films,

and gives some examples of their application in technological

realms as diverse as nanoelectronics,[10] energy storage[11] and
tribology,[12] with emphasis on but not limited to research

done in our research group. First, the synthesis of oxide nano-
sheets by top-down and bottom-up strategies is summarized.

Then, we discuss methods for making morphologically distinct
types of nanosheet films by methods such as Langmuir–Blodg-

ett deposition and ink jet printing. In the final sections some

examples of functional device components based on or con-
structed from oxide nanosheets illustrate their wide range of

application. In particular, the use of monolayer nanosheets
films as seed layers to guide epitaxial growth of functional thin

films, for example, ferroelectric, ferromagnetic and memristive
oxides, and the application of oxide nanosheets as electro-

chemically active electrodes for (flexible) supercapacitors and

Li ion batteries are emphasized.

Synthesis of 2-Dimensional Oxide Nanosheets

Top-down synthesis: exfoliation strategies

Various layered materials have been exfoliated into 2D nano-

sheets. In these layers, the in-plane atoms are connected to
each other via strong chemical bonds, whereas the individual

layers stick together by relatively weaker van der Waals interac-
tions.[2, 13] The best-known example of a layered material is

graphite, which consists of a stack of 2D graphene layers that
are held together by such weak secondary forces. Other exam-

ples of layered materials include hexagonal boron nitride (h-

BN), transition metal dichalcogenides like MoS2, MXenes, lay-
ered metal oxides and perovskites.[2] Typically, in these cases

the layers are held together by stronger Coulombic and polar
interactions.

Graphene is the most well-known 2D material (see Fig-
ure 1 a). It is a single atom thick form of graphite. The carbon
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atoms are arranged in a 2D honeycomb structure (see Fig-
ure 1 a), and all of them are covalently bound to three neigh-

bouring carbon atoms through a s-bond.[15] The distance be-
tween neighbouring carbon atoms in a graphene nanosheet is

1.42 a. In non-exfoliated graphene, that is, graphite, the indi-
vidual graphene layers are held together by van der Waals

forces, where the distance between the layers is approximately
3.35 a.[16]

Metal trioxides with the general formula MO3 (M = Mo, Ta,

etc.) are also known to have a layered structure.[2] For example,

MoO3 can be thought of as being constructed from distorted
MoO6 octahedra that share their edges with their neighbouring

octahedra, thus forming 2D layers.[17] The bulk MoO3 crystal is
essentially a stack of such 2D layers that are held together

along the z-axis via van der Waals forces. Other layered oxides
that are discussed in more detail below include the layered

lepidocrocite-type compound K0.8[Ti1.73Li0.27]O4, the Dion–Jacob-

son phase KCa2Nb3O10, and K0.45MnO2. These crystal structures
consist of negatively charged 2-dimensional oxide planes, that
is, [Ti1.73Li0.27]O4

0.8@, Ca2Nb3O10
@ and MnO2

0.45@, respectively, that
are separated by potassium ions located between these

planes.
MXenes are 2-dimensional sheets of transition metal car-

bides and/or nitrides that can be derived from so-called MAX
phases with the general formula Mn + 1AXn (n = 1, 2 or 3). Here
M is a transition metal (e.g. , Ti, V, Nb), A is an element from

group IIIA or IVA (Si, Al, Sn, In), and X is carbon and/or nitro-
gen.[18] MAX phases have a layered structure in which the M

layers are hexagonally close-packed and the X atoms fill the
octahedral sites.[2, 18] The element A forms 2D planes that sepa-

rate the Mn + 1Xn layers. The A layer can be etched away selec-

tively from the MAX phase using strong acid solutions, for ex-
ample HF solution. MXenes sheets with three different struc-

tures can thus be formed: M2X, M3X2, or M4X3. See Figure 1 c
for the structure of the MXene titanium carbide.

The layered nature of bulk layered compounds makes them
potentially suitable to be exfoliated into their 2D constituents

by some top-down exfoliation process, such as mechanical or
ion intercalation exfoliation or one of the methods mentioned

below.
The synthesis of 2D nanomaterials with targeted composi-

tion, sheet size, layer thickness, crystal phase, defect concentra-
tion, and surface chemistry is important for further exploration
of their physical and chemical properties, as well as for the de-
velopment of new applications made using nanosheets as

building blocks.[2] Several synthetic strategies have been devel-

oped to make a wide range of nanosheets. These methods in-
clude mechanical cleavage, mechanical force-assisted exfolia-
tion, ion intercalation-assisted exfoliation, oxidation-assisted
exfoliation, selective etching-assisted exfoliation, chemical
vapour deposition (CVD), and wet-chemical syntheses.[2] All
methods all fall into one of two categories, namely top-down

and bottom-up methodologies. CVD and the wet-chemical

syntheses routes for 2D MnO2 described in section 2.2 are ex-
amples of bottom-up routes. They are typically based on
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Figure 1. Examples of layered 2D materials : (a) the well-known graphite
structure: three layers of graphene; (b) structure of titanate nanosheets
stacked and stabilized by protons; (c) MXene structure of titanium carbide;
(d) the proposed intercalation and exfoliation mechanism for layered metal
oxides. Reproduced with permission.[14] Copyright 2015, Wiley-VCH.
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chemical reactions of specific molecular precursors leading to
larger 2D structures. The top-down routes are limited to the

availability of layered parent compounds, but they have the
advantage that nanosheets are derived from preformed crystal-

line parent materials, hence the resulting sheets are also highly
crystalline themselves.

The scotch-tape method to obtain graphene nanosheets
from graphite is an example of mechanical exfoliation, but me-

chanical exfoliation has low yields.[14] Ultrasonication-assisted

exfoliation can damage the morphology of nanosheets.[19] On
the other hand, ion intercalation exfoliation is normally driven
by a chemical reaction and is generally considered to present
a much milder synthesis route. More than 40 two-dimensional
compounds made by exfoliating their parent bulk layered
compounds have been reported till date. This route can yield

large quantities of dispersed nanosheets and is potentially the

most promising for large-scale production processes among
the above-mentioned exfoliation methods.[13] Considering the

exfoliation of layered transition metal oxides using organic
quarternary ammonium hydroxides as exfoliation agents (e.g.

tetrabutyl ammonium hydroxide, TBAOH), it was generally
thought until recently that the structural evolution of the lay-

ered parent oxide into the final exfoliated state proceeds via

an intermediate “swollen” state in which steric crowding of
bulky tetrabutyl ammonium (TBA+) ions present between the

negatively charged oxide layers initiates the separation of the
layers. Such an exfoliation mechanism should involve a rela-

tively slow diffusion-controlled ion exchange process between
bulky TBA+ prior to exfoliation.[10a] However, it has been found

that the ion intercalation process is actually driven by a very

fast acid–base reaction that can happen even within seconds
once the reactants are mixed.[14]

The exfoliation of one of the most well-known layered metal
oxides, lepidocrocite-type titanate H1.07Ti1.73O4·H2O (HTO), starts

with synthesizing the parent layered bulk compound
K0.8Ti1.73Li0.27O4 (KLTO). KLTO is made by solid state synthesis in

an oven (see ref. [14]). The potassium ions reside between the
Ti1.73Li0.27O4 layers, to charge-stabilize the layered bulk com-
pound. Since these titanate layers ought to be separated, the

interlayer forces should be as weak as possible. The interlayer
force can be reduced by exchanging the potassium ions by
protons via an acid exchange reaction. The bulk compound
KLTO is therefore treated in nitric acid solution for three days.
All potassium and lithium ions are leached out in this process
and the HTO phase is formed. Now, protons reside between

the layers, and with the inclusion of the cations’ solvatation
shells, the distance between the Ti1.73O4 layers increases, there-
by weakening the Coulombic interactions between the titanate

layers and the interlayer cations, thus making it easier to exfoli-
ate the layered compound into nanosheets. The exfoliation

process itself is triggered by mixing the protonated layered
HTO material with TBAOH. Due to their Brønsted acidity, the

hydroxyl groups attack the interlayer protons and trigger an

acid-base reaction, forming H2O. As the protons are removed
from the layers, the negatively charged titanate nanosheets

become stabilized by the positively charged TBA+ ions. Since
TBA+ ions are amphiphilic molecules that want to be at the

air–water interface, they are able to transfer nanosheets to the
air–water interface, where they can be utilized using deposi-

tion techniques such as the Langmuir–Blodgett method. The

same colloidal suspensions can be used in other deposition
techniques as well, like ink-jet printing. Typically, such suspen-

sions contain about 1–5 g of nanosheets per litre water. The
TBAOH/HTO molar ratio influences the concentration of nano-

sheets in the suspension. A ratio of at least 1:8 is necessary to
form a noticeable concentration of nanosheets in the suspen-

sion. At higher ratios, up to 2:1, exfoliation happens. At even

higher ratios, restacking tends to become dominant. Highly
crystalline nanosheets of varying composition, with lateral

sizes ranging from hundreds of nanometers to tens of micro-
meters have been realized with this method. It has been
shown that by controlling the grain size of the layered parent
compound, the lateral size of nanosheets can be tuned within
certain limits.[20]

Bottom-up synthesis: self-assembly of 2D MnO2

In contrast to exfoliation strategies that need high tempera-

tures to synthesize solid state parent compounds, soft-chemi-
cal bottom-up approaches to prepare MnO2 nanosheets under

very mild conditions involves chemical oxidation of aqueous

Mn2+ cations or reduction of Mn7 + cations and oxidation of
template materials such as graphene oxide. Unilamellar MnO2

nanosheets can be prepared by oxidizing MnCl2·4 H2O with
H2O2 in the presence of TBAOH[21] or tetramethylammonium

hydroxide (TMAOH).[22] Both TBA+ and tetramethyl ammonium
(TMA+) act as charge-compensating cationic species and soft
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templates for the formation of MnO2 nanosheets. The AFM
(Figure 2 a) and TEM (Figure 2 b) images shows the ultrathin

structure of MnO2 nanosheets with a thickness of around
1 nm.[21] This value is higher than the crystallographic thickness

of monolayer MnO2 nanosheets of 0.52 nm, because of the hy-
dration and the presence of organic ions, that is, TBA+ or

TMA+ on the surface of MnO2 nanosheets.[21, 22] MnO2 nano-
sheets made by this method have lateral sizes of 50–150 nm,
and an average lateral size of 89 nm which makes them usable

for inkjet printing.

An alternative chemical reduction process to synthesize size-
tuneable MnO2 nanosheets has also been demonstrated.[23] As

shown in Figure 2 c, KMnO4 aqueous solution added into iso-

octane was reduced by sodium bis(2-ethylhexyl) sulfosuccinate
(Na(AOT)). The MnO2 nanosheet sizes could be tuned by vary-

ing the water-surfactant molar ratio (W = [H2O]/[AOT]). Their
thickness is 2 nm which equals the thickness of three or four

monolayers. By increasing the water content, the lateral sizes
of nanosheets increased while the thickness was not affected.

The mechanism of another methodology to synthesize
MnO2 nanosheets using graphene oxide templates is illustrated
in Figure 2 d.[24] First, C@C bonds are broken and C atoms are

oxidized to form CO2 or CO3
2@. The MnO4

@ is then reduced to
[MnO6] , an octahedral structure. To keep energy stabilization,

neighbouring [MnO6] octahedral share their edges.[25] In short,
these MnO2 nanosheets result from in situ replacement of C

atoms of graphene oxide template by edge-shared [MnO6] oc-

tahedra through redox reaction.

Electrical Properties of Nanosheets

For applications in which electronic conductivity plays a crucial
role, such as in the supercapacitors that are discussed in sec-

tion 5.2, the electronic structure of nanosheets, their charge
transfer kinetics and the availability of mobile charge carriers
are of utmost importance.[26]

Most nanosheet compositions that have been realized so far

are oxides of Nb, Ta and/or Ti, and these are typically wide
band gap n-type semiconductors (Eg>3 eV). The main contri-

bution to the valence bands are Ti 3d-O 2p bonding interac-
tions (or Nb 4d or Ta 5d), and the conduction bands consist
primarily of Ti 3d states that are antibonding with O 2p.[27] One
of the few exceptions is d-MnO2, which has a band gap of only
2.23 eV in its pristine (defect-free) state.[26]

Owing to the anisotropy of nanosheets, it is important to
distinguish electron transport in the in-plane and out-of-plane

directions. In-plane electron transport is basically a confined
2D conductivity that is proportional with the charge carrier

concentration and carrier mobility within the sheets. On the

other hand, electron transport in the out-of-plane direction is
only possible via surface redox reactions (electron transfer).

Furthermore, since all atoms are directly at or very close to the
surface, all electronic properties are heavily influenced by the

nature and permittivity of the immediate surroundings of the
nanosheets. Adsorbed species may thus act as dopants and in-

fluence the concentration and/or mobility of charge carriers,

and Coulombic charges and local electrical fields that are pres-
ent within the 2D oxide lattice will be screened by counter

ions and the permittivity of the surrounding medium. For ex-
ample, ionic attachment of CnH2n + 1-NH3

+ ions (n = 14,18) onto

Ti1@xO2 nanosheets increased the band gap from 3.84 to
4.06 eV.[28]

Other routes to modulate the conductivity of nanosheets

and their charge transfer kinetics are defect engineering and
aliovalent doping.[26] The importance of defect engineering to

influence the electronic and redox properties of d-MnO2 nano-
sheets has been illustrated clearly in recent studies.[29] The

presence of Mn vacancies in the 2D MnO2 lattice leads to new
electronic states in the original band gap, thereby reducing
the gap effectively from 2.23 to 1.2–1.7 eV, and making the

nanosheet more conductive.[29b] Such defects have also been
shown to be very important for improving the specific capaci-
tance of d-MnO2-based pseudocapacitors,[29a] see also section 5.
Another way to improve conductivity is to introduce aliovalent

substitutional dopants, for example, Co2+ and/or Fe3 + ions
into Ti1@xO2, or Ru into MnO2. This leads to additional mobile

charge carriers in the lattice, and the formation of new energy
states in the band gap.[30] Both phenomena may facilitate an
increase of conductivity.

Nanosheet-Based Films and Micropatterns

Langmuir–Blodgett films

In order to deposit metal oxide nanosheets on solid substrates,
several deposition techniques are developed in the decade,

such as Langmuir–Blodgett (LB) deposition[31] and ink-jet print-
ing.[32] LB deposition is a monolayer deposition method, which

allows detection of the intrinsic properties of densely packed
monolayer films of single (layer) nanosheets. Ink-jet printing is

Figure 2. (a) AFM image of MnO2 nanosheets deposited on a silicon sub-
strate. (b) TEM image of MnO2 nanosheets. (a,b) reproduced with permis-
sion.[21] Copyright 2018, Elsevier. (c) Illustration of size-tunable route and
photo images of MnO2 nanosheet colloidal solution. Reproduced with per-
mission from ref. [23] Copyright 2013, Royal Society Chemistry. (d) Schematic
of the in situ transformation process. Reproduced with permission from
ref. [24] Copyright 2012, Royal Society Chemistry.
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a more mature deposition process to make devices from nano-
sheet solution. Compared with LB deposition, ink-jet printing is

much faster and it is much easier to vary the thickness of the
nanosheet stack, which also makes it suitable for device devel-

opment. The deposition process, limitations and suitable pat-
terns of LB deposition and ink-jet printing are discussed in this

section and section 4.3, respectively.
Normally, after the exfoliation or bottom-up synthesis pro-

cess, metal oxide nanosheets are homogeneously dispersed in

the solution. The surfaces of the nanosheets are covered with
hydrophobic organic groups, for example, TBA+ , that are an-
chored to the sheets via electrostatic interactions. These hydro-
phobic organic groups will help to transport nanosheets to the

liquid–air interface of the solution and form a relatively dense
nanosheet monolayer at liquid–air interface.

Langmuir–Blodgett deposition is an effective technique to

transfer such Langmuir monolayers from the air-solution inter-
face to a solid substrate. Langmuir monolayers can be formed

by organic molecules,[34] polymers,[35] and nanosheets.[11, 36] In
this review, the discussion will be limited to using Langmuir–

Blodgett deposition for metal oxide nanosheet thin films.
LB deposition starts with the formation of a dense nano-

sheet monolayer, as shown in Figure 3 a (steps 1–3). Firstly, the

nanosheet solution is transferred in a shallow trough (Lang-
muir trough) to allow more nanosheets to move to the liquid-

air interface. Then, the barriers compress the liquid–air inter-
face to increase the nanosheet concentration at the liquid–air

interface and form a dense nanosheet monolayer. In this stage,
the change of the surface pressure at the liquid–air interface is

monitored in situ by a surface balance, which results in a sur-

face pressure–surface area isotherm as shown in Figure 3 a.[19]

The surface pressure usually increases with the decrease of sur-

face area until a plateau is reached, which is taken as evidence
of the successful formation of a dense nanosheet monolayer.

Yuan et al. showed that the degree of monolayer coverage can
be controlled by tuning the surface pressure during the depo-

sition process. However, the bulk concentration of nanosheets

in the solution has a much smaller impact on the coverage.[9d]

Thus, amphiphiles are almost always used as surfactants to in-

crease the nanosheet concentration at the liquid–air inter-
face,[37] although Muramatsu et al. showed that it is also possi-
ble to form a dense nanosheet monolayer film without amphi-
philes.[38]

The Langmuir monolayer transfer process is shown in Fig-
ure 3 b. The vertical pull-up method i) is used for hydrophilic
substrates (such as Si wafer, SiO2 etc.) and the vertical push-

down method ii) is used for hydrophobic substrates (see Fig-
ure 3 b). The vertical pull-up method is the most commonly

used method. Using a hydrophilic substrate as an example, the
substrate is firstly immersed in the solution before the lift-up

process is started. During the deposition process, the surface

pressure is kept constant by further compressing the monolay-
er when needed. In this stage, the transfer ratio, which is de-

fined as the ratio between the decrease of area at the liquid-
air interface and the covered area on the substrate, can be re-

corded to show the quality and quantity of the Langmuir
monolayer. These two vertical methods are massively used for

nanosheet layer deposition. Langmuir–Blodgett deposition is
not limited to the vertical method. There are several modified

versions of this transfer technique, such as the horizontal lift-

ing method, also called the Langmuir–Schaefer method (LS, in
Figure 3 c) and the horizontal pull-up method (in Figure 3 d).[31]

These methods are rarely used to develop nanosheet monolay-
ers, but rather for molecular thin films. The LB process for

monolayer and multilayer films is schematically depicted in
Figure 3 e. Examples of a densely packed (97 %) monolayer film

and a partially covered (63 %) monolayer film of titanate nano-
sheets are shown in Figure 3 f, g.

LB multilayer films and heterostructures

Langmuir–Blodgett-based nanosheet monolayers are usually
made to measure the intrinsic properties of single nanosheets

or a single layer of nanosheets. Nanosheet multilayers are

more relevant for devices. Nanosheet monolayer films usually
contain a small percentage of overlapping areas and uncov-

ered gaps. By repeating the LB process several times in a layer-
by-layer (LbL) fashion, multilayer nanosheet films can be made

to prevent such issues. In 2010, Sasaki et al.[33] reported a high-
k dielectric multilayer Ca2Nb3O10 nanosheet thin film made by

Figure 3. (a) Surface pressure–surface area isotherm of a dilute nanosheet
solution and sketch of Langmuir trough in different stages of the isotherm.
Reproduced with permission.[19] Copyright 2016, American Chemical Society;
(b) Vertical pull-up (i) and push-down (ii) method of LB deposition. (c) Hori-
zontal lifting method of LB deposition. (d) Horizontal pull up method of LB
deposition. Reproduced with permission.[31] Copyright 2013, Wiley-VCH;
(e) Fabrication procedure for multilayer films using the LB method. Repro-
duced with permission.[33] Copyright 2010, American Chemical Society. (f) LB-
derived titanate film with 97 % coverage (suspension concentration
30 mg L@1, surface pressure 20 mN m@1) ; (g) LB titanate film with 63 % cover-
age (suspension concentration 20 mg L@1, surface pressure 5 mN m@1). Repro-
duced with permission.[9d] Copyright 2014, American Chemical Society.
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such a process. In order to decompose the TBA+ ions still pres-
ent on the surface of the nanosheet after LB deposition, the

films were irradiated by UV white light after every deposition
step, as illustrated in Figure 3 e. The leakage current decreased

upon increase of the numbers of Ca2Nb3O10 (CNO) monolayers
in the device structure. Similarly, Kang et al.[39] reported a CdS

thin-film transistor using a 10-layer CNO nanosheet-based thin
film as a gate insulator. The same type of CNO nanosheet films
are also used in organic light-emitting devices (OLED).[40] Yoo
et al.[41] reported Ag-doped RuO2 nanosheet multilayers for
flexible transparent electrodes, and noted that the electrical
conductivity increased with the number of layers. Similarly, the
LbL method can also be applied to fabricate heterostructure

thin films, for example, a LaNb2O7/Ca2Nb3O10 perovskite nano-
sheet superlattice thin film.[42] This heterostructure thin film

showed superior ferroelectricity and potential for application

in nanodevices. The same group also developed a Ti0.8Co0.2O2/
Ca2Nb3O10 nanosheet heterostructure thin film using the same

method and discovered that ferromagnetism and ferroelectrici-
ty coexist in this system.[43]

Next to the LbL approach in combination with LB deposi-
tion, the sequential stacking of oppositely charge nanosheets

is also an applicable method to synthesize nanosheet hetero-

structure thin films. Li et al.[44] reported Ti0.91O2/Mg2/3Al1/3(OH)2

and Ca2Nb3O10/Mg2/3Al1/3(OH)2 nanosheet heterostructure thin

films synthesized in this way. Mg2/3Al1/3(OH)2 is a layered
double hydroxide (LDH) nanosheet that carries a positive sur-

face charge in colloidal state, while Ti0.91O2 and Ca2Nb3O10

metal oxide nanosheets are negatively charged. The process is

carried out by immersing a substrate in an LDH nanosheet/for-

mamide solution, followed by immersion in a metal oxide
nanosheet/formamide solution, with a cleaning process (im-

mersion in pure formamide) in between. The process can be
repeated multiple times. Unfortunately, only a limited number

of cationic nanosheet compositions is available, which limits
the method to a small range of layered nanocomposite films.

The method is not able to fabricate fully covered layers, that is,

it does not provide the same degree of film quality as LB dep-
osition does. The method is nowadays mostly used for synthe-

sizing superlattice micro/nanocrystals.[45] It would be desirable
to develop this method for heterostructure nanosheet thin

films further, because combinations of different layers may
even show emergent properties that cannot be found in the

individual layers.[46]

Inkjet printing of nanosheets

As a digital, non-contact and high-resolution deposition tech-
nique, inkjet printing attracted great attention in the field of

flexible electronics.[47] Due to the mask-free feature of inkjet

printing, inks can be deposited onto various substrates, such
as rigid substrates, paper and flexible polymer substrates. The

two main inkjet printing modes are continuous inkjet and
drop-on-demand inkjet printing. Drop-on-demand piezoelectric

type inkjet printers have been widely used for lab research. To
jet the ink from the nozzle, an electric field is applied to the

piezoelectric material in order to create a force that pushes the
ink through the nozzle onto the substrate (Figure 4 a).

The crucial issues for successful inkjet printing are ink formu-
lation and optimization of printed patterns. In order to form

high quality patterns, droplet formation needs to be optimized
to prevent undesired satellite droplets or tails. It is possible to

optimize droplet formation by optimizing the firing waveform

or the voltage of the nozzles of the inkjet printer. Lee et al. re-
ported that double waveforms with two square pulses could

overcome the problems associated with the use of low viscosi-
ty inks in inkjet printing.[48] Inks for inkjet printing typically con-
sist of small entities dispersed in solvents to form homogene-
ous colloidal suspensions, optionally also containing certain

additives. A high concentration of solids and high ink stability
are the two main issues for 2D material-based preparation of
inks. Additives like surfactants can be used to improve the dis-
persion of 2D materials in the inks. Solvents play an important
role in the inkjet printing process. Various solvents like water

and organic solvents are often used for inkjet printing. Howev-
er, water is not an ideal solvent for inkjet printing due to its

high surface tension (around 70 mN m@1) and low viscosity

(around 1 mPa s).[21] To evaluate ink printability, the inverse Oh-
nesorge number Z which contains the physical properties of

functional ink, is defined as [Eq. (1)]:

Z ¼ ða1gÞ1=2=h ð1Þ

Figure 4. (a) Schematic of drop-on-demand piezoelectric type inkjet printer.
Droplet drying process with (b) excess and (c) optimized surfactant concen-
tration. AFM image of a printed single droplet on glass substrate with
(d) excess and (e) optimized surfactant concentration. (f) Optical images of
MnO2 ink droplet formation vs. time. (b–f) Reproduced from ref. [21] .
(g) Schematic of the wetting of a droplet on substrate. (h) Optical images of
printed lines with varying droplet spacing. The scale bar is 100 mm.[21]

(i) High angle annular dark-field-scanning transmission electron microscopy
cross-sectional of printed heterostructures. Reproduced from ref. [51] .
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in which a is the nozzle diameter, 1 is the density, g is the sur-
face tension, and h is the viscosity of the ink. To prepare print-

able inks, the lateral dimensions of functional materials dis-
persed in the ink should be less than 1/20 of the nozzle diame-

ter to avoid nozzle blocking during printing.[49] The ink viscosi-
ty should also be optimized to meet the requirements of the

printer. The ideal viscosity range for inkjet printing is between
2–25 mPa s.[50] The surface tension of the ink also plays an im-
portant role in ink formulation engineering. Low surface ten-

sions lead to spontaneous dripping of droplets while high sur-
face tensions make it difficult to print.

Our group reported the printable MnO2 nanosheets ink by
adding additive to modify the fluidic properties. Triton X-100

was used to not only decrease the surface tension of water to
46 mN m@1 but also to keep the electrostatic stabilization of

MnO2 nanosheets. Propylene glycol was added to increase the

viscosity of water to 1.71 mPa s. The concentration of Triton X-
100 must be carefully optimized to get a high-quality printed

film. As shown in Figure 4 b, excess Triton X-100 can lead to
non-uniform distribution of MnO2 nanosheets, as shown by

the atomic force microscopy (AFM) image in Figure 4 d. An op-
timized Triton X-100 concentration led to uniform deposition

of MnO2 nanosheets (Figure 4 c), as illustrated by the AFM

image in Figure 4 e. The optimized Triton X-100 concentration
was able to balance the outflow force and weak Marangoni

flow, thereby reducing the “coffee-ring” effect.[52] The Z-value
based on above values is about 19 for the water-based MnO2

nanosheets ink. The optimal Z-value suggested by Jang et al. is
between 4 and 14.[53] However, our finding shows that ink with

Z-value outside of optimal range can also be printed smoothly

(Figure 4 f).
Interface engineering is another key issue for high quality

inkjet printing. The wetting process is defined by Young’s
equation [Eq. (2)]:

gsv ¼ gsi þ giv cos q ð2Þ

in which gsv is the solid (s)–vapor (v) surface energy, gsi the
solid–liquid (i) surface energy and giv liquid–vapor surface

energy. The q is the contact angle (Figure 4 g). To print contin-

uous lines or films, the contact angle q should be less than
908, indicating good wetting of printed patterns. Large q

(>908) means poor wetting, resulting in discontinuous printed
patterns. Pre-treatment of substrates by plasma is a common

strategy to control the surface energy of the substrates.
Tuning the droplet spacing is also an effective method to print
continuous patterns. As shown in Figure 4 h, the printed line
became bulged with 15 mm droplet spacing because the drop-
lets overlapped significantly with each other. The lines became

uniform when the droplet spacing was in the range of 20 to
40 mm. Further increasing the droplet spacing would result in
discontinuous lines since the droplets were too far apart to
merge with each other.[21]

The interface plays an important role in the performance of
devices. It’s challenging to achieve sharp and controllable in-

terfaces between printed complex heterostructures, due to the
remixing of different 2D materials at the interface. However, a

binder can be employed to modify the formulation and to
minimize re-dispersion of nanosheets. Recently, Casiraghi et al.

demonstrated that water-soluble and environmentally friendly
polysaccharide xanthan gum binder successfully changed the
chemistry of printed 2D crystal inks to allow fabrication of con-
trolled interfaces in all-printed heterostructures.[54] The underly-

ing principle is that the viscosity of the ink increases after
printing, resulting in minimized remixing of different 2D inks.
To keep the 2D crystal ink’s electrical properties, a small

amount of binder that could have a large rheological effect on
the ink was needed. Formulation engineering can also be used

to control the interface of printed heterostructures. Torrisi et al.
reported that low boiling point solvents (,100 8C) with fast
evaporation at room temperature could reduce the materials
transport and re-dispersion of materials at the heterostructures

interface (Figure 4 i).[51]

Applications of Oxide Nanosheets

Nanosheets as templates for epitaxial thin film growth

Oxide-based thin-film technology is the key to fabricating
modern devices with practical applications, such as transistors,

solar cells and energy storage. In order to fully utilize devices
functions, epitaxial growth plays an essential role to precisely

control oxide thin films’ crystal quality in the early stage of fab-
rication.

However, the integration of oxide-based devices with the

current Si-based technology has been challenging. The con-
straint of lattice-matching on Si or native amorphous SiO2

limits the number of oxides that can be grown on Si and the
ability to control the properties of their thin films. Moreover,

even for non-Si based technology, the commercialization of
oxide-based devices has been hampered by the high cost and

the limited size of single crystal substrates. Low cost and ubiq-

uitous availability of large area glass and plastic satisfy industri-
al requirements. However, these are usually amorphous sub-

strates, and the fabricated oxide thin films grown onto them
are polycrystalline with many orientations and a high concen-

tration of grain boundaries. As a result, they exhibit poor phys-
ical properties and thus, devices made from them show poor
performance.

In order to realize epitaxial growth of oxides on Si or amor-
phous substrates, the introduction of a buffer layer is necessa-

ry. Oxide nanosheet films are one of the candidates to bridge
the gap between substrates and epitaxially grown functional
oxide thin films. They have a single well-defined type of sur-
face termination and the 2D unit cell parameters of many
nanosheets are in close agreement with the lattice parameters
of a wide range of functional oxides, for example, perovskite-

type oxides. Recently, various oxide films have been epitaxially
grown on nanosheet buffer layers on Si and amorphous sub-
strates.[55] Nanosheets may be considered as micro-single crys-

tals, with a large library of crystal lattices and symmetric two-
dimensional crystal structures. The crystal orientation of thin

films can control their transport, magnetic, and ferroelectric
properties. For instance, in the case of La0.7Sr0.33MnO3 films
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with thickness below 12 nm on LaAlO3, the film was insulating
with (001) orientation, while it behaved like a metal with (110)

orientation.[56] The use of oxide nanosheets as seed layers may
provide new possibilities to control growth orientation, and

thus, to tune the properties of functional oxide films. The use
of nanosheet seed layers also enables the free choice of sub-

strate, which can be exploited both for practical applications
and in fundamental studies.

Epitaxial growth via lattice matching can be realized under

strict conditions in terms of structural similarities between a
grown oxide crystal and a single crystal substrate. However,

dangling bonds are always present on the top-most layer of
the substrate and these restrict the mobility of adatoms at the

beginning of epitaxial growth due to their anisotropic nature.
This causes the self-organization of adatoms into a crystal lat-
tice not being favourable in terms of energy. As a result, epi-

taxy is possible when there are small differences between a
grown layer and a single crystal substrate in term of thermal
expansion coefficients, crystal symmetry and lattice
parameters along a specific orientation. Therefore,

coherent epitaxial growth on a single crystal sub-
strate requires a lattice mismatch of less than 8 %.[57]

Van der Waals epitaxy was proposed to lessen the

lattice mismatch prerequisite by utilizing cleaved sur-
faces of substrates, such as mica, metal dichalcogen-

ides, and so on.[58] These materials have clean sur-
faces without dangling bonds, on which epitaxial

growth of thin films proceeds by exploiting relatively
weak and isotropic van der Waals forces. Good epi-

taxial growth is still possible with a lattice mismatch

as large as 20 %.[58a]

Even for large lattice mismatching between a thin

film and a substrate, Narayan and Larson suggested
that thin film epitaxy on a single crystal substrate is

still feasible via domain matching.[57] AlN film over
(111)Si substrate orientation has a lattice mismatch of
about 19 %. Via domain matching epitaxy, a mis-

match between 5 V AlN(2-1-10) planes and 4 V Si(220)
planes of less than 1 % still makes it possible for AlN
to grow epitaxially on Si(111).[57] However, it is ener-
getically favourable for the film to have dislocations

above a critical thickness, which depends on the type
of material grown, and consequently, the grown film

may have a high density of dislocation and other de-
fects.

The well-defined surface structure of nanosheets is

quite similar to those of mica and metal dichalcogen-
ides, and nanosheet films can thus be utilized as a

seed layer to grow oriented functional oxide thin
films. However, it is hard to say if the epitaxial

growth on individual oxide nanosheets is “pure” van
der Waals or lattice/domain matching epitaxy. Firstly,
a localized high charge density compared with van

der Waals materials is expected in oxide nanosheets.
This may influence adatoms’ interactions in the early

stages of growth. Secondly, in van der Waals epitaxy,
the grown films have similar lattice constants as the

bulk form even when the films are only one unit cell thick.[58a]

There is evidence that anatase TiO2, as the grown film, and

Ca2Nb3O10
@ (CNO) nanosheet, as the buffer layer, have lattice

constants in restraint with each.[59] Recently, our report on VO2

films grown by pulsed laser deposition (PLD) on Ti0.87O2
d@ (TO)

and NbWO6
@ (NWO) nanosheets showed that the metal–insula-

tor transition temperature of VO2 films on nanosheets was
shifted from its bulk value, which may be the result of the dif-
ference in c-axis lattice constant between the nanosheet-buf-

fered films and the bulk VO2 rutile phase (Figure 5 a).[55e] Even
though the lattice or domain matching can be dominant in
such epitaxial growth on oxide nanosheets, further study is
necessary to verify the growth mechanism on oxide nano-
sheets.

Although SrRuO3 (SRO) is generally ferromagnetic around

160 K, it is one of the most important conducting perovskites

because of its common application as an electrode in oxide
heterostructures at room temperature.[61] Controlling the prop-

Figure 5. (a) Transport measurements across the metal-insulator transition of VO2 films
on TO and NWO nanosheets. (b) Cross-sectional SEM images of PZT films with different
thicknesses on LaNiO3/CNO/glass. Reproduced from ref. [60] . (c) Cross-sectional SEM
images at the line boundary of VO2 film on NWO and TO nanosheets (left), and the in-
verse pole Figure map, obtained by electron backscatter diffraction, showing the orienta-
tion of VO2 film in the out-of-plane direction (middle) with colour coding (right). (d) Soft
X-ray absorption in transmission: V-L2,3 of VO2 on nanosheets shows clear differences in
the spectrum due to the change in electronic structure across the metal-insulator transi-
tion temperature (left), and the O–K edge is recorded as a function of temperature
(right), showing the temperature dependence of the two main absorption features of
the metal-insulator transition in the insets. (a), (c), and (d) are reproduced from ref. [55e].
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erties of SRO on Si substrates is a good illustration of the abili-
ty of integration of oxide based devices with Si based technol-

ogy. Our group has shown that SRO grows epitaxially in (001)pc

and (011)pc orientations on CNO and TO nanosheets, respec-

tively, for which “pc” refers to a pseudocubic crystal symme-
try.[9c, 55c] However, direct growth of SRO on nanosheets results
in minor orientations of (011)pc and (001)pc on CNO and TO.[9c]

The introduction of a few unit cells of SrTiO3 prior to the depo-
sition of SRO completely suppresses these minor orientations

on these two types of nanosheets.[55c] Even though the SRO
films have grain boundaries and random in-plane orientations
due to the micrometer dimensions and random distribution of
oxide nanosheets on Si, their resistivity is comparable with
those on single crystal STO substrates.[55c] In addition, the mag-
netic easy axis (“easy” refers to the direction within a crystal

structure in which magnetization can be altered most easily) of

SRO, which can be parallel or perpendicular to the surface of
the film, can be easily tuned by choosing properly buffered

CNO or TO nanosheets,[55c] independently from Si substrate.
Pb1@xREx(ZryTi1@y)O3 materials, with RE representing a rare

earth element, are one of the most important perovskite
family of ferroelectrics, relaxor ferroelectrics, antiferroelectrics

and piezoelectrics for various applications, such as microelec-

tromechanical systems and energy storage devices.[55d, 60, 62] The
deposition of this family of materials on Si substrates is the

next step in realizing oxide-based devices. Ferroelectric
PbZr0.52Ti0.48O3 (PZT), which is known to have the largest dielec-

tric constant and piezoelectric coefficients in its family, was de-
posited on oxide nanosheets on Si with SRO as electrodes.[55d]

PZT films have main (001) and (011) orientations, the same as

SRO films on CNO and TO nanosheets, respectively, but minor
orientations are present in PZT films (011) on CNO and (001)

on TO nanosheets as well.[55d] They can be suppressed by intro-
ducing an STO layer before the deposition of the whole stack

of SRO/PZT/SRO. It is worth mentioning that (001) oriented
PZT films grown on CNO nanosheets on an amorphous (glass)

substrate demonstrates the best piezoelectric coefficient

(490 pm V@1) in piezoelectric films, thanks to columnar micro-
structure and strong orientation of the films along the c-axis
(Figure 5 b).[60] In addition to PZT composition, relaxor ferroelec-
tric Pb0.9La0.1Zr0.52Ti0.48O3 and antiferroelectric PbZrO3 have also
been drawing attention for energy storage devices.[62b–d] The
films of these two compositions can be oriented in the same

manner as PZT films by using oxide nanosheets. The per-
formance of these devices scales with the recoverable energy
storage density (Ureco), which depends on the critical electric

breakdown field (EBD), and the maximum and remanent polari-
zations. Different kinds of nanosheets can be used to tune the

microstructure of films. While Pb0.9La0.1Zr0.52Ti0.48O3 film has a
dense microstructure on CNO nanosheets, it has a columnar

one on TO nanosheets.[62c] As a result, EBD increases for the

dense film, leading to a higher Ureco value.[62c]

Vanadium dioxide VO2 is one of the leading candidates for

electronic oxide devices for low power operation in field-effect
type or neuromorphic electronic devices.[63] VO2 films are

(001)R and (110)R out-of-plane oriented in the high temperature
rutile (R) phase on NWO and TO nanosheets, respectively.[55e]

As we mentioned above, the former film has a metal-insulator
transition temperature (TMIT) at 332 K, lower than the bulk

value of 341 K, whereas the latter has TMIT at 347 K, higher than
the bulk value.[55e] It is known that the compressive strain on

the rutile c-axis of VO2 leads to a decrease of TMIT, while the
tensile strain on it increases TMIT.

[64] We suggested that the

same phenomena happen to VO2 films on NWO and TO nano-
sheets.[55e]

In order to highlight the additive potential to the free

choice of substrates and demonstrate how well oxide nano-
sheets can be controlled on the micrometer-scale, our group
showed that two different orientations of functional oxides can
be realized on a single substrate in a defined pattern by utiliz-
ing lithography.[55c, e] For example, the alternative line pattern
between (@402)M1 and (011)M1 (where M1 refers to the mono-

clinic phase) VO2 is achieved by growing on the same pattern

of NWO and TO nanosheets (Figure 5 c).[55e] Although the mini-
mum feature size of the patterns may be limited by the size of

nanosheets, either top-down etching of nanosheets, or size-
controlling nanosheets before or after exfoliation is feasible to

achieve smaller feature sizes. The ability to micropattern the
orientations of functional oxides on the micrometer-scale may

open new functionalities for devices that single crystal sub-

strate cannot provide. Next to micrometer-scale patterning, a
methodology to transfer pre-grown nanosheet-seeded thin

films from a sacrificial mica substrate to any arbitrary substrate,
for example, thermally sensitive flexible plastic substrates, has

also been developed.[65]

In addition to potential applications, oxide nanosheets can

facilitate the fundamental study of various materials, in which

mechanisms or structural changes usually happen along a spe-
cific crystal axis. Advanced characterization techniques, such as

soft X-ray absorption spectroscopy in transmission mode and
transmission electron microscopy (TEM), also need the film

thickness to be in the range to facilitate electron or X-ray
transparency. Both requirements are hardly achieved on single

crystal substrates or amorphous X-ray transparent TEM grids at

the same time. Remarkably, oxide nanosheets are transparent
to electrons and X-rays thanks to their thickness of only a few

atomic layers. We gave a proof of principle for the case of VO2

in soft X-ray absorption spectroscopy (Figure 5 d).[55e]

Nanosheets in supercapacitors and batteries

Due to their unique atomically thin structure and large surface
area, 2D nanosheets have recently attracted considerable at-
tention for their potential application in the field of energy
storage.[11, 66] Micro-supercapacitors (MSCs) which have interdi-

gitated electrode structures show great potential for integra-
tion with chips or flexible electronics.[67] As shown in Figure 6 a,

the in-plane interdigitated configuration of MSCs using stacked

nanosheet electrodes in the same plane, offers fast ionic move-
ment in horizontal directions and an increase of the accessibili-

ty of the electrodes. Inkjet printing, a digital printing tech-
nique, has been widely used for the fabrication of in-plane in-

terdigitated MSCs.[68] Graphene, which was exfoliated in 2004,
shows promise as electrode materials for supercapacitors be-
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cause of its high electrical conductivity, excellent stability and
mechanical flexibility and large specific surface area.[69] Li et al.

reported scalable fabrication of, fully inkjet-printed graphene
MSCs.[70] Graphene was printed as electrode on flexible poly-

imide substrate followed by printing poly(4-styrenesulfonic

acid) as electrolyte on top of electrodes. These fully printed
MSCs exhibited areal capacitances of around 0.7 mF cm@2. Fur-

thermore, large scale MSC arrays which were printed on both
silicon wafers and polyimide can be charged to voltages as

high as 12 V. Beyond graphene, a wide range of other novel
2D nanosheets have been proposed to serve as electrode ma-

terials for supercapacitors, such as MoS2,[71] black phospho-

rus,[72] MXene[73] and transition metal oxides.[11, 74] Recently,
Zhang et al. reported the additive-free MXene ink for printed
MSCs.[75] To fabricate all-MXene MSCs, MXene ink was first
printed on substrates followed by coating with H2SO4-poly

(vinyl alcohol, PVA) as a gel electrolyte on top of the device.
The printed MSCs exhibited volumetric capacitances up to

562 F cm@3 and energy densities of 0.32 mWh cm@2.

MnO2 nanosheets, which exhibit a large theoretical capaci-
tance (1233 F g@1), have been reported as electrodes for print-

ed supercapacitors.[32, 74] However, the electronic conductivity
of MnO2 is low (10@5 to 10@6 S cm@1 for Na-birnessite).[78] One

strategy to improve the electronic conductivity of MnO2 is by
defect engineering.[79] An alternative strategy is to combine

MnO2 with highly electron conductive materials such as graph-

ene.[80] The charge storage mechanism of MnO2 nanosheets
occurs by the reduction of Mn4+ to Mn3 + , e.g. :

MnO2 þ xCþ þ xe@ ! MnOOCx

in which A is an alkali ion or a proton. As shown in Figure 6 b,

MnO2 electrode show fast, reversible surface redox reactions

leading to pseudocapacitive charge storage in mild aqueous
electrolytes.[76] The cyclic voltammograms of MnO2 electrode in

Figure 6 b is close to electrochemical double layer capacity.

Our group demonstrated all-solid-state MSCs by inkjet print-

ing MnO2 nanosheets as active materials.[21] MnO2 nanosheets
were synthesized following the bottom-up synthesis strategy

outlined in section 2.2. To prepare water-based printable MnO2

inks, Triton X-100 and propylene glycol were added into the

MnO2 solution to modify the surface tension and viscosity of
the solution, respectively.[54] By formulation engineering of
MnO2 nanosheets ink, it can be printed on arbitrary substrates

without the “coffee-ring” effect. To fabricate asymmetrical MSC
on flexible polyimide substrate, MnO2 nanosheets ink was first-
ly printed on polyimide with in-plane interdigitated configura-
tion followed by thermal annealing. Highly conductive

poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
(PEDOT: PSS) ink was printed on top of MnO2 to serve as cur-

rent collectors. To complete the solid state MSC device fabrica-
tion process, PVA/LiCl as gel electrolyte was dropped on top of
the device and dried at room temperature. The MSC exhibited

high volumetric capacitances of 2.4 F cm@3 and high energy
densities of 1.8 V 10@4 Wh cm@3 at power densities of

0.018 Wcm@3 (Figure 6 c). To improve the electrochemical per-
formance of MnO2 micro-supercapacitor, 5 % substitutional iron

doping was applied and the resulting Fe-doped MnO2 nano-

sheets were inkjet-printed as active materials with interdigitat-
ed structures for MSC.[77] Cobalt and nickel were also active

dopants but to a much lesser extent than Fe. The Fe-doped
MnO2 MSC exhibited a volumetric energy density of 1.13 V

10@3 Wh cm@3 at volumetric power density of 0.11 Wcm@3, both
more than six times higher than the MSC based on undoped

Figure 6. (a) Schematic of in-plane interdigitated configuration MSC. (b) Cyclic voltammetry of MnO2 electrode in 0.1 m K2SO4 aqueous electrolyte. Reproduced
with permission from ref. [76] Copyright 2008, Springer Nature. (c) Ragone plot of printed Fe-doped MnO2 nanosheets MSC and recent data from literature.
(d) Cycling stability of Fe-doped MnO2 nanosheets MSC at a current density of 70 mA cm@2. (c,d) Reproduced from ref. [77] .
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MnO2 nanosheets (Figure 6 c). Furthermore, the Fe-doped
MnO2 MSC showed good mechanical flexibility and cycling sta-

bility with a capacitance retention of 78.7 % after 5200 cycles
of charge/discharge (Figure 6 d). These MnO2 based printed

MSCs show promise as energy storage units for utilization in
flexible electronics. These performance data confirm that inkjet

printing is a promising method for manufacturing flexible
energy storage devices like supercapacitors and batteries.

Nanosheets have also gathered interest for utilization in lithi-

um ion batteries. When using nanosheets as a solid-state elec-
trolyte, batteries can be made thinner. Usage of 2D materials

leads to shorter pathways for ions, increasing the rate capacity
of the battery. Moreover, less packaging compared to liquid

electrolytes is needed due to the absence of possible leakages,
which makes that these types of batteries are intrinsically safer.
The lifetime of solid-state electrolytes is superior to liquid elec-

trolytes, because they do not degrade easily compared to
using liquid electrolytes. The ionic conductivity, however, is
thus far lower than in liquid electrolytes. Different 2D materials
have already been explored for the different components of a

battery. For example, graphene is a commonly used anode ma-
terial for lithium ion batteries, because of its capability for re-

versible lithium ion intercalation in the layered crystals. The

structural similarities of graphene nanosheets to graphite may
provide another type of intercalation anode compound.[81]

MXenes have also been attracting a great deal of attention as
emerging low-cost and high energy-density anodes for batter-

ies, not only for lithium, but also for non-lithium batteries.[82]

LiMPO4 (M = Fe, Mn, Co, Ni) has become of great interest as

cathodes for next-generation high-power lithium ion batteries.

This is an olivine-type 2D material, which can be optimized by
a solvothermal lithiation process to increase the lithium diffu-

sion.[83] And leaf-like V2O5 nanosheets can be fabricated via a
facile green approach as high energy cathode material.[84]

Since nanosheets have a large surface to volume ratio, it is
possible to attach functional groups on the nanosheet surface

or dope the 2D sheets with foreign elements. For example, ti-

tanate nanosheets have been used as electrode in batteries,
but their electronic conductivity is rather low. By doping tita-

nate with an element like niobium,[30a] the conductivity may be
increased to facilitate its use as an electrode.

Catalyst design using nanosheets as templates

The concept of employing nanosheets as templates to control
the oriented growth of PLD-derived films can also be applied

to wet-chemical deposition processes. The deposition and crys-
tallization steps are typically separated in a wet-chemical pro-

cess: first, an amorphous precursor phase is deposited onto a
nanosheet. In the subsequent step the precursor is thermally

annealed and crystallized. Sol–gel-derived anatase films have
been grown from (NH4)2TiF6 and H3BO3 on Ca2Nb3O10 and
Ti0.87O2 and it was shown that the nanosheets could survive

both the conditions during the wet-chemical deposition pro-
cess, and the subsequent thermal annealing step at 450 8C.[85]

It was found that {100} and a few {001} facets were exposed at
the surface of the anatase film grown on Ti0.87O2. The anatase

film grown on Ca2Nb3O10 exposed mainly its {001} facets. The
differences between the two forms of anatase became promi-

nent in photocatalytic hydrogen formation experiments involv-
ing these films.[85]

Nanosheet-based soft hybrid materials

Although the emphasis in this review is on the synthesis and
applications of the 2-dimensional forms of the oxides, the

parent layered oxides may also be chemically modified with or-
ganic intercalants to render a layered hybrid material. Such a
material is relatively easy to deform under shear force, and
might thus find application where that property is exploited,
for example, as a solid lubricant.[12, 86] n-Alkylamines, with alkyl
chains having 3 to 12 carbon atoms, can easily intercalate into
protonated layered oxides, such as H1.07Ti1.73O4 (HTO).[12] The in-

tercalation process is driven by the acid-base reaction between
the intercalating amines and the interlayer protons. The nano-

sheet layer distance in the hybrid can be controlled by the
length of the n-alkylamine chain and the amine/HTO ratio. In

another study, the zwitterionic amino acid 11-aminoundecano-

ic acid (AUA) was intercalated into HTO through ion exchange,
see Figure 7 a and 7b.[86] The amino acid molecules formed an

ordered paraffinic bilayer in the gallery region of the layered
host and replaced H+ at pH below the isoelectric point (IEP) of

AUA (pH 7.85). The nanocomposite can be exfoliated into a
disordered structure at pH @ IEP, where the amino acid be-

comes negatively charged and destabilizes the ordered layered
structure. Above 180–200 8C, the amino acid polymerized into

nylon-11 confined between crystalline titanate monolayers. In

both studies, the intercalation process followed first-order
Langmuir-type kinetics, that is, random irreversible adsorption

with an adsorption rate proportional to the number of avail-
able adsorption sites. Both hybrids showed good performance

as high temperature solid lubricants (Figure 7 c), showing fric-
tion coefficients similar to that of the state-of-the-art material

graphite (Figure 7 d).

Conclusions and Outlook

A diverse range of nanosheet compositions derived from lay-
ered metal oxides has been reported. Most nanosheets are
made via soft chemical exfoliation routes, but a few composi-

tions, such as d-MnO2, can also be synthesized directly by a so-
lution process involving self-assembly of molecular precursors
in water. The composition and doping levels in nanosheets can

be modulated relatively easily via modification of the composi-
tion and grain size of the layered parent compounds. This ver-

satile and generic approach provides various easy handles to
introduce and optimize the functional properties and dimen-

sions of oxide nanosheets. As is illustrated in this review, by

utilizing 2D nanosheets as elementary building blocks for fur-
ther materials design, a wide range of functional layered

hybrid nanocomposites, nanosheet-based monolayers and mi-
cropatterned films with diverse properties can be generated

for emerging applications in energy conversion and storage,
(nano)electronics, catalysis and even mechanical engineering.
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