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abstract
2D nanomaterials such as graphene and transition-metal dichalcogenides, with their
thickness at only one or a few atomic layers, have now been positioned at the research
frontier of nanoscience and nanotechnology, thanks to their exotic physical properties
dissimilar to their bulk counterpart and other dimensionalities. To date, the preparation of
2D nanomaterials with desirable thickness and appreciable size has been mostly limited to
the naturally layered materials, also known as van der Waals solids. Although a number of
nanosheets from non-van der Waals solids have also been prepared, the control over their
size and thickness, as well as understandings of a general mechanism for 2D nucleation
and growth, remain obstacles for the further development of 2D nanomaterials for various
advanced applications. We recently prepared few nanometers thick, tens of microns sized
ZnO nanosheets by a novel method, named adaptive ionic layer epitaxy (AILE), which
employs the surfactant monolayer at the water–air interface and has the potential to
become a robust and versatile strategy. In this work, we present a detailed study on the
independent control over the size and thickness of nanosheets, and a revisit to our model
on AILE with discussions on its relations to our experimental findings.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Since the development of graphene, two-dimensional
(2D) nanomaterials have sprouted and taken a pivotal position in a wide range of research areas in nanotechnology [1–3]. 2D nanomaterials, or ultrathin nanosheets, are a
form of nanomaterials when their thickness is only one or
a few atomic layers. To date, a number of other 2D nanomaterials have been developed, including graphene analogues such as hexagonal boron nitride and silicene, [4–6]
and other nanosheets from layered compounds such as
transition-metal dichalcogenides and carbides, layered
double hydroxides, and layered perovskite oxides [7–9].
There are two major reasons that draw extensive research interest in 2D nanomaterials. First of all, physical
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properties that are radically different from or superior
to their bulk counterparts may arise from their ultrathin
thickness. For instance, monolayer 2H-MoS2 becomes a direct band gap semiconductor in contrast to bulk/multilayer
MoS2 having an indirect band gap [10,11]. Second, 2D
nanomaterials are fabrication-friendly and thus their physical properties are less difficult to access, as opposed to
the daunting challenges in the alignment and fabrication
of 1D nanowires/nanotubes, thanks to their 2D form factor
and the mature technologies inherited from the microelectronics. Till now, 2D nanomaterials have found compelling
applications in electronic and optoelectronic devices, sensors, catalysis, energy storage and conversion, as well as
biomedical devices [12–16].
To further explore the advanced physical properties of
2D nanomaterials and unlock their greater applications, a
rich and diverse portfolio of 2D nanomaterials is desired
to provide the availability of different functionalities required by various applications. However, the majority of
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the current 2D nanomaterials are from naturally layered
materials in which only weak interactions exist between
layers in their crystal structures, also known as the van der
Waals solids. By mechanical exfoliation and liquid phase
exfoliation, van der Waals solids can be processed into
high quality nanosheets with single or few atomic layers [17,18]. Because of the weak inter-layer interactions,
crystal growth along the normal of the atomic layers can be
unfavorable and thus thwarted under appropriate conditions. As a result, bottom-up preparation of their 2D nanostructures can also be accomplished by methods such as
chemical vapor deposition [19]. When it comes to nonvan der Waals solids, top-down exfoliation methods are
not applicable and bottom-up growth meets great challenges due to the lack of intrinsic driving forces for 2D nucleation and growth. In the past few years, a number of
nanosheets from non-van der Waals solids have been reported [20]. Metal nanosheets, including Au, Pd, Rh, and
Ru nanosheets have been successfully prepared by colloidal approaches and solvothermal methods [21–25]. In
the case of Pd, it was found that CO molecules were vital
to the confined 2D growth of nanosheets [22,26]. Non-van
der Waals metal oxides and metal chalcogenides have also
been synthesized into ultrathin nanosheets, such as PbS,
CuS, and CeO2 nanosheets [27–30]. Oriented attachment
was proposed as the governing mechanism in the formation of PbS nanosheets and CeO2 nanosheets. Albeit these
successes, major challenges still need to be solved for the
bottom-up synthesis of 2D nanomaterials from non-van
der Waals solids. One limitation of these nanosheets lies
in the fact that their sizes are less than 1 µm and typically below 100 nm, which adds difficulty in their integration into various devices. The other limitation originates
in the lack of a reliable and well-recognized mechanism
for the growth of 2D nanomaterials [31]. This is in contrast to nanomaterials with other dimensionalities, namely
as 1D nanowires/nanotubes and 0D quantum dots, whose
growth mechanisms have been well-documented and thus
their synthesis can be rationally designed and finely tuned.
Therefore, a robust and versatile mechanism for growing
large, thin nanosheets from a wide range of non-layered
materials is of imminent importance for the further advances in 2D nanomaterials.
In pursuit of overcoming this challenge, we recently
developed adaptive ionic layer epitaxy (AILE) to synthesize inorganic nanosheets at the water–air interface [32].
In AILE, an ionic surfactant monolayer is established at
the water–air interface over the precursor solution. When
specific interaction is registered between the ionic surfactant head groups and the precursor ions, the ordered arrangement of surfactants in the monolayer can adapted
to the precursor ions and guided the epitaxial growth of
nanosheets. The use of surfactant monolayers in guiding
the growth of inorganic materials underneath dates back
to the early 90’s when Fendler et al.. studied the growth
of PbS and CdS under monolayers of mixed carboxylic
acids [33,34]. Epitaxial relationships between the spacings
of the surfactants in the monolayers and lattice parameters of the target materials were identified. However, only
nanosheets smaller than 100 nm were produced. By AILE,
we have successfully produced few nanometer thick, freestanding, single-crystalline ZnO nanosheets with sizes up
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to tens of microns at the water–air interface under oleyl
sulfate monolayers. The formation process was monitored
by transmission electron microscopy (TEM) and their electrical properties were investigated by fabricating single
nanosheet-based thin film transistors. Here in this paper,
we report our studies on the control over the size and
thickness of ZnO nanosheets during AILE. By varying the
reaction time, precursor concentration, and the concentration of oleyl sulfate used in the monolayer, we are able to
tune the size and thickness of ZnO nanosheets, and have a
better description of AILE.
2. Methods
To synthesize ZnO nanosheets, 8 µL chloroform solution of sodium oleyl sulfate was added to the surface
of the aqueous solution containing Zn(NO3 )2 and hexamethylenetetramine (HMTA) as precursors for ZnO. The concentration of sodium oleyl sulfate in chloroform varies
from 0.4 to 1.0 mL/L. The concentration of ZnO precursors
is from 15 to 50 mM. This solution is contained in a closedlid, 24 mL glass vial and placed in a convection oven at
60 °C for typically 90–120 min. An arbitrary substrate, typically a SiO2 -coated Si wafer, was then used to scoop the
nanosheets from the water–air interface for subsequent
characterization.
The morphology and crystal structure of ZnO nanosheets
were characterized by LEO-1530 scanning electron microscopy (SEM) and Tecnai TF-30 transmission electron
microscopy (TEM). The thickness of the nanosheets was
measured by XE-70 atomic force microscopy (AFM) from
Park Systems.
3. Results and discussions
By scooping the nanosheets from the water–air interface by an arbitrary substrate, a single layer of triangular ZnO nanosheets are transferred to the substrate surface. Fig. 1(a) is an SEM image of the transferred ZnO
nanosheets on a SiO2 -coated Si substrate. The unilateral
triangular nanosheets have well defined edges and mostly
flat surfaces. There are some unwanted particles that are
scooped along with the nanosheets to the substrates. They
can be seen in the other SEM images too. We believe they
are formed from ZnO precursors dissolved in the residue
chloroform at the water–air interface. Similar to graphene
and MoS2 , the nanosheets can be observed under optical
microscope with fairly good contrast when the thickness
of the oxide coating is about 100 to 200 nm. The inset in
Fig. 1(a) is an optical microscopy image of the nanosheets
which show lighter contrast. The size of the nanosheets
can be up to about 20 µm. Fig. 1(b) is a high-resolution
TEM image of a single nanosheet. The inset in Fig. 1(b) is a
fast Fourier transfer image where hexagonal spots are obtained. These two images show the single crystalline nature of ZnO nanosheets with hexagonal in-plane symmetry and the exposed surface are (0001) facets. Some point
defects and dislocations can be observed from the TEM image, which may have profound influences on the mechanical properties of the triangular nanosheets. The nanosheets
are very flexible and can conform to uneven surfaces, as we
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Fig. 1. Morphology characterization of ZnO nanosheets. (a) SEM image of as-grown nanosheets on a SiO2 -coated Si substrate. The inset is an optical
microscopy image of the ZnO nanosheets. The scale bar is 10 µm. (b) High-resolution TEM image of a single-crystalline ZnO nanosheet. The inset is fast
Fourier transfer image showing the in-plane hexagonal symmetry.

observed when fabricating them into thin film transistors
in our previous work.
In our earlier work, we have reported our studies on the
formation process of the ZnO nanosheets by SEM and TEM
at different reaction time. Initially, an amorphous film is
formed under the oleyl sulfate monolayer. After a certain
amount of time, which is 90 min when the concentration
of the precursors is 25 mM, the amorphous film begins
to crystallize very rapidly. The nuclei grow larger and
orient themselves randomly in the beginning, and then
start to align in the same crystallographic orientation. The
strain in the amorphous film as a result of the nucleation
process causes the amorphous film to break down, and
single-crystalline nanosheets are then formed. To monitor
the growth of ZnO nanosheets, we stopped the reaction
at 95, 105, and 115 min, and transferred to nanosheets
to Si substrates for SEM imaging. We randomly selected
a few small areas on each substrate for imaging and
measured the lateral size of every single nanosheet in

the images in order to minimize any bias. More than 100
nanosheets were measured on each sample. The results
are summarized in Fig. 2. The SEM images of sample
nanosheets at each time point are exhibited in Fig. 2 too. At
95 min, the nanosheets were fairly small and averaged at
5.5 ± 1.6 µm. 5 min later, the nanosheets grew bigger and
were averaged at 6.7 ± 1.9 µm. At 110 min, the nanosheets
became 12.2 ± 2.3 µm. After even longer reaction time,
the nanosheets began to be etched and finally disappeared.
We contribute this to the delicate equilibrium between the
ultrathin nanosheets and the micro-environment beneath
the oleyl sulfate monolayer. The changing pH value and
precursor concentration within the few nanometers below
the monolayer gradually shifted out of the equilibrium and
became unsuitable for nanosheets.
One of the great advantages AILE in preparing nanosheets is that the nanosheets can grow larger without
significant thickening, therefore creating unprecedented
aspect ratio. We used topography scan by AFM to measure
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Fig. 2. Size evolution of ZnO nanosheets. Longer reaction time allows nanosheets to grow larger. At 95, 100, and 105 min of reaction time, the average size
of the nanosheets is 5.5 ± 1.6 µm, 6.7 ± 1.9 µm, and 12.2 ± 2.3 µm, respectively. The insets are SEM images of nanosheets at respective reaction time.
Scale bar = 20 µm in all SEM images.

Fig. 3. Thickness evolution of ZnO nanosheets. (a) AFM topography scan of nanosheets grown from 25 mM solution for 95 min. The inset is the height profile
along the red dashed line. The thickness of the nanosheet here is 2.012 nm. (b) Thickness of nanosheets versus reaction time at precursor concentration of
25 mM (black) and 10 mM (red). (c) Thickness of nanosheets versus the concentration of surfactants in chloroform added to the interface. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

the thickness of the nanosheets and studied how their
thickness changes with reaction time. On each sample,
we randomly chose a few areas to scan and measured
the thickness of every single nanosheets within the scans.
Fig. 3(a) shows an example of the measurements. The
inset is the height profile of the solid line marked on the
edge of one of triangles. The thickness of this nanosheet
is measured to be 2.012 nm. As the height profiles are
not strictly flat across the substrate and the surface of the
nanosheets, possibly due to the residues from the drying
of the solution after the nanosheet transfer, we always
measure the height difference on and off the nanosheet
both from the prominences or both from the depressions
to minimize the errors. The results are summarized in
Fig. 3(b). The black curve shows the thickness of the
nanosheets at 95, 100, and 110 min when the precursor
concentration is 25 mM. The red curve shows the thickness
of the nanosheets at 115, 120, and 125 min when
the precursor concentration is 10 mM. Lower precursor
concentration leads to a slower reaction, so we sampled
the nanosheets at longer reaction times. Similar to the size
of the nanosheets, their thickness increases upon reaction
time, before the nanosheets are etched away. However,

comparing the two curves, we find that different precursor
concentrations seem to have little influence on either the
thickness evolution or the finally maximum thickness of
the nanosheets.
In order to finely tune the morphology of the nanosheets
and achieve high aspect ratio, it is essential to decouple
the size and thickness and importantly control either of
them. We learned from Fig. 3 that both size and thickness
increase upon reaction time, and changing the concentration of precursors does not help to control the thickness.
Therefore, we also investigated the influence of the density
of oleyl sulfate in the monolayer on the thickness of the
nanosheets. To be consistent, we added 8 µL chloroform
solution of oleyl sulfate in all of our experiments, but used
different concentrations of them, from 0.4 mL/L to 1.0 mL/L.
Fig. 3(c) plots the thickness of the nanosheets obtained at
different oleyl sulfate concentration. With decreasing concentration of oleyl sulfate, thinner nanosheets can be produced. When the concentration is 0.4 mL/L, the resulted
nanosheets are averaged at 2.12 nm thick. Given the c parameter of Wurtzite ZnO is 0.52 nm, we have approached
to only 3–4 atomic layers of ZnO. Provided that the surface
adsorbed oleyl sulfate molecules might account for some
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Fig. 4. (a) and (b) AFM topography scans of two merged nanosheets. The insets are the height profile along the red dashed line. (c) High-resolution TEM
image of a single nanosheet. The inset is fast Fourier transfer image showing the in-plane hexagonal symmetry. (d) AFM topography scan of nanosheets
with a stepped hillock at the center. The inset is the height profile along the red dashed line showing a stepped edge. (e) Schematic illustration of adaptive
ionic layer epitaxy of ZnO nanosheets. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

thickness depending on their orientation, the actual number of atomic layers here can be even fewer.
We then attempt to obtain more information on
the growth mechanism of ZnO nanosheets, specifically,

the lateral growth modes and the thickening process.
From Fig. 2, we find that the nanosheets grow larger
without any significant increase in the polydispersity.
This means the micro-environment a few nanometers
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below the monolayer remains supersaturated from 95 to
110 min of reaction time and rules out Oswald ripening
as a lateral growth mechanism. We also observed that
some nanosheets merge into bigger sheets, which indicates an oriented attachment mechanism. Fig. 4(a) and
(b) are AFM topography scans of two merged nanosheets
as examples. The scans reveal a uniform thickness across
the merged nanosheets. Therefore, they are not stacked
nanosheets.
To understand the growth behavior along the normal direction of the nanosheets, we used TEM to image the nanosheets transferred at 90 min of reaction
time when the single crystalline nanosheets just began
to form. Fig. 3(b) reveals irregularly shaped islands on
the surface. The discrete overlayers can also been seen in
all our AFM scans. This suggests a layer-by-layer growth
mode. When the concentration of oleyl sulfate in chloroform in 0.8 mL/L and above, we also observe stepped
hillocks at the center of most nanosheets. Fig. 4(c) is an
AFM scan of such nanosheets. This morphology suggests a
dislocation-driven growth mechanism [35,36]. The origin
of the screw dislocation may be from the slight misalignment during the imperfect oriented attachment of small
nanosheets [37]. This is consistent with our observation in
Fig. 3(a) and (b).
With the precursors that normally produce ZnO nanowires and nanorods along the (0001) direction, [38,39]
the fact that nanosheets with (0001) facets exposed are
produced shows the drastic effect of oleyl sulfate monolayers in modifying the outcome of crystal growth. With
our findings above, we could now revisit the double layer
model and have a better description of the AILE of ZnO
nanosheets, as illustrated in Fig. 4(e). In our previous studies, we proposed that the electric field generated by the anionic monolayer causes the formation of a Stern layer that
contains mostly Zn2+ cations and screens most of the electric potential of the anionic monolayer. Below the Stern
layer there exists a diffusive layer that contains a high
concentration of Zn2+ cations that rapidly decays to the
bulk concentration at about 2 nm below the Stern layer.
Therefore, the thickness of the nanosheets are determined
by the micro chemical environment few nanometers below the anionic monolayer. Comparing to crystal growth in
bulk phases in general, AILE represents a disparate reaction
paradigm. From 10 to 25 mM precursors, the composition
of the Stern layer does not change and the composition of
the diffusive layer changes very insignificantly. Therefore,
the thickness of the nanosheets does not change with the
concentration of precursors in the bulk solution, which is
counterintuitive to the common experiences in the syntheses of nanomaterials. In order to control the crystal growth
during AILE, specifically, tune the thickness of nanosheets,
one must have access to the micro chemical environment
under the ionic monolayer. We have shown that changing the density of the oleyl sulfate in the monolayer can
change the composition of the Stern layer. With denser
oleyl sulfate monolayer, there are more Zn2+ cations in
the Stern layer, and we could therefore obtain thickener
nanosheets.
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4. Conclusions
In summary, we have carried out detailed studies on the
control over the growth of ZnO nanosheets by AILE. The relationship between the size, thickness of the nanosheets
and the reaction time is revealed. Although the concentration of precursors has little influence on the thickness
of the nanosheets, we are able to decouple the control
over their thickness from their size by varying the density of oleyl sulfates in their monolayers. This work allows
us to independently control the size and thickness of the
nanosheets, which gives us a better understanding of the
growth mechanism of ZnO nanosheets by AILE, and thus
paves the way for tuning the electrical properties of ZnO
nanosheets for electronic applications and the development of nanosheets from other non-van der Waals solids.
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