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ABSTRACT

Free-standing two-dimensional (2D) nanostructures, exempliﬁed by graphene and semiconductor nanomembranes, exhibit exotic electrical and
mechanical properties and have great potential in electronic applications where devices need to be ﬂexible or conformal to nonplanar surfaces. Based on
our previous development of a substrate-free synthesis of large-area, free-standing zinc hydroxy dodecylsulfate (ZHDS) hexagonal nanomembranes, herein,
we report a spontaneous phase transformation of ZHDS nanomembranes under extended reaction time. The hexagonal ZHDS sheets transformed into
rectangular single crystal nanomembranes with sizes of hundreds of micrometers. They contain long-range-ordered zinc vacancies that can be ﬁtted into an
orthorhombic superlattice. A surplus of dodecylsulfate ions and a deﬁcit of Zn2þ diﬀusion near the water surface are believed to be the factors that drive
the phase transformation. The phase transformation starts with the formation of zinc vacancies at the topmost layer of the hexagonal hillock, and
propagates along the spiral growth path of the initial hexagonal sheets, which bears a great resemblance to the classic “periodic slip process”. Mechanical
property characterization of ZHDS nanomembranes by nanoindentation shows they behave much like structural polymers mechanically due to the
incorporation of surfactant molecules. We also developed a one-step exfoliation and dehydration method that converts ZHDS nanomembranes to ZnO
nanosheets using n-butylamine. This work provides a further understanding of the growth and stability of ZnO-based nanomembranes, as well as advisory
insight for the further development on solution-based synthesis of free-standing, single-crystalline 2D nanostructures.
KEYWORDS: free-standing two-dimensional nanostructure . phase transformation . nanomembranes . exfoliation .
nanoindentation . screw dislocations

F

ree-standing two-dimensional (2D)
nanostructures, exempliﬁed by graphene
and semiconductor nanomembranes,
represent one of the pivotal areas that are
leading the advances in nanomaterials and
nanotechnologies.13 The exotic electrical
and mechanical properties rising from their
2D geometry have enabled vast applications in important ﬁelds such as transistors,
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optoelectronics and energy harvesting
devices.410 While the quantum eﬀects
and size-dependent properties of 0D quantum dots and 1D nanowires/nanotubes are
also exhilarating, researchers often ﬁnd it
diﬃcult in leveraging the properties from
individual building blocks due to myriads of
challenges in the assembly and fabrication
processes. In contrast, 2D structures are very
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sheets which exhibit typical ceramic behaviors, ZHDS
nanomembranes were much softer and behaved similar to structural polymers, such as polycarbonate. We
also present a one-step method that exfoliates ZHDS
nanomembranes and dehydrates the zinc hydroxide
layers simultaneously, and free-standing ZnO nanosheets were thereafter obtained. We note that by
replacing the zinc ions with other metal ions or using
other surfactants with functional groups, we could
potentially develop a family of other metal hydroxyl
surfactant compounds in the form of large-area nanomembranes. Combining this idea with our exfoliation technique, we could add a number of new materials to our portfolio of free-standing and ﬂexible 2-D
nanostructures.
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fabrication-friendly as they enjoy the mature fabrication technologies that have existed in industry for
decades. Free-standing 2D nanostructures naturally
inherit these advantages, but also feature in their
capability of being transferred onto arbitrary substrates,
and in particular, ﬂexible transparent substrates which
are otherwise incompatible with high-temperature
epitaxial techniques. Therefore, applications such as
ﬂexible transparent electronics and conformal medical
devices could be unlocked.1113
Means of producing free-standing 2D nanostructures include selective etching of sacriﬁcial layers as
in the cases of silicon and gallium arsenide nanomembranes,1416 and exfoliation of naturally layered crystals as in the cases of graphene and MoS2. Direct
syntheses of nanosheets are only sporadical.1719
Nonetheless, new methods with low-cost and simple
fabrication procedures need to be developed to obtain
free-standing 2D nanostructures of other functional
materials in order to meet the requirements of broader
applications. We recently reported a surfactantdirected surface assembly approach to producing
large-area zinc hydroxy dodecylsurfate (ZHDS) nanomembranes at the waterair interface and the nanomembranes could cover the entire water surface of the
reaction container.20 Unlike the conventional use of
surfactants for tuning the morphology of crystal by the
consensus selective surface adsorption mechanism,2124
we chose a materials system (zinc hydroxy sulfate)
where the surfactant molecules would participate in
the crystallization so that we could employ the surface
LangmuirBlodgett (LB) layer as a template to guide
the 2D growth into large-area nanomembranes. This
incorporation of surfactant molecules into the crystal
lattice transcended the previous limitation that only
nanometer-sized particles could be grown underneath
the LB layer.2527 We also demonstrated its great
potential in electronic applications by a proof-ofprinciple ﬁeld-eﬀect transistor.
The free-standing ZHDS nanomembranes consisted
of single-crystalline hexagonal grains up to a few
hundred-micrometer wide. We thereafter found that
the hexagonal crystal grains would experience a phase
transformation after extended reaction time and transform themselves from hexagonal sheets to rectangular
sheets. In this paper, we report this intriguing phase
transformation phenomenon, investigate the crystal
structure of the rectangular ZHDS sheets, and discuss
its origin and transformation mechanism. We found
that the spiral growth of the initial hexagonal sheets
that originated in screw dislocations provided a pathway for the phase transformation, which bore a great
resemblance to the classic “periodic slip process” that
explained the polymorphism of zinc sulﬁde (ZnS) and
silicon carbide (SiC). Mechanical properties of ZHDS
nanomembranes were characterized by nanoindentation experiments. Comparing to single-crystal ZnO

RESULTS AND DISCUSSIONS
Morphology and Structural Characterization. Figure 1 depicts the morphology of the rectangular ZHDS sheets
after the phase transformation. Figure 1a is an optical
microscopy image of the rectangular sheets on a
silicon substrate. They are 50100 μm in width and
100300 μm in length. Some rectangular sheets
have fairly flat surface. The AFM topography scan in
Figure 1b shows a flat sheet with a thickness of 108 nm
and topography variation is within 4 nm (Figure 1d).
Most sheets exhibit obvious thickness variation. The
color contrast in Figure 1a is a direct result of optical
interference that manifests thickness variation. The
sheets get thicker when the color goes from blue on
the sides of the sheets to red near the center of the
sheets. This thickness development coupled with the
color gradient under the optical microscope shows a
rectangular pattern and is better manifested by the
AFM topography scan in Figure 1c. The sheets grow in a
rectangular spiral motion and form surface hillocks
with steps ranging from 11 to 120 nm (Figure 1e).
This kind of surface topography was also found in the
hexagonal sheets but with a hexagonal pattern. We
discussed in our previously report that the hexagonal
surface contours are a consequence of screw dislocationdriven growth.28,29 We believe that the screw dislocations
are retained during the formation of the rectangular
sheets and they facilitate the phase transformation,
which will be discussed later. Therefore, the surface
contours remain on the rectangular sheets but with a
rectangular pattern.
A low-magniﬁcation TEM image of the rectangular
sheets is shown in Figure 2a. The contrast on the
rectangular sheet comes from the local thickness
variation and again indicates the dislocation steps.
Figure 2b is the electron diﬀraction pattern taken from
the sheet. This electron diﬀraction pattern contains
bright spots that reveal a hexagonal symmetry as well
as weak spots that can be ﬁtted into an orthorhombic
superlattice. We discussed in our previous report that
the initial hexagonal ZHDS (3Zn(OH)2 3 Zn(DS)2, where
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Figure 1. Morphology of rectangular ZHDS sheets. (a) Optical microscopy image of rectangular sheets on a silicon substrate.
(b) AFM topography image of an individual rectangular sheets. (c) AFM topography image of part of a rectangular sheets,
revealing the surface steps that resulted from the spiral growth and spiral phase transformation. (d and e) Line proﬁles of the
surface topography labeled by the red lines in \panels b and c, respectively. Panel d indicates a thickness of 108 nm. The
dislocation steps in panel e labeled by alternating red and green cursor pairs are 11, 16, 46, 62, 121, 14, and 53 nm,
respectively, from left to right.

DS denotes dodecylsulfate) sheets are composed of
pseudohexagonal zinc hydroxide layers with dodecylsulfate ions and water molecules incorporated in between the zinc hydroxide layers. The lattice spacing
that corresponds to the weak diﬀraction spots of the
rectangular sheets here equals to that of the initial
hexagonal ZHDS sheet. When considering the crystal
structure of the rectangular ZHDS sheets as a derivative
of the hexagonal ZHDS sheets and ﬁtting the weak
diﬀraction spots into an orthorhombic superlattice, we
√
ﬁnd a0 = 2a, b0 = 3a, where a0 and b0 are the lattice
parameters of the orthorhombic superlattice and a is
the zinczinc distance in the hexagonal ZHDS. While
the charging eﬀect of the dodecylsulfate ions made the
sheets deteriorate rapidly under the electron beam
and prevented us from obtaining high-resolution TEM
images, this ﬁtted epitaxial relationship led us to believe
that the superlattice is composed of long-rangeordered Zn vacancies. As illustrated in Figure 2c, these
Zn vacancies (white circles) take up every other Zn
position in every other row in the initial hexagonal
lattice. This orthorhombic Zn vacancy supperlattice
has previously been observed in the nanophase on
Wurtzite ZnO nanobelts.30 In Figure 2b, the bright spots
are indexed in a hexagonal system while the weak spots
are indexed based on the orthorhombic superlattice.
WANG ET AL.

We believe that the rectangular morphology of the
ZHDS sheets results from the symmetry of the zinc
vacancies (or equivalently, the remaining zinc ions). We
also quantiﬁed the relative contents of zinc and sulfur
by X-ray photoelectron spectroscopy (XPS). The results
informed us that the relative zinc content with respect
to sulfur decreased greatly after the phase transformation (Figure S1). Small-angle X-ray diﬀraction pattern
was obtained in order to calculate the c-direction
lattice parameter (Figure 1d). We see the (001) peak
at 2.03° and higher-order diﬀractions at higher angles.
The corresponding lattice spacing is 4.3 nm, a slight
increase from that of the hexagonal sheets (2.20° and
4.0 nm). With the zinc hydroxide layers loosing half of
the zinc ions, this increase indicates a more up-straight
orientation of the hydrocarbon chains in DS ions. The
inset in Figure 1d is a magniﬁed view of the X-ray
diﬀraction pattern from 10° to 30°. There are a few very
small peaks (labeled by solid square dots) that are
spaced out by about 3° and are identiﬁed as high-order
(001) peaks.
Phase Transformation Process. To investigate the in situ
evolution of the rectangular phase from the hexagonal
phase, the nanosheets formed on water surface were
collected at different reaction time intervals. Figure 3a
shows the initialization and development of the
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Figure 2. Structural characterization of rectangular ZHDS sheets. (a) Low-magniﬁcation TEM image of an individual
rectangular sheet. (b) Corresponding electron diﬀraction. (c) Schematic illustration of the zinc vacancy superlattice. The
solid blue spheres represent Zn2þ and the white circles represent zinc vacancies. The unit cell vectors of the superlattice are
marked as a0 and b0 . (d) X-ray diﬀraction pattern. The inset is an enlarged view showing the details from 10° to 30°.

Figure 3. Evolution of rectangular ZHDS sheets from hexagonal ZHDS sheets. (a) SEM images of ZHDS sheets collected from
growth chamber at 4, 16, 18, 18.5, and 19 h, respectively. (b) TEM image of nascent rectangular ZHDS sheets on top of the
hexagonal ZHDS sheets in the middle of the phase transformation. (c) Schematic illustration of the path of the phase
transformation.

rectangular phase when 25 mM zinc nitrate and HMT
and 20 mM SDS were used. At 4 h, the continuous
nanomembranes were comprised of hexagonal crystal
sheets, entirely. After ∼16 h of reaction, the orthorhombic phase in the form of rectangular sheets started
WANG ET AL.

to appear over the hexagonal sheets. Two hours later, a
greater amount of rectangular sheets were found. They
grew bigger with a few more dislocation steps while
new nascent ones formed too. At 18.5 h, the trend
sustained, and after 19 h, large-sized rectangular
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sheets were formed at the expense of all the initial
hexagonal sheets.
We note that these nascent rectangular sheets were
in smaller sizes compared to the hexagonal steps at the
topmost of the hillocks and stemmed at the center
of the surface hillocks. The TEM image in Figure 3b
corroborated this observation. This suggested that the
screw dislocations which gave rise to the spiral growth
of the hexagonal sheets should also play an important
role in the ZHDS phase evolution. In other dislocationrich and close-packed materials such as ZnS and SiC,
the phase transformations between diﬀerent polytypes are triggered by a stacking fault that changes
the Burgers vector of the screw dislocation around
which the polytype is initially grown. This mis-stacking
of the crystallographic planes propagates periodically
into every other few planes (depending on the value of
the Burgers vector) around the screw dislocation and
ﬁnally transforms the crystal to another polytype with a
diﬀerent type of stacking of close-packed planes. This
is known as the “periodic slip process”.3133 Based on
the fact that the initial hexagonal sheets were grown
by the same screw dislocation-driven mechanism
and our observation that the phase-transformation
occurred around the dislocation, it is reasonable to
make an analog of the periodic slip process to the
phase transformation in the ZHDS sheets, as shown
in Figure 3c: the zinc vacancies started on the surface hexagonal zinc hydroxide layers (due to limited
zinc supply, vide infra), and then the frontier of the
orthorhombic-ordered zinc vacancies slipped periodically further into the crystals along the spiral growth
paths of the hexagonal ZHDS sheets, and ﬁnally transformed the hexagonal ZHDS sheets to orthorhombic
ZHDS sheets completely.
There is yet another resemblance that the ZHDS
sheets bear to the polymorphism of ZnS and SiC as well
as other crystals. That is, the growth of ZHDS sheets
follows the Ostwald's rule of stages, which says that
crystallization from solutions often starts with thermodynamically unstable phases followed by a transformation to thermodynamically stable phases.3437 We
conducted experiments with diﬀerent starting concentrations of precursors and observed the onset time of
the phase transformation to investigate the driving
forces of the phase transformation. Figure 4 plots the
concentration of Zn2þ and DS ions versus reaction
time. Three experiments were done in parallel and the
starting concentrations of Zn2þ and DS ions were 25
and 30 mM (Exp. 1), 25 and 20 mM (Exp. 2), and 10 and
20 mM (Exp. 3), respectively. The time at which the
phase transformation started in the above three
experiments was 13, 16, and 17 h, respectively. First,
we see that higher concentration of SDS curtailed the
time it needed to initiate the phase transformation
signiﬁcantly (Exp. 1 and Exp. 2) while a higher concentration of zinc precursor only promoted the phase

Figure 4. Investigation of reactants concentration eﬀects.
(a) Zn2þ and (b) SDS concentration proﬁles versus growth
time in three parallel experiments where the starting concentrations of Zn2þ and SDS were 25 and 30 mM (Exp. 1),
25 and 20 mM (Exp. 2), and 10 and 20 mM (Exp. 3), respectively. The black, red, and blue dashed lines mark the time
when the phase transformation initiated in Exp. 1, 2, and 3,
respectively.

transformation marginally (Exp. 2 and Exp. 3). Therefore, DS ions are a vital driver to the phase transformation. This makes more sense when we consider the
fact that there is a great content of DS with respect
to Zn2þ in the rectangular ZHDS sheets than in the
hexagonal ZHDS sheets due to zinc vacancies. The
rectangular ZHDS sheets with higher stoichiometric
DS would be more stable in a DS-suﬃcient environment, especially on the water surface with a closepacked DS monolayer. Second, we see that the concentrations of Zn2þ and DS ions reached a stable
regime in less than 10 h while the phase transformation occurred much later than entering this regime.
In fact, the concentrations of Zn2þ and DS ions
remained fairly high after extended reaction time.
This implied that it was not the exhaustion of the precursors that induced the phase transformation. The
phase transformation occurred when the solution was
still supersaturated. For example, the phase-transformation in Exp. 1 (black square dots in Figure 4)
occurred at 13 h, when the concentrations of both
Zn2þ and DS ions were even higher than those in
Exp. 3 (blue triangular dots in Figure 4) at 2 h at which
point the hexagonal sheets were still growing.
Based on the observations, we believe that it is the
precursor diﬀusion rather than the bulk precursor
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concentration that limited the supply of Zn precursors
and triggered the phase transformation, as illustrated
in Figure 5. In the early stages of the growth (before 4 h),
the hexagonal sheets on the water surface were either
discrete or joint together by thin surfactant layers.
Under this situation, Zn precursors can diﬀuse freely
to the growth sites (i.e., the screw dislocation step
edges) near the water surface and the hexagonal sheet
growth is at its maximum rate. This is the stage of
reaction-limited growth (Figure 5a). After ∼4 h, there
formed a continuous ZHDS nanomembrane covering
the entire water surface as we reported previously.
As this large-area, continuous ZHDS membrane grew
thicker, it became more and more diﬃcult for the Zn2þ
ions to diﬀuse to the water surface and reach the
growth sites. The growth then entered to the diffusionlimited stage (Figure 5b), although the precursors in
the bulk solution were still suﬃcient. Lack of Zn2þ
triggered the formation of the zinc vacancies, followed
by the periodic slip process as discussed earlier that
completed the phase transformation (Figure 5c). Combining the two above-mentioned arguments, we conclude that a surplus of DS ions and a deﬁcient
diﬀusion of Zn2þ ions have collectively driven the
phase transformation to the thermodynamically more
stable rectangular ZHDS sheets.
Mechanical Properties of ZHDS Nanomembranes. Mechanical properties of ZHDS nanomembranes were investigated using nanoindentation. For comparison, nanoindentation was also performed on ZnO single-crystal
sheets synthesized by chemical vapor deposition. The
load-depth trace of a representative ZnO single crystal
sheet indent is shown in Figure 6a and is typical for a
single crystal ceramic material. At low loads elastic
behavior is observed with loading and unloading
segments tracing back and forth on top of each other.
Incipient plasticity, indicated by the “pop-in”, is the
beginning of the elastic-plastic regime. The load-depth
trace of a typical ZHDS nanomembrane indent (Figure 6b)
exhibits much different behavior. Unloadingloading
hystereses show the ZHDS nanomembrane has viscoelasticity. Sudden jumps in depth (indicated by vertical
red arrows in Figure 6b) are indicative of inhomogeneous deformation events. Insights into the potential
sources for these inhomogeneous deformation events
WANG ET AL.
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Figure 5. Schematic illustration of the phase transformation mechanism due to Zn2þ's capability of diﬀusing to growth sites
of ZHDS sheets on water surface. (a) Reaction-limited growth stage: at the beginning of sheet growth, the Zn2þ diﬀusion was
free and suﬃcient for ZHDS hexagonal plates. (b) Diﬀusion-limited growth stage: after a continuous and thick ZHDS was
formed, diﬀusion of Zn2þ became diﬃcult and thus deﬁcient for ZHDS growth. The phase transformation was thus triggered.
(c) More stable rectangular ZHDS sheets were completely formed by consumption of hexagonal ZHDS sheets.

Figure 6. Mechanical property investigation with nanoindentation. (a) Load-depth trace of multiload indent on a
432 nm ZnO single crystal sheet on a silicon substrate. Inset
is an SEM image of the residual indent impression. (b) Loaddepth trace of multiload indent on a 954 nm ZHDS nanomembrane on a silicon substrate. Red arrows indicate inhomogeneous deformation events. (c) SEM image of the ZHDS
nanomembrane residual indent impression showing the
potential sources of the inhomogenous deformation events
observed in the ZHDS nanomembrane load-depth trace.

are observed in the residual indent image (Figure 6c)
and include formation of radial cracks extending from
the vertices of the residual indent impression and
material pile-up at the edges. The sharp features in
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the pile-up suggest that intralamellar fracture and
interlamellar delamination in the organic layer are
mechanisms that contribute to the pile-up. In contrast,
the ZnO nanosheet residual indent (inset of Figure 6a)
looks relatively featureless. Finally, the ZHDS nanomembrane is much softer than the ZnO nanosheet.
Using the standard Oliver-Pharr analysis38 on the final
unloading segment, a 3.2 GPa hardness is estimated for
the ZnO nanosheet, which is within the range of
previous Berkovich nanoindentation of bulk ZnO single crystals.39 ZHDS nanomembranes are much softer
with a 0.2 GPa hardness, more typical of a structural
polymer such as polycarbonate.40
Exfoliation and Dehydration of ZHDS Sheets to ZnO Nanosheets. Removing the dodecylsulfate ions from the
ZHDS sheets and preparing ZnO nanosheets is necessary to fulfill the full potential of this 2-D nanostructure.
Exfoliation of layered crystals is common in producing
2-D nanosheets.4143 The predominant mechanism of
exfoliation is to break the weak interlayer interactions
(hydrogen bond, Van de Waals force, etc.). Sometimes
an ions-exchange reaction is needed to space out the
layers before the exfoliation.44,45 Exfoliation of zinc
hydroxide salts has attracted much attention but most
reports appear to be either unsuccessful or unconvincing in whether zinc hydroxide is converted to ZnO.4648
In addition to zinc hydroxide-to-ZnO conversion
(referred to as dehydration in below), another obstacle
lies in the fact that layered zinc hydroxy salts are not
strictly layered crystals with weak binding forces as in
our case where the zinc hydroxide layers are thought
to be connected along the spiral growth path. They are
just regular crystals with an extremely large lattice
parameter along c-axis. Up to date, screening the
exfoliation solvents remains experiential and detailed
exfoliation and dehydration mechanism is generally
overlooked.
We focused on the anionic nature of dodecylsulfate
ions and took the advantage of electrostatic force.
We adopted a method using n-butylamine for converting zinc/copper hydroxy chloride powder to
ZnO/CuO powder.49 By transferring the rectangular
ZHDS sheets to n-butylamine, we successfully removed
the dodecylsulfate ions and converted the zinc hydroxide layers to ZnO nanosheets. The ZnO phase was ﬁrst
conﬁrmed by powder X-ray diﬀraction pattern of the
precipitates resulted from the exfoliation (Figure S2).
Figure 7 shows TEM images of the exfoliated ZnO
nanosheets. At low magniﬁcation (Figure 7a), ribbonlike ZnO nanosheets were ubiquitous and most of
them were rolled up due to the surface strains coupled
with their ultrathin nature. The high-resolution TEM
image in Figure 7b shows the polycrystalline nature of
the ZnO nanosheets, which echoes the polycrystalline
diﬀraction pattern in the inset of Figure 7a. The singlecrystalline grain size in some of the ZnO nanosheets
was as large as a few hundred nanometers as is shown

Figure 7. Exfoliation of ZHDS nanosheets. (a) Low-magniﬁcation TEM images of the mostly rolled-up ZnO nanosheets
after exfoliation. The inset shows the electron diﬀraction
pattern of the ZnO nanosheets in view. (b) High-resolution
TEM image of an unrolled ZnO nanosheet with a polycrystalline nature.

by SEM and TEM images in the Supporting Information
(Figure S3). The converted ZnO nanosheets were as
thin as 4 nm, which is shown in Figure S4. We think the
polycrystallinity resulted from the chemical reactioninduced strain during the exfoliation process, in which
n-butylamine acted as both the exfoliating reagent and
the dehydration reagent. The reaction could be written as
Zn(OH)2 3 Zn(DS)2 þ 2C4 H11 N f 2ZnO þ 2C4 H11 NHþ 3 DS 

While a dedicated mechanistic study of this reaction is
beyond the scope of this work, we could still make
some inferences on the reaction process given the
crystal structure of ZHDS and the chemical properties
of organic amines. In the zinc hydroxide layer of the
ZHDS, the zinc cations are highly polarizing, and the
OH groups are directed perpendicular to the layer
and are strongly polarized.50 The protons on the OH
groups thus have a propensity for forming hydrogen
bonds with oxygen on the sulfate groups and interlayer water molecules, as well as nitrogen on the
n-butylamine. They are therefore subject to leave. There
are two possible paths for the proton to leave. It could
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CONCLUSIONS
In this paper, we report a follow-up discovery on
the surfactant-directed synthesis of large-area freestanding ZHDS nanomembranes. A spontaneous phase
transformation from the hexagonal ZHDS sheets
to rectangular ZHDS sheets was observed during
extended growth time. We studied the crystal structure
of the rectangular ZHDS sheets and concluded a zinc
vacancy superlattice in the zinc hydroxide layers. The
zinc vacancies could be ﬁtted into an orthorhombic
crystal system and have resulted in the formation of
the rectangular morphology. The phase transformation started with a metastable ZHDS to a thermodynamically more stable phase and was driven by the DSsuﬃcient environment and the limited diﬀusion of
Zn2þ ions. The phase transformation was triggered
by zinc vacancies which subsequently developed
along the spiral growth trajectory around the screw
dislocation. The occurrence and process of this phase
transformation echoed the canonical Ostwald's rule of

METHOD
The growth procedures of the initial nanomembranes that comprised of hexagonal crystal grains were reported previously.20
In brief, we added an excess amount of sodium dodecylsulfate
(SDS) (typically 20 mM) in a solution containing a typical amount
of 25 mM zinc nitrate and hexamethylenetetramine (HMT). We
observed a continuous free-standing membrane that covered
the entire opening area of the reaction container at the water
surface after about four hours. By further sitting the reaction
container under the growth condition, the hexagonal-to-rectangular phase transformation was found starting in about 16 h.
The phase transformation completed and rectangular sheets
were obtained in about 20 h of reaction. We scooped the
membrane from the water surface using diﬀerent substrates
for various further characterizations. To capture the evolution of
the phase transformation, ZHDS membranes at the water surface were transferred out at diﬀerent growth time to silicon
substrates or lacey-carbon TEM grids for scanning electron
microscope (SEM) and transmission electron microscope
(TEM) characterization, respectively.
The morphology and structural characterizations were performed with LEO 1530 SEM and Philips CM200UT TEM. The
topography of the ZHDS sheets was scanned by atomic force
microscopy (AFM, Park Systems, XE-70) in tapping mode. Smallangle XRD was taken by Hi-Star 2-D X-ray diﬀractometer and
powder diﬀraction was taken by STOE powder diﬀractometer.
X-ray photoelectron spectroscopy was performed by Thermal
Scientiﬁc K-Alpha small spot photoelectron spectrometer system. The concentrations of Zn2þ and dodecylsulfate (DS)
ions in the growth solution at diﬀerent reaction time were
determined by inductively coupled plasma atomic emission

WANG ET AL.

stages and periodic slip process, respectively. These
investigations gave us a further understanding of the
growth and stability of ZHDS nanomembranes as well
as other layered metal hydroxide salts. We also demonstrated an eﬀective one-step method for converting
ZHDS to ZnO nanosheets, which paved the way for the
realization of their potential applications. The ZnO
nanosheets only can be obtained from the rectangular
ZHDS nanomembranes due to their superior stability,
which underscores one aspect of the signiﬁcance of
the new rectangular phase. We also demonstrated the
hardness of ZHDS nanomembranes is similar to structural polymers, which represents a radical change in
mechanical behavior from ZnO single crystals after the
incorporation of surfactant molecules. The use of
organic amines for dehydrating metal hydroxide and
removing intercalated anionic surfactants added a new
tool for the exfoliation of inorganic layered compounds. This research can provide advisory insights
on the further development of solution synthesis of
free-standing 2-D nanostructures. Further development of this novel nanomembrane self-assembly
technique includes controlling the nanomembrane's
thickness, increasing the size of their single-crystal
grains and the overall crystallinity, as well as studying
atomic-scale physical properties, which will pave the
road toward a new family of 2D nanomaterial building
blocks for ﬂexible, stretchable and transparent electronic devices.
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bond with a DS ion and form dodecylsulfuric acid
that subsequently combines with n-butylamine via
an acidbase reaction. Or it could bond directly with
n-butylamine and form a cationic surfactant that
subsequently combines with a DS ion. In both
cases, organic salts n-butylammonium dodecylsulfate
(C4H11NHþ 3 DS) are formed as byproducts of the
dehydration and exfoliation process.

spectroscopy (ICP-AES). The growth solution were sampled
at diﬀerent time during the reaction, and subsequently
centrifuged to remove solid precipitates and diluted to a
constant volume. Zinc sulfate was used to prepare the
standard solutions for the working curve. The interface
adsorption of DS ions in the tubing of the ICP-AES system
made it diﬃcult to quantify the concentration of sulfur.
To solve this problem, perchloric acid was added to sever
the sulfate group from the hydrocarbon chain and therefore
all sulfur was in the form of free sulfate groups. A Hysitron
(Minneapolis, MN) TriboIndenter equipped with a Berkovich
probe was used to investigate the mechanical properties of
ZHDS nanomembranes.
Exfoliation of rectangular ZHDS sheets was done by transferring the as-grown sheets to n-butylamine solution. This solution
was kept sitting for two days and then drop-cast to a TEM grid
for imaging. The exfoliated ZnO nanosheets were collected for
powder X-ray diﬀraction by adding acetone to n-butylamine to
let the ZnO nanosheets precipitate.
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