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Figure 1 Morphology of ZnO nanosheets. a, Schematic illustration of the formation of ZnO nanosheets 
directed by surfactant monolayer. b, Optical microscopy image of the nanosheets on a silicon substrate 
coated with 100 nm SiO2. c, SEM image showing a typical nanosheet with an equiangular triangle shape. 
d, AFM topography scans of typical nanosheets with flat surfaces on a Si substrate. e, TEM image of a 
corner of a 20 µm-sized ZnO nanosheet. f, Corresponding SAED pattern of the nanosheet shown in E. g, 
HRTEM image of the same nanosheet. h, Corresponding Fourier transformation that shows a hexagonal 
symmetry. i, HRTEM image of a nanosheet showing overlayer growth. ..................................................... 4 
Figure 2. TEM images and schematic drawings showing the time-dependent evolution of ZnO 
nanosheets. a, Mostly amorphous films with tiny crystalline grains and curved edges. b, More crystalized 
nanosheets with 2 to 3 nm grains that are randomly oriented. c, These crystalized grains grew bigger and 
had aligned orientation. d, Large-area single-crystalline nanosheet. The insets are fast Fourier transfer 
patterns of the TEM images, respectively. The four schematic drawings below TEM images conceptually 
depict the crystal structure of each stage during the evolution of ZnO nanosheets. Regions with lighter 
gold colored spheres are amorphous and regions with deeper gold colored spheres are crystalized. ........... 6 
Figure 3. Calculation of the Zn2+ concentration profile and its relation with the thickness of ZnO 
nanosheets. The light blue shaded band represents a positively charged stern layer primarily composed of 
Zn2+ ions. The blue curve plots the concentration of Zn2+ from the end of the Stern layer (blue shaded area 
within the first 0.6 nm) into the bulk solution. The black squares and red round dots marks the thickness 
of single-crystalline nanosheets and amorphous films formed prior, respectively, measured by AFM. The 
right vertical axis is the side length of single-crystalline nanosheet triangles. Note that the sizes of 
amorphous films are hundreds of microns and are not displayed in this plot. ............................................ 10 
Figure 4. Electronic properties of ZnO nanosheets. a, Drain current versus gate voltage when the drain 
voltage was 5V. The gate voltage scan was from 7V to -7V. Inset is the schematic of nanosheet-based 
TFTs. b, Drain current versus drain voltage at different gate voltages from 2V to -7V with a 1V step. .... 11 
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1. Problem studied in this project 

In this project, we developed a novel and robust synthesis strategy for ultrathin metal oxide 

nanosheets from non-layered materials, and we studied the structural and growth mechanism of 

the nanosheets, as well as the experimental factors that control the thickness of the nanosheets. 

Two-dimensional (2D) nanomaterials, particularly when their thickness is just one or a few 

atomic layers, exhibit physical properties dissimilar to those of their bulk counterparts and other 

forms of nanostructures.  Graphene and transition metal dichalcogenides (TMDs) have 

epitomized the applications of 2D nanostructures in many electronic, optoelectronic, and 

electrochemical devices.1-4 Nonetheless, real-world 2D nanostructures so far have been largely 

limited to naturally layered materials, i.e. the van der Waals solids, synthesized either from top-

down or bottom-up.5,6  Unlike one-dimensional (1D) nanostructures whose growth mechanisms 

have been well described, syntheses of ultrathin 2D nanomaterials from non-layer materials 

without an epitaxial substrate have remained a case-by-case practice. In the sporadic literature 

reports, such as PbS nanosheets by oriented attachment and palladium nanosheets by a 

solvothermal method,7,8 the size of the nanosheets is usually below one micron and much smaller 

than that of graphene and TMDs, which presents myriad fabrication challenges for real devices. 

In this regard, a novel and yet robust synthesis strategy dedicated to the growth of general 2D 

nanostructures of large sizes would enable many novel materials to be grown at a practical 

dimension for applications. 

In this project, we demonstrated that surfactant monolayers could serve as a soft template 

supporting the nucleation and growth of 2D nanomaterials in large area beyond the limitation of 

van der Waals solids and demonstrated the properties of the materials grown by this strategy. 

Specifically, the following proposed problems, have been studied: 
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1. The synthesis of metal oxide nanosheets that are only a few atomic layers thick and of 

large single-crystalline grains. 

2. The understandings of epitaxial relationship and chemical interactions between the 

surfactant monolayer and the nanosheets grown underneath. 

3. The control over the thickness of the nanosheets. 

2. Results 

2. 1. Synthesis, structural characterization, and growth mechanism of ZnO nanosheets 

In this synthesis, oleylsulfate anionc monolayers were employed to guide the growth of ~1-

2 nanometer thick single-crystalline ZnO nanosheets with sizes up to tens of microns at the 

water-air interface. Sodium oleylsulfate was first dissolved in chloroform and subsequently 

spread over the surface of an aqueous solution containing precursors that would otherwise 

produce chunky ZnO nanocrystals.9 While ZnO nanocrystals still form in the bulk part of the 

solution, there appeared a single layer of non-overlapping ZnO nanosheets that covered the entire 

water-air interface. As schematically shown in Fig. 1a, the oleylsulfate anions forms a close-

paced monolayer at the water-air interface, under which Zn2+ cations are supersaturated and 

precipitate into nanosheets. Much like graphene, when the nanosheets were transferred onto 

oxide-coated Si substrates, they became very visible under the optical microscope, and this was 

very useful for subsequent characterization and device fabrication.23 Figure 1B is an optical 

microscopy image of ZnO nanosheets on a 100 nm SiO2-coated Si substrate. These nanosheets 

were densely packed, and the edges of adjacent nanosheets were mostly aligned. Some 

nanosheets had small particles at their center. We suspect that these particles were grown in the 

early stage of the reaction when the supersaturation was extremely high. Figure 1C is a scanning 

electron microscopy (SEM) image of a single triangular nanosheet with edges longer than 20 µm. 
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This is the typical morphology of the as-received nanosheets on a Si substrate. A topography 

atomic force microscopy (AFM) scan revealed the nanosheet was 2.28 nm in thickness and 

nearly uniform across the entire area (Fig. 1d). The surface roughness was found to be 0.2 nm.  

 

Figure 1 Morphology of ZnO nanosheets.  a, Schematic illustration of the formation of ZnO nanosheets 
directed by surfactant monolayer. b, Optical microscopy image of the nanosheets on a silicon substrate 
coated with 100 nm SiO2. c, SEM image showing a typical nanosheet with an equiangular triangle shape. 
d, AFM topography scans of typical nanosheets with flat surfaces on a Si substrate. e, TEM image of a 
corner of a 20 µm-sized ZnO nanosheet. f, Corresponding SAED pattern of the nanosheet shown in E. g, 
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HRTEM image of the same nanosheet. h, Corresponding Fourier transformation that shows a hexagonal 
symmetry. i, HRTEM image of a nanosheet showing overlayer growth. 

Transmission electron microscopy (TEM) was applied to investigate the crystallinity of 

these nanosheets as well as their formation mechanism. Figure 1E shows a corner of a triangular 

nanosheet, which is slightly darker in contrast compared to the background due to its ultra-small 

thickness. For a clear presentation, we highlighted the edges with red dashed lines. Several very 

thin whiskers also were observed, which might be concentrated surfactant residues. Selective 

area electron diffraction (SAED) pattern revealed a single-crystalline hexagonal lattice with a d-

spacing of 0.281 nm, which matches the Wurtzite ZnO (0001) facet (Fig. 1f). High-resolution 

(HR) TEM images were obtained on the area through the holes of the holey-carbon film, as 

shown in Fig. 1g. The HRTEM revealed the single-crystalline nature of the nanosheet; whereas 

dislocations or small defective areas could also be observed on the nanosheet. Corresponding fast 

Fourier transfer (FFT) pattern of the HRTEM image clearly matches the SAED pattern, 

confirming the single crystallinity across the entire nanosheet (Fig. 1h). Nanosheets with uneven 

surfaces were also observed as shown in Fig. 1i. There appear to be a developing overlayer on 

the nanosheet surface, indicative of a layer-by-layer growth mode. 

The nanosheets at the water-air interface were collected at different reaction times to 

investigate their formation mechanism. TEM images in Figs. 2A-D and the conceptual drawing 

below them respectively illustrate the crystal structure evolution of the nanosheets. What 

appeared at the interface first was a continuous amorphous film (Fig. 2a), which is supported by 

the inset FFT pattern. Tiny crystallites are embedded in the largely amorphous film although 

hardly visible. These crystallites then grew in lateral size, and were all oriented with the same 

hexagonal crystal plane exposed; however, their in-plane rotation appeared to be stochastic, as 

shown in Fig. 2b. The inset FFT pattern confirmed such a textured structure, with a single ring 
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that matches the d-spacing of the SAED pattern. As the crystallites grew larger, they merged at 

an aligned orientation into a contiguous, single-crystalline network coexisting with much 

reduced amorphous region confined between the nanosheets (Fig. 2c). A single set of 6-fold 

symmetric spots appeared in the FFT pattern of the TEM image. Eventually, the amorphous area 

was fully crystallized and the nanosheet became single-crystalline with few dislocations that 

were likely formed by the mis-orientation of merged crystalline areas during the formation 

process (Fig. 2d). 

 

Figure 2.  TEM images and schematic drawings showing the time-dependent evolution of ZnO 
nanosheets. a, Mostly amorphous films with tiny crystalline grains and curved edges. b, More crystalized 
nanosheets with 2 to 3 nm grains that are randomly oriented. c, These crystalized grains grew bigger and 
had aligned orientation. d, Large-area single-crystalline nanosheet. The insets are fast Fourier transfer 
patterns of the TEM images, respectively. The four schematic drawings below TEM images conceptually 
depict the crystal structure of each stage during the evolution of ZnO nanosheets. Regions with lighter 
gold colored spheres are amorphous and regions with deeper gold colored spheres are crystalized. 
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2. 2. The epitaxial relationship and chemical interactions between the surfactant monolayer 

and the nanosheets grown underneath. 

Our studies showed that the highly ordered, densely packed anionic monolayer of 

oleylsulfates at the water-air interface has not only stimulated the growth of large, amorphous 

ZnO films but has also directed the crystallization process of ZnO nanosheets across a large 2D 

scale. This multistep process began when the anionic monolayer created a negative surface 

potential that raised the concentration of Zn2+ near the monolayer, resulting in the initial 

formation of the amorphous films described in Fig. 2a. As the amorphous ZnO film began to 

crystallize, the long range order of the oleylsulfate monolayer coordinated the orientation 

between independent ZnO crystallites owing to the strong association between the oleylsulfate 

molecules and the Zn2+ ions below. To test this hypothesis, control experiments were conducted 

using stearic acid in place of oleylsulfate, as it has a similar molecular structure but a different 

headgroup (carboxylate). Millimeter-sized, nanocrystal-percolated amorphous films without 

faceted edges were obtained, very similar to the initial amorphous films when oleylsulfate was 

used. No single-crystalline nanosheets triangles were observed after extended reaction time. This 

corroborated our argument that specific bonding between sulfate groups and ZnO surface are 

needed for the crystallization of ZnO nanosheets. It is also important to note that large, single 

crystalline nanosheets were obtained with great reproducibility without controlling the surface 

pressure of the monolayer. This fact suggests that the epitaxial relationship between the Zn2+ ions 

and the ionic surfactant monolayer is very robust and can tolerate small variations in the 

intermolecular spacing in the monolayer. We believe this is because the Zn2+ ions imposed a 

profound influence on the arrangement of the ionic surfactant monolayer, as metal ions in the 

aqueous sub-phase, especially multivalent ones, can affect the 2D arrangement of surfactant 
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molecules in monolayers and improve their stability via electrostatic and coordination 

interactions. Therefore, during the formation of ZnO nanosheets, the oleylsulfate anions can 

spontaneously and simultaneously adapt to the ZnO lattice. This growth therefore occurs through 

a two-way epitaxy process, and is thus named as adaptive ionic layer epitaxy (AILE).  

2. 3. An electric double layer model on the thickness of nanosheets grownby AILE 

In order to understand the chemical environment for the formation of ZnO nanosheets, we 

simulated the effects of a negatively charged surfactant monolayer on the concentration profile 

of Zn2+. We assumed the average area occupied by a single oleylsulfate molecule in the 

monolayer is 0.2 nm2, which corresponded to a charge density of -0.801 C m-2. A positively 

charged stern layer with a uniform charge density of 0.736 C m-2 was established at a distance of 

0.3 nm away from the surfactant layer. The electric field resultant from superimposing both 

charged surfactants and Stern layers influences the charged species in solution, attracting 

(concentrating) or repulsing (diluting) positive and negative charged ions, respectively. The 

electrical potential profile, (φ(x)), between the Stern layer and bulk solution was solved 

numerically using the following expression: 

ቀௗథ
ௗ௫
ቁ
ଶ
ൌ ଶ୩୘

஫஫బ
෎ ൬n୧

଴ ൤eቀ
ష౰౟౛ഝ
ౡ౐

ቁ െ 1൨൰
௜

                                                        (1) 

where φ is the potential relative to bulk solution, x is a measure of distance into solution 

and perpendicular to the monolayer surface, k is the Boltzmann constant, T is absolute 

temperature, n୧
଴ is the bulk concentration of ion i, zi is the charge of ion i, and e is the charge of 

an electron.10 The potential adjacent to the Stern layer at the closest approach by ions in solution, 

φ(6Å), was taken as 0.065 V. As the concentrations of all species are constantly changing during 

the reaction, we only calculated the chemical environment near the interface at the relevant 
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reaction time (1.5 hours into the reaction) assuming the concentration of each ion as listed in 

Table S1.  Consistent with Eq. (1), the ratio of concentrations of species i in bulk solution (n୧
଴) at 

bulk solution potential (φ0 =0) to its concentration (ni) found at any other potential (φ) is given by: 

n୧ ൌ n୧
଴eቀ

ష౰౟౛ഝሺೣሻ
ౡ౐

ቁ      (2) 

In the case of Zn2+, n୧
଴is 18.72 mM, and zi is 2. Figure 3 is a plot of Zn2+ concentration as a 

function of distance from the surfactant monolayer into the bulk solution. It can be observed that 

the concentration of Zn2+ ions dropped drastically within a very short distance from the Stern 

layer. At distant x = 1.5 nm, its concentration became only marginally different from bulk 

concentration. Therefore, the Stern layer and the diffuse Gouy layer up to 1.5 nm from the 

interface constituted a Zn2+-concentrated zone. In Fig. 3 we also marked the measured thickness 

of the single-crystalline nanosheets and the amorphous films by black squares and red round dots, 

respectively. The single-crystalline triangular ZnO nanosheets and amorphous films have an 

average thickness of 2.73±0.33 nm and 3.28±0.41 nm, respectively. The single-crystalline ZnO 

nanosheets were generally thinner than the amorphous films, possibly due to a volume reduction 

and removal of non-native ions (e.g. nitrate and ammonium ions) during the crystallization. 

Given the fact that the oleylsulfate adsorbed on the surface of nanosheets may have contributed a 

thickness of ~2 nm,11 the thickness of the amourphous ZnO nanosheets is about the same as the 

width of the Zn2+-concentrated zone near the interface (~1.5 nm). We therefore propose that this 

Zn2+-concentrated zone has provided an interfacial chemical environment different from the bulk 

concentration which drove the growth of ZnO nanosheets and has determined the thickness of 

the initial amorphous ZnO films that subsequently transformed into single-crystalline nanosheets. 
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Figure 3. Calculation of the Zn2+ concentration profile and its relation with the thickness of ZnO 
nanosheets. The light blue shaded band represents a positively charged stern layer primarily composed of 
Zn2+ ions. The blue curve plots the concentration of Zn2+ from the end of the Stern layer (blue shaded area 
within the first 0.6 nm) into the bulk solution. The black squares and red round dots marks the thickness 
of single-crystalline nanosheets and amorphous films formed prior, respectively, measured by AFM. The 
right vertical axis is the side length of single-crystalline nanosheet triangles. Note that the sizes of 
amorphous films are hundreds of microns and are not displayed in this plot. 

 

2. 4. Electrical properties of ZnO nanosheets 

As exotic physical properties can arise when the thickness of a material is reduced to a 

single or a few atomic layers, the electronic property of ZnO nanosheets were investigated by 

fabricating thin film transistors (TFTs) with a back gate configuration (inset of Fig. 4a). The Id-

Vg curve shows an increasing source-drain current (Id) as the gate voltage (Vg) scans from 

positive to negative (Fig. 4a). This is a typical p-type semiconductor behavior. The Id-Vd curves 
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at different gate voltages shown in Fig. 4b further confirmed the p-type conductivity of the ZnO 

nanosheets. Higher positive drain current was obtained as the gate voltage went more negative. 

Based on the dimension of the nanosheets and the transconductance derived from Fig. 4a, the 

carrier concentration and hole mobility of the nanosheets were estimated to be 1.4×1018 cm-3 and 

0.01 cm2/Vs, respectively (Supplementary Information S1). We fabricated and measured 20 

devices and carrier concentration and hole mobility values were all within the same order of 

magnitude. 

 

Figure 4. Electronic properties of ZnO nanosheets. a, Drain current versus gate voltage when the drain 
voltage was 5V. The gate voltage scan was from 7V to -7V. Inset is the schematic of nanosheet-based 
TFTs. b, Drain current versus drain voltage at different gate voltages from 2V to -7V with a 1V step. 
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