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Abstract: Two-dimensional (2D) zinc oxide (ZnO) has attracted much attention for its potential
applications in electronics, optoelectronics, ultraviolet photodetectors, and resistive sensors. However,
little attention has been focused on the growth mechanism, which is highly desired for practical
applications. In this paper, the growth mechanism of 2D ZnO by surfactant-assisted ion-layer epitaxy
(SA-ILE) is explored by controlling the amounts of surfactant, temperature, precursor concentration,
and growth time. It is found that the location and the number of nucleation sites at the initial stages
are restricted by the surfactant, which absorbs Zn?* ions via electrostatic attraction at the water-air
interface. Then, the growth of 2D ZnO is administered by the temperature, precursors, and growth
time. In other words, the temperature is connected with the diffusion of solute ions and the number
of nucleation sites. The concentration of precursors determines the solute ions in solution, which
plays a dominant role in the growth rate of 2D ZnO, while growth time affects the nucleation, growth,
and dissolution processes of ZnO. However, if the above criteria are exceeded, the nucleation sites
significantly increase, resulting in multiple 2D ZnO with tiny size and multilayers. By optimizing the
check for above parameters, 2D ZnO nanosheets with a size as large as 20 pm are achieved with 10 x 10~° of the
updates ratio of sodium oleyl sulfate to Zn?t, 70 °C, 50 mM of precursor concentration, and 50 min of growth
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time. 2D ZnO sheets, are confirmed by scanning electron microscope (SEM), energy-dispersive X-ray
spectrometer (EDS), X-ray photoelectron spectroscopy (XPS), and Raman spectrum. Our work might
i guide the development of SA-ILE and pave the platform for practical applications of 2D ZnO on
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Zinc oxide (ZnO) has received considerable attention for its excellent properties of

Received: 30 November 2022 wide-bandgap (3.3 eV) [1], high exciton binding energy (60 meV) [2], non-centrosymmetric
Revised: 14 December 2022 crystal structure [3], and high electron mobility [4,5], presenting wide applications in pho-
Accepted: 16 December 2022 todetectors [6-9], gas sensors [10-14], photoelectric catalytic devices [15-20], piezoelectric
Published: 20 December 2022 devices [21-25], resistive sensors [26-28], and short-channel high-performance transis-

tors [29]. However, compared with zero-dimensional (0D) and one-dimensional (1D) ZnO,
the development of two-dimensional (2D) ZnO has been deserted, though the high surface

area and tunable bandgap promote the exploitation of 2D ZnO in new fields [30-36].

2D ZnO possesses a great deal of excellent performance beyond bulk, 1D, and 0D ZnO.
This article is an open access article ~ FOT €xample, decreasing the thickness of 2D ZnO increases the bandgap due to the quantum
distributed under the terms and ~ cOnfinement effect, yielding promising potential in deep-ultraviolet photodetectors and
conditions of the Creative Commons ~ photocatalysis [31,35]. The mechanical stability is also better than 1D ZnO, overcoming the
Attribution (CC BY) license (https://  low durability of piezoelectric nanogenerators based on 1D ZnO [37]. Notably, additional
creativecommons.org/licenses /by / non-centrosymmetric structure appears when the thickness of 2D ZnO is reduced to a
40/). few atomic layers [38]. That is, piezoelectric performance is largely improved with a
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higher output voltage and current. Despite the enormous potential applications of 2D ZnO,
development is slow due to the immature growth of 2D ZnO.

Various methods have been tried to grow 2D ZnO. Magnetron sputtering and atomic
layer deposition were first developed to grow 2D ZnO, but the excessive power produced
lots of defects and a small size of monocrystalline ZnO [39-44]. Subsequently, laser depo-
sition was exploited, and the thickness of 2D ZnO was lowered to 5 nm, but with poor
crystal quality and morphology [45,46]. Surfactant-assisted ion-layer epitaxy (SA-ILE) was
proposed and rapidly disseminated to tackle the challenges of tiny size and irregular shape.
2D ZnO nanosheets with a regular shape and thickness of 2 nm were first realized at the
water-air interface, revealing a novel approach to obtain 2D materials from non-van der
Waals solids [47]. The method was subsequently extended to the water-air interface to
develop 2D ZnO with high Zn vacancy concentrations and strong ferromagnetism [48].
Later, different kinds of anionic surfactants were used to modulate the growth of 2D ZnO,
including sodium oleyl sulfate (SOS) [28] and sodium dodecyl sulfate (SDS) [35]. Thus,
SA-ILE is considered a simple and feasible method to grow 2D ZnO with a lower layer
number and higher crystal quality. However, the growth mechanism of 2D ZnO by SA-ILE
has not been reported in detail, which is highly desired for practical applications.

Herein, the nucleation and growth of 2D ZnO by SA-ILE is investigated by exploring
the factors of amount of surfactants, temperature, precursor concentration, and growth
time. Actually, the nucleation and location of 2D ZnO are determined by the amount and
distribution of surfactants, which absorb Zn2" ions with electrostatic interaction between
Zn>* and air. Then, the growth of 2D ZnO is influenced by Zn?* /OH ~ at the water-air
interface. The temperature shows an important effect on its growth due to the temperature
dependence of the chemical reaction rate and the nucleation potential. Moreover, the
precursor concentration decides the quantity of zinc ion at the water-air interface. It is
noteworthy that the thickness of 2D ZnO will increase greatly and the size will decrease
rapidly as the precursor concentration increases. The growth time affects the amounts of
Zn%t JOH ~ attracted to the water-air interface, hence, the size and thickness of 2D ZnO.
However, excessive growth time leads to the dissolution of 2D ZnO, resulting in the gener-
ation of irregular, thick, and small ZnO. Finally, by optimizing the mentioned parameters,
2D ZnO nanosheets with regular triangle morphology and high surface cleanliness were
synthesized at the water-air interface, which were verified by scanning electron microscope
(SEM), as well as Raman and X-ray photoelectron spectroscopy (XPS) spectra. This work
lays a foundation for understanding the mechanism of 2D ZnO by SA-ILE and provides a
road for improvement and optimization of 2D ZnO in the application of deep-ultraviolet
photodetectors, 2D spintronics, and piezoelectric devices.

2. Materials and Methods
2.1. Preparation of 2D ZnO Nanosheets

For a typical synthesis process, precursor with the ratio 1:1 of Zn(NOs3),-6H,O and
hexamethylenetetramine (HMT) was dissolved in deionized water (50 mM, 17 mL). Then,
surfactants of sodium oleyl sulfate, dissolved in chloroform (0.1 vol%, 30 pL), were added at
the water-air interface formed after 20 min. Subsequently, the solution was heated at 70 °C
for 50 min, and 2D ZnO would appear and grow in the water-air interface after completion
of the reaction. SiO, /Si substrate was used to scoop the nanosheets from the water—air
interface for subsequent characterization. Due to the small volume of the surfactant and
the large water-air interface, the surfactant could be separated discretely.

2.2. Materials Characterization

The morphology of the synthesized nanosheets was investigated by scanning electron
microscope (SEM, Carl Zeiss, Jena, Germany, Sigma 500) and optical microscope (OM,
OLYMPUS, BX43F). The chemical bonding state was investigated by X-ray Photoelectron
Spectroscopy (XPS, Thermo Fisher Scientific, Waltham, MA, USA, ESCALAB 250Xi). The
Raman spectra were recorded with Raman spectroscopy with a 532 nm laser (Raman,
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HORIBA Jobin Yvon, Paris, France, LABRAM HR EVO). The characterizations for all of the
materials were performed at room temperature.

3. Results and Discussion

For a typical synthesis process of 2D ZnO by SA-ILE, precursor was dissolved in
deionized water. Then, surfactant was added at the water-air interface after 20 min. Subse-
quently, the solution was heated at a certain temperature for a long growth time, and 2D
ZnO grew in the water-air interface. In this synthesis process, the precursor, surfactant,
growth temperature, and time play important roles for the 2D ZnO. Thus, we will discus-
sion the factors of precursor, surfactant, growth temperature, and time of the growth of 2D
ZnO as following.

3.1. Effect of the Ratio of Sodium Oleyl Sulfate to Zn** on 2D ZnO Growth

Surfactant is first chosen to enable the growth of 2D ZnO because it provides the domi-
nant roles for nucleation and growth. Sodium oleyl sulfate is adopted as a surfactant for its
excellent dispersion performance at the water-air interface. The amounts of surfactants are
increased gradually. When the ratio of sodium oleyl sulfate to Zn?* is lower than 6 x 107>,
no obvious ZnO is present. Once increased, the ratio of sodium oleyl sulfate to Zn>" to
6 x 1075, scattered 2D ZnO with a size around 2.1 um first appears at the position of the
surfactant location with triangle morphology (Figure 1a), indicating the nucleation and
growth of ZnO. Then, the 2D ZnO grows, increasing the ratio to 10 x 10> (Figure 1b,c). The
size of 2D ZnO is around 8.4 pm, indicating the growth rate is 4 times the ratio of 10 x 107°.
However, the size reduces a great deal while increasing the ratio of sodium oleyl sulfate
to Zn?* after 10 x 10~5, accompanied by a rough surface and increased thickness of ZnO
(Figure 1d-f). As the increment of the ratio of sodium oleyl sulfate to Zn?", the group of
oleyl sulfate becomes crumpled at the water-air interface due to the strong intermolecular
repulsion [49]. In addition, random nucleation and stacking appear on the surface of the
2D ZnO, resulting in rough surfaces and boundaries. The rough surface was analyzed by
energy-dispersive X-ray spectroscopic (EDS). The EDS mapping images show the uniform
distribution of the CI, N, S, and O elements (Figure 1g), while the prominent points at the
surface of the ZnO are identified as Zn?* and Na* (Insets in Figure 1d-f), which are the
nucleation sites for the next layer. The larger amount of surfactants, the greater the number
of nucleation sites. As a result, the number of ZnO increases, but the size reduces and the
thickness increases. Therefore, the surfactant determines the location of nucleation and the
number of nucleation sites.

3.2. Effect of Temperature on 2D ZnO Growth

Temperature is an important factor for the growth of 2D ZnO because the reaction
ratio and growth are closely related to temperature. When increasing the temperature
from 64 °C to 70 °C, the size of the 2D ZnO enlarged from 4 pm to 10 um (Figure 2a—d).
Then, the rough surface with prominent points appeared while increasing the temperature
further (Figure 2e,f). The increased size with increasing temperature is derived from the
fast response time to form the nucleation of 2D ZnO, as in Equations (1)-(6).

Zn(NO3), - 6H,O + H,O — Zn*"+2NO3™+7H,0 1)
(CHy) Ny +6H,O — 6HCHO + 4NH3 )
NH3+H,0 — NH;*+OH "~ ©)
Zn**+20H~ — Zn(OH), (4)
Zn(OH),+20H "~ — Zn(OH); (5)

Zn(OH)Y — ZnO + H,0 + 20H - (6)
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Figure 1. Controlling the growth of 2D ZnO by the amount of surfactant. SEM images of 2D ZnO
synthesized with the ratio of sodium oleyl sulfate to Zn?T is around (a) 6 x 1072, (b) 8 x 1075,
(c) 10 x 1075, (d—f) 11 x 105,13 x 107, and 14 x 10~°. Insets are the corresponding EDS mapping
images of Zn and Na elements. Scale bar is 1 um. (g) SEM image and EDS mapping images for Zn,
Na, C, CL N, S, and O elements, respectively. Scale bar is 2.5 um.
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Figure 2. Controlling the growth of 2D ZnO by temperature. SEM images of 2D ZnO synthesized

with the temperature at (a) 64 °C, (b) 66 °C, (c) 68 °C, (d) 70 °C, (e,f) 72 °C and 74 °C. Insets are the

corresponding EDS mapping images of Zn and Na elements. Scale bar is 1 um. (g) Dependence of

pH values on times with different temperatures.
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When increasing the temperature, the chemical reactions of Equations (1)—(5) are accel-
erated because the promoted diffusive transfer of the Zn*" /OH ~ to the water-air interface
for the higher temperature accelerates the molecular motion. As a result, Zn(OH)f is
quickly produced, prompting the nucleation growth of 2D ZnO for the decomposition of
Zn(OH)i_, as in Equation (6). The accelerated chemical reactions can be confirmed by pH
with increasing temperature (Figure 2g). Because the fast conformation of Zn(OH)ﬁf, leads
to a more rapid consumption of OH ™ in the solution, pH will be reduced with increasing
temperature. Figure 2g shows that the pH values are reduced and rapidly decrease with the
increment of the temperature, indicating the accelerated chemical reactions with increasing
temperature. Thus, the size of 2D ZnO gradually increased with the temperature from
64 °C to 70 °C. Furthermore, the sharp triangle angle changed with decreasing pH, and a
truncated triangle emerged. The reason for this might be the imbalance between the zinc
and the hydroxide at the water-air interface for the decrease of the concentration of OH .
Meanwhile, the rough surface with prominent points is connected with the increasing
nucleation of the 2D ZnO, again with increasing temperature. On one hand, classical nu-
cleation theory predicts that as the temperature increases, the nucleation potential barrier
decreases [50], causing an increase in the number of nuclei of 2D ZnO. On the other hand,
the high temperature also promotes the diffusive transfer of Zn>*/OH ~ and nucleation on
the 2D ZnO surface. The nucleation on the 2D ZnO surface is presented by EDS mapping
images (Insets in Figure 2e,f), and the nucleation on 2D ZnO results in a rough surface.
Therefore, temperature administrates the diffusive transfer of Zn%t /JOH ~, nucleation, and
the growth of the 2D ZnO.

3.3. Effect of Precursor Concentration on 2D ZnO Growth

According to chemical reaction kinetics, the rate of the radical reaction is proportional
to the concentration of each reactant. Therefore, precursor concentration should play an
important role in the growth of 2D ZnO. Thus, we investigated the effect of precursor
concentration on the growth of 2D ZnO to further clarify the growth mechanism of 2D
ZnO. The shape of 2D ZnO was triangular at the precursor concentration of 40 mM,
but the 2D ZnO nanosheets are sparsely distributed (Figure 3a). This phenomenon is
attributed to the lower precursor concentration, which causes a lower zinc concentration.
Furthermore, fewer zinc ions are attracted to the water-air interface by the oleyl sulfate
anions, which is not conducive to the nucleation and growth of 2D ZnO. When the precursor
concentration was increased from 40 mM to 50 mM, the size of the 2D ZnO gradually
increased (Figure 3b,c). The increment of precursor concentration induces an increase
of Zn*" /OH ~ in the solution, promoting the diffusive transfer of Zn*"/OH ~ from the
solution to the water-air interface. Thus, the growth rate of 2D ZnO is accelerated and
the size of the 2D ZnO increases. Subsequently, when the precursor concentration is
incremented from 50 mM to 60 mM, the size of the 2D ZnO was seen to increase further,
accompanied by the surface stacking of the 2D ZnO (Figure 3d,e), i.e., originated from
nucleation on the 2D ZnO surface with higher precursor concentration and Zn?* /OH ~
in the solution. Finally, the size is reduced and the layering of 2D ZnO is increased with
increasing precursor of more than 65 mM (Figure 3f). The excessive precursor induces
the rapid spread of Zn>* /OH ~ from the solution to the water-air interface and a massive
amount of nucleation of the 2D ZnO, leading to a small size. The larger number of
ZnZt /OH ™ also prompts the nucleation on the first layer of 2D ZnO, resulting in a thick
and irregular shape. In a word, the concentration of the precursor controls the amount of
Zn%t JOH ~ at the water-air interface, as well as the size and thickness of the 2D ZnO.
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Figure 3. Controlling the growth of 2D ZnO by precursor concentration. SEM images of 2D ZnO
synthesized with precursor concentration of (a) 40 mM, (b) 45 mM, (c) 50 mM, (d-f) 55 mM, 60 mM
and 65 mM. Insets are the corresponding EDS mapping images of Zn and Na elements. Scale bar is
1 um.

3.4. Effect of Growth Time on 2D ZnO Growth

In order to clarify the growth mechanism of 2D Zn0O, it is particularly important to
investigate the effect of different growth times on 2D ZnO. The size of the 2D ZnO increased
continuously when the growth time was incremented from 40 min to 50 min (Figure 4a—c).
As the reaction time increased, the number of Zn?" attracted to the water-air interface
by the anionic surfactant increased, leading to the increment of Zn(OH)i_. Then, the
Zn(OH)f gradually decomposed, and ZnO formed and grew at the water-air interface,
causing the enlarged size of the 2D ZnO. However, when increasing the growth time from
55 min, a rough surface with prominent points appeared, and the dissolving phenomenon
emerged (Figure 4d—f). The rough surface could also be confirmed as clusters of Zn>*
and Na™ by the EDS mapping images (Insets in Figure 4d—f), which can be seen as the
nucleation of the next layer of 2D ZnO. The dissolving phenomenon of the 2D ZnO might
be connected to the following reasons. Due to the amphoteric character and large surface
area of 2D ZnO, the 2D ZnO cannot maintain stability in alkaline solutions for a long time
and start to dissolve with increasing time [51]. Another possible scenario is poor crystalline
quality, which accelerates the dissolving process [52]. In a word, a suitable growth time
promotes the gathering of Zn(OH)AZf and the growth of 2D ZnO. However, a long growth
time will induce dissolution of 2D ZnO.

3.5. Characterization

Thus, the growth process of 2D ZnO, modulated by the surfactant, temperature,
precursor, and growth time, can be concluded as follows (Table 1 and Figure 5a—e). Firstly,
the surfactant dissolves to form a group of oleyl sulfate, which cannot be dissolved in the
water and floats on the solution’s surface. The ionized surfactants are negatively charged,
which absorb Zn?™ at the water-air interface. Then, Zn?" ions react to yield Zn(OH)i_ and
2D ZnO. Thus, the location of the surfactant determines the sites, number of nucleation sites,
and growth of the 2D ZnO. Secondly, temperature is connected with the conformation rate
of Zn(OH)i_. The lower the temperature, the slower the diffusion rate of the Zn?"/OH ~
and the formation of Zn(OH)i_, and vice versa. Moreover, the higher temperature also
causes a low potential barrier of nucleation, resulting in a large number of nucleation sites
of 2D ZnO. However, the excessive number of nucleation sites will lead to a small size
of 2D ZnO. Thirdly, the concentration of precursor controls the amount of Zn?* /OH ~ in
the solution, which dominates the rates of diffusion and the transfer of Zn?>" /OH ~ to the
water-air interface by chemical gradient, as well as the rates of the nucleation and growth
of 2D ZnO. Additionally, an excessive concentration of precursor induces rapid diffusion
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and transfer of Zn?* /OH -, which generates a great deal of new nucleation sites and a
small size of 2D ZnO. Fourthly, the growth time influences the amount of Zn>* /OH ~ at the
water-air interface. A suitable growth time encourages continuous growth and a large size
of 2D ZnO. However, growth time that is too long will result in the dissolution of 2D ZnO.

Figure 4. Controlling the growth of 2D ZnO by growth time. Controlling the growth of 2D ZnO
with a time of (a) 40 min, (b) 45 min, (c) 50min, (d—f) 55 min, 60 min and 65 min. Insets are the
corresponding EDS mapping images of Zn and Na elements. Scale bar is 1 um.

Table 1. Effect of the above parameters on 2D ZnO growth.

Parameters Value Size (um) Morphology
6 x 1075 2.1 triangle
8 x 1072 6.5 triangle
The ratio of sodium 10 x 10~° 8.4 triangle
oleyl sulfate to Zn?*+ -
11 x 107° 7.2 triangle + rough
13 x 1072 4.6 triangle + rough
14 x 1075 3.7 triangle + rough
64 52 triangle
66 7.5 triangle
68 7.6 triangle
Temperature (°C) 70 85 triangle
72 7.8 triangle + rough
74 76 truncated triangle +
rough
40 1.8 triangle
45 3.5 triangle
precursor 50 8.6 triangle
concentration (mM) 55 10.1 triangle + rough
60 13 triangle + rough

65 3.8 triangle + rough
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Table 1. Cont.
Parameters Value Size (um) Morphology

40 1.5 triangle
45 21 triangle

) . 50 8.9 triangle

Growth time (min)

55 77 triangle + rough

a

60 7.3 triangle + rough
65 7.2 triangle + rough
surfactant b temperature ¢ precursor d growth time

I3

A
oleyl sulfate HMT Zn(NO,),Zn(OH) >

® 6 ¢ e

NH NO, HO OH
@ o 0 .:es.
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Figure 5. Mechanism analysis of 2D ZnO synthesis by SA-ILE. Schematic diagram of the synthesis
of 2D ZnO while controlling (a) the ratio of sodium oleyl sulfate to Zn%* (i): lower than 10 x 107>,
(ii): 10 x 1072, (iii): higher than 10 x 107>, (b) temperature (i): lower than 70 °C, (ii): 70 °C,
(iii): higher than 70 °C. (c) precursor (i): lower than 50 mM, (ii): 50 mM, (iii): higher than 60 mM and
(d) growth time (i): lower than 50 min, (ii): 50 min, (iii): higher than 50 min. (e) Diagram illustrates
the nucleation and growth of 2D ZnO. The red dotted box indicated the formation of 2D ZnO at the
water-air interface. (f) Optical image of 2D ZnO. Scale bar is 5 pm. (g) SEM image of 2D ZnO. Scale
bar is 5 um. (h) XPS spectrum of 2D ZnO. (i) Raman spectrum of 2D ZnO.

By carefully controlling the factors of surfactant, temperature, precursor, and growth
time, the 2D ZnO nanosheets with a smooth surface and a regular triangle shape are
achieved. As can be seen from the optical and SEM images, the triangle shape and high
cleanliness of the 2D ZnO are present (Figure 5f,g). The crystal structure can be character-
ized by XPS and Raman spectra. Figure 5h shows 2 peaks centered around 1021 eV and 1044
eV, corresponding to the binding energies for Zn 2p3/2 and Zn 2p1/2, respectively, reveal-
ing that the Zn element is in a +2 oxidation state [53]. The Raman spectrum gives 5 peaks,
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centered around 235 cm 1,302 em 1,435 ecm ™1, 617 em 1, and 670 cm !, respectively. The
peaks centered at 235 cm ™! may correspond to undesired adulteration [54]. The peaks at
302 cm~!, 617 em~1, and 670 cm ! originate from symmetric stretching vibration, E1 (LO)
modes, and the TA + LO intrinsic mode of ZnO [55,56]. The peak centered at 435 cm !
corresponds to the E2 (high) of ZnO, corresponding to the energy band characteristic peak
of wurtzite ZnO and confirming the formation of wurtzite ZnO (Figure 5i) [57,58].

4. Conclusions

In summary, we have achieved the large size, triangle shape, and high cleanliness of
2D ZnO by precisely controlling the concentration of the surfactant, precursor, temperature,
and growth time. The surfactant administrates the location of the nucleation and the
number of nucleation sites. With the ratio of sodium oleyl sulfate to Zn*" increasing from
6 x 1072 to 10 x 1075, the size of the 2D ZnO grows from 2.1 um to 8.4 um. However,
the size reduces a great deal while increasing the ratio, accompanied by rough surface
and increased thickness of the ZnO. The temperature controls the diffusive transfer of
Zn%t /JOH ~, nucleation, and the growth of the 2D ZnO. The size of the 2D ZnO increases,
and the surface is smooth, with the temperature increased from 64 °C to 70 °C. However,
truncated triangles appeared as the temperature increases higher than 70 °C. The concen-
tration of the precursor dominates the amount of Zn?*/OH ~ at the water-air interface, as
well as the size and thickness of the 2D ZnO. The size of the 2D ZnO grows from 1.8 um
to 13 um as the precursor concentration increases from 40 mM to 60 mM. Yet, the rough
surface emerges once it exceeds 50 mM. The suitable growth time promotes the gathering
of Zn(OH)f and the growth of the 2D ZnO. The size of the 2D ZnO increases with the
growth time from 40 min to 50 min. However, long growth time will induce dissolution of
2D ZnO. Finally, the best parameters for the growth of 2D ZnO is 10 x 1075 of the ratio
of sodium oleyl sulfate to 7Zn%t, 70 °C, 50 mM of precursor concentration, and 50 min of
growth time. Our work clarifies the mechanism of the SA-ILE growth of 2D ZnO, promotes
the further development of SA-ILE, and paves the way for applications of 2D ZnO in
ultraviolet photodetectors, 2D spintronics, and piezoelectric devices.
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