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ABSTRACT: The design and synthesis of high-quality two-dimensional (2D) materials with desired morphology are essential for
property control. One critical challenge that impedes the understanding and control of 2D crystal nucleation and growth is the
inability of direct observation of the nanocrystal evolution process with high enough time resolution. Here, we demonstrated an in
situ X-ray scattering approach that directly reveals 2D wurtzite ZnO nanosheet growth at the air−water interface. The time-resolved
grazing incidence X-ray diffraction (GID) and grazing incidence X-ray off-specular scattering (GIXOS) results uncovered a lateral to
vertical growth kinetics switch phenomenon in the ZnO nanosheet growth. This switch represents the 2D to three-dimensional (3D)
crystal structure evolution, which governs the size and thickness of nanosheets, respectively. This phenomenon can guide 2D
nanocrystal synthesis with rationally controlled size and thickness. Our work opens a new pathway toward the understanding of 2D
nanomaterial growth kinetics based on time-resolved liquid surface grazing incidence X-ray techniques.
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Two-dimensional (2D) nanomaterial is one of the most
popular nanoscale structures owing to its large surface-to-

volume ratio and unique chemical and physical properties.1,2

The outstanding properties related to many critical scientific
and technology disciplines, such as information systems,3

sensing,4 optics,5 energy harvesting,6,7 and storage,8 are direct
results of their novel morphologies and structures. Therefore, it
is essential to control the phase, crystal structure, and size of
the 2D nanomaterials to achieve desired properties and
applications. Although the correlations between material
structure and property have been investigated widely, the
atomic scale crystallization kinetics of the 2D nanocrystals are
still largely uncovered. Nucleation and growth of nanocrystals
usually take place only in a few seconds. Metal ion transfer and
interfacial chelation happen even faster in a time scale of
subseconds. Therefore, a fast in situ method for looking into
the kinetics has become one of the central goals in modern
kinetics studies. Nevertheless, it is still very challenging to

probe these processes in real-time. Recent developments of the
liquid interface grazing incidence X-ray scattering techni-
ques9−12 bring new promises to time-resolved and surface-
sensitive measurements, providing a capability for the studies
of nucleation and mineralization from the liquid phase.13 The
1D-pinhole grazing incidence X-ray diffraction (GID) can
obtain in-plane angle scattering within as short as a few
seconds. Grazing incidence X-ray off-specular scattering
(GIXOS) can collect the vertical surface structure factors
comparable to X-ray reflectivity over a much shorter period
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down to a subminute scale. The combination of these
technologies makes time-resolved studies of fast kinetics
feasible.
The ionic layer epitaxy (ILE) growth technique14 is a new

solution-based synthesis approach to the formation of 2D
nanomaterials. Many crystalline metal oxides have been
obtained by ILE with thicknesses varied from subnanometer
to a few nanometers (e.g., Bi2O3,

6 CeO2,
15 La2O3,

16 MnO2,
6

NiO,14 ZnO,14 etc.). Moreover, large-scaled crystalline noble
metals,17,18 hydroxides,19,20 and sulfides have also been
synthesized through this technique. Fundamentally, this
strategy has no restriction on the intrinsic crystal structure of
targeting materials and thus provides a very versatile platform
for synthesizing 2D nanomaterials, particularly from those that
do not have a layered structure. In addition, ILE offers an
excellent platform for studying the 2D growth kinetics due to
its water-based growth environment, which does not require
high vacuum or high pressure. The unique 2D growth
phenomenon at the air−water interface allows direct in situ
observation via the liquid interface X-ray scattering techniques.
It may serve as a representative system for understanding the
2D confined nucleation and growth kinetics in an aqueous
environment. In this work, we present a new approach to study
the 2D crystal nucleation and growth kinetics by using the
time-resolved in situ grazing incidence X-ray scattering
technique at the water−air interface. On the basis of the
ZnO nanosheet (NS) ILE system, we uncovered the entire
nucleation and growth process of the NSs by in situ GID and
GIXOS. These results confirmed that the charged surfactant
monolayer plays a significant role at the nucleation stage and
the early crystal growth stage, where it generates a Zn2+

concentrated zone and lower nucleation energy sites to
facilitate the 2D morphology of the oxide nanocrystals at the
water−air interface. In addition, this analysis also brings
knowledge of how the surfactant density, precursor concen-
tration, and temperature affect the 2D growth. The time-
resolved grazing incidence X-ray scattering technique may
become a powerful strategy to study the 2D nanomaterial
formation kinetics and controlling parameters.
To achieve in situ monitoring of the entire process of the

ILE ZnO NS growth, an in situ ILE growth chamber was
developed and integrated with the online liquid interface
scattering instrument, as shown in Figure 1. A convex liquid
surface was created above the trough edge, where a monolayer
of sodium oleylsulfate (SOS) is formed to direct the
crystallization of ZnO NS underneath, from which the GID
signals were collected in real-time (more details are included in
Supporting Information Section 1) The GID images taken in a
time sequence during ZnO NS synthesis are shown in Figure 2.
Only two diffraction peaks were observed in the GID: a
diffraction rod (Bragg’s rod21,22) at Qxy = 2.312 Å−1 came first
(@42 min) and a diffraction ring at Qxy = 2.224 Å−1 appeared
later (@64 min). These two peaks correspond to the surface
(2D) and bulk (three-dimensional, 3D) lattice spacing
between wurtzite ZnO (101̅0) planes, respectively. As the
reaction time progressed, the intensity of the diffraction rod
only slightly increased, and the diffraction ring became much
brighter. This indicated that ZnO nucleation was directed by
the surfactant monolayer into 2D morphology at the early
stage and the 3D growth occurred later to make the ZnO NS
thicker. No other diffractions showed up because the NS
growth was confined in a few nanometers thick, near-surface
region over the growth period. On the contrary, without the

surfactant monolayer, the intensity of the initial diffraction rod
at Qxy = 2.312 Å−1 reduced rapidly as the diffraction rings
showed up, while a set of powder diffraction rings appeared
and increased at Qxy = 2.22, 2.42, and 2.53 Å−1, which can be
indexed to (101̅0), (0002), and (101̅1) planes, respectively
(Figure 2b). In this case, the Zn2+ ions nucleated into 3D
morphology and grew isotropically into wurtzite nanoparticles
(NPs) at the water−air interface. There was no peak position
shifting during the entire growth process with or without the
presence of a surfactant monolayer, indicating no observable
phase transform or strain relaxation happened in the crystalline
domains (Figure S2). The wurtzite ZnO nanostructure was
preserved over the entire nucleation and crystal growth
process.
The role of the charged surfactant monolayer in the 2D ZnO

nucleation was revealed by these GID results. On the basis of
the intensity changes of the diffraction rod and ring, we could
divide the morphologies of ZnO NSs during the growth into
three categories: nucleation (tiny nuclei), 2D dominant (thin
NSs), and 3D dominant (thick NSs). A series of SEM images
from the ex situ synthesis of ZnO NSs also confirmed the
crystal nucleation and 2D to 3D structure evolution from the in
situ observations. Figure 2c−e showed ZnO NS morphologies
within different regimes: tiny nuclei (@15 min), small thin
triangles with a rough surface (@30 min), and large thick
triangles with a flat surface (@60 min). Without the SOS
monolayer, only congregated ZnO NPs formed over 120 min
(Figure 2f).
The peak intensity was quantified as the integration of all the

diffracted X-ray photons that have been detected, giving the
total amount of the crystalline domains at the water−air
interface (Supporting Information Section 2). The derived
time profile of the GID intensities from the ILE ZnO NS
synthesis is shown in Figure 3a. The difference between the 2D
and 3D diffractions illustrated the entire crystallization process
in the ILE. No peaks were shown in the first 20 min of the

Figure 1. (a) Schematic for the in situ investigation of ILE ZnO NS
growth at the air−water interface with grazing incidence synchrotron
X-ray. (b) Experimental apparatus on Sector 15, NSF’s Chem-
MatCARS, at Advanced Photon Source, Argonne National Lab.
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growth since no ordered structures were formed yet in this
incubation period. Precursor ions were concentrated in the
interfacial double layer to initialize the nucleation similar to the
classic LaMer model.23,24 The diffraction rod began to appear
at 20 min and approached its maximum intensity at ∼65 min,
suggesting that nuclei expansion was initially directed by the
surfactants at the interface and the surfactant monolayer was
gradually occupied by the NSs. The diffraction ring appeared
later than the rod, at 53 min, and its intensity kept increasing
linearly with a relatively high rate. This suggests that the initial
2D crystals were now grown through a layer-by-layer mode,
while the NSs were getting thicker.25,26 These two curves
crossed at ∼75 min, which could be considered as a critical
point where the amount of bulk atoms gets close to the surface
atoms, and the NS structure switched from 2D to 3D (quasi-
2D). This 2D−3D crystal evolution was shown by taking the
ratio of the two diffractions from which the ZnO NS
morphologies could be fitted into three regimes: nucleation
(0−20 min), 2D dominant (20−75 min), and 3D dominant
(>75 min). There was also a 2D-only regime (20−53 min) in
the 2D dominant regime, where all atoms in the crystal are
surface atoms.
GIXOS was applied to monitor the thickness changes of the

ZnO NSs during growth, and the result is presented in Figure
3b (Supporting Information Section 3). At 1 mM Zn2+

concentration, the NS thickness became detectable at 36 min

when the thickness was 2 unit cells of wurtzite ZnO (∼13 Å),
corresponding to the time when the diffraction rod in GID
became observable. When the diffraction ring was first shown
in GID (53 min), NSs had a thickness of 3 unit cells (∼16 Å),
showing the inner lattice got back to the bulk value. Thickness
was slowly increased with a linear trend until ∼25 Å after 100
min when the system reached an equilibrium. At the critical
2D−3D switching time (75 min), the NS thickness was 4
atomic layers (∼21 Å). This suggests that only the atoms in the
first two layers have the compressed in-plane lattice spacing,
which could be considered as surface atoms. The atoms in the
deeper layers have an in-plane lattice spacing that equals the
bulk values of wurtzite ZnO (PDF#36-1451). Thus, these X-
ray scattering techniques clearly revealed both in-plane and
out-of-plane structure changes in situ during the nucleation and
growth of ILE ZnO NSs with a time resolution of 3−6 min.
In addition to the growth time, several key growth

parameters were also studied by the in situ approaches to
obtain a comprehensive understanding of how to rationally
control the NS growth kinetics. By using 24 μL of SOS
surfactant solution, 25 mM precursor Zn2+ concentration, and
60 °C solution temperature as the original growth conditions,
we only changed one parameter from the origin in each set of
syntheses. The GID intensity and the full width at half the
maximum (fwhm) of diffraction rods at different surfactant
amounts and precursor concentrations were summarized in

Figure 2. (a) In situ GID of ILE ZnO NS growth with surfactants. The surface diffraction (2D) signal located at Qxy = 2.312 Å−1 (in red dotted line
box) and the bulk diffraction (3D) signal located at Qxy = 2.224 Å−1 (in yellow dashed line box) [measurements were done at 60 °C with 1 mM
Zn2+]. (b) In situ GID of ZnO NP growth without surfactants. Without introducing surfactant, the diffraction ring patterns indicated the ZnO
crystal grew into particles [measurements were done at 60 °C with 25 mM Zn2+]. (c−e) SEM images of ZnO NSs after 15, 30, and 100 min
synthesis at 60 °C with surfactants. (f) SEM image of the ZnO NPs after 120 min synthesis at 60 °C without surfactants.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c00300
Nano Lett. 2022, 22, 3040−3046

3042

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c00300/suppl_file/nl2c00300_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00300?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00300?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00300?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00300?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c00300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 4. When the other parameters were kept consistent, a
higher surfactant concentration raised the packing density of
the SOS molecules in the monolayer and enhanced the electric
field at the air−water interface. The denser surfactant
monolayer showed a higher peak intensity given by a faster
nucleation and crystallization rate (Figure 4a). Intensity
reached a maximum as the surfactant monolayer was occupied
by the 2D nanocrystal formation and, thereby, ceased the

nucleation. Therefore, more surfactants could lead to a longer
nucleation period. Samples with 24 and 48 μL of SOS have
similar domain sizes that were slightly smaller than the size
obtained from the 72 μL SOS samples (Figure 4b). Closer
SOS packing facilitated the long-range ordering in the
formation of the HCP surface structure during the 2D growth
and improved the crystallinity of the ZnO NSs.
The thickness growth gave an obvious two-step behavior

with two linear stages following the surfactant density (Figure
4c). The thickness increased slowly in the early growth stage
and then speeded up after a certain critical point. All the three
surfactant densities gave similar slopes in each stage, and the
NSs from 48 μL of SOS were slightly thinner. When one
assumed the surfactants were only packed in a monolayer at
the entire water surface, its packing density was estimated by
dividing the total number of SOS molecules over the trough
surface area (Supporting Information Section 4). When the
GID and GIXOS results were further combined, it could be
found that, if the surfactant amount is low with a packing
density smaller than the Zn atom density in the (0001) plane
of wurtzite ZnO (0.1085 Å−2), SOS molecules move together
and localize to match the wurtzite surface structure, while the
2D crystals nucleate and expand at the air−water interface.
Polycrystalline NSs are more likely to be developed by nearby
small single-crystalline domains. The introduction of more
surfactants makes the monolayer packing closer to the wurtzite
ZnO (0001) lattice, and larger crystalline domains can be
formed with less SOS molecule movements. In addition, more
anionic surfactants could enhance the electric field at the air−
water interface and, thus, increase the supersaturation of Zn2+

ions to grow ZnO NSs. Therefore, the amount of surfactant
can significantly influence the early nucleation kinetics in two
ways: by determining the single-crystalline domain size by its
packing density and by determining the interfacial Zn2+

concentration by its electrical double layer strength.
When the amount of surfactant was fixed, the NS nucleation

and growth could also be influenced by the precursor metal ion
concentration. As shown in Figure 4d−f, we can find that, with

Figure 3. (a) GID intensity contours of the diffraction rod (2D) and
ring (3D) for ZnO NS growth. (b) ZnO NS thickness contour during
the crystal growth [measurement was done at 60 °C with 1 mM
Zn2+].

Figure 4. ZnO NS crystallinity and thickness changes at different growth conditions. (a) Diffraction rod (2D) intensity, (b) fwhm, and (c)
nanosheet thickness evaluation as a function of growth time under different surfactant amounts [measurements were done at 60 °C with 25 mM
Zn2+]; (d) diffraction rod (2D) intensity, (e) fwhm, and (f) nanosheet thickness evaluation as a function of growth time at different Zn2+

concentrations [measurements were done at 60 °C with 24 mL of SOS].
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the same surfactant monolayer density, the intensity of the
diffraction rod reached the plateau in a short period. Higher
Zn2+ concentration accelerated the growth of NS thickness, but
faster growth limited the alignment of the nuclei, leading to
smaller average domain sizes. A 25 mM sample had a similar
thickness increase as that of 12.5 mM, but it has more small
crystalline domains, indicating it had a larger number of the
initial nuclei, which might limit the single NS size during the
growth. On the other hand, when the concentration was as low
as 1 mM, the NS thickness only showed the first slow growth
stage. This is likely due to the limited supply of Zn2+ precursor
and thus makes the layer-by-layer growth unfavorable.
The relation between the rod and ring diffraction pairs from

in situ GID and GIXOS disclosed an obvious 2D to 3D
structure evolution in the ILE NS growth. Except for the
highest Zn2+ concentration (25 mM), GID detected a
diffraction ring @2.224 Å from all samples synthesized with
other Zn2+ concentrations, and these intensities are shown in
Figure 5a. The 1 mM sample showed the earliest and fastest
rise of the 3D diffraction intensity, and this behavior was
suppressed by increasing the precursor concentration. A high
concentration is more favorable for attracting more precursors
to the air−water interface, which is beneficial to the 2D
nucleation and NS growth. The 2D−3D intensity ratios were
calculated for samples at 12.5 mM Zn2+ concentration and
below. As shown in Figure 5b, the 2D−3D intensity ratio from

higher Zn2+ concentrations decreased below 1 quicker,
suggesting a faster formation of the bulk phase.
We further analyzed the thickness changing profiles obtained

from GIXOS to shed light on the 2D to 3D crystal evolution.
In the earlier slow stage, 2D nucleation and the thin interfacial
epitaxy layer growth are dominant (lateral growth), and in the
later fast stage, ZnO NSs grow thicker layer-by-layer (vertical
growth). The critical time and thickness at the switching point
between the two stages were plotted for different surfactant
amounts and Zn2+ concentrations (Figure 5c,d). Longer
switching times with smaller switching thicknesses were
obtained from higher surfactant densities. This is because the
2D growth adapts surfactant on the NS surface, thereby
reducing the surfactant density in the uncovered air−water
interface area and eventually restricting further 2D growth. As
a result, a larger surfactant quantity favored the longer-time 2D
growth. A larger switching thickness occurred at 72 μL when
the surfactant density was higher than the Zn atom density in
(0001). This might be induced by a nonflat layer with extra
surfactants, where the repulsion between surfactant molecules
became significant.27 An increase in precursor ion concen-
tration reduced the switching time but without obvious
changes to the switching thickness. This also confirmed that
the lateral growth was mainly controlled by the amount of
surfactant. Altogether, the switching thickness was determined
by the packing density of the surfactants, and the switching
time was more correlated to Zn2+ concentrations, where a

Figure 5. (a) Diffraction intensity of the diffraction ring (3D, Qxy = 2.224 Å−1) at different Zn2+ concentrations. (b) Intensity ratios between 2D
and 3D diffraction peaks [measurements were done at 60 °C with 24 mL of SOS]. (c) Critical switch time and (d) switch thickness at the lateral−
vertical growth switch point for different conditions. Nanosheet thickness change rates in lateral and vertical growth for (e) different surfactant
amounts and (f) different Zn2+ concentrations. (g) Schematic illustration of the nanosheet nucleation and structure evolution during the growth.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c00300
Nano Lett. 2022, 22, 3040−3046

3044

https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00300?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00300?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00300?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00300?fig=fig5&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c00300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


higher concentration raised the ion flux to the interfacial
growth sites and suppressed 2D to 3D switching.
The slopes of the linear regions in these two stages were

fitted to provide the thickness change rates in Figure 5e,f. The
thickness change rates in the lateral growth stage had a similar
changing trend as their corresponding switching thickness
changes. This further proves the significant role of the
surfactant amount in the lateral growth stage. However, the
amount of surfactant did not show notable influences on the
vertical growth, since the surface charges were screened out by
the first few ZnO layers. The influence of the Zn2+

concentration was manifested in the later stage by controlling
the layered growth rate. Higher concentrations could induce
faster growth of the new layers. Supported by all in situ
observations, the ILE NS growth mechanism can be
concluded. As illustrated in Figure 5g, before observable
crystallites, there is an incubation stage when Zn2+ ions are
attracted by the ionized surfactant head groups and
concentrated in the electrical double layer to nucleate. In the
lateral growth stage, 2D nuclei laterally grow and attach
following the epitaxial modulation of the surfactant monolayer
at the water−air interface until the surfactant charges are
mostly screened. Eventually, in the vertical growth stage, NWs
grow along the thickness direction via a layer-by-layer mode.
In summary, using an in situ ILE growth apparatus, we

successfully performed time-resolved grazing incidence syn-
chrotron X-ray scattering techniques during the growth of 2D
ZnO NSs at the water−air interface. Fast observations of both
in-plane and out-of-plane crystal growth were achieved with a
time resolution of only a few minutes by applying GID and
GIXOS techniques, allowing direct observation of the 2D
crystal nucleation and growth processes with a unit-cell
resolution. We discovered an obvious lattice deformation in
the first two surface layers, which is different from the inner
bulk phase. This discovery of surface strain in ILE may open a
new route toward strain-induced physical property tuning of
2D nanomaterials by surfactant engineering. We also
evidenced the significance of the surfactant monolayer in the
three stages of ILE NS growth. In addition, we show the
impacts of different synthesis parameters on the NS growth
behavior. Higher surfactant density enhanced the effects of the
electrical double layer extending the lateral growth period, and
higher Zn2+ concentration accelerated the 2D crystal growth,
which are both favorable for large NS morphology formation.
These results provide fundamental insights into the surfactant-
templated 2D growth mechanism in the ILE NS synthesis. The
successful in situ diffraction characterization expands the
toolbox to reveal the fast crystal nucleation and growth
kinetics at the liquid interfaces by using time-resolved grazing
incidence X-ray scattering techniques.
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