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Abstract

Zinc oxide ‘nanoleaf’ structures have been synthesized at room temperature
and pressure using the novel technique of pulsed laser ablation (Nd: YAG
532 nm) of a zinc target in an aqueous solution of sodium dodecyl sulfate
(SDS). Transmission electron microscopy (TEM), selected area electron
diffraction (SAED), high-resolution transmission electron microscopy
(HRTEM), photoluminescence spectroscopy and UV-visible spectroscopy
were used to study the morphology, nanostructure and optical properties of
these ZnO nanostructures. The growth mechanism appears to involve an
increase of the structural complexity from zero-dimensional nanoparticles to
one-dimensional nanorods, and then broadening of these into
two-dimensional ‘nanoleaf” structures. Variations are discussed in terms of
differences in the concentration of SDS and the laser ablation time.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Over the past decade, pulsed laser ablation at the solid—
liquid interface has aroused intense interest [1, 2]. This novel
technique is known as liquid phase pulsed laser ablation (LP-
PLA), and it involves the firing of laser pulses through liquids
transparent to that wavelength onto a target substrate. The
ablation plume interacts with the surrounding liquid particles
creating cavitation bubbles, which upon their collapse, give
rise to extremely high pressures and temperatures. These
conditions are, however, very localized and exist across the
nanometre scale. Indeed, LP-PLA has proven to be an effective
method for preparation of many nanostructured materials,
including nanocrystalline diamond [3], cubic boron nitride [4],
and nanometre-sized particles of Ti [5], Ag [6], Au [7] and
TiC [8].

Recently, the LP-PLA technique has been applied to zinc
oxide by using a Zn target and an aqueous solution containing
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different surfactants. These surfactants stick to the charged
particle surfaces, preventing further growth, and thereby aid
the production of small particle sizes. For instance, Usui and
co-workers [9] used the surfactant cetyltrimethylammonium
bromide (CTAB), lauryl dimethylaminoacetic (LDA) and
octaethylene glycol monododecyl (OGM) to help form ZnO
nanoparticles (NPs) with an average size of 12 nm. Also,
Zeng and co-workers [10] used a solution of sodium dodecyl
sulfate (SDS) to produce ~20 nm Zn/ZnO core—shell structure
particles.  These reports show that ZnO mainly forms
zero-dimensional (0D) NPs by LP-PLA, although various
approaches, including chemical vapour deposition, thermal
evaporation, template-involved processes and solution-phase
synthesis, have been employed successfully for preparing more
complex two-dimensional (2D) and three-dimensional (3D)
superstructures of ZnO [11, 12]. However, to the best of
our knowledge, use of the LP-PLA technique has not yet
been reported for the self-assembly of such complex ZnO
structures.
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Figure 1. (a) Representative XRD pattern for the LP-PLA product (0.01 M SDS, ¢ = 2 h). TEM images of the samples ablated with 0.01 M
SDS for different ablation times (b) 0.5 h, (¢) 2 h, (d) 2.5 h and (e) 5 h. (b) Spherical nanoparticles with a particle size of ~5-25 nm.

(c) Adjacent particles that are aligned with one another are highlighted by arrows. (d) Nanorods (highlighted by arrows) which might be
formed by NP 1D growth. (e) Well-developed ‘leaf-like’ structures with rough and dense surfaces. (f) SEM image of ZnO nanoleaf structures

prepared by 0.01 M SDS and 5 h ablation times.

Our recent findings [13-16] indicated that the instanta-
neous high temperature, high pressure and high density con-
ditions that arise during LP-PLA can promote growth of crys-
talline carbon nitride nanomaterials. We demonstrated that the
nanocrystals self-assemble into complex 2D and 3D architec-
tures. In this paper, a similar synthesis for new, complex 2D
nanostructures of zinc oxide is reported, using an aqueous so-
lution of SDS. This surfactant was chosen because it has been
widely used in other systems, and it is known to affect the ini-
tial self-assembly process and also modify the resulting particle
morphology [17].

2. Experimental details

99.99% Zn powder was compressed under (~10 kg cm™?)
pressure to form a solid target for ablation. Different ZnO
nanostructures were prepared by LP-PLA in an aqueous
solution with anionic surfactant SDS in a volume of 5 ml,
using apparatus and methods that have been described in
detail elsewhere [13]. Briefly, the laser beam was a Nd:YAG
(532 nm, pulse duration 15 ns, frequency 10 Hz) with the
power kept constant at 100 mJ per pulse, and focused through
~5 mm of the liquid onto a 0.5 mm diameter spot on the
ZnO target surface. All the laser ablation experiments were
performed at room temperature and 1 atmosphere pressure.
Different SDS concentrations (0.05-0.001 M) and ablation
times, 7, (0.5-5 h) were investigated. After ablation, the
product was visible as a suspension of grey nanoparticles in the
liquid. In order to remove traces of SDS, the grey precipitates
were washed several times with deionized water and ethanol,
and then separated by centrifugation. The solid precipitate
samples were characterized and analysed by scanning electron
microscopy (SEM, JEOL 6300LV), transmission electron
microscopy (TEM, JEOL 1200EX) and high-resolution (HR)
TEM (JEOL 2010). Powder x-ray diffraction (XRD, Bruker-
AXS D8 Powder Diffractometer) and selected area electron
diffraction (SAED) were used to identify the zinc oxide phases.
Wavelength-dispersed photoluminescence (PL) spectra were

measured at room temperature following excitation with a cw
He-Cd laser (A = 325 nm, power ~3 mW). An ultraviolet—
visible (UV-vis) spectrophotometer (Perkin-Elmer Lamda 11)
was used to monitor the changes in absorbance of the ablated
solution.

3. Results and discussion

As laser irradiation progressed, the liquid changed from
colourless to a grey coloured suspension, indicating an increase
in solid product and/or a change in composition of the solid due
to interaction with the laser. A typical XRD study in figure 1(a)
shows that the prepared samples were consistent with the ZnO
wurtzite phase (P63mc(186), JCPDS card no. 36-1451) with
lattice constants ay = 3.2498 A and ¢y = 5.2066 A [18]. One-
dimensional spherical particles (figure 1(b)) of size ~5-25 nm
appeared after only 30 min ablation in 0.01 M SDS. When
increasing the laser ablation time to 2 h, the crystallites had
elongated into rod-like structures, as shown in figure 1(c). The
elongation mechanism is still unclear, but figure 1(c) shows
some adjacent particles (highlighted by arrows) may be lining
up. This suggests that the nanorods (NRs) may be the result of
individual pre-formed NPs adding preferentially to the ends of
a line of NPs (figure 1(d)). Alternatively, NRs may form by 1D
growth of a single NP, but we have not yet found any evidence
for this. Whichever mechanism is correct, it is clear that NR
formation, growth and aggregation all occur after only a short
ablation time. This is consistent with the findings of Zeng et al
[19], who observed NPs of ZnO after short-duration LP-PLA.
For longer ablation times, new ‘leaf-like’ shapes were
observed (width: 230 + 30 nm, length: 770 & 90 nm),
as shown in figure 1(e). This image provides evidence of
oriented attachment growth, and that the ZnO leaf matrix
is composed of many NPs attached side-by-side. A similar
phenomenon was also observed by other workers in undoped
ZnO NRs, hollow microhemispheres [20] and co-doped ZnO
nanosheet-based structures [21]. Noticeably, the individual
leaf-like structures within a local region seem to be randomly
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Figure 2. (a) HRTEM image of a series of aggregated ZnO NPs,
(b) adjacent particles from the framed area in (a) showing aligned
orientations and lattice fringes. The arrows point to the boundaries
between the crystallites. (c) SAED pattern taken from the framed
area in (a) observed along the [0001] zone axis, which is consistent
with hexagonal symmetry. The arrows point to the curvature of the
diffraction spots.

oriented, while the NPs are aligned preferentially parallel to the
c axis along the leaf. Again, it was found that these leaf-like
nanostructures are mostly made up of component NPs or NRs,
as shown in the SEM image (figure 1(f)).

The HRTEM image in figure 2(a) shows that the individual
NPs contain very few defects and are primarily faceted with
{1011} crystal planes (see the enlarged image of the framed
area in figure 2(a)), as anticipated from the XRD pattern.
The clear lattice fringes (d}y;; = 0.24 nm) obtained from
all crystallites are in good agreement with the values for
hexagonal ZnO [18]. The ZnO crystalline NPs that build the
leaf-like structures are consistent with an ‘oriented attachment’
mechanism [22], whereby the adjacent ZnO building units
are perfectly aligned with each other in a close orientation
relationship, with no mismatch (as shown in figure 2(b),
highlighted by arrows between the boundaries). This explains
the reason for the slight curvature of the diffraction spots
observed in the SAED pattern (figure 2(c), taken from the
framed area in (a)).

In our experiments, the formation of the distinct leaf-
like morphology is very sensitive to the reaction conditions.
Concentrations of SDS near the critical micelle concentration
(cmc = 0.008 M) and longer ablation times, both favour
formation of the leaf-like structures.  For lower SDS
concentrations (0.001 M) and shorter ablation times (2 h),
instead of rod-like particles (as in figure 1(c)), the zinc
oxide formed OD spheres or aligned spheres (figures 3(a),
(b)). For higher SDS concentrations (0.05 M > cmc) and the
same ablation time, the product contained a mixed collection
of NPs and NRs (figure 3(c)). Many OD nanocrystallites
have coalesced into straight rod-like structures (shown by
the arrows), as further evidence for the proposed growth
mechanism. However, on increasing the ablation time to 5 h,
the NRs aggregated into leaf-like particles (figure 3(d)). The
resulting nanoleaf (width: 200£40 nm, length: 500£80 nm) is

smaller than the ones produced in 0.01 M SDS. This shows that
the morphology of the nanostructures is dependent upon the
SDS concentration. It is known [23] from studies of Zn(OH),
NPs that SDS molecules can form a layer directly on a particle
surface, which helps to limit the particle size to the nanometre
range. The negative sulfate groups attach to the positive
NP surface, leaving the hydrocarbon tails unbound in the
liquid. Close to and above the cmc, it becomes energetically
favourable for the tails from different NPs to intercalate and
form lamella, which effectively ‘glue’ the NPs together in
various packed arrangements. We believe that a similar process
is occurring with our ZnO NPs, leading to self-assembly of the
observed nanoleaf structures.

Figure 3(e) shows the UV-visible optical absorption
spectra of the suspensions following different ablation times
in 0.05 M SDS. The peak around 350 nm is attributed to the
exciton absorption of ZnO [10]. The peak intensity increased
with the increase of #; however, the peak for 2 h has a broad
shoulder and is poorly defined. Using the value for onset
of absorption (where the extrapolation of the steeply rising
part of the absorption spectrum crosses the wavelength axis),
the optical (or Tauc) bandgap [24] for samples produced after
2 and 5 h ablation are calculated to be 3.20 and 3.10 eV,
respectively. These two values are lower than the value for
bulk ZnO (3.37 eV) [19] probably due to quantum confinement
effects.

Figure 3(f) summarizes a suggested mechanism that is
consistent with our observations, by which the ZnO particles
might self-organize (0D — 1D — 2D) into the observed
complex structures. The high power laser beam causes
material to be ejected from the zinc plate predominantly
as atomic or ionic species, resulting in the formation of a
high temperature, high pressure, and high density (HTHPHD)
plasma of evaporated materials. The highly energetic Zn
species created within the ablation plume are easily oxidized
in such extreme conditions, and then initially condense into
small monodispersed spherical ZnO NPs. Due to the very
short laser pulse length (15 ns) and the fact that the plume
is rapidly quenched by the surrounding liquid, the growth
times of these nuclei are very short, and so they remain
in the nanometre size range. At a short ablation time, the
rate of mesoscale restructuring is relatively low because of
insufficient energy input to overcome the restructuring barrier.
Thus, the initial products are mainly spherical NPs. However,
more complex assembled structures are formed in a longer
ablation time (5 h), which has continual energy input to the
reaction system and sufficient time for NPs recrystallization.
Furthermore, the presence of SDS molecules can form a thin
coating around each NP, stabilizing them, but also preventing
further growth since all the crystal faces will be capped by
the surfactant groups. At higher SDS concentrations the tail
groups protruding from neighbouring NPs begin to intercalate,
thereby minimizing the tail-water interactions, and gluing
the NPs together. The NPs lying parallel to the ¢ axis are
stabilized by SDS to give preferential growth along the [0001]
direction. Upon drying of the samples, the strings of NPs
coalesce to form the nanoleaf structures. The binding of SDS
on the NP surfaces directs their subsequent oriented assembly
and growth. This surfactant-mediated restructuring process is
consistent with the mechanism proposed by several groups for
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Figure 3. (a) and (b) the aligned packing of the NPs (0.001 M SDS, ¢ = 2 h), (c) the particles lining up, serving as the starting point for
subsequent coalescence into a NR (0.05 M SDS, ¢ = 2 h), (d) leaf-like structures (0.05 M SDS, t = 5 h), (e) plot of UV-visible absorbance
from the ablation product (0.05 M SDS) for different ablation times, showing a prominent feature at ~350 nm. (f) Proposed model for

sequential growth pathway.

other materials [25, 26]. In general, many surfactants influence
crystal morphology by selective interaction or adsorption
on certain faces of the growing crystals, which results in
preferential growth along other crystallographic directions. It
is still unclear why the NPs form 1D lines rather than random
3D clumps. Further investigations (such as varying the laser
fluence, the effect of pH and the conditions for the drying
process) are required to elucidate the more detailed aspects of
ZnO growth in LP-PLA.

Figure 4 compares room temperature PL spectra from four
ZnO samples ablated under different SDS concentrations. All
the spectra show conventional Raman modes similar to those of
bulk ZnO and common nanostructured ZnO [27, 28]. The UV
emission is well understood as near-band-edge emission, while
the visible emission originates from a variety of deep level
defects, e.g. vacancies from oxygen and zinc interstitials. The
PL spectrum (figure 4(a)) from the 0.001 M SDS sample shows
a small UV emission peak at ~377 nm and a dominant, broad
green/yellow visible emission. The intensity of emission peaks
in the blue region increased with increasing SDS concentration
together with a slight redshift. Conversely, the reduced
green emission with the increase of SDS concentration can
be attributable to a decrease of oxygen vacancies within the
ZnO. That is because SDS molecules can significantly suppress
the oxidation rate by forming extremely thin organic layers
on the particle surface. The present PL studies indicate
that an evolution in ZnO structure (i.e. 0D — 1D —
2D) changed the distribution of UV emission and visible
emission intensities. An identical sample (a), after annealing
at 200°C for 2 h, showed a large (~6x) increase in the UV
emission intensity and a concomitant quenching of the visible

Intensity / a. u.
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Figure 4. PL spectra obtained from 325 nm excitation of the sample
following 2 h laser ablation with SDS concentrations of: (a) 0.001 M,
(b) 0.01 M and (c) 0.05 M. (d) Sample identical to (a), but after
annealing for 2 h at 200 °C in an oven in air.

emission. The evident reduction in long wavelength emission
intensity from the annealed sample serves to reinforce previous
suggestions [29] that oxygen-related defects, such as oxygen
interstitials, are responsible for the yellow and red emission.

4. Conclusions

In summary, ZnO nanoleaf structures can be self-assembled us-
ing simple, room-temperature, solution—solid phase reactions.
This work has shown that LP-PLA is an effective method to
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synthesize a series of nanomaterials with controlled size and
morphology. PL from different samples confirmed annealing
as a good route to improving the intensity of UV emission from
the sample. Factors such as surfactant concentration near the
cmce and longer reaction times are favourable in defining the
structures observed here.
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