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ABSTRACT

A plasma plume consisting of metal ions and atoms induced by laser ablation of metal Zn can react strongly
with the molecules it encounters in liquid solutions. We report the liquid-phase laser ablation-induced
synthesis of ZnO nanoparticles and layered zinc hydroxide/dodecyl sulfate (ZnHDS) hybrid nanosheets
using a fundamental 1064-nm nanosecond laser. A large amount of ZnHDS nanosheets, together with a
small amount of Zn nanospheres and ZnO nanoparticles, could be produced from sodium dodecyl sulfate
(SDS) solutions. Thermally induced vaporization of Zn species is favorable for the formation of ZnHDS
nanosheets in SDS solutions and ZnO nanoparticles in pure water, while the explosive boiling and ejection
of melting Zn droplets is responsible for the formation of sphere-like Zn particles. Photoluminescence
measurements of ensemble or individual ablated products reveal that hybrid ZnHDS nanosheets assem-
bled from metastable 3-Zn(OH), and DS~ ions show strong blue and green luminescence under UV-light

Laser ablation in liquid

Self-assembly excitation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Over the past few decades, laser ablation in liquids (LAL) has
aroused great interest in the production of various nanoparticles
and assembly of complex nanostructures [1,2]. The advantages of a
chemically clean synthesis procedure that can be applied to almost
any material and liquid solvent are of great benefit to a broad range
of nanostructures [3-5], including explorations of their native size
and structure-dependent properties, and their utilization in various
environmental [6,7] and biomedical applications [8,9]. When using
active metals or compounds as targets, strong reactions may occur
between the ablated plasma plume and the solution molecules it
encounters because the most nascent ablation species of active
metal targets are electronically excited and highly reactive. The
nanomaterials produced depend on the way materials are liber-
ated from the target, and the reactions between the ejected species
and solutions [10-15].

Laser ablated Zn in liquids could be one of the most-studied
materials among metals [16-21]. The charging assembly of lay-
ered zinc hydroxide/dodecyl sulfate (ZnHDS) nanocomposites in
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sodium dodecyl sulfate (SDS) solutions and the fabrication of
ZnO nanoparticles in deionized water using the third harmonic
line (355nm) of an Nd:YAG laser have been reported [16]. Zn
nanoparticles in a pure organic solution of tetrahydrofuran could
be formed using a picosecond-pulsed laser [20]. However, no
reports about the formation of ZnHDS nanosheets using fundamen-
tal (1064 nm) nanosecond pulse laser are currently available, and
the optical properties of LAL-induced layered ZnHDS nanosheets
have not been investigated. ZnO-based hybrid structures, such as
ZnO/poly(ethylene glycol), hybrid materials based on oligothio-
phene acids and ZnO, ZnO-ILCs nanocrystals, and polyether-grafted
ZnO nanoparticle, have been recently reported [22-25]. However,
the underlying mechanism of blue emissions remains unclear. The
UV and green band emissions of semiconductor ZnO are usually
observable, but the blue emission of pure ZnO is not. Basic solu-
tions of LiOH or NaOH are required to prepare ZnO-based hybrid
structures. Blue luminescence with enhanced intensity can only be
observed at very high LiOH concentrations in ZnO/poly(ethylene
glycol) composites [22]. The oxolation reaction, in which aZn-0-Zn
bridge similar to that during ZnO formation is produced, is known
to require strong basic conditions. In a weakly basic medium, ola-
tion may occur, leading to the formation of the Zn—-(OH)-Zn bridge.
Therefore, it is reasonable to speculate that the blue emission of
ZnO may be related to the surface bonding of OH radicals. Layered
ZnO films intercalated with DS~ ions have recently been reported
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Scheme 1. Experimental design and products of liquid-phase laser ablation of Zn.

to show only the typical photoluminescence (PL) of UV and green-
bands without blue emission, as in ZnO nanoparticles [26]. In the
current paper, we report that zinc hydroxide (3-Zn(OH); ) interca-
lated with DS~ ions, which produces layered hybrid nanosheets,
can emit strong and stable blue and green light under UV-light
excitation.

We demonstrate here the facile formation of a large amount of
layered zinc hydroxide/dodecyl sulfate hybrid nanosheets by laser
ablation of Zn in water and SDS solutions using a 1064-nm laser.
Scanning near-field optical microscopy (SNOM), a powerful tool for
investigating the optical properties of single nanostructures [27,28]
shows photoemissions from hybrid nanosheets detected not only
in ensemble products, but also in individual ones.

2. Experimental
2.1. Liquid-phase laser ablation of Zn

As schematically illustrated in Scheme 1, a Zn (99.99%) plate
was fixed to the bottom of a glass vessel filled with 7-10cm3
0.01 M sodium dodecyl sulfate (SDS) solution or pure deionized
water (>18 MQ2). The target surface was thoroughly cleaned by
ultrasonication in ethanol before ablation. Ablation was carried out
at normal incidence using a pulsed Nd:YAG laser operating at the
fundamental frequency (1064 nm) with a repetition rate of 10Hz
and a pulse duration of 10ns. The laser was focused on the tar-
get with a spot size of about 1 mm in diameter. The laser ablation
lasted for 30 min, with a typical 70 mJ/pulse energy near the sur-
face of target. The glass vessel containing the target and solutions
was rotated at about 10 rpm during the ablation. After ablation, the
SDS solution in the bottle changed into a cloudy, dark gray liquid,
whereas the pure water in the other bottle changed into a white lig-
uid, as shown in the imaged beakers of Scheme 1. A large amount of
flocculate products was obtained from the SDS solution, whereas
small amount of deposits formed in the pure water after settling, as
shown in Fig. S1 of the Supplementary Data. The powder samples
were then collected by repeated centrifugation, rinsing, and drying
atroom temperature. Due to the good solubility of SDS molecules in
water, excess or unreacted SDS molecules could be removed after
repeatedly rinsing.

2.2. Structure and morphology characterization

The collected powder was directly investigated by X-ray
diffraction (XRD) using a Philips X'Pert system with CuKa radi-
ation (A =1.5419A, scanning rate 1.0°/min). The morphology and
structure of the products were examined by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
(JEOL, JEM-2010) with an acceleration voltage of 200 kV. Specimens
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Fig. 1. XRD patterns of products obtained by LAL in liquids of (a) deionized water
and (b) a 0.01 M SDS solution using the fundamental nanosecond pulse laser.

were prepared by dispersing the clean powder in ethanol to form a
suspension, and then dropping the suspension onto a silicon sub-
strate for SEM or a carbon-coated Cu grid for TEM investigations.
A Fourier transform infrared (FT-IR) measurement was conducted
on a Thermo Nicolet NEXUS 670 FT-IR Spectrophotometer in the
range of 400-4000cm™1.

2.3. Photoluminescence measurements

PL and SNOM measurements were performed under atmo-
spheric conditions at room temperature. The PL spectra of both
colloidal suspensions and dried powder samples were obtained. For
PL measurement of colloidal suspensions, repeatedly rinsed, dried
powder samples were dispersed in deionized water. For powder
sample characterization,ZnHDS nanosheets were dispersed in a no-
fluorescence quartz substrate. The 325-nm line of an He-Cd laser
was used as the excitation source. For SNOM measurements, an
optical fiber probe with an aperture diameter of about 140 nm (sup-
plied by JASCO Corp.) was used as the excitation source to locally
excite individual nanostructures. The light emitted from the nanos-
tructures was collected by an objective lens mounted under the
substrate, and the integrated light intensity images were measured
by introduction of light into a single-photon-counting module. To
measure near-field PL spectra, the light emitted from the sample
was analyzed with a spectrograph equipped with aliquid-nitrogen-
cooled charge-coupled device (CCD) detector. Topographic images
of the samples were simultaneously obtained by a shear-force feed-
back technique. The detection system can efficiently operate over
a spectral range of 380-900 nm.

3. Results and discussion
3.1. Phase structure and morphology

Fig. 1a shows the XRD pattern of the products obtained by pulse
laser ablation of Zn in pure water (the product assigned as S-1).
The XRD peaks are clearly ascribed to the metal Zn (JCPDS No. 04-
0831)and wurtzite ZnO (JCPDS No. 36-1451) phases. The XRD peaks
of Zn are narrow and sharp, indicating relatively larger-sized and
better-crystallized metallic Zn structures. Aside from the Zn and
ZnO peaks, two weak and broad XRD peaks located at 32.86° and
58.6° in 26 can be indexed according to a metastable 3-Zn(OH),
structure. The existence of metastable 3-Zn(OH), with a Cdl,-
type structure (a=3.194A, c=4.714A, space group: D34> = C3m)
has been confirmed at high pressure [29]. Fig. 1b shows the XRD



112 C. Liang et al. / Journal of Photochemistry and Photobiology A: Chemistry 224 (2011) 110-115

Zn

00 20 40 60 80 10p
Energy (KeV)

Fig. 2. The morphology and structure of products by LAL of Zn using a 1064-nm laser. (a) TEM image of products by LAL in water, the inset shows a rounded Zn particle
coated with ZnO nanoparticles. (b) SEM image of products by LAL in SDS solutions. (c) EDS spectrum of single ZnHDS nanosheet (inset, SEM image) obtained in SDS solutions.
(d) TEM image of typical ZnHDS nanosheets, inset is the corresponding single crystalline SAED pattern. (e) HRTEM lattice image of single nanosheet under electron beam

irradiation, inset corresponds to the SAED pattern after evolution.

pattern of products obtained from the laser ablation of Zn in 0.01 M
SDS solution by continuously rotating the Zn target during ablation
(assigned as S-2). The intensity value is divided 10 times to obtain
a clearer description in the figure. Aside from the Zn, ZnO, and 3-
Zn(OH), diffraction peaks, the remaining peaks in the low angle
range can be well indexed to a layered ZnHDS hybrid structure. A
series of (001) equally spaced sharp lines present typical evidence
of the formation of layered structures with the same basal spacing
of 29.32 A. FT-IR measurements (Fig. S2 in Supplementary Data)
for the powder product demonstrate that the ZnHDS nanosheets
obtained using the 1064-nm laser present a structure similar to
that obtained from third harmonic laser ablation.

Fig. 2 presents typical SEM and TEM images of the products
obtained by LAL of Zn in pure water and 0.01 M SDS solution. In
the TEM image of S-1 (Fig. 2a), the product is composed of aggre-
gated particles, large sphere-like particles, and a small amount
of sheet-like structures. Selected area electron diffraction (SAED)
and energy-dispersive X-ray spectroscopy (EDS) analyses revealed
that the aggregated particles are wurtzite ZnO, the large, rounded
particles (inset image) are metal Zn surface-coated with fine ZnO
nanoparticles, and the sheet-like structures are the [3-Zn(OH),
form, all of which are well in agreement with the XRD analysis.

Fig. 2b presents the products from S-2. Most of the products are
sheet-like in morphology and rare several small-sized particles are
randomly distributed on the surface of some sheets. The ultrathin
nanosheets are one to two micrometers in size and nanometers
scale in thickness. The EDS spectrum (Fig. 2c) obtained from a
single ZnHDS sheet suggests C, O, S, and Zn components. Fig. 2d

and e shows the corresponding HRTEM analysis of a single ZnHDS
nanosheet. The ZnHDS sheet consists of a 3-Zn(OH), inorganic layer
and organic chains of DS~ molecules in a bi-layer arrangement, the
structure of which is schematically depicted in Fig. S3 in the Supple-
mentary Data. The regular shape and SAED pattern along the zone
axis of [0 0 1] from a single ZnHDS nanosheet demonstrate the Cdl,-
type hexagonal structure of a 3-Zn(OH), inorganic layer. However,
this structure is unstable and easily collapses. Under electron-beam
irradiation, the clear lattice image (inset, enlarged image) of the sin-
gle sheet quickly evolves into an amorphous structure, as verified
in the upper HRTEM image and halo rings in the inset SAED pattern
(Fig. 2e).

3.2. Photoluminescence properties

Fig. 3 (spectra b and c) shows the PL spectra obtained from the
colloidal suspensions of S-1 and S-2. In all spectra, the peaks located
at 367 nm are attributed to the Raman scattering of water, as evi-
denced in the measurement for pure water (spectrum a). In S-1,
aside from weak UV-band emission at 380 nm and a very broad
green band emission located at 550 nm, weak emission peaks are
observed at around 445 and 470 nm. In S-2, remarkably enhanced
PL emissions in the blue region are observed with three typical sub-
band peaks located at 413, 445, and 471 nm. In S-2, evident green
emissions with peak centers at 550 nm are also present, the intensi-
ties of which are increased compared with thatin S-1; however, the
UV-band emission here is obviously quenched. The inset in Fig. 3
presents a photograph of colloidal samples obtained by LAL of Zn in
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Fig. 3. PL spectra of (a) pure water, (b) colloidal suspensions induced by LAL in
deionized water, and (c) colloidal suspensions induced by LAL in 0.01 M SDS solu-
tion. Inset shows a photograph of colloidal S-1 and S-2 under UV-light illumination.
Excitation wavelength: 325 nm.

pure water and 0.01 M SDS solution under UV light excitation; the
left bottle presents evident violent-blue emissions from colloidal
S-1, while the right bottle presents blue-green emissions from S-2.
Based on the XRD and TEM investigations, the UV-band emission
in S-1 could clearly be attributed to the band-gap or the excitonic
emission of ZnO nanoparticles, while the green band emission may
have resulted from ZnO nanoparticles with rich, individual ionized
oxygen vacancies or zinc interstitials defects. The multiple-band
blue emissions in S-1 are very possibly caused by the metastable 3-
Zn(OH), phase. This is further confirmed in S-2, after assembly with
DS~ ions to form ZnHDS layered nanosheets, where the intensity
of blue emissions is dramatically enhanced.

The PL spectra of the colloidal solutions suggest that the ZnHDS
nanosheets also contribute to the enhanced green band emission
in S-2. In the current study, we intentionally removed the large Zn
sphere phase from the colloidal solutions by repeated centrifuga-
tion. Fig. S4 in the Supplementary Data (Fig. S4a) presents the XRD
spectrum of the product after removal of Zn spheres. The corre-
sponding PL spectrum from ZnHDS containing colloidal solutions
was recorded, as shown in Fig. S4b. Clearly, ZnHDS nanosheets
present strong blue and green bands emissions; the very weak
peak at about 380 nm could be the band-gap or excitionic emis-
sion from trace amounts of ZnO nanoparticles. The SDS solution
does not show PL emissions, as shown in Fig. S5 of the Supplemen-
tary Data. The colloidal solutions measured for PL do not contain
free SDS molecules after repeated centrifugation and rinsing, as
demonstrated in the XRD analysis; the XRD peaks of SDS molecules
could not be detected.

Aside from investigating the PL properties of an ensemble from
colloidal solutions, we also investigated PL emissions from individ-
ual ZnHDS nanosheets using the nanoscale SNOM technique. The
ZnHDS nanosheets obtained from a colloidal suspension were dis-
persed through a commercially purchased no-luminescence quartz
substrate, and then dried at room temperature. Since these ultra-
thin nanosheets are not completely flat on the substrate, some parts
of nanosheet are curved, and some parts overlap each other. Fig. 4a
and b shows the typical shear force image of individual ZnHDS
nanosheets and the corresponding integrated light intensity image,
respectively. The contrast difference in Fig. 4a is caused by the
height profile of the ZnHDS sheet and the varied distance between
probe tip and different spots on nanosheets, while the contrast dif-
ference in the integrated light intensity image of Fig. 4b reflects the

variation of emissionintensity. Fig. 4c gives the near-field PL spectra
obtained from the three positions, as labeled in Fig. 4b. Although
the total intensity is not as large as that from the colloidal sam-
ple, sub-emission bands with centers at 418, 443, 479, and 543 nm
are clearly well in agreement with those in the spectra of col-
loidal S-2 due to the integration of a single nanosheet emission.
Both the ensemble and individual PL measurements demonstrate
that ZnHDS nanosheets display enhanced blue and green emissions
under UV-light excitation.

The measurements above suggest that 3-Zn(OH);, as an inor-
ganic layer, plays critical roles in the unusual blue emission from
the ZnHDS structure. 3-Zn(OH), exhibits a typical CdI,-type struc-
ture, in which the OH~ anions form a hexagonal, close-packed
arrangement, whereas the Zn cations fill all of the octahedral sites
in alternate layers. The B-Zn(OH), structure is mostly ionically
bonded, but retains a partially covalent character. This structure
is analogous to that of wurtzite ZnO, and belongs to the polar crys-
tal class. The main difference between the two structures is that the
Zn cations are covalently bonded with OH radicals in 3-Zn(OH),.
The unusual blue emission in hybrid ZnO/organic composites can
only be observed in highly basic solutions, thus, the bonding
of OH radicals may participate in the blue emissions of hybrid
ZnO/organic composites. For example, Fu et al. demonstrated that
the hydroxyl groups on the surface of ZnO nanoparticles react with
organic molecules and only thus assembled composite show strong
blue emission [30]. Our finding of blue luminescence from non-
stoichimetric 3-Zn(OH),_, may give indication about the critical
role of hydroxyl groups on the surface of ZnO nanoparticles. Simi-
larly, the Zn-OH-DS bonded surface states could be the origin for
strong blue emission in ZnHDS composite. Determination of a cal-
culation theory for clarifying the band gap structure of 3-Zn(OH),
would be desirable in future study.

3.3. Formation process for hybrid ZnHDS nanosheet by LAL in SDS
solution

XRD and TEM investigations demonstrate that varied structures
may be obtained by LAL of Zn, suggesting that different growth pro-
cesses may be responsible for the production of metallic Zn spheres,
fine ZnO nanoparticles, and layered ZnHDS hybrid nanosheets. The
liquid-confinement in LAL makes direct diagnostics of the ejected
species very challenging. The strong interaction of the species with
the liquid eliminates evidence of the primary ejection mechanism;
only secondary processes are generally observed [31]. Investiga-
tions of surface morphology may be the best tool for identifying
materials, and distinguishing between surface vaporization and the
direct ejection of materials from molten surfaces [31,32].

Fig. 5a shows SEM images of ablation regions on the surface
of the Zn target using a 1064-nm laser wavelength. Large, deep
craters with diameters of 10-20 pwm (see inserted enlarged image)
are randomly distributed within the irradiated area. The size of
the craters is much smaller than the laser focus spot (1.0 mm).
The inset (enlarged SEM image) indicates that the craters are con-
centrated in regions where melting has occurred, suggesting that
the surface melts locally and that large vapor bubbles are formed
and released in these portions. In our previous report, however,
almost pure ZnHDS layered nanocomposites could be obtained by
laser ablation of Zn in SDS solutions using the third harmonic line
of an Nd:YAG laser [16]. Fig. 5b shows SEM images of the mor-
phology of a rotated Zn target surface after LAL using a 355-nm
laser wavelength. Randomly dispersed swirl textures are formed
with diameters of around 10 wm, as shown in the inset (enlarged
image). Moreover, many nanometer-scale pores appear. In the laser
ablation of a target using a nanosecond pulse laser, two typical pro-
cesses for the removal of materials from the target surface have
been recognized [33], i.e., thermal vaporization of atomic or ionic
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Fig. 4. SNOM characterization of a single layered ZnHDS nanosheet. (a) Shear force image of individual ZnHDS nanosheets, (b) the corresponding integrated light intensity
image of the nanosheet, and (c) the near-field spectra measured at three positions on the nanosheet, as labeled in (b).

Fig. 5. SEM images of the Zn target surface after LAL in SDS solutions: (a) ablation using 1064-nm laser wavelength, inset image shows large craters and (b) ablation using

355-nm laser wavelength, inset image shows swirl texture-like morphology.

species and thermally induced explosive ejection of nanometer- or
micrometer-sized molten droplets from the heated target.

Evidently, for LAL using the fundamental nanosecond pulse
laser, both processes may occur. The molten Zn droplets could
quench and solidify as Zn spheres, while nanosize Zn droplets may
also oxidize into ZnO nanoparticles. Thermal vaporization gener-
ates Zn species that could react with H,0 to form zinc hydroxide
species. These zinc hydroxide species can further transform into
ZnO nanoparticles. However, in the presence of DS~ ions, these zinc
hydroxide species could cause charge-assemblies to form ZnHDS
layered nanosheets. The formulas below represent the main reac-
tions that may occur in water or SDS solutions by LAL.

Zn + (2 -x)H0 — Zn(OH)p_,*" +(2 —x)H™T (1)
Zn(OH),_** +x/405 — ZnO + (1—1/2x)H,0 (2)
Zn(OH),_** +xDS~ — Zn(OH);_,DSx (3)

For Zn ablation using third harmonic nanosecond lasers, how-
ever, no large craters and Zn metal droplets appeared, indicating
that the ejection of Zn species, as result of thermal vaporization,
could be the main process.

4. Conclusions

We investigated the formation of layered ZnHDS hybrid
nanosheets using a fundamental nanosecond Nd: YAG pulse laser in
the liquid-phase laser ablation of Zn. In SDS solutions, hybrid ZnHDS
nanosheets could be fabricated in significant amounts. Investi-
gations after ablation revealed microscale craters on the target
surface after using a 1064-nm laser, whereas swirl textures and

nanometer-scale pores appeared using a 355-nm laser. Thermally
induced vaporization of Zn species is favorable for the formation
of ZnHDS nanosheets in SDS solutions and ZnO nanoparticles in
pure water, while the explosive boiling and ejection of melting
Zn droplets is responsible for the formation of sphere-like Zn par-
ticles. PL measurements of colloidal suspensions in an ensemble
and SNOM light-emission detection of single ZnHDS nanosheets
revealed metastable 3-Zn(OH); structures with multiple-band blue
and green emissions, the intensities of which were remarkably
enhanced after assembling with DS~ molecules into hybrid ZnHDS
nanosheets. The unique LAL technique, which employs metallic tar-
get and organic solutions, are expected to be able to synthesize
other hybrid organic-inorganic structures. Uniform layered ZnHDS
nanosheets with strong and stable visible-light emissions show
promise in future applications as new luminescent materials.
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