CIS

A RTTCUL E S

Published on Web 06/24/2010

Morphology Control of Nanostructures via Surface Reaction
of Metal Nanodroplets

K.Y. Niu," J. Yang," S. A. Kulinich,*$ J. Sun," H. Li," and X. W. Du*"

School of Materials Science and Engineering, Tianjin University, Tianjin 300072, Peopl€'s
Republic of China, Department of Chemistry, University of British Columbia, VVancouver, BC,
Canada V6T 171, and Department of Applied Sciences, University of Quebec, Saguenay, PQ,

Canada G7H 2B1

Received April 8, 2010; E-mail: xwdu@tju.edu.cn

Abstract: We report on the controllable synthesis of diverse nanostructures using laser ablation of a metal
target in a liquid medium. The nanodroplets generated by laser ablation react with the liquid and produce
various nanostructures, such as hollow nanopatrticles, core—shell nanopatrticles, heterostructures, nanocubes,
and ordered arrays. A millisecond laser with low power density is essential for obtaining such metal
nanodroplets, while the target material, the reactivity of liquid medium, and the laser frequency are decisive
for controlling the morphology and size of the nanostructures produced. This green and powerful technique
can be extended to different material systems for obtaining various nanostructures.

Introduction

The morphology of nanostructured materials has aremarkable
influence on their properties. Hence, the controllable synthesis
of nanostructures has become a consistent ambition in the
nanoworld.? Currently, the control of nanostructures is usually
achieved via tunable chemical reactions.*>® A more facile and
greener method, pulsed laser ablationin liquid (PLAL), has been
recently developed to synthesize nanoparticles, in which a pulsed
laser is adopted to irradiate a solid target in aliquid medium.*~”
Plasma and vapor, as well as metal droplets, were reported as
possible ablation products, which further react with the liquid
medium to form nanoparticles.>®®71° Among these three,
plasma was considered as an idea starting phase for the
synthesis of nanomaterials, because it can vaporize the sur-
rounding liquid medium®* and then mix and react with the
vapor in a penetrating way (hereafter, this reaction is referred
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to as penetration reaction). Therefore, much attention has been
paid to generating the plasma by using short-pulse-width lasers,
for example, a nanosecond pulsed laser with pulse width of
several nanoseconds and power density of 10°—10% W/cm?.
This could provide high energy flux in a short time window to
generate plasma, and indeed, ultrafine colloidal metal and
compound nanoparticles were fabricated.®*2*® During the past
two decades, the products of PLAL were mainly limited to the
above two categories, and new products were seldom reported.®
So far, morphology control of nanostructures has never been
realized by the PLAL method, and it was doubtful whether this
technique had the capability of producing novel nanostructures.

If we turn our attention to the metal droplets potentially
produced during PLAL treatment of ametal target, the situation
could be remarkably different. The temperature of such metal
droplets is much lower than that of the plasma. As aresult, any
reactions with the ambient medium are expected to start from
the surface of such droplets due to their compactness (hereafter,
such reactions are referred to as surface reactions). Therefore,
the mode and extent of surface reactions can be controlled by
precisely selecting appropriate types and concentrations of the
liquid media, as well asthe laser parameters. Then the question
is simply how to generate pure metal droplets and design
droplet—liquid reaction systems giving rise to nanostructures
sought.

In the present work, we utilize alaser with along pulse width,
that is, amillisecond pulsed laser, to generate metal nanodroplets
in liquids. Such a laser is commonly used for welding but
seldom for the synthesis of nanomaterials. Due to its lower
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Table 1. Products of Laser Ablation of Pb Target®

laser
frenquency

target liquid media (Hz) results
Pb dodecyl mercaptan/ 1 Pb/PbS CSNPs
n-hexane (1:5 v/v)
mercaptoacetic acid 1 PbS HNPs
dodecyl mercaptan 1 PbS nanocubes
mercaptoethanol 20 Pb-PbS heterostructures
dodecyl mercaptan/ 20 PbS polycrystalline
n-hexane (1:5 v/v) nanotubes
dodecyl mercaptan 20 arrays of nanocrystals

#Note: PbS HNPs could aslo be produced in dodecyl mercaptan/
n-hexane (3:1 v/v) but with poor purity.

Table 2. Products Prepared by Ablating Other Metal Targets

laser
frenquency

targets liquid media (Hz) results
Mg  ethanol/n-hexane (1:5 v/v) 1 MgO HNPs
ethanol 1 MgO nanocubes
Zn ethanol/water (10:1 v/v) 1 Zn/ZnO CSNPs
mercaptoethanol 1 ZnS HNPs

ethanol/water (10:1 v/v) with 20 ZnO HNPs

addition of ferrocene

(2 mmol/mL)
dodecyl mercaptan 1 ZnS nanocrystals
Ni water 20 NiO nanocubes
Cu 1-dodecanethiol 20 Cus polycrystalline
nanowires
Fe ethanol/water (5:1 v/v) 1 Fe/Fe, Oy CSNPs

power density (i.e., 10°—107 W/cm?), metal nanodroplets (rather
than vapor or plasma) are expected to be generated, and they
are shown to further transform into various nanostructures
through surface reactions with liquid media. The obtained
nanostructures include core—shell nanoparticles (CSNPs),
nanocubes, tube-like nanostructures and nanowires, heterostuc-
tures, hollow nanoparticles (HNPs), and ordered arrays of
nanoparticles. Our experimental results indicate that surface
reactions arising from laser ablation are an effective way toward
diverse highly anticipated nanostructures.

Experimental Section

Experiment. Pb, Zn, Mg, Fe, Cu, and Ni targets (purity quotient
99.99%) were ablated by amillisecond pulsed Nd:YAG laser (1064
nm) in liquids with a depth of a5 mm. The compositions of liquid
media used for each target are listed in Tables 1 and 2. The laser
power density, work current, pulse width, and irradiation time for
all PLAL experiments were set as 10° W/cm?, 200 A, 1 ms, and 5
min, respectively. The target was kept static (and liquid was not
agitated) during the laser ablation experiments. For the laser ablation
of Ti target in the double-layer liquid medium, the thickness of
both hexane and water layers was 3 mm, and the products were
collected from each layer using a syringe. The laser pulse width
and laser power density in the experiment with a nanosecond laser
were selected as 10 ns and 10° W/cm?, respectively.

Measurements and Analysis. The product morphology was
determined by using an FEI Technai G2 F20 TEM equipped with
a field emission gun, and its composition was analyzed with an
Oxford INCA energy-dispersive X-ray spectroscopy module at-
tached to the TEM. The phase structure was investigated by using
a Rigaku D/max 2500v/pc X-ray diffractometer. The fast photog-
raphy was carried out by using a high speed video camera
(PHOTRON FAST CAM-SUPER 10K C, Japan). Magnetic proper-
ties were detected in a Physical Property Measurement System
(PPMS-9T, Quantum Design Co.). The product yield, upon
centrifugation, washing in ethanol, and drying, was found to be on

the order of tens of milligrams per hour, varying for different
structures and material systems.

Results and Discussion

To demonstrate the capability of the proposed technique, we
first produce a variety of PbS nanostructures by ablating a Pb
target in different liquid media (see Table 1). First, we set the
laser frequency as 1 Hz and selected three sulfur-containing
liquids with gradually increasing reactivity, that is, dodecyl
mercaptan/n-hexane (1:5 v/v), mercaptoacetic acid, and dodecy!
mercaptan, producing Pb—PbS CSNPs, PbS HNPs, and PbS
nanocubes, respectively (Figures 1la—f). We then increased the
laser frequency to 20 Hz and ablated the Pb target in the same
three liquid media. As a result, Pb—PbS heterostructures are
generated in mercaptoethanol (Figure 1g); in the dodecyl
mercaptan/n-hexane mixture, PbS tube-like nanostructures
composed of nanocrystals are obtained (Figure 1h), while in
dodecyl mercaptan, a large amount of PbS nanocrystals with
uniform size assemble into ordered arrays (Figure 1i).

In other materia systems, the PLAL technique showed similar
capability of producing different nanostructures (see Table 2).
For a Mg target in liquid media with different oxidizing
potential, that is, in n-hexane/ethanol solution (5:1 v/v) and pure
ethanol, MgO HNPs and MgO nanocubes were produced,
respectively (Figure 2 and Supporting Information, Figure S1).
For a Zn target, we changed the reaction modes by adopting
the ambient media of ethanol/water solution (10:1 v/v) and
mercaptoethanol, which led to Zn/ZnO CSNPs and ZnS HNPs,
respectively (Figure 3 and Supporting Information, Figure S2).

Asfor the formation mechanism of the above nanostructures,
three pieces of evidence support that they originate from metal
nanodroplets rather than from vapor or plasma. First, high-speed
photography was applied to record real-time images of laser
ablation (see such photographs for Ti target are in Figure 44a).
During alaser pulse with the width of 2 ms, the target was first
heated to its melting point quickly, after which a metal droplet
with a size of about 0.6 mm was seen to be gected within 0.2
ms and stay visible until the end of the laser pulse. At the same
time, many smaller microsized droplets were found in the
vicinity of the large one, as seen in Figure 4a, 0.2 to 2.0 ms.
No plasma plume with a bubble shape (usually observed under
nanosecond pulsed laser ablation conditions) is seen in Figure
42”18 This finding suggests that the nanostructures originate not
from the plasma but rather from the metal droplets, athough such
nanodroplets cannot be observed in the real-time images due to
their small size (only microdroplets are seen in Figure 43).

Second, the formation of CSNPs and HNPs provides direct
evidence for the surface reactions between the liquid medium
and metal nanodroplets. If the ablation products were vapor or
plasma, the penetration reactions would be expected and result
in the formation of compound nanoparticles.”*® However, if
metal nanodroplets are produced by laser ablation, the surface
reactions are expected, where the metal droplets are partialy
oxidized on their surface and give rise to CSNPs. In the systems
Pb/S, Mg/O, and Zn/S, where the Kirkendall effect is expected
to take place,®®~22 CSNPs can transform into HNPs due to the
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Figure 1. TEM images of various nanostructures obtained in Pb/S system: (a) CSNPs with Pb core and PbS shell; (b) PbS HNPs; (c) PbS nanocubes; (d,
e, f) high-resolution TEM (HRTEM) images of the nanostructures in panels a, b, and c, respectively; (g) Pb—PbS heteronanostructures (inset is a HRTEM
image of a Pb—PbS nanoparticle; the scale bar indicates 3 nm); (h) a PbS polycrystalline nanotube (inset is a HRTEM image of a nanoparticle in the
nanotube; scale bar indicates 3 nm); (i) ordered arrays of PbS nanocrystals (inset is a HRTEM image of such a nanocrystal; scale bar indicates 3 nm).

faster outward diffusion of metal cores and the slower inward
diffusion of O or S atoms.>*?* Amazingly, both the CSNPs
formation and their transformation to HNPs may happen within
the very same laser pulse, provided that CSNPs with proper
shell thickness are first generated. The latter necessity of
“appropriate” CSNPs dictates the careful selection of the liquid
medium, as both under- and overoxidized nanoparticles cannot
be turned into hollow structures (see Figures 1a,c).

Third, we designed an experiment with laser ablation in a
double-layer liquid to demonstrate the explosive gection of the
metal nanodroplets. A titanium target was put into a mixture of
n-hexane and water. Due to the immiscibility and density
difference of the two liquids, the mixture separated into a bottom
water layer and atop hexane layer, with both layers having the
thickness of 3 mm. In such a double-layer medium, if plasma
is generated, it must be confined in the water layer and be
oxidized into pure TiO, nanoparticles via the penetration
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Figure 2. TEM images of MgO nanostructures: (a) MgO HNPs; (b)
HRTEM image of a MgO hollow nanoparticle; (¢) MgO nanocubes; (d)
HRTEM image of a MgO nanocube.

reaction. Meanwhile, metal nanodroplets generated in such a
system would be explosively ejected into both (water and
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Figure 3. TEM images of Zn nanostructures: (a) Zn/ZnO CSNPs prepared
in ethanol/water (10:1 v/v); (b) HRTEM image of the edge of a CSNP; (c)
ZnS HNPs prepared in mercaptoethanol; (d) HRTEM image of a half Zn/
ZnS CSNP found in the sample of ZnS HNPs.
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Figure 4. Metal droplets of Ti ablated in a two-layer liquid and their
products: (a) time-resolved images of laser ablation of a Ti target in water;
(b) TEM image of the carbon-encapsulated Ti nanoparticles formed in the
hexane layer of the double-layer liquid medium; (c) TEM image of TiO,
nanospheres formed in the water layer of the same double-layer liquid
medium.

hexane) layers, in agreement with Figure 4a. The surface
reactions of such nanodroplets with water and hexane should
result in TiO, nanoparticles and carbon-encapsulated Ti nano-
particles, respectively. We analyzed products found in both
layers, and observed carbon-encapsulated Ti nanoparticles in
the hexane layer (Figure 4b and Supporting Information, Figure
S3a) and TiO, nanospheres in the water layer (Figure 4c and
Supporting Information, Figure S3b). Interestingly, when some
high-temperature Ti nanodrol pets were gjected into the hexane
layer, the decomposed organic molecules assembled as carbon
nanotubes (see Supporting Information, Figure S3c,d), thus
marking trgjectories of the nanodroplets moving through the
hexane layer. The above results strongly support our hypothesis
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Figure 5. Schematic diagrams of metal nanodroplet gection and nano-
structure formation: (a) formation of nanodorplets in the millisecond-laser-
ablation process; (b) reactions of gjected metal nanodroplet with ambient
liquid; (c) effect of liquid reactivity and laser frequency on morphology of
nanostructures formed in Pb/S system.

on the explosive gection of metal nanodroplets generated by
millisecond laser ablation of metalsin liquid.

On the basis of the above results, we propose the following
mechanism of formation of the nanostructures observed. When
the laser irradiates a metal target in aliquid medium, the local
area around the laser spot melts, and a primary metal droplet
(with millimetric size, Figures 4a and 5a) first forms. It boils
the surrounding liquid medium and produces high-pressure
vapor due to the confinement of the liquid layer. The high-
pressure vapor causes a strong shattering effect, which results
in explosive gection of alarge number of metal nanodroplets
from the primary millimetric droplet (Figure 5a). Subsequently,
surface reactions between the metal nanodroplets and the
ambient liquid take place (Figure 5b). Both composition and
morphology of the products are governed by laser parameters
applied aswell as the nature of target and liquid medium, giving
rise to various nanostructures observed (Figures 1 and 5c).

Figure 5¢ presents schematically the diverse nanostructures
prepared in the Pb/S system as a function of liquid reactivity
and laser pulse frequency. The reactivity of liquid mediais seen
to be decisive for the fina structure of the products. As the
reactivity of the liquid media increases, the surface reactions
are seen to advance faster and deeper. As a result, the
as-produced nanostructures vary first from pure Pb nanoparticles
to Pb/PbS CSNPs. Further increase in the reactivity leads to
the rapid formation of a compact PbS shell on Pb core at high
temperatures, which alows the Kirkendall voiding and the
appearance of PbS HNPs during the same laser pulse. Finaly,
when the most reactive liquid was used, the Pb nanodroplets
were completely sulfidized into perfect single-crystal PbS
nanocubes at high temperatures.

On the other hand, the laser frequency aso shows a significant
effect on the size and morphology of the products. When the
laser frequency is low, the as-formed products can move away
from the irradiated area before the arrival of the next pulse,
thustheinitia as-produced nanostructure can be maintained with
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higher probability. In contrast, the as-produced nanostructures
are more likely to suffer from the secondary irradiation by the
next pulse when higher laser frequencies are applied. Therefore,
some of them (pure Pb nanoparticles, pure PbS nanocubes) were
destroyed into smaller nanoparticles with the same structure as
the primary ones, while some others (Pb/PbS CSNPs, PbS
HNPs) were destroyed and transformed into new fine nano-
structures (Pb—PbS heterostructures, hybrid nanotubes). The
formation of such PbS tube-like nanostructures is not well
understood yet. It is believed that they could arise from a
template effect of the organic mixture used as liquid medium,
similar to the colloidal templates formed by surfactant mol-
ecules.?® More specifically, polar dodecyl mercaptan molecules
could orient in nonpolar n-hexane and form columnar configu-
rations. Very small PbS nanoparticles (inset in Figure 1h) could
disperse in such columns of dodecyl mercaptan and follow their
geometry, being bonded to their mercapto groups. This was not
observed at the low laser frequency since the particles formed
were significantly bigger and less mobile to form such tube-
like nanostructures.

The above interpretation can be safely expanded to other
material systems, for example, Mg/O and Zn/S, and can explain
the formation of MgO HNPs, ZnS HNPs, Zn/ZnO CSNPs, and
MgO nanocubes. Moreover, based on the above-described
mechanism, many other nanostructures were predicted, designed
and then prepared in other materia systems, such as CuS
polycrystalline nanowires, Fe/Fe,O, core/shell nanospheres, NiO
nanocubes (Supporting Information, Figure S4, and Table 2).

To reved the advantage of the long-pulse-width (millisecond)
laser on controllable synthesis of nanostructures, a short-pulse-
width laser, that is, a nanosecond pulsed laser with pulse width
of 10 ns and power density of 10® W/cm?, was also used to
ablate Mg and Zn targets. The products exhibited obvious
inhomogeneity compared with those produced by the long-pul se-
width laser (Figure 6). In the Mg/O system, MgO nanoparticles
were mixed with MgO HNPs (Figures 6a—c), whilein the Zn/O
system, a mixture of ZnO nanoparticles with Zn—ZnO CSNPs
(Figures 6d—f) was obtained. The HNPs and CSNPs observed
are believed to arise from the surface reactions of the nano-
droplets, while the MgO and ZnO nanoparticles can be ascribed
to the penetration reaction of the plasma. Hence, the short-pul se-
width laser with higher power density, while ablating the metal
target, generates both plasma and nanodropl ets, which leads to
less control over the product.

The above results suggest that the proposed synthetic
technique based on the use of the millisecond laser provides a
number of advantages for the preparation of various nanostruc-
tures. First, because of its lower power density, the surface
reactions can be realized by using this kind of laser irradiation
without any influence of the penetration reaction, which
guarantees the product homogeneity. Second, the surface
reactions can be easily controlled to obtain different nanostruc-
tures by simply changing liquid media or laser parameters. Third,
due to the longer pulse width, the efficiency of the long-pul se-
width laser ablation is conceivably higher than that of the short-
pulse-width laser ablation. Therefore, the long-pul se-width laser
is shown to be a better aternative for morphology control of
the different nanostructures produced by the PLAL method.

The significance of structure control described in this study
is demonstrated in Figure 7, where magnetic properties of
different nanostructures (with same composition) are compared.
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Figure 6. TEM images of products of Mg and Zn target ablation by a
nanosecond laser: (a) MgO HNPs and MgO nanoparticles ablated from Mg
target; (b) HRTEM image of a MgO HNP; (c) HRTEM image of a MgO
nanoparticle along the [022] axis (inset is the corresponding fast-Fourier-
transform pattern); (d) ZnO nanoparticles and Zn—ZnO CSNPs ablated from
Zn target; (e) HRTEM image of aZnO nanoparticle; (f) HRTEM image of
aZn—ZnO CSNP.

Different nanostructures with the same composition exhibit
significantly disparate ferromagnetic features. For the MgO
materials measured at 305 K, the saturation magnetic moment
of the HNPs is ~2.5 x 1074 emu/g, which is about 30 times
larger than that of the nanocubes (~0.75 x 10~ emu/g) (Figure
7a,b). For the ZnO materials measured at 5 K, the saturation
magnetic moment of the HNPsis ~1.5 emu/g, 7.5 times larger
than that of the Zn—2ZnO core/shell nanostructures (~0.2 emu/
g) (Figure 7c,d). For the ZnS materials measured at 5 K, the
hysteresis of the ZnSHNPsis obviously larger and clearer than
that of the ZnS nanocrystals, and the corresponding coercivity
of the ZnS HNPs (~250 Oe) is about 2.5 times larger than that
of the ZnS nanocrystals (100 Oe) (Figures 7ef). For these
inorganic nanomaterials, which are intrinsically nonmagnetic,
the ferromagnetism can be ascribed to their surface defects of
different type and density,?*~3° which are induced during the
surface reactions and subsequent quenching. The fast cooling
of the nanostructure surface could induce many defects in the
surface atomic layers (see Figure Sbc in Supporting Informa-
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Figure 7. Magnetic properties of as-produced nanostructures: (a) MgO
HNPs; (b) MgO nanocubes; (c) ZnO HNPs; (d) Zn—ZnO core/shell
nanospheres; (e) ZnS HNPs; (f) ZnS nanocrystals.

tion). It resulted, sometimes, even in amorphous shells on
surfaces, such as PbO shells on Pb cores (Supporting Informa-
tion, Figure Sb5ab). Accordingly, ferromagnetism could be
induced as aresult of numerous defects on the product surface,
which is well consistent with the previous report by others.?®
Further research on the magnetic properties is still needed in
order to understand the ferromagnetism in such nanostructures
in more detail. Other properties, which are aso structure

dependent, are till to be investigated, while the technique
described in this study is shown to provide an excellent
opportunity to produce various nanostructrues with similar
chemistry. Because of the extreme simplicity, versatility, and
efficiency of the technique, such nanostructures can be of wide
interest for both fundamental research and practica applications.

Conclusions

In summary, controllable synthesis of nanostructures was
accomplished by adopting a long-pulse-width laser to ablate
meta target in liquids. Diverse nanostructures, including hollow
nanoshperes, core/shell nanospheres, heterostructures, nanocubes,
nanowires, and three-dimensiona arrays, were produced by
carefully selecting metal targets, liquid media, and laser
frequency. The nanostructures were demonstrated to be produced
via surface reactions of metal nanodroplets gected from the
molten target. Specifically, the final structure of the productsis
determined by the mode and extent of such surface reactions.
A lower power density of the pulsed laser is crucia for
generating metal nanodroplets (while excluding plasma or vapor)
and thus is decisive for the controllable synthesis of homoge-
neous nanostructures. Because of its simplicity, versatility, and
efficiency, this technique is believed to be a very promising
way to synthesize various nanostructures in different material
systems. In combination with the minimum chemicals involved,
this approach can open a new avenue for the green synthesis of
nanomaterials.*®
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