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In this study, nanomaterials prepared via laser ablation of tin in water are systematically studied and
compared. Tin targets were ablated by both millisecond and nanosecond pulsed lasers, resulting in
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core@shell product nanostructures with different chemistries and morphologies. Depending on laser
fluence, the obtained core@shell nanoparticles had either Sn or SnO cores and SnO, shells with varied
surface hydration degree. Optical emission spectra of laser-generated plasmas were taken, giving
additional support to nanoparticle formation mechanisms. Finally, gas sensing at room temperature is
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1. Introduction

Metal oxide nanomaterials have been playing a dominant role
in electronics, optoelectronics and photonics.'™ Tin oxides are
of great interest for both scientific and technological fields
owing to their superior chemical and physical properties.® Tin
exhibits dual valency with oxidation states of (II) and (IV),
which allows its oxide nanomaterials to demonstrate different
oxygen content, resulting in different electronic structures, for
example, with p- and n-type semiconductor characteristics.” Of
all tin oxide nanomaterials, those based on tin dioxide (SnO,)
are studied better, being considered promising for solid state
gas sensors, rechargeable Li-batteries, oxidation catalysts, and
optoelectronic devices, photocatalysis, to name several.*'® Their
performance is dictated by nanostructure sizes, shapes, composi-
tions, and crystal structures, and thus new approaches to produce
novel SnO,-based nanomaterials with controlled morphologies
and properties are welcomed and actively investigated.

Laser ablation in liquid (LAL) is an attractive, simple, and
efficient method to generate a large variety of nanostructures at
a laboratory scale.”®** In this approach, a pulsed laser is focused
on a solid target (often metal) immersed in liquid and produces
nanoparticles (NPs) with various sizes, shapes, compositions and
surface chemistry.'>”**> While a large number of works have
been reported on the preparation of ZnO based nanomaterials
using LAL,"?*2%27:3235 gtydies on nanomaterials containing
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demonstrated as one of the potential applications for such nanostructures.

Sn (including tin oxides) prepared by LAL are rather
Scarce.15,16,28—31,36

Tin ablation in pressurized CO, was found to generate only
metallic Sn NPs.>® Xiao and coauthors applied LAL to prepare
sub-5-nm-sized NPs of SngO,(OH), which exhibited a high
photocatalytic activity never observed before in NPs synthesized
using conventional methods such as sol-gel or wet-chemistry
approaches.'® Sapkota et al. demonstrated a decrease in size of
Sn NPs when they were LAL-generated in water in the presence of
an electric field.** Singh and co-workers claimed the preparation
of SnO, NPs (smaller than 5 nm) via ablating Sn in water,*® while
Musaev and colleagues reported Sn@Sn(OH), and SnO, NPs as
products of LAL in ethanol and water, respectively.”® Tian et al.
reported the preparation of Sn NPs in water which then turned to
SnO, upon aging in liquid for several days, the latter NPs being
efficient photocatalysts for decaying methylene blue and methyl
orange."® Finally, Ye and co-workers prepared SnO, NPs which
then were mixed with reduced graphene oxide for further electro-
chemical applications.® In most cases, nanosecond-pulsed lasers
were used, and no detailed chemical analysis (especially systematic
X-ray photoelectron spectroscopy, XPS) was carried out on the
produced NPs, thus leaving the question on the chemical
composition of LAL-prepared structures partially open.

This study aimed at ablating Sn in water using different
pulse parameters and studying the composition and morphology
of the produced NPs. We compare NPs prepared by ablating tin
with two different pulsed lasers with same wavelength. The
targets were ablated by nanosecond and millisecond pulsed
lasers with different pulse width and powers, and the products
were carefully characterized by means of structural analysis and
spectroscopic techniques. In addition, plasma generated by a
millisecond pulsed laser within the ablation zone was evaluated
by emission spectroscopy, which allowed for temperature
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evaluation during NP formation. It is shown that fully oxidized
NPs with chemical composition of SnO, were never produced,
proving rather poor reactivity of metallic tin. In most cases,
Sn@Sn0O, core@shell structures were observed. At the same
time, SnO@SnO, core@shell NPs were found as the product of
high-energy millisecond pulses that heat up the ablated spot to
temperatures above the boiling point of metallic Sn. Finally, we
demonstrate room-temperature gas detection by one of the
prepared products as one of the potential applications for such
nanomaterials.

2. Experimental

Fig. 1 presents schematic setups used in experiments with
nanosecond (ns) and millisecond (ms) pulsed lasers, both
being of Nd:YAG type (wavelength 1064 nm). The target was
Sn plates (99% purity, 2 mm thick) placed into deionized water.
The ns-laser is seen in Fig. la to ablate the target vertically
through the air/water interface. The amount of water in the
vessel was 30 mL and its thickness over the target was 1 cm. The
pulse width, pulse power and repetition rate applied were 7 ns,
100-300 m]J per pulse, and 10 Hz, respectively.

The millisecond pulsed laser, as seen in Fig. 1b, irradiated
the target through a cuvette side wall. The same setup was
previously used to prepare ZnO nanorods and was reported
elsewhere.”” The target plates were placed vertically into a
quartz cuvette (30 mm x 30 mm X 50 mm in size, with wall
thickness of 2 mm). The amount of liquid used was 15 mL. The
laser beam was focused on the target surface by means of a lens
with the focal length of 9.0 cm, while its diameter was
~150 pm. The applied pulse peak power was 1 and 5 kW, while
the pulse width was changed from 0.5 to 2 ms. This produced
pulses with energies from 0.5 to 10 J per pulse (see Table 1). The
repetition rate was fixed at 3 Hz for 2 ms and 5 kW (higher
energy fluence), while it was 5 Hz for the other conditions. All
the samples were prepared in this study for 30 min.

The prepared colloids were drop-cast on Cu grids for further
observations by transmission electron microscopy (TEM, HF-2200
from Hitachi). Upon centrifugation (16500 rpm, 15 min), the
separated nanostructures were cast on Si substrates and then
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Fig. 1 Experimental setups for laser ablation in liquid using (a) nano-
second and (b) millisecond pulses.
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Table 1 Laser pulse parameters used in experiments with millisecond
pulsed laser

Pulse peak energy (kW)  Pulse duration (ms) Pulse energy (J per pulse)

1 0.5 0.5
1 1.0 1.0
1 2.0 2.0
5 0.5 2.5
5 1.0 5.0
5 2.0 10.0

characterized by means of XPS (Quantum 2000, ULVAC-PHI)
and X-ray diffractometry (XRD, D8 Discover from Bruker). The
absorption spectra of fresh as-prepared suspensions were
recorded using a UV-vis spectrometer (UV-2450, Shimadzu).
Optical emission spectroscopy of the laser-induced plasma
was conducted by means of an ICCD camera (iStar from Andor
Technology) and a spectrometer (MS257 from Oriel Instruments)
which were used to evaluate the temperature inside laser-
generated plasma in situ. Emission from the laser-induced
plasma in water was collected by an optical fiber, then diffracted
by the spectrometer and finally detected with the ICCD camera.
Because the plasma plume generated by laser beam is very dense
and emits continuous spectra, its emission was previously
demonstrated to be well described by Planck’s law that expresses
the spectral density of electromagnetic radiation emitted by a
black body in thermal equilibrium at a given temperature 7:*

2hc? 1
=T e
TksT _ |

B, T)

Here B(A,T) is the spectral radiance of the body (or radiation
intensity), 4 is the wavelength, A is the Planck constant, kg is the
Boltzmann constant, and c is the speed of light in the medium.
Both experimental setup and procedures used for corresponding
measurements were similar to those previously reported by
Ushida and coauthors.?”

3. Results and discussion
3.1. Morphology and size

All prepared samples were spherical NPs, and no noticeable
effect of laser parameters used in this work on their shape and
size was observed. When shorter (ns-long) pulses were applied,
spherically shaped NPs with sizes mainly smaller than 10 nm
were generated, with larger NPs being also present but at
smaller numbers. This bimodal size distribution is well known
for LAL products and results from all the complexity of NP
nucleation, agglomeration and secondary irradiation of already
formed NPs with next laser pulses.'®**** No change in NP size
or morphology was observed when the power of ns-long pulses
was varied from 100 to 300 mJ per pulse. When millisecond
pulsed laser was used, the average size of produced NPs mainly
remained between ~10 and 25 nm. Fig. S1 (ESIt) shows TEM
images of samples prepared by means of ns-(a-c) and ms-pulsed
(d-f) lasers. While no experiments were previously reported on
Sn-containing NPs prepared by LAL with ms-lasers, the results
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observed for ns-laser-generated NPs are generally consistent
with those previously reported by others.'>'*?%3%31 Although
in all these studies, ns-lasers with different wavelengths were
applied in somewhat different configurations and with some-
what different parameters, in all experiments nanostructures
prepared in water and with ns-lasers were spherically shaped
NPs of mainly below 10 nm."*>'%?%3%3! This may be explained by
several factors, one being that most Sn-based NPs prepared via
LAL appear to be nonstoichiometric oxides (SnO,) or core@shell
structures, and often contain a metallic Sn phase, which is
believed to prevent them from crystallizing as single-crystal NPs.
On the other hand, SnO, or SnO-based nanomaterials were not
reported as high-surface-energy materials, which is why, unlike
the case of ZnO NPs,””** one should not expect strong agglom-
eration tendency (followed by further recrystallization) from
such nanostructures in the absence of surfactants.

View Article Online
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The shape of NPs prepared with ms-laser was also spherical
(Fig. s1d-f, ESI{), being generally slightly larger than those
prepared using ns-laser. Thus far, there have been no reports
on the use of ms-lasers for the preparation of Sn-based nano-
structures via LAL, and below we will show that the chemistry of
products prepared by means of such longer pulses is somewhat
different. Meanwhile, here it should be mentioned that the
majority of NPs observed in Fig. S1 (ESIt) appear to have cores,
implying the core@shell structure. This finding will be discussed
later, especially in light of strong support from XPS results.

3.2. Phase and chemical composition

Fig. 2a and b show XRD patterns of the products prepared with
ns-(a) and ms-long (b) pulses, respectively. Red, blue and black
patterns in Fig. 2a correspond to samples prepared with pulse
energy of 100, 200 and 300 m]J per pulse, respectively. In Fig. 2b,
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Fig. 2 XRD patterns of products prepared in water using nanosecond (a) and millisecond (b) pulses. In panel (a), red, blue and black colors indicate pulse
energies used, 100, 200 and 300 mJ, respectively. In panel (b), solid and dashed lines denote peak powers of 1 and 5 kW, while red, blue and black colors
respectively stand for pulse widths, 0.5, 1 and 2 ms. Solid circles, squares and triangles indicate peaks of metallic Sn, SnO and SnO,, respectively.
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colors denote different pulse widths, 0.5 (red), 1 (blue) and 2 ms
(black), while solid and dotted lines indicate peak power
(1 and 5 kW, respectively) used. Black solid circles, squares
and triangles in Fig. 2a and b correspond to peak positions of
Sn, SnO and SnO, phases, respectively.*®*° Ablation of Sn target
with ns-pulses is seen in Fig. 2a to produce nanostructures
containing tetragonal metallic Sn as the main crystalline phase,
while no pulse-power influence on phase composition is observed.
The appearance of a metallic phase is probably explained by a
relatively low reactivity of tin and agrees with some previous
313639 Others reported SnO, or SnO, as the main phase in
NPs prepared by nanosecond pulsed lasers in water.">*?°° Later,
it will be shown that the NPs whose XRD patterns are exhibited in
Fig. 2a have amorphous SnO, shells which are not detected by
XRD. Similarly, metallic Sn phase is also observed in the majority
of samples prepared by ms-pulses, as most of the patterns in
Fig. 2b are similar to those in Fig. 2a. However, at higher peak
power of 5 kW, when pulse width was raised from 0.5 to 1 ms,
peaks of SnO and SnO, phases appeared in the XRD pattern (blue
dotted line in Fig. 2b). This trend was even more profound when
longer pulses of 2 ms were used (black dotted line in Fig. 2b),
producing a pattern with a predominantly tetragonal structure of
SnO (indicated by solid squares).

Absorption spectra of the as-prepared colloids reveal a
certain difference between the products depending on the laser
parameters applied (Fig. S2a and b, ESIt). In accordance with
the dielectric function, absorption peak of metallic tin is expected
at 290 nm, being derived from plasmons of the metallic phase.*’
As well seen in Fig. S2 (ESIT), peaks attributed to metallic Sn are
seen in all samples except for the sample prepared using 2 ms-
long pulses at 5 kW peak power (black dotted spectrum in
Fig. S2b, ESIt). This agrees well with Fig. 2 as the same sample
demonstrated no metallic tin in its XRD pattern. The absorption
spectra of all suspensions prepared by means of ms-laser are
seen in Fig. S2b (ESIY) to have a strong absorption band around
400 nm, thus indicating the formation of oxides SnO,.** At the
same time, such a band at 400 nm is not well developed in the
case of products prepared with ns-pulses (Fig. S2a, ESIt). Taking
into account that Sn is not a highly reactive metal, it is under-
standable that its oxidation by water during LAL is often
incomplete and the metallic Sn phase is detected in obtained
NPs, which agrees well with the previous reports of others.'>3'¢
On the other hand, ms-long pulses are known to heat the
medium during LAL process,” which is expected to stimulate
additional oxidation of the formed metallic Sn NPs. In other
words, while only a thin SnO, layer could be formed on the
surface of NPs prepared with ns-pulses, core@shell NPs with a
thicker SnO, shell can form during LAL with ms-pulses, thus
explaining the broader absorption peaks well observed in Fig. S2b
(ESIt). This is supported by temperature measurements after the
experiments which demonstrated, respectively, 27 and 35-80 °C
in media treated by ns- and ms-pulses. The sample presented by
black dotted lines in both Fig. 2 and Fig. S2 (ESIt) (prepared by
2 ms-long pulses with 5 kW as peak pulse power) was oxidized the
most, thus demonstrating that using higher energy fluence
permits to prepare NPs that are free of metallic tin.

WOrK.
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The surface chemistry of all the products was analyzed by
XPS, their narrow-scan O 1s and Sn 3d spectra being shown in
Fig. 3a, c and b, d, respectively. Panels (a, b) and (c, d) show XPS
results for products prepared with ns- and ms-pulses, while line
colors correspond to those used in Fig. 2 and Fig. S2 (ESIY).
Green, light-blue, gray, and pink peaks are fitting curves
denoting O-Sn(v), O-H, O-C and O-Sn(u) bonding.'>?%?%243
The chemical bonding states in NPs prepared under different
conditions are found to be tuned via changing laser parameters.
Comparison of panels (a) and (c) permits to conclude that while
the surface of the products prepared with the ms-laser is densely
populated with OH groups (blue fitted curve in Fig. 3c), the
contribution of such groups to the spectra in panel (a) is much
lower. The use of various pulse widths and peak powers is seen
in Fig. 3c and d to provide NPs not only with a higher level of
hydroxylation, when compared with ns-laser-prepared NPs, but
also with different oxidation states of Sn. It is clearly seen in
panel (d) that whereas Sn(u) was well observed in the NPs
prepared at lower energy fluence (pulse peak power 1 kW, solid
spectra), the use of higher energy fluence (5 kW, dotted spectra)
resulted in products with Sn(iv) as the dominant species (see
pink and green fitting curves for Sn(u) and Sn(w), respectively).
The sample prepared using ms-pulses at the highest energy
fluence (5 kW, 2 ms-long pulses, black dotted spectrum in
Fig. 3d), demonstrates practically a pure Sn(v) peak.

At first glance, the XPS results presented in Fig. 3b and d and
those obtained by XRD and absorption spectroscopy (Fig. 2 and
Fig. S2, ESIt) somewhat contradict each other. For example, no
metallic Sn is seen in Fig. 3b and d, while the metallic phase
was a dominant one in the XRD patterns of the majority of
samples in Fig. 2, and absorption peaks of metallic Sn were well
observed in the UV-vis spectra of the samples (Fig. S2, ESIT).
However, this contradiction is easily resolved considering the
fact that the probing depth of XPS is just a few nm (no more
than 2-3 nm for Sn0,*") and assuming that the NPs formed
under different conditions are core@shell nanostructures with
either metallic Sn or SnO core and SnO, shell. In Fig. S3 (ESIY),
XPS Sn3d spectra are given for two samples prepared by the
ms-laser, both measured as-deposited on the substrate and
after ion sputtering. It is well seen that both samples (both
prepared at lower fluence: 0.5 ms pulse width and 1 and 5 kW
as pulse peak power) demonstrate additional peaks of metallic
Sn emerging after the samples were sputtered. This confirms
that the NPs prepared in our experiments were indeed core@
shell structures, with SnO, shells and cores composed of either
Sn or SnO phase. Note that this also agrees well with the TEM
images presented in Fig. S1 (ESIT).

The scheme in Fig. 4 summarizes the morphology of all
nanomaterials prepared in this study under different conditions.
The scheme takes into account the results of all the measurements
presented above: XRD, UV-vis absorption, and XPS. Importantly,
the thickness of the SnO, shell is at least ~3 nm, which explains
why the chemical bonding of the core was beyond the detection
depth of XPS measurements and the spectra shown in Fig. 3
only reveal the chemical composition of the shell. Our results
thus permit to conclude that the use of the ns-laser generated
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Fig. 3 XPS spectra of products prepared using ns- (a and b) and ms-pulses (c and d). Narrow scans for Ols and Sn3d are presented in panels (a and c)
and (b and d), respectively. Red, blue and black spectra shown in (a and b) indicate 100, 200 and 300 mJ per pulse, respectively. In panels (c and d), solid
and dotted lines correspond to 1 and 5 kW, while red, blue, and black colors stand for different pulse width, 0.5, 1 and 2 ms. Thin lines in Fig. 3(a—d) are
fitting curves denoting O-Sn(v) (green), O—H (light blue), O—-C (gray) and O-Sn(i) (pink) bonding.

Sn@SnO, NPs, while core@shell nanostructures with either Sn
cores (low energy fluence) or SnO cores (higher fluence) and
shells of hydrated SnO, were formed using ms-pulses (see
Fig. 4). Note that Sn@SnO, core@shell NPs produced by
LAL were previously mentioned in the literature'® while their
systematic characterization was not performed.

The obtained results (on core@shell morphology of the
product) are in good agreement with previous reports by Niu
and coauthors”** who reported NPs with different morphology
prepared using ms-laser in liquids with different reactivity. By
using liquid media with different oxidizing potential, they
reported metal core@oxide (or sulfide) shell nanostructures,
hollow NPs, or metal oxide (or sulfide) nanocubes for metals
such as Mg and Pb. The formation of core@shell NPs was

11312 | New J. Chem., 2017, 41, 11308-11316

explained through the formation of metal nanodroplets, followed
by surface oxidation that proceeded gradually inward the
particle.”** Unlike their systems, the metal ablated in this
study, Sn, was less reactive. Furthermore, instead of changing
the reactivity of the liquid medium, we changed laser para-
meters, which in turn changed the reactivity of both liquid and
ablated Sn species.

3.3. Optical emission from ablation plasma

To shed more light on the NP formation mechanisms, optical
emission spectroscopy was applied to laser-induced plasmas.
Fig. 5 presents emission spectra of two plasmas induced by
millisecond-long pulses generated under different conditions.
Red solid circles and black solid squares indicate spectra recorded

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Fig. 5 Emission spectra of ms-laser-induced plasmas measured under
different conditions: 2 ms and 5 kW (black squares) and 0.5 ms and 1 kW
(red circles). Solid curves indicate calculated spectra based on Planck’s law
with different temperatures, 3500 (red), 3000 (green), and 2500 K (blue).

at lower energy fluence (1 ms-long pulse width and 1 kW) and
higher fluence (2 ms-long pulse width and 5 kW), respectively.
Solid curves that are also presented in Fig. 5 show emission spectra
calculated based on Planck’s law, so that blue, green, and red
colors correspond to plasma temperatures of 2500, 3000
and 3500 K, respectively. It is clearly seen in Fig. 5 that the
experimentally recorded emissions of plasmas generated at
lower laser energy fluence (red circles) and higher energy
fluence (black squares) are well consistent with theoretical
temperatures of 2500-3000 K and 3500 K, respectively. Importantly,
the boiling point of metallic tin is 2875 K, which is above the
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temperatures created by the lower energy fluence conditions but
below those resulting from the higher energy fluence conditions.

During LAL, ablated material is known to be molten and
then even vaporized to a vapor or plasma state, depending on
the temperature inside the ablation zone.'”****?* Then in the
liquid phase, the material ablated and removed from the target,
being in the form of molten droplets, vapor or plasma, reacts
with the surrounding medium and NPs form (either around the
ablated zone, or inside, or both).'”'*?***3° Because of lower
pulse peak energy used, millisecond pulsed lasers were previously
reported to produce nanodroplets of molten metal, rather than
vapor or plasma of its atoms.”””*** The computation results
presented in Fig. 5 by green and blue curves and experimental
optical emission data fitting in between the two curves agree
well with the above mentioned findings from the literature.
This implies that under the condition of lower energy fluence,
temperatures were typically below 3000 K, and thus no Sn
atoms in vapor or plasma states could be expected in most of
our experiments when the ms-laser was exploited. Meanwhile,
the emission data recorded for the sample prepared at higher
energy fluence (black solid squares in Fig. 5) demonstrate that
during this experiment the temperature inside the ablation
zone was close to 3500 K, which is obviously larger than the
boiling point of the ablated metal (2875 K). As a result, Sn
atoms were expected to be evaporated to vapor state, where they
could mix with water (and consequently react) with much
higher efficiency.

The latter finding may explain why the sample prepared
under the conditions whose optical plasma emission is presented
in Fig. 5 with black solid squares appears to be more oxidized in
its as-prepared form (SnO@SnO,), while the other samples were
prepared as Sn@SnO, NPs (see Fig. 4). It is reasonable to expect
lower reactivity when ablated Sn species are (i) not vaporized to
vapor or plasma state and (ii) have a lower medium temperature.
Under such conditions, their ability to mix and react with water
should be lower, which leads to the formation of Sn@SnO,
structures (see Fig. 4).

3.4. Gas sensing toward ethanol

Gas sensing performance of various SnO, nanomaterials has been
reported by many researchers.>***® Nevertheless, gas detection
by such materials at room temperature is still unconventional and
rare, and nanomaterials working at room temperature are highly
anticipated. In this regard, postulating that Sn@SnO, NPs could
be promising for gas sensing, we tested one sample prepared in
this study, as this work was not focused on the gas sensing
performance of all the prepared nanomaterials. A gas sensing
device was prepared by drop-casting a colloid mixture prepared
by the ns-laser (at 100 mJ per pulse) onto a commercial inter-
digitated electrode. The dynamic response curve recorded for the
device in presence of ethanol as a target gas at room temperature
is presented in Fig. 6. More details on sample preparation and its
detection of other concentrations are presented in the ESIt and in
Fig. S4. It is clearly seen in Fig. 6 and Fig. S4 (ESIT) that at room
temperature the device could easily detect as little as 50 ppm of
ethanol.
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Fig. 6 Response curve of Sn@SnO, sample toward 100 ppm of ethanol at
room temperature. R, and Ry indicate the resistance of sensing element in
the air and in presence of ethanol (gas), respectively.

For gas sensing, chemiresistive devices are known to use
chemical interaction between reducing-gas molecules chemisorbed
on the sample surface.*>*® Normally, such adsorption and
desorption of chemical molecules require high thermal activation
energy, which is why most of the conventional gas sensors have
their working temperatures around 200-300 °C.**™*” However,
LAL-prepared nanomaterials are known for having a high
density of surface defects."**"?*3* such defects are believed
to be favorable for gas sorption even at room temperature,
which is confirmed by Fig. 6.*” Further systematic studies are
necessary to understand the gas sensing mechanisms of the
material tested in this study, for which surface properties such
as grain resistance, grain boundary resistance, surface area, and
so on should be first evaluated. At the same time, it is believed that
the promising result demonstrated in Fig. 6 can be improved upon
further optimizing the device, for example, via optimizing conditions
used to prepare SnO,-based nanomaterials via LAL in different liquid
media and probably introducing different dopants.

4. Conclusions

In conclusion, two types of lasers, nanosecond- and millisecond-
pulsed lasers, were used to prepare nanomaterials via ablating Sn
in water, and their products were carefully evaluated. It was
found that core@shell nanoparticles of tin-containing materials
were produced in all cases. The size of nanoparticles prepared
using ns-pulses was mainly below 10 nm, being independent of
the pulse energy used and having less hydrated oxide shells
compared with their counterparts prepared using ms-laser. When
ms-pulses were used, the nanoparticle size was observed to be
more dependent of laser parameters, being somewhat larger
(up to ~25 nm). At lower laser fluence, metallic cores and SnO,
(x ~ 2) shells are found in generated nanoparticles. Meanwhile,
at higher energy fluence, ms-laser-ablated Sn species were
evaporated in the vicinity of the ablation zone, which led to the
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formation of a SnO core surrounded by a SnO, shell. As a proof-
of-concept, a nanomaterial prepared by ns-laser was tested as a
gas sensor at room temperature, demonstrating easy ethanol
detection at as low level as 50 ppm. It is thus expected that
various Sn@SnO, and SnO@SnO, nanostructures, with different
surface chemistry and sizes, prepared by lasers can find more
applications in optoelectronics, gas sensing, and catalysis.
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