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Mixed oxides of Zn and Sn are of interest for gas sensing and diverse optoelectronic applications, and
therefore new approaches to prepare such nanomaterials are anticipated. This study reports, for the first
time, on the use of laser ablation in liquid applied to a Sn-Zn alloy and describes obtained products.
Core@shell Sn@SnO and ZnO nanoparticles are shown to be produced by millisecond pulsed laser upon
ablating eutectic Sn-Zn alloy in water. The as-prepared materials were found to contain surface hy-
droxide layers which were dehydrated to SnOy and ZnO when higher laser energy fluence was applied or
when the products were post-treated at 200C in air. The morphology, shape and size distribution, phase
and chemical composition of prepared nanoparticles were studied as a function of laser parameters used
during their preparation. Increase in pulse energy was found to result in fabrication of finer particles. It
was found that while both metallic Sn and SnOx were presented in the product, zinc was always oxidized
to its oxide ZnO. In addition, when properly annealed, the produced nanomaterial demonstrated gas
sensing response towards ammonia at room temperature.
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1. Introduction

Laser ablation in liquid (LAL) is a versatile and easy-to-use
technique for preparation of colloidal nanoparticles (NPs) of
various chemical elements and their compounds, normally per-
formed as a one-step and one-pot synthesis and permitting to
minimize the amounts of used solvents and precursors [1—9].
Typically, a solid target (often metal) immersed in a liquid (water,
ethanol, isopropanol, acetone, chloroform, etc.) is irradiated by
pulsed laser beam to produce NPs whose composition,
morphology, and other properties can be tuned by varying laser
parameters and liquid medium [1—-9]. Such laser parameters
include: pulse wavelength and energy, pulse width, and repetition
rate. In turn, such properties of the liquid medium as reactivity,
thermal conductivity, temperature and pressure are also known to
play a role in NP formation [1-9].

Apart from single-metal targets, ablation of alloys is a separate,
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and often much more challenging, task that aims at producing NPs
with more complex and/or unique morphology and chemical
composition. The latter purpose is proved to be even more difficult
when NPs of two or more immiscible metals are targeted [10—12].
Though the idea of preparing alloy NPs through LAL is very
attractive, as it could be a very simple and easy-to-perform
approach, the number of studies in this area is quite limited, and
no systematic work has been carried out, most of the reports being
published as “case studies”. In some alloy systems, NPs with stoi-
chiometry close to the target were obtained [ 13—17]. In some other
systems, metal segregation was observed, thus giving rise to
core@shell NPs in which the component with higher melting point
makes the core, while the metal with lower melting point builds
the shell layer. As an example, ablation of a composite Al-Ti target in
isopropanol was reported to generate core@shell Ti@Al NPs [10].
Musaev et al. reported ablation of an eutectic BilnSn alloy in
water and formation of three types of NPs with sizes 1 nm, 30 nm
and 0.5 um [18]. The mid-size ternary alloy NPs were observed in
three phase states: amorphous uniform, crystalline uniform and
crystalline segregated, the metal contents in all NPs differing from
the initial ratio in the target [18]. The same effect was reported for
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other ablated alloys [16,17]. A number of studies was conducted on
preparing quaternary chalcogenide or binary/ternary silicide NPs
via pulsed LAL, and the technique was found to be an effective
method to fabricate such nanomaterials via ablating alloy target or
combined metal plates in different solvents and varying energy
fluence and laser wavelengths [11,19—21].

Bimetallic NPs can be produced by various methods, including
LAL [1-3]. In certain cases, the technique can be used to prepare
NPs of alloys whose targets are unavailable or when constituent
metals are immiscible in the bulk alloy. In doing so, one approach is
laser irradiation of two colloids of individual NPs, where the
composition of mixed-metal NPs can be tuned by the ratio of these
metals in the initial colloidal mixture. As an example, laser irradi-
ation by unfocused beam of Au and CoO NPs suspended in ethanol
was reported to result in AuCo alloy NPs [22]. In another approach,
a metal target is immersed into a colloid of a second metal [23,24]
or into an aqueous solution of metal salt [25,26]. Intartaglia et al.
reported on generation of bimetallic Ag-Au NPs by ablating Ag
target in a suspension of Au NPs [27]. Interestingly, such alloy NPs
were only achieved when wavelength of 355 and 532 nm was
applied, while using the fundamental harmonic wavelength
(1064 nm) led to a mixture of metallic Ag and Au NPs [27].

Zhang and coworkers produced NPs of Pt-Au alloy through
ablation of hot-pressed mixture of platinum and gold powders as
targets [12]. The composition of obtained NPs correlated well with
the target Pt/Au ratio and was independent of set-up conditions
such as media pH and applied laser fluence [12]. In a similar
manner, Ni-Mo alloy NPs were attempted via LAL of pressed metal
mixtures, demonstrating good results in acetone but not in water
medium [28]. Amendola and co-workers provided a LAL-based
synthetic route to Au-Fe and Ag-Fe alloy NPs whose components
are immiscible and described how NP composition and structure
depended on liquid media used [29].

NPs of tin and tin oxides have recently attracted much attention
because of their catalytic, optoelectronic, conductive, redox prop-
erties which make them useful for applications in gas sensors,
biosensors, lithium-storage materials, in rechargeable batteries or
as photocatalysts that decay organic pollutants [30—37]. Although
tin, as a low-melting-point metal, can be easily ablated, the number
of works on LAL-prepared Sn-containing nanomaterials is quite
limited, most authors mainly reporting various Sn and SnOx NPs as
product of metal tin ablation in ethanol and water, respectively
[38,39].

Xiao et al. characterized their product LAL-generated in water as
Sng04(0OH)4 nanocrystals, also observing their high photocatalytic
performance [40]. LAL-generated SnOx NPs were supported onto
graphene oxide to form SnO;/reduced-graphene-oxide nano-
composite which proved as excellent glucose sensor [41]. Non-
stoichiometric tin oxide NPs prepared by nanosecond pulsed laser
ablation of tin plate in water exhibited higher photodegradation
effect on organic dyes, chlorophenol and Cr(VI) removal compared
with their counterparts prepared by conventional methods [42].
Bao et al. reported Au@SnO, core@shell structures with a very high
sensing response to H,S at room temperature outperforming those
of Au and SnO, NPs [43].

Mixed tin-zinc oxides were reported to be promising as nano-
materials with enhanced gas sensing or photocatalytic properties
[44]. Although, based on the above, LAL is a very attractive and
easy-to-use technique to prepare mixed-oxide nanomaterials, no
Sn-Zn alloys were ablated so far. That is why, to study the potential
of LAL in preparing mixed-oxide NPs of tin and zinc for gas sensing,
in this work, eutectic Sn-Zn alloy (14.9 at.% of Zn) was ablated by
millisecond pulsed laser in water medium. The choice of this alloy
was dictated by its microstructural homogeneity, which was ex-
pected to provide uniform Zn/Sn ratio of ablated material across the

target surface. The composition, morphology, size distribution and
optical properties of the NPs produced under different conditions
were then evaluated by structural, phase and optical methods. It
was found that irrespective of laser parameters used, the products
were hybrid nanomaterials based on ZnO and Sn@SnO core@shell
NPs. After annealing in air, ammonia gas sensing was demonstrated
at room temperature, implying that such nanomaterials may have
promise as components of gas sensing devices.

2. Experimental section

The Sn-Zn alloy used in experiments (91% Sn and 9% Zn, or
14.9 at.% of Zn) was from the High Purity Chemicals Co., Japan. It
was supplied as plates with 2 mm thickness and was used after
cutting to proper pieces and degreasing in ethanol and water
through sonication for 5 min.

LAL treatments of the target were carried out in a quartz cuvette
(30 x 30 x 50 mm?° in size) filled with dejonized water (15 mL). The
exploited laser was millisecond pulsed Nd:YAG type with a wave-
length of 1064 nm. The nanomaterials were produced at pulse peak
power of 1 kW or 5 kW, and pulse width 0.5ms or 2.0 ms, giving
four experimental sets of laser conditions as follows: (A) peak po-
wer 1 kW and pulse width 0.5 ms; (B) peak power 1 kW and pulse
width 2.0 ms; (C) peak power 5 kW and pulse width 0.5 ms; and (D)
peak power 5kW and pulse width 2.0 ms. Correspondingly, the
produced samples are denoted as samples A-D, and the pulse en-
ergy was increased gradually from 0.5 to 10 J/pulse (see Table 1). In
all experiments the repetition rate was kept at 3 Hz and the abla-
tion time was 15 min. The alloy plate was placed vertically into a
quartz cuvette and laser beam that irradiated the target through
the cuvette side wall, was focused by a lens with the focal length of
9.0cm. The beam diameter focused on the Sn/Zn target was
~150 um. The setup and experimental procedures were similar to
those previously described elsewhere [9,45,46]. The obtained ma-
terials were deposited as drops onto Cu grids for transmission
electron microscopy (TEM, Hitachi HF-2200) studies. The suspen-
sions were centrifuged at 16,500 rpm for 15 min, after which
separated materials were drop-cast onto Si wafers for further
characterization by X-ray photoelectron spectroscopy (XPS, Quan-
tum 2000, ULVAC-PHI) and X-ray diffractometry (XRD, D8 Discover
diffractometer from Bruker). UV—Vis absorption spectra of freshly
prepared colloids were recorded by UV—Vis spectrophotometer
(UV-2450, Shimadzu) in the wavelength range from 200 to 600 nm.
Another set of samples prepared under same conditions was then
annealed at 200C in air for 1 h and also analyzed.

Electron probe micro-analyzer (EPMA) was also employed to
obtain information on chemical composition of the NPs. Distribu-
tion of O, Sn and Zn elements (elemental maping) was recorded
over the surface of samples A and D (prepared with lowest- and
highest-energy pulses) drop-cast onto Si wafers. The EPMA analysis
was performed using a JEOL Superprobe JXA-8230 EPMA equipped
with SEM and four wavelength-dispersive spectroscopy (WDS)
spectrometers. The system provides SEM images and WDS
elemental mapping of the same area. Gas sensing performance was
evaluated at room temperature, in a standard chamber (5.4L in
volume) from Figaro. Ethanol, methanol, n-hexane, toluene, iso-

Table 1
Samples and laser conditions used for their preparation.

Sample Pulse width (ms) Pulse peak power (kW) Pulse energy (J/pulse)
A 0.5 1 0.5
B 2.0 1 2.0
C 0.5 5 25
D 2.0 5 10
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propanol and ammonia were used as target gases, while procedures
were same as previously reported elsewhere [45,46].

3. Results and discussion
3.1. TEM results

The morphology and particle size of obtained materials were
characterized by electron microscopy. The TEM images of the
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products prepared at peak power 1kW and 5kW are shown in
Fig. 1a, b and c,d, respectively. It is seen in panels (a,b) that well-
formed spherical NPs were obtained at lower pulse energies
(samples A and B), their size being dependent on applied pulse
width. At short pulse (0.5ms), NPs with average diameters
30—60nm are observed (Fig. 1a), while at longer pulse duration
(2.0 ms), the particles decrease to 10—20 nm (Fig. 1b). This obser-
vation is most likely explained by the higher probability of sec-
ondary irradiation of already formed NPs by next photons and
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|I‘ ‘II ‘ Iu
oMo MO WmWoO oo o000 o NoOoOMOoOOoOQCOO0 00 09

diameter, nm diameter, nm

Fig. 1. TEM images of samples A, B, C and D in panels (a), (b), (c) and (d) respectively. Panel (e) shows size distribution of samples A — D.
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Fig. 2. XRD patterns of samples A, B, C and D. Sn and ZnO phases are denoted by solid

circles (o) and empty squares (1), respectively. Multiple signal due to Si substrate is
marked by asterisk.

pulses in case of longer pulses. Such an effect, often referred to as
“secondary irradiation”, was previously reported to be responsible
for smaller sizes of LAL-generated NPs [1—3,5,9]).

The morphology of NPs changed to more irregular shapes in
case of samples C and D, i.e. those prepared at higher pulse peak
power of 5 kW (Fig. 1c and d). The average sizes in panels (c) and (d)
are seen to be about 25 and 10 nm, respectively. This finding can
also be explained by more intense secondary irradiation which is
expected to fragment already formed NPs more efficiently at higher
pulse power, thus giving rise to smaller and more irregular-shaped
NPs. The histograms in Fig. 1e present particle size distribution for
all the samples A-D. Sample A obtained with laser peak 1 kW and
pulse width 0.5 ms is seen to demonstrate the broadest size dis-
tribution (Fig. 1a,e) where single spheres with diameter
90—100 nm, as well as smaller ones down to 20 nm can be seen,
while sample B shows the narrowest size range resulted from NP
fragmentation.

Note that, similar to the previously reported results on LAL-
prepared SnOyx nanomaterials also produced with ms-long pulses
[45], many NPs in Fig. 1 appear to be core@shell structures, pre-
sumably having Sn@SnOy structure. At the same time, unlike the
report of Honda and co-workers on ZnO nanorods produced with
ms-pulsed laser via ablation of zinc target in water [9], no nanorods
are observed in Fig. 1. This is probably explained by the fact that
small ZnO nuclei (the presence of ZnO being confirmed by other
techniques below) could not agglomerate and recrystallize as larger
nanorods since the product's bulk was dominated by Sn-based
materials.

3.2. X-ray diffraction patterns and EPMA results

XRD patterns of produced NPs are shown on Fig. 2. Diffraction
peaks corresponding to metallic Sn (JCPDS card no. 00-004-0673)
are observed for all samples. As clearly seen in Fig. 2 (purple
pattern), which shows XRD pattern of sample D, the diffraction
peaks indicate a mixture of Sn and ZnO. The peaks of ZnO are well
consistent with the hexagonal ZnO phase (JCPDS card no. 00-024-
1342) [6,8,9]. Interestingly, all previous works on LAL of metallic Sn
in water reported various SnOy [30,38,40—42], while in this study,
according to XRD, the products of Sn-Zn alloy ablation demonstrate
metallic Sn as the main phase. At the same time, the patterns in
Fig. 2 agree well with the recent results reported by Honda et al

[45]. It was found that the NPs produced via LAL of pure Sn in water
by means of ms-laser were Sn@SnOy structures, while the use of
pulses with the highest energy of 10]/pulse produced mainly
SnO@SnOx NPs (note that XRD patterns reported in Ref. [45] were
very similar to those in Fig. 2). The XRD pattern of sample D (purple
line), prepared at the highest pulse energy of 10]/pulse, also im-
plies that SnO phase could form in the sample, which cannot be
concluded clearly as the XRD peaks of SnO overlap with those of
ZnO (empty squares in Fig. 2).

Figs. 3 and 4 present WDS elemental mapping of products
prepared with the lowest and highest pulse energies (0.5 and 10]/
pulse, see Table 1), respectively. Both figures exhibit SEM images in
panel (a) and WDS elemental mapping images of the same area
which show the distribution of oxygen (b), tin (c) and zinc (d)
across the same area. The following conclusions can be drawn from
the WDS mapping images in Figs. 3 and 4. (1) Smaller Sn-rich and
Zn-rich NPs are clearly observed in Fig. 4 when compared with
Fig. 3, which agrees well with the TEM images in Fig. 1. (2) The areas
rich in Zn are typically associated with those rich in oxygen but
depleted of tin, thus implying the presence of ZnO (marked with
white oval frames in Figs. 3 and 4). (3) The areas rich in Sn are often
depleted of both oxygen and zinc, which lends support to the ex-
istence of metallic Sn NPs and their agglomerates (marked with
rectangular frames in Figs. 3 and 4). (4) Some large areas have all
the three elements available (see yellow square frames in Figs. 3
and 4), demonstrating more homogeneous mixtures of several
phases. (5) Unlike the initial alloy target, the elements in the
product are not distributed homogeneously, and phases appear to
be separated so that there are ZnO and Sn@SnOy NPs of different
sizes. The latter metallic-tin containing NPs constitute a large part
of the product, which makes the as-prepared material apparently
conductive and not suitable for gas sensing.

3.3. UV—vis spectroscopy

UV—Vis absorption spectra of as-prepared suspensions A — D
are shown in Fig. 5. For samples A — C, the absorption band
observed at 250—260 nm can be assigned to the plasmon resonance
of metallic Sn NPs. Recently, NPs LAL-generated with ns- and ms-
long pulses were reported to demonstrate peaks of metallic Sn at
~290 and ~280nm, respectively [45]. A wide band centred at
250 nm for sample A (blue spectrum) is due to the absorption of
NPs with various sizes, which is consistent with the sizes observed
by TEM (Fig. 1a).

Blue shift is observed for all samples in comparison with the
bulk metal (Sn) and it correlates with the decrease in NP size in the
row: A>C>B>D. The same trend can be seen in the size distri-
bution histograms presented in Fig. 1e. In the spectrum of sample D
(Fig. 5, purple line), the peak caused by metallic Sn NPs shifts to-
wards 200 nm and corresponds to a significant decrease of the NP
size (<10 nm), which is also supported by the TEM image in Fig. 1d.

The absorption spectra of samples C and D (green and purple
lines) show weak shoulders around 400 and 350 nm derived from
tin oxides. Previously, a similar absorption band at ~400 nm was
reported for SnOy obtained via LAL of pure Sn in water using
millisecond pulsed laser [45]. The band at 350 nm in spectrum D
may also have some contribution from UV absorption of ZnO NPs
[9] as sample D was shown in Fig. 2 to have more ZnO.

3.4. X-ray photoelectron spectroscopy

XPS spectra provide substantial information about the surface
chemical composition and oxidation states of the elements,
analyzing surface layers of NPs as thick as several nm. The O 1s, Sn
3ds)2 and Zn 2p3); XPS spectra of samples A - D, both as-prepared
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Fig. 3. EPMA analysis of sample A drop-cast onto Si wafer. (a) SEM image, (b)—(d) corresponding WDS mapping images for oxygen (b), tin (c) and zinc (d). White oval and
rectangular frames indicate areas rich in Zn and Sn, respectively, while yellow square frames show those where all the three elements are detected. All these areas are discussed in
greater detail in the text. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

and annealed, are presented in Figs. 6—8, respectively. In all the
figures, panel (a) presents spectra of the as-prepared samples A - D
drop-cast onto Si wafers and dried, while panel (b) presents those
of the same samples heat-treated in air for 1 h at 200C.

Both as-prepared samples A and B are seen in Fig. 6a (blue and
red lines) to have the signal of hydroxyl group as the main oxygen
species on their surface (indicated by red vertical line) [9,45,47].
The O 1s spectra of samples C and D prepared with higher-energy
pulses are seen in Fig. 6a to become asymmetric, demonstrating
that two additional species, ZnO and SnOx emerged in the samples
[9,45,47]. Thus, when pulses with higher energy are applied, this
leads to gradual surface dehydration of the produced NPs, which
could be associated with higher temperatures generated around
ablated zone by such pulses. This agrees well with the narrow scan
spectra of Sn and Zn discussed in more detail below.

The Sn 3ds); peaks of as-prepared samples A, B and C in Fig. 7a
are seen to have metallic Sn, Sn(Il) and Sn(IV) species on their
surface (vertical lines in Fig. 7a), while the metallic Sn(0)

component disappears in sample D (purple spectrum in Fig. 7a)
[38,42,50—55]. This agrees well with the oxygen XPS spectra in
Fig. 6a, confirming more advanced surface oxidation of produced
NPs when pulses with larger pulse energy are applied [38,42].
Somewhat similarly, the XPS Zn 2p3, peaks of as-prepared samples
A and B demonstrate Zn-OH bonds as the dominating surface
species (red vertical line in Fig. 8a) [9,48], while the contribution of
the ZnO binding gradually increases in samples C and D (blue
vertical line) [49—51]. This implies that NP surface gets gradually
dehydrated when laser pulses with higher energy ablate the target.
The formation of ZnO is also confirmed by the absorption band
detected at 350 nm in the UV—vis spectrum of sample D (Fig. 5,
purple spectrum). Thus, the surface of the as-prepared samples A —
B is mainly formed by metal hydroxides which tend to be partially
dehydrated and turn to oxides, ZnO and SnOy, in samples C and D
prepared at higher laser fluence.

During annealing at 200C for 1h, surface metal hydroxides
Sn(OH)x and Zn(OH); were found to undergo transformation to
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Fig. 4. EPMA analysis of sample D drop-cast on Si wafer. (a) SEM image; (b)—(d) corresponding WDS mapping images for oxygen (b), tin (c) and zinc (d). White oval and rectangular
frames indicate areas rich in Zn and Sn, respectively, while yellow square frames show those where all the three elements are detected. All these areas are discussed in greater detail
in the text. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

their corresponding oxides. This is well seen as increased in-
tensities of spectra around binding energies for ZnO and SnOy,
respectively (Fig. 6b). The same is observed in Fig. 8b, where all Zn
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Fig. 5. UV—Vis spectra of as-prepared suspensions of samples A, B, C and D.

peaks are significantly shifted from the binding energy of Zn(OH),
to ZnO (Fig. 8a and b). The latter shift of the XPS Zn 2p peaks of the
annealed samples from Zn(OH); to ZnO implies the dominance of
the hydroxyl groups on ZnO surface in the as-prepared NPs and
confirms that gradual surface dehydration occurs at elevated
temperatures both during preparation or annealing. Thus, Zn(OH),
dominates in as-prepared samples A, B and C (Fig. 8a), while on the
surface of annealed materials and that of as-prepared sample D the
contribution of ZnO species becomes significant (Fig. 8a and b). This
is in agreement with XRD data (Fig. 2, purple pattern) and UV—vis
spectrum of sample D (Fig. 5, purple line).

Annealing of nanomaterials at 200C does not cause significant
changes in the oxidation state of Sn, which mainly remains as Sn(II)
(red vertical line in Fig. 7), however metallic signal (blue vertical
line in Fig. 7b) disappears, implying gradual oxidation during heat
treatment in air. Interestingly, the fraction of Sn(IV) in all annealed
samples is seen in Fig. 7b to be only slightly increased (green ver-
tical line) [38,54—56]. This is believed to be explained by a relatively
slow diffusion of oxygen through the SnOy shell that covered the
NPs. Meanwhile, the oxidation of the shells themselves and for-
mation of SnO, phase from SnO was very limited at such a low
annealing temperature (200C).
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Fig. 6. XPS O 1s spectra of samples A, B, C and D: (a) as-prepared and drop-cast and (b) annealed at 200C for 1 h. Vertical dashed lines demonstrate position of oxygen bonding in

Zn0, SnOy, OH™, and chemisorbed oxygen.

Thus, the XPS measurements confirmed the above mentioned
findings that hybrid nanomaterials of ZnO, SnOx and Sn@SnOx NPs,
as main components, were prepared. While the surface of as-
prepared NPs was considerably hydrated, annealing at 200C in air
led to gradual dehydration and transition from hydroxides to ox-
ides. In parallel, the SnOy phase was gradually oxidized during
annealing, turning slowly from SnO to SnO,. These two major
transformations caused by heat treatment were further used to
prepare a gas sensor based on the as-prepared sample D.

(a)

Intensity (a.u.)

Binding Energy (eV)

3.5. Gas sensing towards NH3

The use of both ZnO and SnOx nanomaterials in gas sensing
devices is well known, as these two materials are the most studied
components of chemiresistive gas sensors [45,46]. Composites of
ZnO and SnOy, or their doped/hybrid oxides, were reported to
perform even better than their single-component oxides [57—60].
For instance, in works [57—60] good sensing of various ZnO-SnOx
composites towards ethanol, humidity, hydrogen and ozone was

(b) Sn(I1)

sn(0) Sn(1V)

Intensity (a.u.)

480 482 484 486 488 490
Binding Energy (eV)

Fig. 7. XPS Sn 3ds); spectra of samples A, B, C and D: (a) as-prepared and drop-cast and (b) annealed at 200C for 1 h. Vertical dashed lines demonstrate position of Sn bonding in

metallic Sn(0), Sn(II), and Sn(IV).



N. Mintcheva et al. / Journal of Alloys and Compounds 747 (2018) 166—175 173

(a) 7m0 __ Zn(OH),
2

W

W/ﬂ

[

/\

1016 1018 1020 1022 1024 1026 1028

Intensity (a.u.)
lwhl o}

Binding Energy (eV)

b
( ) ZnO Zn(OH)z
3 Xv
8
z
: |
£

D .\—-—-———
1016 1018 1020 1022 1024 1026 1028

Binding energy (eV)

Fig. 8. XPS Zn 2p3,; spectra of samples A, B, C and D: (a) as-prepared and drop-cast and (b) annealed at 200C for 1 h. Vertical dashed lines demonstrate position of Zn bonding in

ZnO and Zn(OH),.

reported. At the same time, gas sensing devices working at room
temperature are still rare and highly anticipated [45,46,60]. Since in
our previous studies, room temperature sensing of LAL-prepared
NPs of SnOy [45] and ZnO [46] was reported, the present work
was stimulated by potential gas sensing properties of the prepared
nanomaterials as hybrid oxide NPs of zinc and tin were expected.

As was mentioned in section 3.2, the as-prepared materials
were rich in metallic Sn, and thus they had to be heat-treated to
oxidize such NPs, making them semiconducting and proper for gas-
sensing application. Accordingly, sample D was drop-cast on an
interdigitated electrode and annealed for 9 h in air at 200C, after
which it was tested in presence of several gases (as potential target
gases). Of all the gases (ethanol, methanol, iso-propanol, n-hexane,
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Fig. 9. Response curve at room temperature of sample D annealed for 9 h in air at 200C
towards ammonia (250 ppm). Response time was found to be ~4 min. Gas response S
(%) calculated as (R;-Rg) x 100/R, was ~92%.

toluene and ammonia), the sample only responded to ammonia,
thus demonstrating good selectivity. Fig. 9 presents the response
curve towards 250 ppm of ammonia at room temperature. The gas
response S (%) calculated as (R;-Rg)x100/R, was ~92%, implying that
lower concentrations can also be detected. The response time was
~4 min, which is comparable with 3 min recently reported by Ghule
and coauthors for carbon-based sensor working at 80C and
detecting as little as 100 ppm of ammonia with S =50% [61].

Note that the results presented in Fig. 9 are preliminary, as the
sensor prepared via annealing was not optimized. Its parameters,
such as NP layer thickness, annealing time, duration and temper-
ature, are still to be studied and improved. More detailed optimi-
zation and development of gas-sensing devices based on all
samples A-D is a subject of further studies. Nevertheless, the pre-
liminary results obtained in this report show that nanomaterials
produced via laser ablation of Sn-Zn alloys can be regarded as
promising candidates for low-operating-temperature NH3 sensors.

4. Conclusions

New tin- and zinc-containing nanomaterials were prepared by
laser ablation in liquid method applied to eutectic Sn-Zn alloy (91%
Sn and 9% Zn). Irradiation of the alloy with millisecond pulsed laser
causes segregation of metals and formation of ZnO nanoparticles
and Sn@SnOy core@shell nanoparticles. The size, morphology and
composition of nanoparticles are effected by laser parameters and
post-synthesis treatment. At higher and lower laser pulse power,
nanoparticles with sizes 10—20 and 10—100 nm, respectively, were
observed. According to XPS, the surface of as-prepared products
was mainly metal hydroxides, Sn(OH); and Zn(OH),. After
annealing, the materials demonstrated gradual surface dehydration
and further oxidation. Preliminary gas-sensing tests showed that
after proper heat-treatment, the produced nanomaterials demon-
strated highly-selective response towards ammonia, implying that
such nanomaterials produced via laser ablation are good candidates
for gas sensing devices operating at low temperatures.
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