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Room temperature ethanol sensor based on ZnO prepared via laser ablation in water
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The present work reports on room-temperature ethanol sensing performance of ZnO nanospheres and nanorods prepared using pulsed laser
ablation in water. Nanosecond and millisecond lasers were used to prepare ZnO nanomaterials with hexagonal wurtzite crystal structure. The two
contrasting nanostructures were tested as gas sensors towards volatile compounds such as ethanol, ammonia, and acetone. At room temperature,
devices based on both ZnO nanomaterials demonstrated selectivity for ethanol vapor. The sensitivity of nanospheres was somewhat higher
compared to that of nanorods, with response values of ~19 and ~14, respectively, towards 250 ppm. Concentrations as low as 50 ppm could be

easily detected. © 2017 The Japan Society of Applied Physics

etection of different impurities in the ambient
atmosphere is a growing need to control air quality
both indoors and outdoors. Metal oxide based
chemiresistive gas sensors have been increasingly used to
detect gases/vapors, often demonstrating high selectivity and
sensitivity, biocompatibility and low cost."™® As gas-sensing
performance of chemiresistive sensors is highly dependent on
their surface area and morphology, numerous nanostructures
(mainly of metal oxides, ZnO, SnO,, WO3, and In,0;'¥),
such as nanoparticles (NPs), nanorods, nanowires, nano-
flowers, nanosheets, nanoflakes, and so on, have been
actively studied in order to establish relationships between
nanomaterial chemistry, surface state and morphology, and
its efficiency for gas detection.!™®
Laser ablation in liquid (LAL) is a convenient technique
to produce NPs at laboratory scales.”'® In this approach,
laser beam is typically focused on a metal target, producing
plasma, vapor or molten metal drops which then react with
the liquid and give rise to NPs.!%® The approach is easy to
operate, environmentally friendly and permits to prepare a
large number of diverse metal, oxide, sulfide, and carbide
NPs.”19 It is also known for its extremely high temperature
gradient and quenching rates in the reaction zone, which
often leads to the formation of metastable phases of various
nanomaterials.>! 11314
Though as a preparation technique LAL conveniently
provides various nanostructures of metal oxides/sulfides with
different morphologies, to date, LAL-produced nanomaterials
were seldom tested in gas-sensing devices.”!> Xiao et al.
reported alcohol sensing by porous WO; nanoflakes pre-
pared via aging LAL-generated colloids,'> while promising
acetone and ethanol sensing was demonstrated by hollow
ZnS NPs prepared by means of a millisecond laser.” Finally,
Goto et al. exhibited the ability of oxygen adsorption on
LAL-prepared ZnO NPs under various partial pressures, thus
opening avenue for ZnO nanomaterials generated by LAL
as potential gas sensors.!” Yet, no work on gas sensing
performance of LAL-prepared ZnO nanomaterials was
reported thus far. Meanwhile, ZnO nanostructures prepared
by electrospinning,® sputtering,'8!®) thermal oxidation,?”
and spray pyrolysis>' 2% showed response to ethanol at room
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temperature. Therefore, in the present work, we aimed at
testing ZnO nanostructures (nanorods and nanospheres)
prepared by LAL as gas-sensing devices towards volatile
organic compounds such as ethanol, ammonia and acetone at
room temperature. High response towards ethanol, as well as
good selectivity, was observed.

Millisecond (ms) and nanosecond (ns) pulsed lasers
(Nd:YAG type with wavelength 1064 nm) were used to
ablate zinc metal for 30 min in water medium (15 mL) and the
beam was applied horizontally through a quartz cuvette wall.
For ms-laser, the optimized parameters such as pulse peak
power, width, and frequency were 4kW, 1.0ms, and 5 Hz,
respectively. For ns-laser, the applied parameters, such as
pulse width, energy, and frequency were 7 ns, 100 mJ/pulse,
and 10Hz, respectively. Upon ablation for 30min, the
ZnO colloids were collected onto Cu grids, Si substrates, or
interdigitated electrodes, after which they were used for
characterization and sensing studies.

The prepared colloids were characterized with X-ray
diffractometry (XRD) and transmission electron microscopy
(TEM). To prepare gas sensors, as-produced fresh colloids
were drop-cast onto commercial interdigitated electrodes
(with gap 5 um, from DropSens). In order to achieve thick
films, five layers of corresponding colloid (30 uL each time)
were subsequently drop-cast and evaporated on each elec-
trode (at 50 °C). To stabilize the sensors, prior to tests they
were annealed in air at 400 °C for 2h.

Gas sensing performance towards ethanol, ammonia,
and acetone was studied using an acrylic chamber (5.4L)
equipped with a fan and electrometer (Fluke 8846A). Calcu-
lated volumes® of liquids were injected into the chamber
using a microliter pipette. Sensitivity (S), was calculated
using Eq. (1), where R, and R, correspond to samples’
resistance in air and in presence of target gas, respectively:®

5= Re 100, (1)
Ry

Figure 1 shows the TEM images of the ZnO samples
prepared using two lasers (“ns” and “ms” stand for nano-
second and millisecond pulses). The samples are seen to
exhibit two contrasting morphologies, nanospheres and
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Fig. 1. TEM images of ZnO nanospheres and nanorods prepared using ns
and ms pulsed lasers.

nanorods, respectively. The average size of the former NPs is
~30-50 nm, while the latter are <300 nm in length. Longer
pulses (ms-laser) are known to increase the temperature of
liquid medium.*~'"'¥ This was confirmed by the present
study, as the nanospheres and nanorods in Fig. 1 were pre-
pared in water at 25 and 65 °C, respectively. In accordance
with the previous reports, because the initially formed ZnO
NPs could then agglomerate and re-crystallize in the sur-
rounding medium, the increased medium temperature during
preparation led to nanorod formation when ms pulsed laser
was used.'%!? This explains why the ZnO NPs generated by
ns-laser remained spherical [Fig. 1(a)], while their counter-
parts in Fig. 1(b) crystallized as ZnO nanorods.

Figure 2 shows the XRD patterns of both ZnO samples
prepared using two different lasers. The diffraction peaks
observed at 31.7, 34.3, and 36.1° correspond to the (100),
(002), and (101) planes, respectively, thus revealing forma-
tion of hexagonal wurtzite crystal structures, in good
agreement with standard pattern (JCPDS 36-1451). The peak
intensities observed in Fig. 2 imply that the crystallinity of
the nanospheres is higher than that of the nanorods.?® The
intensity ratio (Io2)/I101y) of standard ZnO pattern is known
to be 0.44.229 At the same time, the patterns in Fig. 2 show
such values as 0.49 and 0.79, the latter value revealing that
the ZnO nanorods are preferably c-axis oriented.
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Fig. 2. (Color online) XRD patterns of ZnO samples prepared using ns
and ms pulsed lasers.

Figure 3(a) shows the response of ZnO nanospheres and
nanorods towards 250 ppm of ethanol, ammonia and acetone
at room temperature (20°C). It is well seen that the ZnO
nanospheres exhibited both a high response and selectivity
towards ethanol. This might be due to the combination of
their higher crystallinity, NP size and densely packed mor-
phology with high surface area formed on electrode.®>32%
Figure 3(b) shows a dynamic-response curve of ZnO nano-
spheres towards different ethanol concentrations. It is clearly
seen that the material can detect ethanol in the range
50-250 ppm with sensitivity values between ~7 and 19. The
linear increase in the response implies the availability of
active surface sites for the adsorption of ethanol molecules.!”
Smaller ethanol concentrations (1, 10, and 25ppm) were
also tested, resulting in noisy response. It is known that
the ethanol dissociation energy, operation temperature and
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(Color online) (a) Sensing response of ZnO nanospheres and nanorods towards 250 ppm of ethanol, ammonia, and acetone, as measured at room

temperature. (b) Dynamic-response curve of ZnO nanospheres towards different concentrations of ethanol. (c) Percolation path threshold in the two gas sensors

based on ZnO nanospheres and nanorods.
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Table I. Sensing performance of LAL-prepared nanomaterials.
Concentration Operating temperature .
Sample Target gas Sensitivit; Source
P e (ppm) 0) Y
ZnO nanospheres Ethanol 250 20 19 .
This work
ZnO nanorods Ethanol 250 20 14
600 250 11
‘WO; nanoflakes Ethanol Ref. 15
600 150 7
Ethanol 10 200 1.59
ZnS hollow NPs Ref. 9
Acetone 10 200 1.159

a) Sensitivity = R,/R,

sensing material (its surface defects, morphology and chem-
istry) define the detection limit of ethanol,® which is why it
can be expected that further optimisation of the sensor based
on LAL-generated ZnO can lead to lower detection limits.

Oxygen adsorption from the atmosphere is known to result
in trapping of conduction electrons on the surface and
formation of a depletion layer.>72>2”) This hinders the flow
of electrons across junctions in the nanomaterial (sensor),
leading to an increase in resistance of the sensing element
(baseline resistance). When reducing gas molecules (e.g.,
ethanol) interact with such chemisorbed oxygen, the latter
oxygen gets reduced [Egs. (2) and (3)], which leads to a
decrease in surface resistance.

OZ(atmosphere) + €zno surface)_ - OZ(ZnO)_ (2)
CoHsOH + 30z(dsorbedy” = 2CO21 + 3H,07 + 3e7]  (3)

The sorption process depends heavily on the surface
properties, such as defect density and nature, surface
morphology, etc. Both ZnO morphologies studied in this
work showed selective response towards ethanol [Fig. 3(a)],
with that of the nanospheres being higher. Although there
may be many other parameters contributing to the higher
sensitivity, it is believed that the percolation path (i.e., path of
electrons across junctions) is more favorable in the case
of nanosphere-based sample due to network of intergranular
contacts.?” Figure 3(c) shows schematically how electrons
travel between electrodes across the two sensing devices
prepared in this study (so-called “percolation threshold’”).
Another important parameter might be the better crystallinity
detected in the nanospheres by XRD.

Table I compares the results obtained in this study with
those reported by others for gas sensing performance of LAL-
prepared nanomaterials.”'> The nanostructures reported in
this study are seen to compare well with other devices that
use LAL-generated nanomaterials. Importantly, they operate
at room temperature, and ethanol concentration of 50 ppm
could be easily detected. Overall, LAL-prepared nano-
materials are seen as promising materials for gas sensing,
and their further optimization, through better understanding
of morphology effect, in-situ doping and tuning product
properties via laser and medium parameters, is expected to
result in development of new efficient sensors for different
volatile organic compounds.

In conclusion, nanomaterials of ZnO with two different
morphologies, nanospheres and nanorods, were prepared by
ablating Zn plates in water with nanosecond- and milli-
second-pulsed lasers, respectively. For the first time, chemi-
resistive sensing devices prepared using the two nano-
materials were tested with ammonia, ethanol and acetone,
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exhibiting selective response towards ethanol at room
temperature. The combinational effect of dissociation energy
of ethanol, higher crystallinity of particles and efficient
percolation paths is believed to be responsible for the
enhanced sensing response of the ZnO nanospheres at room
temperature. It is thus proved that laser-generated nano-
materials can be promising for developing gas sensing
elements capable of detecting at room temperature.
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