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A B S T R A C T

We report a “nano-on-micro” approach for growth of a cactus-like nanostructures of zinc oxide (ZnO) for gas
sensing application. We use electrospun polymeric fibers doped with catalyst nanoparticles as the template and
employ a vapor-liquid-solid (VLS) method to growth of the ZnO nanostructures. Controlling the processing var-
iables in the VLS process yields to growth of needle-like nanostructures of ZnO around the electrospun fibers,
which resembles the needles of a cactus. The ZnO nano-cactus features wurtzite ZnO like crystal structure. We
investigate the gas sensing capabilities of the ZnO nano-cactus. The ZnO nanostructures show high sensitivity and
selectivity for sensing of ethanol gas. The “nano-on-micro” approach enables single step deposition of nano-
materials between electrodes during synthesis, which eliminates post-synthesis steps, and thus demonstrates
better compatibility towards device integration for metal oxide nanostructures.
1. Introduction

Nanostructures of metal oxides have been extensively investigated for
sensing applications for more than five decades, due to their high surface-
to-volume ratio, and excellent semiconducting properties [1–3]. Several
semiconductor metal oxides (SMOs) have been explored, which includes
tin oxide (SnO2) [4,5], zinc oxide (ZnO) [6,7], titanium oxide (TiO2) [8,
9], and indium oxide (In2O3) [10,11]. These metal oxides have been
mostly studied in form of thin and thick films. In 1991, Yamazoe reported
that dimensional reduction of the metal oxide semiconductors improved
the sensing performance of the metal oxides [12]. Since then, significant
efforts have been made to reduce the dimensions of SMOs to several
nanometers, which resulted in synthesis of a variety of one dimensional
nanostructures [13–15].

Among several semiconductor metal oxides, ZnO has been exten-
sively studied due to its low toxicity, high thermal stability, good oxygen
resistivity, good biocompatibility and high electron mobility [16–18].
Furthermore, ZnO exhibits wide direct band gap (Eg¼ 3.37 eV) and large
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exciton binding energy (60meV). These properties have enabled ZnO as
a preferable candidate for solid state sensors. The sensing capabilities of
solid state sensor materials are strongly related to the composition,
morphology, and crystalline size of the sensing material. In order to
enhance the sensitivity of ZnO based solid state sensors, a number of
nanostructures of ZnO has been synthesized and investigated for sensing
performances, which includes nanowire, nanofiber, nano-needle, nano-
comb, and nanobelt [6,19–22]. Although these nanostructures have
delivered exciting results, there still needs more research in search for
novel nanostructures of ZnO, which can result in even higher sensitivity
and higher selectivity. Furthermore, integration of the nanostructures to
a sensor device remains a challenge, as it typically needs post-synthesis
processes, such as mixing of the nanostructures with polymers in slurry
form [23,24]. Therefore, there is still a requirement for simpler device
integration for metal oxide nanostructures, which can be applied for real
world applications.

Towards obtaining a nanostructure with a high surface area and
easier device integration, we postulate a “nano-on-micro” approach,
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where the metal oxide nanostructures can be grown a micron-scale
template. We choose electrospun nanofibers as the micron-scale tem-
plate due to their intrinsic high surface-to-volume ratio and ease of
fabrication [25,26]. Several researchers have reported growth of ZnO
nanowires around electrospun nanofibers using hydrothermal and elec-
trodeposition routes of metal oxide growth [27–31]. However, these
methods include an intermediate step of seeding the electrospun fibers
with ZnO or Zn nanoparticles, which facilitates the growth of ZnO
nanowires in the subsequent nanowire growth step. The seeding process
is non-selective, which yields growth of metal oxides invasively. Hence,
the device results in undesired interference from the excess metal oxide
growths. Such phenomenon restricts the use of such methodology from
direct integration of the ZnO nanostructures with a working device.

Here, we use vapor-liquid-solid (VLS) method for growth of ZnO
nanostructures around electrospun polymer fibers in the “nano-on-
micro” approach. To the best of our knowledge, this is the first report on
integration of electrospinning and VLS method for metal oxide nano-
structure growth. To facilitate the ZnO growth in VLS method, we use a
polyacrylonitrile (PAN)/gold nanoparticle (AuNP) composite for elec-
trospinning, where AuNPs serve as the catalyst for ZnO growth. Using
such catalyst-embedded fibers can enable the selective growth of the ZnO
nanowires only around the electrospun fibers, which can yield to fabri-
cation a clean device resulting in less interference due to undesired
growth of metal oxides. We optimize the processing variables of the VLS
method to growth long needle-like ZnO nanowires around the electro-
spun fibers, which resemble to needles of a cactus. We further demon-
strate the gas sensing capabilities of the novel ZnO nano-cactus
2

structures, which may be attributed to the “nano-on-micro” approach
adopted for synthesis of the novel ZnO nanostructures.

2. Materials and methods

2.1. Materials

The chemicals polyacrylonitrile (PAN) and N,N-Dimethylformamide
(DMF) were purchased from Sigma Aldrich, India and used as received.
Gold nanoparticles (AuNPs) having diameter of 4.9�0.6 nm dissolved in
0.002M toluene were used as the catalysts for the synthesis of ZnO
nanostructures. Quartz was used as the substrate because it can sustain
high temperature required for the ZnO synthesis. A square quartz sub-
strate (2 cm� 2 cm) was patterned with lines or interdigitated electrodes
with inter electrode distance in the range 20–100 μm.

2.2. Experimental process

The fabrication process is schematically presented in Fig. 1. To pre-
pare the solution for electrospinning, the AuNPs were first dispersed in
DMF through ultra sonication for 30min 8% (wt.%) PAN was added to
the AuNPs/DMF solution and put it on a magnetic stirrer at 65 �C for 8 h
to yield a homogeneous solution for electrospinning. Electrospinning of
the PAN/AuNP composite solution was performed using an electric field
of 2 kV/cm and flow rate of 1ml/h. The quartz substrate was clamped
with the rotating drum collector so that the electrospun fibers could be
collected across the patterned silver lines on the quartz.
Fig. 1. Schematic representation of the experimental
procedure for growth of ZnO nano-cactus. The process
includes (a) patterning of silver electrodes on a fused
silica substrate, (b) electrospinning of AuNP/PAN fi-
bers across the silver tracks, and (c) VLS growth of
ZnO nanowires around electrospun fibers, which
resemble to cactus-like features. (d) SEM image
showing the alignment of the ZnO nanostructures on
the fibril structures across the silver tracks. The inset
shows a suspended structure on the edge of the silver
track.
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The electrospun PAN/AuNP composite fibers were subjected to
vapor-liquid-solid (VLS) method for growth of ZnO nanostructures. To
prepare the precursor material, ZnO powder was mixed with graphite
powder in a weight ratio of 1:1. 10 g of such powder mixture was taken in
an alumina crucible and placed in the reaction zone (RZ) of a three-zone
furnace. The electrospun PAN/AuNPs fibers on the quartz substrate was
placed in the deposition zone (DZ) of the furnace, which is 10 cm
downstream from the RZ. For VLS growth of ZnO, the parameters of in-
terest in our experiments were temperature of the RZ (TRZ), temperature
of the DZ (TDZ) and reaction time. We varied the TRZ from 900 �C to
1100 �C, whereas the TDZ was varied from 400 �C to 550 �C. The reaction
time was varied from 30min to 45min. A constant flow of argon gas was
maintained at 150 standard cubic centimeters per minute (sccm)
throughout the entire process.

2.3. Material characterization

The samples obtained in the deposition zone were characterized by X-
ray diffraction (XRD, Xâ€™Pert Pro, PAN Analytical, Netherlands)
equipped with graphite monochromatized high intensity Cu KÎ�1 radi-
ation (λ¼ 1.5405 Å) to characterize the composition and crystallinity of
the deposited material. Raman scattering at room temperature was per-
formed using WiTec, Germany, using a laser beam with wavelength of
532 nm to study the vibrational properties of ZnO nanowires. Micro-
structures of the nanoforms were investigated by field emission scanning
electron microscope (FESEM, Supra 400VP, Zeiss, USA) and transmission
electron microscope (TEM, Tecnai G2,USA).

2.4. Gas sensing

Gas sensing properties of the ZnO nanostructures on the quartz sub-
strate were investigated by measuring the change of current upon
exposure to for 10–500 ppm ethanol (CH3CH2OH) and acetone
(CH3COCH3) gas at 230 �C. ZnO nanostructure sensor was placed in a
homemade closed chamber and platinum electrodes were fixed with the
silver tracks patterned on the quartz substrate with the help of silver
paste. Then the system was heated at 300 �C for 15min to ensure string
connect between platinum electrodes and silver tracks. An air flow at
600ml/minwasmaintained to the chamber to stabilize the system before
sensor testing at the elevated temperature. For gas sensing, desired
amount of target gas was injected into the system and the change of the
current was measured as a function of time at a constant voltage of 0.2 V
using a Keithley 6517 picoammeter. When the value of current reached
to a steady state, the chamber was purged with air until a constant value
of current was obtained. Next set of data was recorded when a constant
value of current at the baseline was obtained. The sensitivity of the ZnO
nanostructures was calculated using Equation (1), which is ratio of steady
Fig. 2. (a) XRD pattern and (b) Raman spectra of the
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state current (Ig) achieved when ZnO nanostructures were exposed to the
target gas to the steady state current in air (Ia).

Sensitivity¼ Ig
Ia

(1)

3. Results and discussions

3.1. Material characterization of grown nanostructures

A white wool-like material was obtained on the substrate in the
deposition zone of the furnace after the VLS process. The composition of
the white material was confirmed using x-ray diffraction (XRD). The XRD
pattern is presented in Fig. 2a. Major peaks of the XRD pattern were
indexed to typical wurtzite ZnO [32,33] and matched with Pearson's
Crystal Data (PCD) card number 1218650. This confirms that the mate-
rial deposited on the substrate in the deposition zone was ZnO. The sharp
feature of the ZnO peaks indicates good crystallinity of the ZnO. The
phases of the ZnO crystal planes are indexed in the XRD diffractogram in
Fig. 2a. In addition to the peaks of the ZnO, several other peaks were also
observed at 2θ¼ 38.08�, 44.26�, 64.36�, and 77.32�. These peaks are
attributed to the Ag and Au [34,35], as Au and Ag exhibit almost similar
XRD pattern [36]. The Ag appeared in the XRD pattern because of the Ag
tracks patterned on the substrate. The presence of Au was attributed to
the Au nanoparticles used as the catalyst for the ZnO growth. Further-
more, a peak at 2θ¼ 30.6� was also observed in the XRD pattern, which
can be indexed to the quartz substrate [37]. A bulge section was also
observed in the XRD diffractogram in between 2θ¼ 20� to 2θ¼ 26�,
which can be indexed to (002) reflection of turbostratic carbon [38,39].
This was attributed to the carbonization of the electrospun PAN fibers at
high temperature. The minimum temperature used in the deposition
zone was 400 �C. At such temperature, the PAN fibers must have already
turned into a carbon rich material [40].

Raman spectra (Fig. 2b) of the synthesized material further confirms
the growth of ZnO. According to Group Theory, ZnO can exhibit eight
sets of optical modes, among which A1, E1 and E2 are Raman active for
ZnO single crystal structures [41,42]. A1 and E1 are polar modes, and
active to Raman and infrared, whereas E2 is non-polar modes and only
active to Raman [43]. The peaks in the Raman spectra obtained for the
grown material are labeled and assigned to their corresponding phonon
modes [42]. The dominant peak for ZnO was indexed at 439 cm�1, which
corresponds to E2H mode representing the intrinsic characteristics of
Raman active mode of wurtzite hexagonal ZnO [41–43]. The peak at
570 cm�1 was attributed to the A1L mode of ZnO. The E2L modes of ZnO
are indexed at �99 cm�1 and �200 cm�1. A peak for Si substrate can be
also observed at 525 cm�1 [44]. It should be noted here that, unlike the
XRD diffractogram, no distinct peaks for carbon were observed in the
ZnO synthesized around the electrospun fibers.
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Raman spectra. We indicated the position of characteristic D and G-band
of carbon in the Raman spectra at 1350 cm�1 and 1585 cm�1, respec-
tively. The relative intensity of the Raman peaks of ZnO was significantly
stronger than the carbon peaks. Therefore, the carbon peaks might have
coincided within the noise of the Raman intensity.
3.2. Growth of ZnO nano-cactus on electrospun fibers

As mentioned earlier, ZnO nanostructures were grown on the elec-
trospun PAN/AuNP fiber template. Field emission scanning electron
microscopy (FESEM) image of the electrospun fibers is shown in Fig. 3a;
these fibers featured an average diameter of 709� 62.08 nm. The growth
of the ZnO nanostructure was controlled by varying TRZ, TDZ and reaction
time. We started the experiments using a TRZ of 900 �C and TDZ of 400 �C
and reaction duration of 45min. Such conditions resulted in growth of
non-uniformly distributed large crystallites of ZnO on the carbonized
fibril structures (Fig. 3b). Increase of the TRZ to 1100 �C did not show any
improvement in the ZnO morphology (Fig. 3c). However, the crystallite
size seemed bigger than that for TRZ of 900 �C. Increasing the TDZ to
500 �C keeping TRZ constant at 1100 �C yielded a uniform and large bead-
like morphology around the fibrils as shown in Fig. 3d. With further
increase of TDZ to 550 �C, a uniform nanowire like morphology can be
observed around the fibers (Fig. 3e). Higher magnification SEM shows
that these nanowires feature bead-like nanostructures (inset of Fig. 3e).
Keeping the TDZ constant at 550 �C, we decreased the TRZ to 1000 �C. This
resulted in growth of a uniform, long and fat leaves like ZnO nano-
structure (Fig. 3f). At the same TRZ and TDZ, we shortened the reaction
time from 45min to 30min, which resulted in a more long needle-like
nanostructure (Fig. 3g and h). However, these needle-like morphology
resembles the needles of a cactus as shown in Fig. 3h. This sample is
further referred as ZnO nano-cactus. At the tip of these nano-cactus, the
catalyst alloy droplet can be also observed, as indicated by the dotted red
Fig. 3. (a) SEM of electrospun PAN-AuNPs nanofibers. SEM of the ZnO nanostruct
TDZ¼ 400 �C, reaction time¼ 45min; (c) TRZ¼ 1100 �C, TDZ¼ 400 �C, reaction
TRZ¼ 1100 �C, TDZ¼ 550 �C, reaction time¼ 45min; (f) TRZ¼ 1000 �C, TDZ¼ 550 �C,
Inset of (e) and (f) shows higher magnification SEM images of their corresponding nan
(g), showing ZnO nano-cactus around the electrospun fibers. (i) Higher magnification
presence of Au nanoparticle at the tip of the nanostructures as indicated by the dott
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circles in Fig. 3i. This confirms a bottom-up catalyst-assisted growth of
the ZnO nanostructures. The inset of Fig. 3i shows the energy-dispersive
X-ray (EDX) spectra of the ZnO nano-cactus structures, showing the
presence of elemental Zn and oxygen, which further confirms the for-
mation of ZnO complementing XRD and Raman spectra. Elemental Si can
be also observed in the EDX spectra, which is attributed to the quartz
substrate.

The ZnO nano-cactus was further investigated using transmission
electron microscopy (TEM) images as shown in Fig. 4a, which presents
the TEM image of a single nanowire of the ZnO nano-cactus. It was
evident that the ZnO featured needle-like structure with reducing
diameter from base to its tip. The diameter of the base was around
200 nm, whereas the diameter of the tip was around 20 nm. The length of
the nanowires was in the range 3 μm to 5 μm. The crystal arrangement in
the nanoform can be seen in the Fig. 4b. The high magnification TEM
image showed the crystal planes with d-spacing of 0.26 nm and 0.28 nm,
which can be attributed to the (002) and (100) planes of ZnO, respec-
tively. This also confirms the wurtzite crystal structure of the VLS-grown
ZnO [45–47].

The electron microscopy images showed that morphology of the ZnO
nanostructures has a strong dependence on the TRZ, TDZ and reaction
time. All these three parameters appeared to have proportional relation
on the shape and size of the ZnO nanostructures. In other words,
increasing of these parameters resulted in larger nanostructures. This is
in agreement with the previous reports of nanostructure growth in VLS
method [48–51]. For ZnO nanostructure growth in VLS method, the
process starts with reduction of ZnO to Zn vapor in presence of graphite
particles at a high temperature [52,53], which is further transported to
relatively lower temperature deposition zone by an inert gas. The
reduction rate of ZnO increases with the increase of TRZ. Hence,
increasing TRZ supplies higher amount of Zn vapor to the deposition zone
[54]. In the deposition zone, the Zn vapor and the Au nanoparticles form
ures grown on the electrospun fibers at different conditions: (b) TRZ¼ 900 �C,
time¼ 45min; (d) TRZ¼ 1100 �C, TDZ¼ 500 �C, reaction time¼ 45min; (e)
reaction time¼ 45min; (g) TRZ¼ 1100 �C, TDZ¼ 550 �C, reaction time¼ 30min.
ostructrues. (h) Higher magnification SEM image of the dashed section drawn in
SEM image of the dashed section of (h), showing nano-cactus like features and
ed circles. Inset of (i) shows EDX spectra of the ZnO nano-cactus structures.



Fig. 4. (a) TEM image of single ZnO nanostructure, showing cactus thorn-like feature. (b) Higher magnification TEM image of ZnO nanostructure, showing crystal
planes with d-spacing of 0.26 nm and 0.28 nm, which are attributed to the (002) and (100) planes of ZnO, respectively.
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an eutectic liquid alloy. Once the Zn saturates in the alloy droplet, and
reacts with ambient oxygen, ZnO nuclei start crystallizing on the sub-
strate. In this work, the nucleation of the ZnO structures exhibited strong
dependence on TDZ, as incomplete and irregular deposition was observed
at TDZ of 400 �C, irrespective of TRZ and reaction time. This might be due
to non-availability of the minimum activation energy required for the
VLS growth, which led to crystal growth in all directions. Furthermore,
higher TRZ, as inferred from the VLS mechanism, resulted in higher Zn
vapor concentration in the deposition zone, which yielded formation of
larger particles. Similarly, longer reaction time yielded a larger ZnO
Fig. 5. The response and recovery of the ZnO nano-cactus sensors upon exposure to 1
cactus gas sensors for sensing of ethanol and acetone with increasing concentration o
clarification.
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structures. Therefore, to grow the ZnO nano-cactus structures, the Zn
vapor supply to the deposition zone needed to be controlled by regulating
TRZ and reaction time, whereas deposition of ZnO was controlled by
regulating TDZ.

3.3. Gas sensing properties

The ZnO nano-cactus structures were tested for gas sensing using
ethanol and acetone. The gas sensing performance was investigated for a
gas concentration ranging from 10 ppm to 500 ppm and at a temperature
0–500 ppm (a) ethanol and (b) acetone at 230 �C. (c) Sensitivity of the ZnO nano-
f the gases at 230 �C. (d) Magnified view of the sensitivity of acetone for better
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of 230 �C. The gas sensing response of the ZnO nano-cactus for ethanol is
presented in Fig. 5a. A significant increase in the current was recorded
during exposure to the gas. Such increase in the current was due to the
chemical and electronic interaction between the gas and the ZnO nano-
structures, which has been reported several times by other researchers
[18,55–59]. Briefly, upon exposure to atmosphere, oxygen molecules
present in the air are adsorbed on the surface of ZnO to form oxygen ions
(O2� , O� andO2� ) by capturing free electrons from the conduction
band of ZnO. The lack of free electrons results in electron depletion re-
gions at the surface, which consequently results in higher electrical
resistance of the ZnO. Upon exposure to the target gas, the target gas gets
adsorped on the ZnO surface and reacts with the already adsorped oxy-
gen ions. The reaction between the adsorped gas and oxygen ions pro-
duces excess free electrons at the surface, which results in lower
resistance or higher electrical current [18]. The increase in the response
increases proportionately with the gas concentration, as higher amount
of target gas produces higher number of free electrons on the ZnO sur-
face. Such response was also observed for the ZnO nano-cactus, as the
response current increased with the increasing concentration of the
target gas (Fig. 5a and b).

The sensitivity of the ZnO nano-cactus for both ethanol and acetone is
shown in Fig. 5c and d. As expected, higher sensitivity was achieved with
increasing the concentration of the gases. However, a significant differ-
ence in the sensitivity for ethanol and acetone was observed. The ZnO
nano-cactus exhibited significantly higher sensitivity to ethanol than that
for acetone. For ethanol, the sensitivity increased from 2.59 for 10 ppm to
20.23 for 500 ppm, whereas the sensitivity for acetone limits from 1.16 to
1.32 in the same concentration range. Hence, it is evident that the ZnO
nano-cactus structures have a high selectivity to ethanol over acetone.
This is promising as it can enable detection of ethanol gas from a gas
mixture. However, the absolute value of the sensitivity obtained here is
relatively lower than current state-of-the-art ZnO gas sensors. Such low
gas sensitivity was due to use of lower operating temperature [60,61].
We used an operating temperature of 230 �C, whereas majority of the
previous publications reported ethanol gas sensing performance at a
temperature 250 �C or higher [62–66]. When we compare the sensitivity
of ZnO gas sensors for ethanol around similar temperature we used here,
we found that our ZnO nano-cactus exhibited relatively higher or com-
parable sensitivity to many of the previously reported ZnO gas sensors
[60,61,63,65]. Furthermore, sensing at relatively low temperature im-
plies lower power consumption for our system. It should be mentioned
here that majority of the previous studies regarding gas sensing used 1 L
of chamber for gas sensing characterization, whereas we used a cylin-
drical chamber of 3 L volume. This might result in slower response, but
provides more practical approach for gas sensing. In addition to that,
exhibiting high sensitivity in a large test chamber shows excellent
functionality of ZnO nano-cactus as gas sensor element.

Such gas sensing performance of ZnO nano-cactus can be attributed to
the “nano-on-micro” approach for the growth of ZnO nanostructures.
Electrospun fibers are known to have a high specific surface area [25,26,
67]. Using such electrospun fibers as the substrate for ZnO nano-
structures growth, along with formation of long needle-like features of
the ZnO nanocactus, increases the overall surface-to-volume ratio of the
ZnO nanostructures. Increase in overall surface-to-volume ratio accom-
modates more gas molecules to interact with the sensor surface, which
led to such excellent performance of the ZnO nano cactus for gas sensing
at low temperature. Furthermore, “nano-on-micro” approach simplifies
the sensor device fabrication. Majority of gas sensors reported in previous
publications needed several post-synthesis steps to integrate the nano-
structures with a sensing device, which included isolating of the nano-
structures, preparing slurry and depositing it over a ceramic
plate/cylinder with heater followed by annealing [23,24,68,69]. In
comparison, synthesis of the nanostructure and sensor fabrication are
combined in the “nano-on-micro” approach by fabricating the electro-
spun fibers on metallic track followed by growth of ZnO nanostructures
on the fibers as shown in Fig. 1d. Therefore, no secondary steps are
6

needed for integration of the sensing material into a sensor system. Our
further effort includes growth of ZnO nanowires around a single sus-
pended nanofiber by using near-field electrospinning for the fiber
deposition. Near-field electrospinning can enable precise deposition of a
nanofiber across an electrode system [70]. Such system can potentially
enable self-heating of the ZnO nanowires around the electrospun fiber, as
joule heating of a suspended nanofiber can result in a temperature of up
to 550 �C [71]. Hence, such system can increase the gas sensitivity
significantly. Our future work is on achieving such system towards
development of a self-heating high performance gas sensor.

4. Conclusion

We successfully demonstrated a “nano-on-micro” approach for hier-
archical cactus like growth of ZnO nanostructures around electrospun
PAN/AuNP fibers using VLS method. The nano-cactus like features were
obtained by controlling the reaction parameters in VLS method.
Analytical characterization confirmed that wurtzite ZnO nanostructures
were synthesized radially on the electrospun fibers. The “nano-on-micro”
approach for ZnO nano-cactus growth resulted in excellent gas sensing
properties at 230 �C. The nanostructures exhibited excellent sensitivity
and selectivity towards ethanol gas sensing. Furthermore, the “nano-on-
micro” approach proved to be a simple yet effective method for sensor
integration, by enabling one-step nanostructure growth between elec-
trodes and eliminating any need for post-synthesis processes.
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