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Abstract: In this study, we report a straightforward and reproducible hydrothermal synthesis of
copper oxide nanowires, their morphological and chemical characterization, and their application in
gas sensing. Results show that the hydrothermal process is mainly influenced by the reaction time
and the concentration of the reducing agent, demonstrating the synthesis of fine and long nanowires
(diameter of 50–200 nm and length of 25 µm) after 10 h of reaction with 0.1 M of pyrrole. Two different
annealing temperatures were tested (205 and 450 ◦C) and their effect on the morphology, chemical
composition, and crystal size of the nanowires was analyzed by SEM, XPS, and XRD techniques,
respectively. The analysis shows that the Cu2+ oxidation state is mainly obtained at the higher
annealing temperature, and the nanowires’ shape suffers a transformation due to the formation of
agglomerated crystallites. The gas sensing tests for acetone, ethanol, toluene, and carbon monoxide
show preferential response and sensitivity to acetone and ethanol over the other analytes. The
annealing temperature proves to have a higher influence on the stability of the nanowires than on
their gas sensitivity and selectivity, showing better medium-term stability for the nanowires annealed
at 450 ◦C.

Keywords: copper oxide nanowires; hydrothermal synthesis; annealing; gas sensing

1. Introduction

With potential technological applications, one-dimensional (1D) nanostructures exhibit
distinctive optical, mechanical, electronic, and thermal properties generally due to their high
surface-area-to-volume ratio [1]. Hence, nanowires and nanorods of several metal oxides
semiconductors (MOS) [2–4], including copper oxide [5–7], have attracted scientific interest
in the past years for a variety of electronic devices, amongst them gas/vapor sensors.

1D copper oxides nanostructures are obtained by different approaches in the litera-
ture, such as chemical vapor deposition [8], exfoliation of copper mesh [9], copper film
anodization [10], and thermal oxidation of copper foil [3,11,12], among others [13,14]. Even
though these approaches produce the desired morphology of the nanostructure, they have
limitations for scalability since they need complex equipment, high temperatures, and
long procedures. In this context, from the point of view of practicality, the hydrothermal
method has been shown to be a versatile procedure for the synthesis of well-defined 1D
nanostructures at relatively low temperatures and high yields [15–21].

Copper oxide has two natural oxides: cuprous oxide (Cu2O) and cupric oxide (CuO).
Both are considered p-type semiconductors with band gaps of 2.0 eV and 1.2 eV, respec-
tively [22]. At the nanoscale, these two copper oxide states have been extensively studied in
different fields such as magnetic storage media [23], catalysis [24,25], photocatalysis [26,27],
energy storage in supercapacitors [28], and biosensors [29] among several others [30]. In
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the field of gas sensors, the nature of the copper oxide is an influencing factor in the perfor-
mance of the sensor [31]. For instance, recent studies on the performance of Cu2O/CuO
nanowires at 177 ◦C using operando near-ambient-pressure X-ray photoelectron spec-
troscopy (NAP-XPS) showed that the nanowires (NWs) exposed to oxygen temporarily
oxidize, decreasing Cu+ concentration. In contrast, upon the presence of EtOH/O2 mixture,
the surface is partially re-oxidized to a Cu+/Cu2+ ratio [32]. However, despite the interest
in these findings, there is still a need to gain further insight into the correlation of thermally
treated copper oxide with its sensing properties and stability, considering its working
temperatures for gas sensing are usually near the complete oxidation of this material.

In this context, here, we explore the hydrothermal synthesis controlling parameters
for the selective formation of copper oxide nanowires, the effect of temperature on their
morphology, structure, and chemical composition, and the middle-term stability of their
gas sensing properties toward relevant gases/vapors.

2. Materials and Methods
2.1. Hydrothermal Synthesis

Copper oxide nanowires were formed via hydrothermal synthesis using copper (II)
acetate as source of copper following the procedure of Tan et al. [15] with slight changes
in temperature and concentrations. Briefly, 200 mg of the salt was dissolved in 40 mL of
deionized water at room temperature and stirred for 15 min. After, 10 mL of 0.1 M of
pyrrole was added and stirred for 5 min. The suspension was poured into an autoclave
vessel (100 cm3) and kept for 10 h at 150 ◦C. After this process, the autoclave vessel was
cooled down naturally at ambient temperature. Subsequently, the final product (a greenish
powder) was separated and washed (first with water and later with ethanol by several
ultrasonic-centrifuge cycles). Finally, the product was dried at 90 ◦C for 12 h and later
annealed at different temperatures (205 ◦C or 450 ◦C) for 4 h. After annealing, the samples
were cooled down to room temperature naturally.

Morphological characterization was carried out by scanning electron microscopy
(SEM, Tescan FE Mira II LMU, Brno, Czech Republic). The surface chemical composition
determination was performed using X-ray photoelectron spectroscopy (XPS, Kratos Axis
Supra with monochromatic Al Kα X-ray radiation, emission current of 15 mA, and hybrid
lens mode, Manchester, UK). The XPS passing energy for detailed and wide spectra was
set at 80 eV and 20 eV, respectively. XPS resulted spectra were analyzed by CasaXPS
software, using calibration of C 1s peak fixed at 284.7 eV. All spectra were fitted with
Shirley algorithm background and Gaussian–Lorentzian line shape. The crystalline phase
composition was analyzed with an X-ray diffractometer with high brightness source (XRD,
Rigaku SmartLab 9kW CF2, Neu-Isenburg, Germany). XRD scans were performed in
Bragg–Brentano geometry and Cu Kα radiation (scan range between 10◦ and 80◦ and scan
speed of 4◦·min−1). The results from XRD were also used to calculate the crystal size
evolution by the Scherrer equation (Equation (1)) using the dimensions of the principal
diffraction peaks of the phase:

L =
K·λ

β·cosθ
(1)

where L is the crystallite size, K is the Scherrer constant (also known as the shape factor
~0.9), λ is the wavelength of the X-ray radiation (1.5406 Å), β is the full width at half
maximum (FWHM) of the diffraction peak, and θ is the angle of the principal peaks.

2.2. Gas Sensing Tests

The as-synthesized and annealed copper oxide nanowires were integrated into silicon-
based platforms containing Cr/Au (40/200 nm thick) interdigitated electrodes (15 µm
apart) isolated from the Si substrate by a SiO2 layer. The silicon platforms were cleaned
with isopropyl alcohol in an ultrasonic bath for 15 min before the nanowires integration.
The nanowires were integrated by drop-coating (5 µL) assisted by dielectrophoresis process
using an alternating voltage (5 Vpp) at a frequency of 5 MHz for 90 s. The drop-coating
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solution consisted of suspended nanowires in water and agitated ultrasonically before
the deposition.

The NWs-based sensors were characterized using dc resistance measurements in
a continuous flow (100 sccm) test system consisting of various mass flow controllers
(Brooks 5850E) and a test chamber connected to calibrated gas bottles of synthetic air,
carbon monoxide, acetone, ethanol, and toluene. Further details of the gas characterization
systems were described elsewhere [33]. The sensors were exposed to the gaseous analytes
for 10 min, and subsequently, the chamber was purged with air for 30 min until initial
baseline resistance was recovered. The whole testing period was comprised of two stages
separated by 6 months. During the first stage, the sensors accumulated an operation
time of 50 h along 8 days, whereas during the second stage the sensors operated for 40 h
along 5 days. During both periods, the sensors (three of each type) were tested at various
operating temperatures and gas concentrations, performing three replicates for each sensor
and condition. The sensor response (R) is defined as R= (Ra − Rg)/Ra, where Ra is the
sensor resistance in air and Rg represents the sensor resistance after 10 min of the target
gas exposure.

3. Results and Discussions
3.1. Copper Oxide Nanowires Formation

The hydrothermal process of copper acetate resulted in the formation of powders with
different morphologies, mainly affected by the processing time (h) and concentration (M)
of the reducing agent (i.e., pyrrole). Figure 1, illustrates the influence of these parameters
on the morphology while keeping constant the processing temperature at 150 ◦C and the
copper precursor concentration at 0.025 M. The illustration shows that a reaction process of
14 h with 0.1 M of pyrrole (as a departing point based on a previous report [15]) delivers
structures with diverse morphologies. Amongst them is a round-shaped conglomerate
of nanoparticles, star-like structures, and nanowires of short length. Further experiments
tuning the processing time and the pyrrole concentration demonstrated the processing
time as the most sensitive parameter to the definition of the copper oxide nanowires. For
instance, our experiments showed that a decrease in the processing time from 14 h to
12 h favors the formation of a higher number of wires, eliminating to a great extent the
round-shaped conglomerate of nanoparticles and star-like structures. This tendency was
shown to continue in the same direction by decreasing the processing time from 12 h to
10 h, the final condition used to obtain powders dominated by nanowire-like structures.
In contrast, the effect of the reducing agent concentration showed a mild influence on the
morphology of copper oxide, where higher concentrations favor the formation of particles
and bulk structures instead of wires.

The greenish as-synthesized product obtained from the 10 h hydrothermal synthesis
based on 0.1 M pyrrole concentration displayed a high quantity of long (~25 µm) smooth
surface topography nanowires with diameters from 50 to 200 nm. XRD and XPS analysis
of the as-synthesized samples confirmed the presence of copper with mixed oxidation
states; these results and the annealing temperature effect on the nanowires’ structure
and composition are discussed in the next section. Overall, the synthesis procedure was
tested repeatable, obtaining a yield of around 67%. This procedure allowed for large-scale
synthesis and the simple separation of the remnant liquid since the powder settled quickly.
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concentration variations during the hydrothermal process of copper acetate.

3.2. Copper Oxide Hydrothermal Growth

The synthesis of the copper oxides takes place due to a redox reaction between the
pyrrole and copper acetate [34]. Under hydrothermal conditions and temperatures (above
110 ◦C), initially, the Cu2+ (from the Cu(OAc)2) initiates an oxidative polymerization that
results in a pyrrole cation radical, poly(pyrrole). Later, this in situ formed poly(pyrrole)
reduces the Cu2+ of copper acetate to Cu+, resulting in Cu2O nanowires. The possible reac-
tion occurring during this process is shown in reaction 1 [35]. After annealing at temperatures
above 200 ◦C, the oxidation of the Cu2O occurs to finally obtain CuO (reaction 2).

2n(C4H5N) + 2Cu2+ + nH2O→ nCu2O + 2(2n − 1)H+ +

C4H4N
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2(n−1)C4H4N
(reaction 1)

nCu2O + O2 → 2nCuO (reaction 2)

It has been found that single crystalline nanowire formation is related to the growth
rate along one crystallographic direction, which is faster than in the other directions [16].
This anisotropic growth mechanism for the formation of the single crystalline Cu2O
nanowire may be due to the formation of the polymers that adsorbs onto the crystal-
lographic planes of Cu2O; it has been suggested that the adsorption of the polymers over
the Cu2O crystallites is based in the chemical interaction between the given facets and the
ligand in the amine group (-NH-) [15].

The oxygen concentration gradient is the other main driver in nanowire formation
that is usually considered constant and homogeneous. However, studies have shown
that a concentration gradient is formed since a large amount of oxygen contributes to the
formation of copper oxides during the first seconds of the reaction. Thus, there is a “layer-
by-layer” diffusion of oxygen to the copper surface [36], which favors the formation of
nanowires, especially at intermediate temperatures (400–700 ◦C). At higher temperatures,
higher concentrations of oxygen must be supplied, while at lower temperatures, this
gradient is negligible due to the little diffusion of copper ions [28,37].

Thus, the formation of copper oxide nanowires depends on the amount of polymer
adsorbed over the Cu2O crystallites, a factor controlled by the polymer concentration and
the processing temperature (which influences the grain boundary diffusion and oxygen
concentration gradient mechanisms).



Chemosensors 2022, 10, 353 5 of 14

3.3. Annealing Temperature Effect on the Copper Oxide Nanowires

The thermal stability of the wires was evaluated by annealing the as-synthetized
products at an intermediate (205 ◦C) and a high temperature (450 ◦C) in order to approach
and exceed the typical sensor operating temperatures, respectively. The SEM images of
the annealed powders are displayed in Figure 2c,d. We observed that after the heating
treatment, the original greenish powder became brownish regardless of the annealing
temperature. The color change is most likely connected with the oxidation of the initial
copper species (Cu0 and Cu+), which usually occurs at lower temperatures for nano-sized
crystallites compared to their bulk counterparts due to an effective diffusion of oxygen
(threshold between 190 to 200 ◦C) [37,38]. The surface of the nanowires annealed at 205 ◦C
did not show marked differences compared to the as-prepared nanowires. However,
the nanowires annealed at 450 ◦C displayed a rough surface formed of nanocrystals of
10–40 nm in diameter along the nanowire.
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Figure 2. (a) SEM and (b) HR-SEM images of the as-obtained samples. HR-SEM images of the
samples annealed at (c) 205 ◦C and (d) 450 ◦C.

The XRD diffraction patterns of the as-synthesized and annealed powders at 205 ◦C
and 450 ◦C are displayed in Figure 3a. Overall, the patterns show intense diffraction peaks
confirming the formation of crystalline structures. The spectrum of the as-synthetized
sample shows intense diffraction peaks appearing at 29.45◦ 2θ, 36.31◦ 2θ, 42.20◦ 2θ, and
61.29◦ 2θ, which are assigned to (011), (111), (002), and (022) planes of copper (I) oxide
in cubic crystalline phase (Cu2O, cubic cuprite ICSD Card No. 98-017-3982). The other
diffractions, at 43.21◦ 2θ and 50.35◦ 2θ, are in agreement with the (111) and (002) planes
of the metallic copper (Cu, cubic crystallographic system, ICSD Card No. 98-005-3757).
After annealing at 205 ◦C, the diffraction pattern of the nanowires also contains the main
peaks of Cu2O and Cu (ICSD Card No. 98-005-3756), similar to the as-synthetized sample.
However, at an annealing temperature of 450 ◦C, the Cu0 peaks are no longer visible and
the diffractogram shows less intense peaks of Cu2O peaks at 36.43◦ 2θ and 42.32◦ 2θ. In
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addition, other high-intensity diffraction peaks appear at 35.53◦ 2θ, 38.65◦ 2θ, 48.85◦ 2θ,
and 61.59◦ 2θ. These are assigned to the (002), (11-1), (20-2), and (11-3) planes, respectively,
from copper (II) oxide in the monoclinic phase (CuO, tenorite, ICSD Card No. 98-004-3179)
and confirm the oxidation of the nanowires inferred by the color change after annealing.
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Figure 3. (a) XRD diffractogram for the copper oxide nanowires as-obtained (green circle), annealed
at 205 ◦C (dark blue circle) and at 450 ◦C (light blue circle), (b) change of crystal size, phase, and
nanowire morphology with annealing temperature.

The Scherrer equation was used for the determination of the crystal size based on the
most intense peaks of each diffraction pattern. Figure 3b displays the correlation of the
crystal size and the annealing temperature along with their corresponding SEM image.
Results show an expansion of the as-synthesized Cu2O crystals from 44.24 nm to 81.25 nm
after annealing at 205 ◦C; an increase of the nanowire diameter from ~60 nm to ~99 nm
is also observed after annealing. These changes are attributed to the oxidation process of
the copper oxide [21,39]. In contrast, the increase of the annealing temperature to 450 ◦C
diminishes the crystal size to 24.59 nm and promotes the formation of agglomerates that
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make the nanowire surface texture rough and increase the nanowire diameter to ~125 nm,
as identified by HR-SEM (Figure 2 and inset in Figure 3b).

The surface chemical composition was also evaluated by XPS for the as-synthesized
and annealed samples. Overall, the spectra (Figure 4) display typical Cu 2p3/2 peaks
and their corresponding satellites separated by a binding energy of ~8 eV as reported in
previous literature [40]. The (Cu0 + Cu+) and Cu2+ species at the surface are quantified
by the Jasienek and Gerson methodology [41], which uses the deconvoluted peaks of Cu
2p3/2 and their closest satellite peaks for the estimation. Previous studies suggest these
satellites are present due to the partially filled d-orbital (d9) of the Cu2+ oxidation state,
and therefore, their presence and intensity relate to the concentration of the Cu2+ at the
surface [40,42–44].
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annealed samples at (b) 205 ◦C and (c) 450◦C.

As can be seen in Figure 4a, the Cu 2p3/2 spectra of the as-synthesized sample show a
main peak located at 933.54 eV that can be deconvoluted in two components, located at
932.3 eV and 934.5 eV and assigned to (Cu0 + Cu+) and Cu2+ oxidation states, respectively.
The spectrum also shows a less intense satellite peak located at ~942.3 eV and deconvoluted
in two components. After annealing at 205 ◦C (Figure 4b), the Cu2+ component shows a
higher contribution to the main Cu 2p3/2 peak. Simultaneously, the satellite peaks (which
only relate to Cu2+) become more intense due to the increase in the percentage of Cu2+

(61.2%). Similarly, annealing of the samples at 450 ◦C (Figure 4c) increases the presence
of the Cu2+ component in the main Cu 2p3/2 peak, as well as the intensity of the satellite
peaks, which suggests a significant increment (98.1%) of the Cu2+ oxidation state content in
the sample compared to the initial as-synthesized structures.
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3.4. Gas Sensing Properties of the Copper Oxide Nanowires

The gas sensing tests of the nanowires annealed at 205 and 450 ◦C focused firstly
on studying the dependence of the response to the operating temperature. These tests
were run in the range of 205 and 285 ◦C using carbon monoxide as the target analyte. The
responses proved good repeatability, showing insignificant deviation in the magnitude or
dynamic of the response for the measures realized during the same period (Figure 5a,b).
The response deviations were also insignificant for other gas analytes, including acetone,
ethanol, and toluene. Overall, the samples showed a proportional increase in the response
to the temperature. For instance, the responses to carbon monoxide at 285 ◦C proved
~4 times higher than those at 205 ◦C. This behavior is opposite to the response time, which
decreased with the temperature from 600 s to approximately 110 s, displaying a high
decrement between 205 and 220 ◦C and moderate decrement between 220 and 285 ◦C.
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Figure 5. Temperature dependence of the response and response time of the copper oxide nanowires
annealed at, (a) 205 ◦C and (b) 450 ◦C to 80 ppm of carbon monoxide during the first test period, and
(c) replicates of the response to 80 ppm of various gases during six months (operating temperature:
285 ◦C). The zero value in (c) represents the impossibility to obtain a measure due to the early
damage of the sensor. Empty and filled symbols stand for the annealed samples at 205 and 450 ◦C,
respectively.

Along the tests, we could observe that sensors based on the nanowires annealed
at 450 ◦C kept relatively good stability during the two testing periods separated by six
months, showing a loss of response minor to 15% for carbon monoxide, toluene, and
acetone; the loss of response for ethanol was higher (27%). In contrast, the sensors based on
the nanowires annealed at 205 ◦C showed early damage (Figure 5c). This was most likely
caused by the instability of the nanowire morphology in the temperature range used for
the gas tests, as proved above by the material analysis. In this context, hereafter, the gas
sensing properties of the copper oxide nanowires annealed at 450 ◦C, i.e., those composed
mainly of CuO, towards various gases (acetone, ethanol, toluene, carbon monoxide) and
concentrations, are shown.

The response variation as a function of the target gas concentrations is presented in
Figure 6a. The trends of these results describe typical power-law fitting curves with higher
responses for acetone and ethanol compared to carbon monoxide and toluene. The power-
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law prefactors displayed in Figure 6a and plotted as a bar diagram in Figure 6b indicate that
the sensitivity of the CuO nanowires is higher for acetone compared to the other analytes.
These results also indicate good selectivity for the nanowires towards acetone.
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(a) Dependency of the response to acetone, ethanol, toluene, and carbon monoxide concentration.
(b) CuO nanowires’ sensitivity to acetone, ethanol, toluene, and carbon monoxide.

The results in Figure 7 display the typical resistance changes registered for the
nanowires annealed at 450 ◦C during the first and second testing periods towards various
concentrations of acetone and ethanol. The dynamic of the response in both periods and
for both gases reveals fast responses with a complete recovery of the baseline resistance.
The response to 80 ppm of acetone during the first testing period, for instance, registered
a response time (tr) of 210 s and a recovery time (trec) of 270 s; these characteristics are
better than those recorded for ethanol, tr = 270 s, and trec = 720 s. We also observed that
the baseline resistance kept relatively stable (around 8 kΩ) within each period with little
changes along the whole testing time of ±1.2 kΩ for the operating temperature of 285 ◦C.

CuO typically behaves as a p-type semiconductor. As such, it responds to reducing
gases by increasing its electrical resistance proportionally to the gas concentration [45,46],
consistent with the results observed in Figure 7. This is because oxygen adsorption at
the nanowire surface captures electrons from the CuO conduction band, increasing the
density of hole carriers and forming an accumulation hole layer at the nanowire surface.
At this initial stage, the electrical resistance of the CuO nanowires decreases, as depicted
in Figure 8 (left). Upon CuO exposure to reducing gases, such as acetone or ethanol, the
gaseous chemicals react with the pre-adsorbed oxygen on the surface, leading to the release
of the trapped electrons back to the conduction band and in turn to the reduction of the
hole accumulation layer. Consequently, the electrical resistance of the nanowires increases,
as shown in Figure 8 (right). This process is reversible and repeatable, as confirmed by the
tests of the hydrothermally synthesized CuO nanowires.
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A comparison of our results and those registered in the literature for CuO with varied
morphologies from films [8] and nanoparticles [19] to nanorods [47] and nanowires [9,14]
are summarized in Table 1. The left side of the table provides information about the
synthesis method and morphology of CuO tested, whereas the right side displays the
operation temperature and gas concentration annotated in each reference. The color codes
from blue to red and numbers from 1 to 10 along each column show the response to
each targeted gas and its load in percentage for the highest response (colored in red and
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labeled as 10). Thus, for instance, the first row displays our results and indicates that the
hydrothermally synthesized CuO nanowires respond preferentially to acetone and ethanol
(both in red color 10) instead of carbon monoxide (green 4) and toluene (cyan 3), which
comparatively present lower responses. The literature reports corroborate this fact by
showing noteworthy sensitivities to acetone [8,9,14] and ethanol [47]. However, they also
suggest the relevance of CuO as a good candidate to sense n-propanol [14], toluene [19],
and benzaldehyde [9], suggesting these gases may have high cross-responses among them
and with acetone and ethanol.

Table 1. Comparative table showing the cross-responses to various reducing gases recorded using
CuO. The color codes and numbers in each row of the table represent the load of response for
the referenced material towards the same gas concentration of various tested analytes. HP-NWS:
Hydrothermal synthesis—nanowires. CuFE-NWlls: Cu foil oxidation—nanowalls. CuME-NWs: Cu
mesh exfoliation—nanowires. KR-NW: Kirkendal reaction—nanowires. MAHS-NRs: microwave-
assisted hydrothermal synthesis—nanorods. φ: Diameter in nm. L: Length in nm. T: Thickness in
nm. CS: Crystal size in nm. ppm: Parts per million.
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4. Conclusions 
This work discussed the control parameters of hydrothermal synthesis for the selec-

tive formation of copper oxide nanowires and the effects of the thermal post-treatment 
process on the nanowires’ physical, chemical, and gas sensing properties. Results pointed 
out the pyrrole concentration and the reaction time as the most influencing parameters for 
the formation and dominance (in the resulting powders) of long and smooth surface nan-
owires (25 µm in length and 50–200 nm diameter). The surface morphology and the chem-
ical composition of the nanowires demonstrated to depend strongly on the annealing tem-
peratures, particularly at high temperatures (450 °C), at which the roughness of nan-
owires’ surface increased due to the formation of nanocrystals and completed the oxida-
tion of Cu0 and Cu+ to Cu2+. The lifetime of the sensors based on the hydrothermally syn-
thesized copper oxide nanowires suggested depending on the annealing-induced physi-
cal and chemical changes, in contrast to the sensitivity and magnitude of the response, 
which showed low variations. Overall, the copper oxide nanowires showed high sensitiv-
ity and selectivity to acetone, consistent with other reports in the literature. 
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Overall, the literature reports on copper oxides for gas sensing (Table 1) refer to CuO
as the sensitive element, without clarifying its relationship with other copper oxide stoi-
chiometry in the samples or its thermal stability. Although these characteristics might not
represent a significant change in the sensitivity or response magnitudes of copper oxide
(as registered in our results, Figure 5), we observed that they are relevant to the physical
properties, inducing morphological and structural transformations that affect the stability
of the sensor (Figures 3 and 4). The data collected in Table 1 reveal that the maximum
responses for intrinsic CuO are for temperatures between 160 ◦C to 320 ◦C. Moreover, our
results consistently showed that the nanowires annealed at higher temperatures (450 ◦C)
than those required for the sensor operation have a longer operation life than those stabi-
lized at lower temperatures (205 ◦C), as observed in our results in Figures 5 and 7. In this
context, it is concluded that the use of CuO in gas sensing requires a significant control not
only of the synthesis process but also of the post-thermal treatments to ensure a chemically
stable surface and the middle/long-term stability of CuO nanowires-based gas sensor for
their practical application.
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4. Conclusions

This work discussed the control parameters of hydrothermal synthesis for the selective
formation of copper oxide nanowires and the effects of the thermal post-treatment process
on the nanowires’ physical, chemical, and gas sensing properties. Results pointed out the
pyrrole concentration and the reaction time as the most influencing parameters for the
formation and dominance (in the resulting powders) of long and smooth surface nanowires
(25 µm in length and 50–200 nm diameter). The surface morphology and the chemical com-
position of the nanowires demonstrated to depend strongly on the annealing temperatures,
particularly at high temperatures (450 ◦C), at which the roughness of nanowires’ surface
increased due to the formation of nanocrystals and completed the oxidation of Cu0 and
Cu+ to Cu2+. The lifetime of the sensors based on the hydrothermally synthesized copper
oxide nanowires suggested depending on the annealing-induced physical and chemical
changes, in contrast to the sensitivity and magnitude of the response, which showed low
variations. Overall, the copper oxide nanowires showed high sensitivity and selectivity to
acetone, consistent with other reports in the literature.
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