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Abstract

The pure CuO nanofibers were synthesized via the electrospinning method successfully. The calcinated CuO nanofibers
were investigated for sensing hydrogen and carbon monoxide gases. Structural properties of the synthesized calcinated
nanofibers were studied using Fourier —transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), Energy-dis-
persive X-ray spectroscopy (EDX), and particle morphology by scanning electron microscopy (SEM). SEM images con-
firmed string-like structures, nanofibers. The sensor based on the calcinated CuO nanofibers exhibited excellent gas
sensing performance at the low operating temperature of 175 °C and the fast response and recovery characteristics at a
low concentration. Moreover, good stability, prominent reproducibility, and excellent selectivity are also observed based
on the calcinated nanofibers. These results demonstrate the potential application of calcinated CuO nanofibers for sens-
ing hydrogen (10-200 ppm) and carbon monoxide (400-700 ppm) gases.
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1. Introduction

Metal oxide semiconductor (MOS) gas sensors have
gained special focus driven by their diverse applications
in air quality detection, inflammable gas inspection, envi-
ronmental monitoring, healthcare, defense, security, and
so on.! Semiconducting metal oxides have been extensive-
ly used as sensing materials; resistance changes in oxide
based semiconductor gas sensors are used to monitor re-
ducing, toxic and inflammable gases, such as NH;, NO,,
H, and CO.2

In recent years, huge efforts have been made to de-
velop nanostructured metal oxides with p-type semicon-
ductivity.> Copper oxide (CuO) has a narrow band gap
(1.2 eV)* as a p-type semiconducting oxide is known for
being an excellent catalyst of Hydrogen gas.’ Copper oxide
has increasingly attracted interest for both fundamental
and practical reasons. It was shown to be an industrially
important material that can be widely used in applications
such as gas sensors, magnetic storage media, solar energy
transformation, semiconductors, and catalysis®. A variety
of methods such as thermal oxidation,” hydrothermal,®
and electrochemical deposition’ have been proposed and
investigated for the fabrication of low dimensional CuO.
Among these methods, electrospinning is one of the most
attractive strategies for producing nanofibers of CuO. The

electrospinning method involves the following steps: (1)
Preparation of sol with suitable inorganic precursor and
polymer content and achieving the right rheology for elec-
trospinning, (2) Spinning of the solution to obtain fibers of
polymer/inorganic composite, (3) Calcination of the com-
posite fibers to obtain final oxide fibers. It is important;
however, to control all of the above three stages to obtain
high quality fibers with the desired final properties.! It has
the merits of simplicity, high efficiency, low cost, and high
reproducibility.!! In the other hand, many studies have re-
ported on H, and CO gases sensing. For example, in 1950,
Wagner et al. reported the variation of electrical properties
when ZnO is exposed to reducing gases.!? After that, a se-
ries of research works about the sensing behavior of MOS
to reducing gases were reported by Seiyama, et al. since
the 1960s.!* Up to the present, many kinds of MOS were
investigated as hydrogen and carbon monoxide sensing
materials, Some of the MOS were studied for measuring
hydrogen gas include the following: ZnO which measures
a mixture of H,, CO, CH, gases at 300-500 °C,'* group-II1-
element-doped ZnO," SnO, /Pt (Response to 3000 ppm at
250 °C.),!6 Cu/SnO, (Response to 435 ppm at 270 °C.),”
In,O5 (Sensitivity values (S) for CO and H, (1000 ppm)
in air were obtained at 350 °C.),'® SrCe ¢5Yb, 4505 (The
response of hydrogen to 30,000-90000 at 1000 °C.),"* Cd-
doped SnO, (Sensitivity to 1000 ppm H, and 1000 ppm
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CO at 300 °C.),?Y CuO- and ZnO-doped SnO, (The re-
sponse to 200 ppm H, and CO at 310 °C.)*! F-doped SnO,
(Response to 100 ppm H, gas is 2.2 approximately.)?? Co-
doped SnO, (Response to 100 ppm of H, gas at 330 °C),?
Pd-doped SnO, (gas sensing to 100 ppm H, and 100 ppm
CO at 385 °C.),* SnO, (Response to 10000 ppm H, gas at
150 °C.)?° CuO (The sensitivity of the sensor in response to
100 ppm H, at 300 °C is ~2.5.)%® SnO, (Response to 1000
ppm H, at 400 °C.),%” TiO, (The sensitivity of the sensor in
response to 1000 ppm H, at 300 °C is ~3.75.)%8

And some of MOS were studied to measure CO gas
are: Cu-doped ZnO (Its Sensitivity to carbon monoxide at
350 °C is ~ 3.)?%, SnO, (The sensitivity of the sensor in re-
sponse to 1000 ppm carbon monoxide at 200 °C is 3.5.)*
SnO, doped with Pd and Pt (CO sensing at 450 °C),*!
Nb-TiO, (Response to CO (1000 ppm) at 550-950 °C.),??
In, 03/ SnO, (The selectivity to CO gas at 200 °C.),** CuO
(Sensitivity to CO gas at 300 °C.),>* ZnO-doped SnO,(The
response to carbon monoxide at 300 °C.)** ZnO, (meas-
ured CO concentrations ranging from 100 ppm to 1000
ppm.).3¢

In this paper, we reported a simple and facile ap-
proach to fabricate high quality calcinated CuO nanofibers
by electrospinning and their H, and CO sensing character-
istics are investigated. The study focuses on the design of
CO and H, sensors with minimum interference with other
Volatile organic compounds. The high response, quick re-
sponse, and recovery, and good selectivity are observed in
our investigation, which indicates the potential application
of calcinated CuO nanofibers for the fabrication of high
performance H, and CO sensors.

In ambient air

H,

substrate

Figure 1. The H, and CO sensing mechanism of resistance based MOS sensors

1. 1. Gas Sensing Performances

The gas sensing properties of unloaded and load-
ed-MOS nanoparticles sensing films are characterized in
terms of response, response time, and recovery time as a
function of operating temperature, gas concentration, and
metal loading. The resistance of the p-type metal oxide
surface increases because generated electrons recombine
with holes, decreasing the hole concentration. The re-
sponse for p-type semiconducting oxide to reducing gas
(8P) becomes:

g —Ba
Ra

1

where R; and R, are the electrical resistances of the sensors
measured in the presence of reducing gas and pure dry air,
respectively. The response time, T, is defined as the time
required reaching 90% of the steady response signal. The
recovery times, T, denotes the time needed to recover
90% of the original baseline resistance. Moreover, the se-
lectivity defined as the response ratio of target gas to that
of another gas is used to assess the relative performance
of Semiconducting metal oxides (MOXs) sensors towards
different gases.”” In this paper the sensitivity (S) was de-
fined as S = Ry/R,.

A possible sensing mechanism is described as fol-
lows to discover the gas sensing reaction process of the
CuO sensor against H, and CO gases and illustrate the
enhanced H, and CO sensing properties of the calcinated
CuO nanofibers.

As described in Figure 1, under an air atmosphere
the oxygen molecules can get adsorbed on the surface of
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the semiconductor and extracts electrons from the con-
duction band to form oxygen ions.3® The adsorption of
oxygen forms ionic species such as O%-, O~ and O*", which
acquire electrons from the conduction band. The reaction
kinetics may be explained by the following reactions: 340

0,(g) © 0,(ad) (2)
0,(ad) + e~ © 03 (ad) @)
0; + e~ &20° (4)
0" +e o 0% (5)

H, and CO sensing mechanisms of the MOS can be
explained from the following reaction paths:*!

Hy(g)+ 0 (ad) » H,0+ e~ (6)
Hy(g) + 0° (ad) » H,0+ 2e~ (7)
And #

2C0 + 07 - 2C0, + e (8)
CO + 0 =CO:t e 9)
CO +0"=CO:x+ 2¢ (10)

2. Experimental

2. 1. Materials and Methods

Ethanol (>99%), N, N-dimethyl formamide (>99%,
DMEF), CuCl, 6H,0 were used and purchased from Merck
Company. Poly vinyl pyrrolidone (PVP, Mw = 1,300,000)
and poly vinyl alcohol (PVA, Mw = 31,000-50,000) were
obtained from Sigma Aldrich and also distilled water was
used. All chemicals were analytical grade and used as re-
ceived without any further purification.

a) b)

Computer

The Fourier transforms infrared spectroscopy (FT-
IR) of the calcinated CuO nanofibers were recorded on
Thermo Nicolet Avatar spectrophotometer in the range
of 500-4000 cm™! using KBr pellets. The X-ray diffraction
(XRD) technique (PHILIPS XRD diffractometer using
Cu K, (K, = 1.540 A and 26 = 10-90 radiation as X-ray
source) was used to verify the structure of the calcinated
CuO nanofibers. Scanning electron microscopy (SEM)
calcinated nanofibers images were performed on an LEO
1450 VP (Germany) instrument, Energy Dispersive X-ray
spectroscopy (EDX) was attained on a TESCAN S8000
microscope, Atomic Absorption Spectrometer (AAS) of
calcinated nanofibers were performed on an Agilent 240
AA instrument and Spin coating Device (Institute for Re-
search and Technology Development of Modern Industry,
Made in Iran) was a used to deposit uniform thin films
onto flat glass.

2. 2. Synthesis of CuO nanofibers

The electrospinning process was employed for CuO
nanofibers synthesis. A mixed solution of polyvinyl alco-
hol (PVA, Mw: 31,000-50,000) and Copper (II) chloride
(CuCl, 6H,0) was used for electrospinning. In the typi-
cal experimental procedure, a PVA solution (10 wt %) was
first prepared by dissolving PVA powder in distilled wa-
ter and stirred for 5 h at 60 °C. A 20 wt% CuCl, solution
and PVP powder was added to this solution. After stirring
for 12 h, this mixed solution was introduced in a 20 mL
syringe equipped with a metal needle tip in a controlled
electrospinning setup. The parameters for electrospinning
were selected as; applied voltage: 20 kV, feeding rate of the
solution: 0.2 mL/h, distance between glass substrate at-
tached to the copper sheet, and the tip of the needle: 10
cm. Finally, the fibers were peeled oft from the collector
with tweezers and placed in a crucible. The conversion
of copper dichloride to CuO and the removal of organic
constituents PVP and PVA in the as-spun nanofibers were
achieved by calcining at 400 °C for 2 h in air.

Sensor

CuO nanoparticles

po__

Vacuum Pum

f oo
., Multimeter

Figure 2. Schematic image of (a) sensor kit, and (b) the gas-sensing analysis system.
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2. 3. Gas Identification System

Gas sensors were manufactured by Spin coating
technique with planar glass substrates. Fig.2 (a) shows the
schematic of the sensor. The as-prepared calcinated CuO
nanofibers were blended with deionized water in a weight
ratio of 100: 25 to form a paste. Then the paste was subse-
quently screen-printed onto the planar glass substrate to
form a sensing film with a thickness of about 60 ym, the
manufactured sensor was dried in air at room temperature
to volatilize the water solvent and last aged in an aging test
chamber for 24 h and after a Ni-Cr heating wire was in-
serted in the underneath to form a side-heated gas sensor.
The efficiency of the gas sensors was determined in a gas
testing chamber. Detail of the measurement setup can be
observed in the schematic diagram is presented in Fig.2
(b). Electrical linkages to the gas sensors were achieved by
physically connecting needle probes to the Pt electrodes of
the sensors. A PC 510a (japan) multimeter was applied for
measuring the changes of sensor resistance over time and
a computer was used for logging data from the multime-
ter. At first, the responses of the sensors were measured in
the presence of 200 ppm H, gas and 700 ppm CO gas in
the ambient air where the temperatures were modified in
the range 25-175 °C in order to ascertain their optimum
operating temperature. The sensors were pre-heated at dif-
ferent operating temperatures for about 45 min. When the
resistances of all the sensors were stable, saturated target
gas was injected into the test chamber (20 L in volume) by
a micro injector through a rubber plug. After its resistance
value reached a new constant value, the test chamber was
opened to recover. The sensor resistance and sensitivity
were collected and analyzed by the system. And the en-
vironmental temperature, relative humidity, and working
temperature were recorded.

3. Results and Discussion

3. 1. Identification of Sensor Structure

The X-ray diffraction pattern of the CuO nanofib-
ers at 400 °C for 2h (calcinated CuO nanofibers) is shown

in Fig. 3. The CuO peaks appear at diffraction angles of
32/53°, 35/55°, 38/75°, 48/75°, 51/40°, 58/35°, 61/57°,
66/28°, 68/14°, 73/01°, 75/28° corresponding to reflection
from (110),(002),(111),(-202),(020),(202),(-11
3),(-311),(220),(311),and (-2 2 2) planes, respective-
ly. The strongest diffraction pattern viewed at 20 = 35/55
suggests that the CuO grows with a preferential orientation
of (0 0 2) on the glass plate and illustrates the formation
of the single-phase of monoclinic CuO. It was also viewed
that the obtained XRD spectra are in very good agreement
with reported 20 values in JCPDS card no 48-1548.% Also,
the average CuO particle size (D) was calculated using the
Scherrer equation (11) is resulted 60 nm in one dimension,
where D is the nanocrystal size; K is the shape factor, usual-
ly taken as 0.89 for ceramic materials (K has a typical value
of about 0.9); A is the wavelength of radiation in nanometer
(Acuka = 0.15405 nm); O is the diffracted angle of the peak;
B is the full width at half maximum of the peak in radians.**

_ K
- Bcoel

D (11)

Fig. 4(a) shows the SEM image of the nanofibers, this
precursor at room temperature it has an average diameter
of about 80 nanometers and several tens of micrometers in
length. After calcination for 2h at 400 °C, the length of the
product, as shown in Fig. 4(b), is shorter than that of the
precursor. The average diameter of calcinated CuO nano-
fibers at 400 ° C is approximately 70 nm.

The FT-IR absorption peaks were performed to
confirm the presence of characteristic vibrational peaks
of calcinated CuO nanofibers. The FT-IR spectrum of
the calcinated CuO nanofibers is presented in Fig. 5. The
observed strong peaks at around 529, 585, and 672 cm™!
are attributed to the stretching from Cu-O along (-2 0 2)
direction.®> The absorption peak around 1100 cm™' may
be attributed to ~-OH bending vibrations of Cu-OH.%
The transmittance peak that appeared at around 1377
cm™! may be ascribed due to the presence of CO,, which
is usually adsorbed from the air on the surface of sample
materials during KBr pelletization.*’ The corresponding
CH, bend placed at around 1460 cm™.*8 The weak band

12000

,,,-
g §
(002)
()

Absolute Intensity
a

g

g

400

(-313)

(-222)

Figure 3. X-ray diffraction pattern of CuO nanofibers calcined at 400 °C for 2 h (calcinated CuO nanofibers).
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at 1639.76 cm™! may be attributed to the bending vibra-
tion modes of O-H groups of these adsorbed H,O mol-
ecules.*” Further, three small bands at 2862.62, 2928.94,
and 2959.97 cm™! may be ascribed to the asymmetric and
symmetric vibrational modes of the O-H bond of the H,0
molecules physisorbed on the surface of the CuO.*® An
intense broadband appeared in the 3400-3800 cm™' re-
gion that was attributed to the O-H stretching vibration
of surface hydroxyl groups of adsorbed water molecules,
>! which arises because nanocrystalline materials having a
high surface-to-volume ratio absorbs high moisture.
The EDX spectrum of the calcinated CuO nanofibers
is reported in Fig. 6. Only Cu and O signals have been de-
oy g tected, indicating that the calcinated nanofibers were only
SIAES BESESS ERbtn TR built up of Cu and O. Weight percent of Cu was found to
be 68.42 and that of O was 31.58. Thus the atomic ratio of
Cuand O was 1:1. And 2.8 Peak is for the gold metal due to
the preparation of the sample for EDX analysis.
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Figure 6. EDX spectra of calcinated CuO nanofibers.
Figure 4. SEM image of (a) CuO nanofibers (b) CuO nanofibers
calcinated at 400 °C for 2 h.
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Figure 5. FTIR spectra of calcinated CuO nanofibers.

Shojaei and Komsari: Synthesis of CuO by Electrospinning Method for Sensing ...



950 Acta Chim. Slov. 2021, 68, 945-954

3. 2. Gas Sensing Characteristics

To determine the optimum operating temperature,
the responses of the calcinated CuO nanofibers gas sensor
to 200 ppm H, and 700 ppm CO were measured contin-
ually at different operating temperatures. Fig. 7 shows the
responses as a function of operating temperature from 25
to 300 °C. For each gas, the response is measured to in-
crease rapidly with increasing operating temperature and
arrive at the maximum and then decreases with a further
rise of the operating temperature. The optimum operating
temperatures of the calcinated CuO nanofibers are sug-
gested at 175 °C for both H, and CO gases with response
values of 5.43 and 9.14, respectively.

6
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=
1
0
0 50 100 150 200 250 300 350
Tempreture (°C)
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» ()
3 700 ppm CO
g7
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@
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0 50 100 150 200 250 300 350

Tempreture (°C)

Figure 7. Responses of the calcinated CuO nanofibers sensors to (a)
200 ppm of H, and (b) 700 ppm of CO at different operating tem-
peratures.

It is well known that response and recovery charac-
teristics are important for evaluating the performances of
semiconductor oxide sensors. The gas sensing transients of
the calcinated CuO nanofibers sensor upon exposure to H,
(200 ppm) and CO (700 ppm) are shown in Fig. 8. The gas
responses and response speeds differed significantly accord-
ing to the sensor temperature and type of gas. The times to
reach 90% variation in resistance upon exposure to gas and
air were defined as the 90% response time (t,.;) and the 90%
recovery time (T), respectively. Most of the T, values
were very short, indicating that both in the diffusion of ana-
lyte gas and the oxidation reaction between analyte gas and
negatively charged chemisorbed oxygen occur very rapidly.
Fast gas diffusion in the present study was attributed to the
large surface area of calcinated nanofibers. fig. 8 (a) shows
the response time of the designed sensors for hydrogen and
carbon monoxide gas was 39 s and 53 s at 175 °C, respective-

(a)

5 398

Sensitivity

Time(S)

-
(=]

Sensitivity
O = N W B 0 O N WV

0 50 100 150 200 250
Time(S)

Figure 8. A single-cycle response-recovery characteristic curves of
calcinated CuO nanofibers to (a) 200 ppm H, and (b) 700ppm CO
at 175° C.

ly. The recovery time for hydrogen and carbon monoxide
gas was 94 s and 67 s at175 °C, respectively (fig.8 (b)).

Selectivity of H, and CO sensors couldn’t be measured
at the same time to justify the detection of one gas; there
for Sensitivity of gases was measured separately during the
experiment. To investigate the stability and repeatability
of the calcinated CuO nanofibers sensor, it was sequen-
tially exposed to different concentrations of H, gas Sepa-
rately (10, 25, 50,100, and 200 ppm) as shown in Figure 9
and shows the best response with more drastic resistance
in concentration 200 ppm of H,. also Fig. 10 (a-d) presents
three reversible cycles response curve in the concentration
range of 400-700 ppm of the that confirmed the calcinat-
ed CuO nanofibers had excellent stability and reversibility
when alternately exposed to air and CO gas and it was found
that calcinated CuO nanofibers showed extremely excellent
CO sensing performances at concentration 700 ppm with
the highest sensor response and the highest selectivity com-
pared to the other CO concentrations. As shown in Figures 9
and 10, the sensor response increases rapidly when exposed
to a certain concentration of H, and CO and decreases dra-
matically when exposed to air for recovery. Meanwhile, the
gas response of the sensor always returns to its initial value
during the continuous test period, implying a very satisfy-
ing reproducibility of the prepared sensor.

The concentration dependence of calcinated CuO na-
nofibers was investigated in the concentration range of 10—
200 ppm of H, and the concentration range of 400-700 ppm
CO the plots of the gas response against gas concentration
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Figure 9. Reproducibility of the calcinated CuO nanofibers sensor
on successive exposure (3 cycles) to (a) 10 ppm (b) 25 ppm (c) 50
ppm (d) 100 ppm (e) 200 ppm of H, at 175°C.
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Figure 10. Reproducibility of the calcinated CuO nanofibers sensor
on successive exposure (3 cycles) to (a) 400 ppm (b) 500 ppm (c)
600 ppm (d) 700 ppm of CO at 175°C.

are shown in Figure 11(a-b). As shown in Figure 11 (a), as
the H, concentration increases to 50 ppm, the gas response
increases linearly, and at 100 and 200 ppm the graph’s slope
decreases but the response is still rapid. This indicates that
the sensor is not saturated. Thus, the calcinated CuO nano-
fibers sensor has a relatively linear relation to detecting H,
at concentrations 10, 25 and 50 ppm at the log scale, and
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also the calcinated CuO nanofibers sensor has a linear rela-
tionship to detect CO at the log scale. Thus calcinated CuO
nanofibers sensor is favorable to detect H, and CO.
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Figure 11: Responses of the calcinated CuO nanofibers sensor to
different concentrations of (a) H, and (b) CO at 175 °C.

The gas sensing selectivity is another very important
parameter to appraise the sensing ability of metal oxide
semiconductor materials. Fig. 12 describes the histogram
of the gas response of the calcinated CuO nanofibers sen-
sor to 10 ppm of various gases, including n-hexane, meth-
anol, ethanol, acetaldehyde, formaldehyde, and hydrogen
at 175 °C. To demonstrate the sensor’s high sensitivity to
hydrogen gas than various gases, 10 ppm of various gases
including: n-hexane, methanol, ethanol, acetaldehyde, and
formaldehyde) are injected separately to test sensor sen-
sitivity. And the sensitivity(S) results are presented in the
form of a bar graph in Figure 12.
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Figure 12. The selectivity of the calcinated CuO nanofibers sensor
on successive exposure to 10 ppm of various gases at 175°C.

This sensor shows an obvious hydrogen sensing re-
sponse than other potential interface gases. Therefore, we
believe that the calcinated CuO nanofibers gas sensor has
an excellent selectivity to10 ppm of H,.

The comparison of calcinated CuO nanofibers sen-
sor performance and recently reported data in the liter-
ature for hydrogen and carbon monoxide sensing appli-
cations are shown in Table 1. The sensitivity of calcinated
CuO nanofibers at low temperature (175 °C) to 200 ppm of
hydrogen gases with a response time of 39 s and 700 ppm
of carbon monoxide with a response time of 53 s is 5.5 and
9.3, respectively. Low detection limit and low temperature,
high sensitivity have shown promising results compared to
other literature Table 1.

4. Conclusion

In summary, pure calcinated CuO nanofibers are
synthesized via a simple electrospinning method and
characterized by FT-IR, XRD, SEM, and EDX. The sensor
exhibited the highest sensitivity (response: Rg/R, = 5.43)
to 200 ppm hydrogen and (response: Rg/R, = 9.14) to 700
ppm Carbon monoxide at 175 °C. Short response and re-

Table 1. Comparison of calcinated CuO nanofibers sensors parameters and previous researches.

Sensing material gas Detection Operating Sensitivity Synthesis Response Ref.
limit (ppm)  temperature (°C) (Rg/R,) method time

CuO H, 60000 300-800 3.72 Thermal oxidation 5 (min) 52
CuO H, 1000 300 3 Sputtering 10 (S) 53
30Pd/CuO H, 1000 200 4.5 Hydrothermal 10(min) 54
CuO H, 1000 200 0.4 Anodization ~9(min) 55

Pd Doped TiO, - CuO H, 3000 150 - Sol-gel - 56
CuO H, 200 175 5.5 Electrospinning 39 (S) This work
CuO CcO 1000 300 1.6 Sputtering - 53
CuO-ZnO cO 800 500 - Thermal evaporation 3.2 (min) 57
CuO-CuxFe;—x0, CcO 500 400 1.9 Sputtering 21(min) 58
0.4% Pt/ZnO-CuO CO 1000 RT 2.64 Thermal 81(S) 59
CuO CcO 700 175 9.2 Electrospinning 53 (S) This work
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covery times and excellent selectivity are indicated based
on calcinated CuO nanofibers that can be fabricated more
quickly and at a lower cost. The simple method reported
here can be used for further improving gas sensor perfor-
mance such as enhancing the selectivity of the gas sensors
to different test gases.
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