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Chapter

Synthesis and Characterization of
Co0O-Zn0O-Based Nanocomposites
for Gas-Sensing Applications

Parthasavathy Panchatcharam

Abstract

Co0O-ZnO composite nanofibers were synthesized through electrospinning
technique. CoO-ZnO composite nanofibers were fabricated by doping zinc (zinc
acetate dihydrate) and varied concentrations of cobalt (cobalt oxide) in the ratio
of 1, 3, and 5 wt%, respectively. By modifying the solvent and the electrospinning
parameters, different tests were carried out to optimize the morphological proper-
ties of the synthesized composite nanofibers. The morphological characterization
was performed by scanning electron microscopy (SEM) with a field emission gun.
The atomic composition of the nanofibers was analyzed by energy-dispersive X-ray
(EDX) spectroscopy using a solid-state detector. Gas-sensing performances are
done at different temperatures like at room temp, 50°C, and 100°C to find out the
optimum operating temperature for detecting acetone gas. The sensitivity studies
of CoO-ZnO composite nanofiber were carried out over different concentrations of
acetone gas from 50 to 250 ppm. The sensitivity of this sensor developed is found to
be increasing with increase in temperature and also increases if dopant concentra-
tion increases when compared with pure nanofibers. The sensitivity analysis proved
a fact that uncalcinated CoO-ZnO composite nanofibers can be helpful in the detec-
tion of diabetics at the early stage with acetone concentration in the breaths.

Keywords: gas sensor, nanocomposites, metal oxide semiconductor, electrospinning,
acetone sensing

1. Introduction

Semiconducting metal oxides have brought incredible attention as chemical
sensors due to its characteristic resistivity and sensitivity changing features in
an ambient environment [1, 2]. Being an N-type semiconductor, ZnO has been
extensively used as a gas-sensing material owing to its wide band gap of 3.37 eV and
high exciton binding energy of 60 meV at ambient temperature [3-9]. It has drawn
tremendous attention in the last few decades due to its specific electrical, cata-
lytic, and photochemical optoelectronic properties. It is the most widely studied
semiconductor in gas-sensing applications because of its significant response to
different reducing or oxidizing gases such as carbon monoxide, hydrogen, ammo-
nia, ethanol, and acetone [10-12]. But some intrinsic disadvantages including high
operating temperature, slow response and recovery time, and less sensitivity hinder
the further advance in the development of ZnO-based gas sensors. So, boundless
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efforts have been made in the last few years to overcome these limitations employ-
ing different methods, including noble metal doping, structure optimization, and
heterostructure fabrication [13-15].

One such method to enhance gas-sensing properties is doping impurity elements
[16]. Among the available methods for synthesizing nanostructures, electrospin-
ning is a simple, adaptable, and low-cost technique for fabricating organic and
inorganic nanofibers with significant lengths, uniform diameters, and various
compositions [17]. During the electrospinning process, high voltage is applied to a
polymer droplet being suspended at the tip of a syringe needle [18]. In this we pres-
ent electrospun CoO-ZnO composite nanofibers with different concentrations like
1, 3, and 5 wt% of cobalt oxide. Calcination of cobalt oxide and zinc oxides leads
to the formation of CoO-ZnO composite nanofibers having tunable diameters and
significant porous structures. We studied the properties of the CoO-ZnO composite
nanofibers fabricated, and specific dopants are used to improve the selectivity.

The sensitivity of the nanofibers over acetone gas at lower concentrations has been
examined, and the outcome of the fabricated nanofiber for sensing the acetone
levels in breath of diabetic patients is sensed in low concentrations.

2. Related works

Alali et al. successfully synthesized ZnO/CoNiO, hollow nanofibers by an electro-
spinning method and postcalcination treatment. ZnO/CoNio, hollow nanofibers
gave an excellent response to ammonia solution, and further a great enhancement
was achieved in ammonia sensing with these hollow fiber structures. ZnO/CoNio,
offered the best choice of ammonia-sensing materials by providing a response
of 40 at 80°C [19]. Sun et al. synthesized pure and Er-doped ZnO nanofibers by
electrospinning for high sensitivity detection of ethanol. They demonstrated that the
diameter of the ZnO nanofibers decreases from 200 to 70 nm with the increase of
Er content and the Er doping significantly increased the ethanol-sensing sensitivity
of ZnO nanofibers at an optimum operating temperature of 240°C. This research
also found that at the optimal Er content of 1.0 at%, the sensitivity of the nano-
fibers is 3.7 times larger than that of pure ones [20]. Wang et al. synthesized pure
and Cu-doped ZnO fibers through electrospinning technology. The results of this
research revealed that H,S gas-sensing properties of ZnO nanofibers were effectively
improved by Cu doping: 6 at% Cu-doped ZnO nanofibers showed a maximum sen-
sitivity to H,S gas, and the response to 10 ppm H,S is one order of magnitude higher
than the one of pure ZnO nanofibers [21]. ZnO nanofibers were fabricated by an
electrospinning method using a solution containing sol-gel precursors and solvent.
It had been observed that the crystallinity of ZnO nanofibers improved with the
increase in annealing temperature. The diameters of ZnO nanofibers after annealing
above 600°C ranged from 35 to 100 nm. This work also confirmed the fact that the
activation energy of ZnO nanofibers for electrical conduction was inversely propor-
tional to the annealing temperature, and they also showed CO gas-sensing capacity
at concentration as low as 1.9 ppm [22]. One-dimensional ZnO-SnO, hollow nanofi-
bers were synthesized by Shouli bhai et al. by one-step electrospinning method and
annealing treatment. The research depicted that the 20 atm% Zn composite not only
exhibits the highest response that is 9 and 5.2 times higher than that of pristine ZnO
and SnO,, respectively. It also exhibited rapid response, excellent selectivity, and
stability at low operating temperature of 90°C, thereby promising to be a sensing
material for the detection of NO, [23]. Pure and Ag-doped ZnO-SnO, hollow nano-
fibers had been synthesized through electrospinning method by Ma et al. The sensor
based on the Ag-doped ZnO-SnO, hollow nanofibers exhibited excellent gas-sensing
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performance at low operating temperature at 200°C and the fast response and
recovery characteristics at low concentration of 1 ppm. This demonstrated that
Ag-doped ZnO-SnO, could be used as a significant material for selective detection
of low-concentration ethanol gas [24]. Moghaddam et al. synthesized polythiophene
nanocomposite nanofibers containing ZnO nanoparticles through a self-assembly
process in the presence of CTAB as the surfactant. Gas-sensing tests showed that
the chemiresistor based on the as-prepared hybrid has high sensitivity, excellent
repeatability, long-term stability, and short response time to ammonia gas at room
temperature. ZnO/PT hybrid-sensing mechanism to ammonia gas was presumed to
be the effect of p-n heterojunction between ZnO nanoparticles and PT [25]. Nano-
crystalline ZnO nanofiber mats were synthesized through combined sol-gel electro-
spinning techniques followed by calcination in which poly (styrene-co-acrylonitrile)
and zinc acetate were used as the binder and precursor, respectively. The average
diameter of the ZnO nanofibers decreased from 400 to 60 nm, while their grain
size and crystallinity were enhanced by increasing the calcination temperature.

Due to their high surface area and superhydrophilicity, these ZnO nanofiber mats
were highly sensitive in sensing gaseous ammonia, and the sensitivity of these mats
increased as a function of their calcination temperatures [26].

3. Experimental
3.1 Preparation of Co-doped ZnO composite nanofibers

The fabrication of CoO-ZnO composite nanofibers was achieved by electrospinning
followed by calcination. In this 0.595 g of zinc acetate dihydrate and varied concentra-
tions of cobalt oxide in the ratio of 1, 3, and 5 wt% were added to 10 ml of dimethyl-
formamide solvent. All the reagents were purchased from Sigma-Aldrich Corporation.
The solution was magnetically stirred for 5-6 hours at room temperature; subsequently
1 g of polyvinylpyrrolidone (PVP) and 8 ml of were added to the mixture and kept for
further stirring of about 2-3 hours at room temperature. The resulting solutions were
electrospun using commercial electrospinning apparatus (EC-DIG Electrospinning,
IME Technologies). The composites were ejected from the needle of a syringe apply-
ing an electrical field, as high voltage of about 18 kV and at the needle with collector
distance of 20 cm. Composite nanofibers were collected in the stationary mode on the
surface of silicon substrates clamped on top of a conductive circular collector.

By modifying the solvent and the electrospinning parameters, different tests
were carried out to optimize the morphological properties of the synthesized
composite nanofibers. While decomposition, we employed a negative and positive
voltage between the needle and the substrates was 14-20 c¢m, and the flow of the
solutions were set to 5 pl/min. The deposition times were kept constant at 3 min.
The morphological characterization was performed by scanning electron micros-
copy (SEM) with a field emission gun. The atomic composition of the nanofibers
was analyzed by energy-dispersive X-ray (EDX) spectroscopy using a solid-state
detector. Gas-sensing performances are done at different temperatures like at room
temp, 50°C, and 100°C to find out the optimum operating temperature for detect-
ing acetone gas. The sensitivity studies of CoO-ZnO composite nanofiber were
carried out over different concentrations of acetone gas from 50 to 250 ppm.

3.2 Gas-sensing mechanism

When Zn and O combine, Zn loses two valence electrons to O; thus, due to loss
of an outer shell, the Zn atom shrinks in size, while O atom increases in size due
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to addition of an outer shell. The wide difference in size between zinc and oxygen
atom will allow large space while providing foreign atoms to incorporate. Cobalt
oxide-zinc oxide composite in the presence of ambient oxygen undergoes chemical
absorptive changes by capturing electrons in conduction band which is known as
recombination where oxygen molecule is adsorbed on its surface. This will decrease
the barrier height for electrons to transport there by reducing the resistance value.

Activation energy is required for adsorption and desorption of oxygen and
detection of gas. This in turn will control the recovery time and response as well.
Temperature plays a major role in controlling this mechanism. The basic sensing
mechanism in this thin-film sensors includes that at temperature which is less than
or equal to 100°C where the adsorption mechanism takes place, that is, acetone
gas passes over the sensing film oxygen molecules such as O,” will form and upon
increase in temperature it will gets modified to 20"and then O, . Then in the
presence of acetone gas, carbon dioxide gas is released and water and electrons are
gained. In oxidizing mechanism, O, atoms will be gained and in reduction mecha-
nism atoms will be lost.

Mostly semiconducting gas-detecting sensors, resistance will change according
to the adsorption and desorption of gas molecules on the surface of the thin film
[26-29]. The ZnO nanofibers in the presence of air ambience will absorb the oxygen
on the surface of the thin film. Later by collecting electrons from the conductance
band, the oxygen adsorbed is changed into various chemical states. Thus, the
nanofibers will show more resistance with the increment of the barrier height of e~
to move. Since the target gas acetone is a reducing gas, the oxygen which is adsorbed
on the surface will undergo oxidation with acetone. In this reaction resistance of
sensor will reduce when e enters the nanofibers as depicted in Figure 1.

The structure of the fibers plays a very vital role in getting sensitivity. Since the
ZnO thin films will have high surface to volume ratio will have high sensing perfor-
mance. Many earlier papers discussed about the ZnO thin film in sensing different
gases. In this case the electrospinning technique used to synthesize nanofibers
with various parameters will improve the sensor sensitivity for 5 wt% CoO-ZnO-
calcinated nanofibers. Cobalt oxide is preferred in here to increase the catalytic
conversion when compared with other dopants like Ni, Al, etc.

3.3 Fabrication of gas sensor

The calcinated sample in the form of thin film is fabricated to form a handheld
sensor for sensing the acetone gas. Here, the thin film is placed over a glass substrate
and upon the masks of desire pattern is placed as shown in Figure 2. The physical
vapor deposition technique, a thermal evaporation process, is followed for the
fabrication of the thin films. The masks were prepared by using Co, laser technique
of comb pattern using acrylic sheet. Later the mask is placed on the thin film and
these sensing materials are placed on the sample holder. Physical vapor deposition
technique is followed for vaporization of the thin films where higher pressure is
applied under higher temperature in a vacuum chamber. Indium electrodes were
fixed by microsoldering technique, and copper leads were separated from the
electrodes. The sensor is heated by placing upon a hot ceramic plate at 200°C.

Gas-sensing chamber has an inlet and an outlet chamber where the target gas is
sent through an inlet nozzle. The sample is placed inside the chamber, and the two
probes of electrometer were connected to the copper wires to measure the change
in the resistance variation. One of the input parameters is the input voltage of about
3v; accordingly corresponding change in resistance and time variation is noted by
injecting acetone of liquid form upon heating becomes gaseous state.
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Schematic sensing process of ZnO nanofibers.
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Figure 2.
Schematic of gas sensor.

The sensor resistances were calculated automatically by analysis system. The
acetone liquid was injected in different concentrations of about 10, 50, 100, 150,
200, and 250 ppm. According to the volume of the chamber, this conversion is
done, i.e., ml to ppm. This process is repeated at room temperature, 50°C, and
100°C by using ceramic heater to obtain the optimum temperature. The process is
repeated until the gas evaporates properly from the gas chamber. The sensitivity is
calculated by using the following formula:

S (%) = (R, - Rg/R,) x 100 (1)

R,—Resistance in air ambience.
R,—Resistance in the presence of target gas.



Multilayer Thin Films - Versatile Applications for Materials Engineering

4, Results and discussion

The morphological, structural, and thermal analyses are discussed in this
section.

4.1 Morphological analysis of the as-prepared Co-doped ZnO nanofibers

Typical scanning electron microscopy (SEM) images of the synthesized nano-
fibers of pure ZnO nanofiber and cobalt-doped composite nanofibers of purity in
the ratio of 1, 3, and 5 wt%, respectively, were shown in Figure 3. The nanofibers
have a random orientation, as expected, due to the instability of the electrospinning
jet. The EDX analysis (Figure 4) shows the presence of carbon, nitrogen, zinc,
cobalt, and oxygen coming from PVP, zinc acetate, and cobalt oxide, respectively.
The porosity of the electrospun mats is confirmed by detection of silicon signal
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Figure 3.
(a) Pure ZnO-calcinated fiber, (b) 1 wt% CoO-ZnO-calcinated nanofibers, (c) 3 wt% CoO-ZnO-uncalcinated
nanofibers, and (d) 5 wt% calcinated CoO-ZnO composite nanofiber.
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coming from the substrate. The diameter of the nanofibers fabricated appears to be
uniform, and it is also evident that it becomes thinner upon the increase of dopant
concentration, i.e., 1 wt% CoO, 2 wt% CoO, and 5 wt% CoO, respectively. This

is the result of addition of charges increased during the electrospinning process.
Furthermore, a typical EDX spectrum of the Co-doped ZnO nanofibers was
illustrated in Figure 4(d), which shows only the peaks associated with Zn, Co, and
O atoms (Cu is from copper mesh grids) were detected. Therefore, the nanofibers
were indeed Co-doped ZnO materials.

4.2 Thermogravimetric analysis of the as-prepared nanofibers

Thermogravimetric (TG) analysis was performed on a NET-ZSCH STA 449
thermo-analyzer in an air atmosphere. The precursor fibers of PVP/zinc acetate/
cobalt acetate composite produced after electrospinning must be annealed because
of its high contents of organic polymer and ethanol solvents in these nanofibers.
The thermal behavior of the precursor fibers of this composite is shown in Figure 5;
it illustrates that most of the organics belonged to PVP and the CH;COO group
and other volatiles (H,O, CO,, etc.) are detached at temperature < 600°C. Beyond
600°C, there is no change in weight loss, indicating the formation of pure inor-
ganic oxide. The XRD curve depicted in Figure 6 shows all the peak positions of
Co-doped ZnO nanofibers which suggested that Co is successfully incorporated into
the crystal lattice of ZnO which is reasonable given that the ionic radii of tetrahe-
drally coordinated Co** and Zn®* are similar.

4.3 Optical properties of the as-prepared nanofibers

Optical properties of ZnO nanofibers and Co-doped ZnO nanofibers have been
examined through Raman spectrometers and photoluminescence (PL). Figure 7
shows their typical PL spectra under an excitation wavelength of 325 nm; only
a broad and strong ultraviolet (UV) luminescence with a maximum at 375 nm
is observed. This ascribed to the near band edge emission of the wide band gap
zinc oxide. Compared to the spectrum of ZnO nanofibers formed under the same
experimental condition, the emission peak of Co-doped nanofibers is shifted about
10 nm toward longer wavelength significantly. ZnO powders are heavily doped by
donors like In, and it was interpreted as mainly due to the sp-d exchange interac-
tions between the band electrons and the localized d electrons of the Co** ions
substituting Zn ions. The s-d and p-d exchange interactions lead to a negative and a
positive correction to the conduction band and the valence band edges, resulting in
a band gap narrowing.

To confirm that the Co ions as the dopant were successfully incorporated
into the crystal lattice of ZnO, Raman scattering spectra of ZnO nanofibers and
Co-doped ZnO nanofibers were measured. As observed in Figure 8(a and b),
the Raman spectrum of the ZnO nanofibers exhibits a strong peak at 437 cm™},
which has been assigned to the vibration mode E, (H) characteristic of the ZnO
with hexagonal structure. The peaks at 330 and 379 cm™" are assigned to the
vibration mode 2E, and the A; (TO) mode, respectively. In comparison to the
Raman spectrum of ZnO nanofibers, most modes in Co-doped ZnO nanofibers
figure, expecting the A; (TO) mode is disappeared. The E2 (H) mode and the
vibration mode 2E2 broaden asymmetrically and shift toward lower frequen-
cies when the Co is doped. This is due to the broken symmetry induced by the
incorporation of Co dopants into the ZnO structure and could be explained by the
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Figure 4.
EDX analysis: (a) ZnO-calcinated fiber, (b) 1 wt% CoO-ZnO-calcinated nanofibers, (c) 3 wt% CoO-ZnO-
calcinated nanofibers, and (d) 3 wt% CoO-ZnO-uncalcinated nanofibers.
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Figure 5.
TG curves of precursor fibers of PVP/zinc acetate/cobalt acetate composites.
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Figure 6.
XRD of Co-doped ZnO nanofibers after calcination at 600°C.
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Figure 7.
PL structures of ZnO nanofibers (solid line) and Co-doped ZnO (dotted lines) after calcination at 600°C.

spatial-correlation model [30, 31]. Apart from these features, the Co-doped ZnO
nanofibers exhibit an unusual peak at 540 cm ™", which has been assigned to the
quasi-LO phonon mode (AM1) due to the abundant shallow donor defects, such
as oxygen vacancies or zinc interstitials bounded on the tetrahedral Co sites [32].
These results together confirm that Co was successfully doped into the crystal
lattice of ZnO nanofibers.

4.4 Gas-sensing performance analysis

Gas-sensing performances were performed at different temperatures of ambi-
ent, 50°C, and 100°C to find out the optimum operating temperature for the
detection of acetone gas. The sensitivity plots were measured for concentration of
acetone gas against purity of the CoO-ZnO nanocomposite fibers fabricated. The
sensitivity of the dopants was found to be increasing with increase in temperature
and increases with the increase in dopant concentration when compared with the
pure nanofibers.
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When the operating temperature is low, the activation energy used will be
reduced simultaneously, and in turn the response will be decreased. At the same
time, if the operating temperature used is very high due to the increased activation
energy, the adsorbed gas molecules will escape before the reaction occurs; thus, the
response will decrease too. In this chapter, 5 wt% calcinated CoO-ZnO nanofibers
at 100°C have high sensitivity when compared with other compositions like pure, 1,
and 3 wt%. Hence this sample can be improvised to make use in many applications
like diabetic’s detection where the ppm range should be between 1 and 3 ppm. The
base resistance, i.e., in the presence of air ambience, will increase and in the pres-
ence of acetone gas will increase. Since the acetone gas will evaporate if exposed to
air temperature, the gas injected should be properly according to time to time. The
ppm is calculated according to the gas chamber volume. According to the volume of
the gas chamber used in this chapter, the ppm is taken as 5 ml as 50 ppm. Acetone
is calculated in terms of parts per million. The main feature of this chapter is to
improvise the selectivity of acetone sensing with CoO-ZnO nanofibers.

Figure 9 shows the sensor sensitivity for pure ZnO nanofibers. In this plot the
sensitivity will increase linearly from 50 to 250 ppm with increase in the acetone
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Raman spectra of (a) ZnO nanofibers and (b) Co-doped ZnO nanofibers after calcination at 600°C.
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Figure 9.
Sensitivity plot for pure ZnO nanofibers.
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Sensitivity plots: (a) 1 wt% CoO-ZnO uncal, (b) 1 wt% CoO-ZnO cal, (c) 3 wt% CoO-ZnO uncalcinated,
(d) 3 wt% CoO-ZnO cal, (e) 5 wt% CoO-ZnO uncalcinated, (f) 5 wt% CoO-ZnO calcinated, and (g) 5 wt%
CoO-ZnO uncalcinated.
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concentration. Such linear sensitivity will be helpful in sensing gases like acetone.
When compared with that of the room temperature, pure ZnO nanofibers will show
high sensitivity at 100°C. The plot is between concentrations in ppm vs. sensitivity.

From Figure 10(a—g), the plots for 1, 3, and 5 wt% for both calcinated and
uncalcinated, the sensitivity will linearly increase with increase in concentration
and also increase if the dopant concentration increases along with the operating
temperature increases, i.e., at the 100°C temperature.

The above plot gives details about sensitivity plot for 5 wt% CoO-ZnO-
uncalcinated nanofibers at concentration from 1 to 5 ppm where the linearity incre-
ment will be there from 3 to 5 ppm which is helpful in many applications in medical
field like in diabetic’s detection.

5. Conclusion

SEM analysis is used to determine the composition, structure, and surface
morphologies of fibers. The amount of acetone in ppm range is detected. The
sensitivity, change in resistance, and variation of calcinated and uncalcinated
fibers were analyzed. The analyses which were taken from these results, that is,
change in calcinated nanofibers, show more response to acetone when compared
with uncalcinated nanofibers. The reason behind this kind of statement is PVP
decomposed on calcination and hence it shows more resistivity, whereas in the
case of uncalcinated fibers, PVP will not allow the zinc oxide to respond. From the
sensitivity plots, we note that sensitivity increases when the doping concentration
increases but also increases in the case of calcinated fibers. This chapter will discuss
the pure, 1, 3, and 5 wt% CoO-ZnO nanofibers for acetone detection. The results
give information that 5 wt% CoO-ZnO nanofibers will improve the acetone-sensing
performances efficiently even if the atmosphere is complicated. These results will
be helpful in many acetone gas-sensing applications widely.
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