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A B S T R A C T   

Herein, we explore the multifunctional potential of ZnO nanostructures obtained via the microwave-assisted 
hydrothermal (MAH) method using a single synthesis route in the presence of CTAB. The ZnO samples were 
characterized by X-ray diffraction (XRD), Infrared Spectroscopy, Field Emission Gun Scanning Electron Micro-
scopy (FEG-SEM), Transmission Electron Microscopy (TEM), photoluminescence properties (PL), as well as their 
photocatalytic activity and gas sensing response. XRD indicated that the ZnO nanostructures are free from im-
purities and crystallize in the hexagonal structure. FEG-SEM and TEM showed that rod-like ZnO nanostructures 
were obtained. Photoluminescence results indicate that the commercial ZnO sample has a higher bandgap and a 
more disordered crystalline structure compared with the ZnO nanostructures. The nanostructures presented 
superior photocatalytic performance, reaching 50% rhodamine 6-G photodegradation in 17 min, while the 
commercial sample took 43 min to reach the same value. The sensor film prepared from the ZnO nanostructures 
showed a fast response time of 10 s to 20 ppm of CO. The photocatalytic and gas sensing performances of the 
nanostructured ZnO highlights the multifunctional character of the nanostructures prepared via the MAH method 
and their potential for environmental applications such as water purification and air monitoring.   

1. Introduction 

Over the last decades, industrialization and urbanization growth 
have intensified water and air pollution, especially in densely populated 
areas. The implications of the constant emission of pollutants into the 
environment are alarming: cardiorespiratory and cardiovascular dys-
functions, stillbirth, impaired mental health, and disease proliferation 
are some of the consequences [1–3]. Therefore, the demand for 
environment-friendly policies and technologies able to remediate, 
reduce, or prevent pollution have increased significantly, being nano-
technology a distinct and up-and-coming field of research. Nano-
structures have appealing advantages over conventional materials, such 
as small particle size, wettability, high surface energy, high reactivity, 
scalable fabrication, and high surface to volume ratio [4,5]. Particularly, 
the specific surface area of nanostructures is several orders of magnitude 
larger than in bulk materials, which increases their reactivity and make 
them attractive for catalytic applications. Large specific surface area is 
also crucial for gas sensing devices due to the availability of multiple 
adsorption sites for molecules of the target gas. In addition, the vast 

array of morphologies makes nanostructured materials a technological 
interest in many areas [6]. 

Among the numerous metal oxides explored throughout the years, 
the zinc oxide (ZnO) stands out due to being eco-friendly, low cost, non- 
toxic, possessing high electron mobility, wide bandgap (3.37 eV), and 
chemical stability, along with a variety of possible morphologies, size 
distributions and fabrication methods [7,8]. These properties highlight 
the multifunctional character of ZnO and its extensive list of applica-
tions, from bio and gas sensors to photocatalysis and optical devices 
[4,9,10]. As an attempt to enhance the performance of ZnO for specific 
purposes, several morphologies are being discussed in the literature. For 
instance, Zhu et al. [10] used the conventional hydrothermal method to 
synthesize different ZnO nanostructures by controlling parameters such 
as surfactant and mineralizer. They succeeded in obtaining nano-
particles, nanoplates, and nanoflowers and demonstrated that the gas 
sensing performance depends on the morphology. Suwanboon et al. [9] 
also proved the importance of nanostructures to the photocatalytic ef-
ficiency and antibacterial activity of ZnO. As can be seen, nano-
structured zinc oxide is an attractive material regarding its ability to 
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sense toxic and flammable gases (NO2, CO, ethanol, H2, ozone, etc.) 
[7,10–13] as well as purifying water from contaminants by photo-
catalytic processes [14], proving to be a valuable resource against air 
and water pollution. However, we are not aware of any scientific papers 
exploring the multifunctional potential of ZnO nanostructures obtained 
by the facile microwave-assisted hydrothermal method using a single 
synthesis route. 

The synthesis method plays a critical role in the development of 
crystals and can diminish the ZnO potential due to the formation of 
undesired by-products, high defect density, or poor control of the 
nanostructure’s characteristics [15]. Therefore, the microwave-assisted 
hydrothermal (MAH) method emerges as an advantageous synthesis 
route, capable of providing high-quality nanostructures, with good 
control over particle size distribution, chemical composition, phase 
formation, and morphology [16]. In the MAH synthesis, the nucleation 
of crystals starts once the ZnO concentration reaches supersaturation as 
a result of the dehydration of Zn(OH)4

-2, which is the growth unit of ZnO 
nanoparticles [17–19]. In this way, the fast growth of ZnO nanocrystals 
leads to reduced specific surface areas and faces whose normal di-
rections correspond to slow-growing dominate the final morphology 
[20–22]. Also, in the MAH method, the reaction takes place in a sealed 
autoclave, which prevents the release of chemicals into the air or water. 
Alongside other noticeable qualities such as low energy consumption, 
low cost, rapid volumetric heating, short reaction time, and high yield, 
the MAH method is a green approach to synthesize ceramic nano-
structures [11,16]. CTAB is a cationic surfactant widely applied in the 
synthesis of nanomaterials, composed of a positively charged head and a 
long hydrophobic tail. It interacts electrostatically with Zn(OH)4

− 2, 
acting as a template for the growth of the nanostructures. Also, CTAB 
can form micelles in solution, playing a significative role in the prop-
erties and final morphology. Herein we report the use of CTAB combined 
with the microwave-assisted hydrothermal method to synthesize ZnO 
nanostructures and the analysis of their performance as a multifunc-
tional material for carbon monoxide sensing and photocatalytic degra-
dation of rhodamine 6-G. This research focuses not only on the synthesis 
and characterization but also on the relationship between structural 
defects and the sensor and photocatalytic properties of the nano-
structures obtained at a low soaking time when compared with previous 
results [9,10]. 

2. Experimental procedure 

2.1. Synthesis and characterization of the ZnO nanostructures 

A quantity of 5 × 10− 3 M of zinc acetate dihydrate (Zn 
(CH3COO)2⋅2H2O) was dissolved in a 2 M KOH (Merck P.A.) aqueous 
solution. After stirring for 15 min, 4.5 g of cetrimonium bromide (CTAB) 
was added to the solution and then transferred into a sealed Teflon 
autoclave and positioned in a hydrothermal microwave reactor (2.45 
GHz, 800 W). The reactional system was then heat-treated at 120 ◦C for 
8 min at a heating rate of 10 ◦C/min [11]. After the autoclave naturally 
cooled to room temperature, the resultant product was collected, 
washed multiple times with distilled water, and dried at 80 ◦C in an 
oven. 

The obtained ZnO nanostructures were characterized by X-ray 
diffraction (XRD) using a Rigaku - DMax/2500PC diffractometer and Cu- 
Kα radiation (λ = 1.5406 Å) in the 2θ range from 20 to 80◦. Scherrer’s 
equation (d = kλ/βcosθ) was used to calculate the crystallite size (d) of 
the sample, where k is a constant, λ is the wavelength of the Cu-Kα ra-
diation, β is the full-width at half maximum (FWHM) for the (101) 
reflection and θ is the diffraction angle of the main peak. The Fourier- 
transform infrared spectroscopy (FT-IR) spectrum was recorded to 
analyze the structural changes occurring during the MAH synthesis 
using the KBr pellet technique with a Bruker Equinox-55 equipment. The 
morphology of the ZnO nanostructures was observed using field emis-
sion gun scanning electron microscopy (FEG-SEM) with a Supra 35-VP 

(Carl Zeiss, Germany) microscope. Specimens for transmission elec-
tron microscopy (TEM) were obtained by drying droplets of as-prepared 
samples dispersed in an ethanolic solution, which had been sonicated for 
5 min onto 300 mesh Cu grids. TEM, HRTEM images were then taken at 
an accelerating voltage of 200 kV on a Philips model CM 200 instrument. 
Photoluminescence spectroscopy (PL) was used to investigate the elec-
tronic transitions and the nature of defects within the samples. A 355 nm 
laser coupled to a mono-optical fiber was used as an excitation source, 
focusing the beam on the sample with a 1.6 mm spherical lens focus and 
0.64 numerical aperture. Neutral density filters were used to control the 
laser power. The luminescence was collimated by the same lens and 
projected on a 50 μm multimode optical fiber. The emission spectra were 
deconvoluted using PeakFit v.4 software and fitted with Voigt area 
function. 

2.2. Photocatalytic activity of the ZnO nanostructures 

The photochemistry performance of the ZnO nanostructures was 
evaluated and compared to commercial ZnO purchased from Merck 
(99.98% purity). Tubes of 80 ml containing 1 mg of ZnO for every 1 ml 
were employed and immersed in an ultrasound bath (Glue 8850) for 
powder deagglomeration, leading to suspensions with high solid particle 
concentration. These suspensions presented 0.01 mM of rhodamine 6-G 
(Sigma P.A.). Therefore, all degradation process is carried out through 
the photocatalytic reaction of ZnO. To study the mechanism of action of 
the photocatalysts under the conditions described above, scavengers 
were added before the ultrasound bath: 1 mmol/disodium EDTA as an 
electronic hole scavenger (h+), 1 mmol/L p-benzoquinone as a super-
oxide radical scavenger (O2

•− ) and 200 mmol/L of isopropanol as a hy-
droxyl radical scavenger (OH•). P-Benzoquinone captures the 
photogenerated free electron and stabilizes it by resonance, preventing 
the formation of superoxides and hydroxyl radicals. The characteristic 
spectrum of the rhodamine 6-G (R6-G) displays an intense absorbance 
peak around 500 nm. The R6-G presence in the solution supplies an 
intense red-orange coloration. Its high absorptivity molar value (87.000 
M− 1 cm− 1) allows measuring the absorbance of specimens in solution 
even at low concentrations. Photocatalytic test measurements were 
performed from 0 to 16,000 s. 

Absorbance data as a function of time were obtained from a light 
bulb that emits light in the ultraviolet region. Absorbance was moni-
tored by means of 3 ml aliquots removed at different times. The data 
were acquired in a spectroscopy VARIAN model 5G. The suspensions 
were centrifuged (Fanem Ltda - Model 205N) to prevent light scattering 
during the experiment. 

The specific speed constant (k) was obtained considering that 
electron-hole pairs are created by photons with energy superior to the 
bandgap energy, which promotes electrons to the valence band (VB) and 
leaves holes in the conduction band (CB), respectively. Therefore, the 
particular energies of these electrons and holes compared to an elec-
trolyte allows the photoreaction to take place [23]. 

As with all heterogeneous catalysis reactions, the photoreactions in 
our research can be described as a first-class reaction. In this way, 
changes in the reactant concentration can be represented by a first-class 
equation of exponential decline, as represented by the Eq. (1). 

A = A0e− kt (1)  

where A is the concentration of the reacting species, A0 is a daily pay- 
exponential constant, t is the reaction time, and k is the specific speed 
constant. The global reaction can be represented by: 

R6 − G+ Surface →k R6 − G* +Surface* (2)  

and the first-order speed reaction can be represented by the relationship: 

v = k[A] (3) 
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Considering that the concentration of reactant species decreases with 
time: 

v = −
d[A]
dt

(4)  

and 

A = εbc. (5)  

where A the absorbance, b the optic way, c the concentration of the 
species, and ε the molar value of absorptivity. 

Eq. (1) is obtained by integrating Eq. (5), in which A0 is identified as 
the initial concentration of the reactant. Therefore, from this relation 
and using the absorbance value, it is possible to measure the specific 
speed constant for the reaction containing different oxides. 

2.3. Fabrication, characterization and gas sensing response of the thick 
films prepared from the ZnO nanostructures 

The nanostructured ZnO powder obtained by the MAH method was 
used to prepare thick films via the screen-printing technique, which is 
based on a paste prepared by mixing the nanostructured ZnO powder 
and an organic binder (glycerol) with a powder/binder ratio of 0.6 g/ 
mL. The substrates on which the paste was deposited consisted of 96% 
dense insulating alumina with interdigitated electrodes delineated by 
sputtering. Once deposited, the thick films were heat-treated at 380 ◦C 
for 2 h in dry air atmosphere [24] to evaporate the binder. The electrical 
characterization was performed in a dry air, vacuum, and CO atmo-
spheres in function of temperature and time in an optoelectronic device 
consisting of a closed chamber. Three cycles of heating in vacuum were 
done to assure the complete volatilization of humidity. The CO sensing 
tests were performed at 300 ◦C using a 20 V d.c. voltage. The sensor 
response was analyzed applying four different CO concentrations: 5, 10, 
15, and 20 ppm. Conductance-time measurements were taken using a 
stabilized high voltage source measuring unit (Keithley, model 237) 
with a 1 s delay. 

3. Results and discussion 

3.1. Characterization of the ZnO nanostructures 

3.1.1. X-ray diffraction (XRD) analysis 
The ZnO nanostructures (Fig. 1a) were analyzed using XRD, which 

shows the formation of completely crystalline hexagonal ZnO (space 
group P63mc) in agreement with JCPDS card number 036-1451 [25]. 
No impurities or secondary phases were found. The narrowness of the 
peaks indicates good crystallinity, demonstrating the long-range peri-
odicity of the zinc oxide obtained via the MAH method. The average 
particle size (d) of the nanostructures calculated based on Scherrer’s 
equation is 3.9 nm. Evidence of the complete transformation of Zn(OH)x 
into ZnO is that the precursor, zinc acetate, is easily dissociable in water 
and the formed Zn4+ ions react spontaneously with KOH, producing a 
highly exothermic reaction. At the same time, potassium acetate 
(CH3COOK) is formed as a by-product, which surrounds Zn(OH)x and 
avoids its overgrowth, leading to nanostructures with a rather small 
particle size distribution. Finally, the oxidizing atmosphere dehydrates 
the intermediate Zn(OH)x to ZnO. 

3.1.2. FT-IR analysis 
The presence of hydroxyl groups and other inorganic or organic 

contaminants in the ZnO sample was investigated by Fourier-transform 
infrared spectroscopy (FT-IR) in the mid-infrared range, from 400 to 
4000 cm− 1 (Fig. 1b). Characteristic O–H vibration modes attributed to 
absorbed water molecules on the sample’s surface were found at 3400 
ad 1600 cm− 1 [26]. The bands at 2300 and 1000 cm− 1 corresponds to 
the C=O vibration mode of CO2 present in the air. The FT-IR modes at 

900, 1000, 1350, and 1500 cm− 1 are similar to those of ZnO nano-
particles [26]. The intense wide band below 700 cm− 1 belongs to the 
Zn–O–Zn vibration modes. The strong absorption bands at 400–600 
cm− 1 are due to the bending (δ) and stretching (ν) of Zn–O, which are 
characteristic of the tetrahedral groups (ZnO4) in the sample. No traces 
of contaminants or impurities from raw precursor and the surfactant (C, 
H, Br, and N bonds) were found, indicating that the MAH method allows 
obtaining nanostructures at low temperatures and short soaking time. 

3.1.3. Morphological analysis of the ZnO nanostructures 
As shown in the transmission electron microscopy (TEM) in Fig. 2a, 

typical nanorod morphology was formed for the ZnO sample. The inset 
on the bottom left corner illustrates the field emission gun scanning 
electron microscopy (FEG-SEM). The nanorods exhibit hexagonal cross- 
section and weak aggregation, which is an indication that Van der Waals 
forces are reduced. Also, the sample presented homogenous size distri-
bution, with 50–400 nm in width and about 1 μm in length. The nano-
rods grew preferably in the (101) and (100) orientations, suggesting 
there is a certain preference for the growth of the nanostructures in the 
h00 axis. This is associated with the displacement of the ZnO mode to 
lower energy, giving freedom to the structure and to greater relations of 
oxygen vacancies. Fig. 2b depicts the atomic resolution image of the 

Fig. 1. XRD (a) and FT-IR (b) pattern of the ZnO nanorods obtained in the 
hydrothermal microwave method at 120 ◦C for 8 min. 
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sample, in which the interplanar distances (d) for the (100) and (001) 
planes are 0.282 and 0.541 nm, respectively. These values are compat-
ible with the JCPDS card 036-1451 and assure the high crystallinity of 
the ZnO phase, as described previously in the XRD analysis. In other 
words, the MAH method allows the formation of a long-range ordering 
of the ZnO hexagonal crystalline structure. During the MAH synthesis, a 
large amount of nucleation sites is present in the solution, and consid-
ering that it is highly diluted, as the reaction continues, there are not 
enough reactants left to contribute to the growth of the particles. 
Therefore, the mean particle size distribution of the nanostructures is 
limited, preventing their overgrowth. Moreover, the MAH method pro-
vides rapid heating and increased mobility for the ions and molecules in 
the solution, which accelerates them to high velocities, promoting 
higher collision rate and better effective fusion at the collision point 
[17,27]. Furthermore, the rapid growth of the particles leads to the 
formation of Zn and O vacancies, which might contribute to different 
size distributions. 

Fig. 3 illustrates the possible growth mechanism of the ZnO nanorods 
during the MAH synthesis. In the hydrothermal solution, Zn(OH)4

2−

anions are formed after the addition of KOH to a zinc acetate dihydrate 
solution. CTAB is a cationic surfactant that dissolves completely in 
water, resulting in CTA+ cations consisting of long hydrophobic tails and 
positively charged hydrophilic heads. Then, when added to the hydro-
thermal solution, these cations will interact electrostatically with Zn 
(OH)4

2− and form ion-pairs. Due to its hydrophobic/hydrophilic char-
acteristics, the surfactant tends to aggregate in water in the form of 
micelles. The micelle’s shape determines the final morphology of the 
nanostructure. Therefore, the formation of rod-like shaped micelles will 

lead to rod-like nanostructures. The presence of CTAB also reduces the 
surface tension of the solution, allowing the crystallization of the ZnO 
phase with lower energy requirements, that is, at lower temperatures 
and short reaction time [28,29]. Moreover, the microwave radiation acts 
directly on the permanent dipole of water and enhances the crystalli-
zation kinetic behavior by one or two orders of magnitude [30]. 

3.1.4. Photoluminescence analysis of the ZnO nanostructures 
Photoluminescent emissions result from the electromagnetic radia-

tion released by electronic transitions between an excited energy state 
and the fundamental state of an electron [31]. These emissions depend 
on structural distortions and defects, which create localized energy 
levels inside the bandgap and increase the radiative contribution with 
the energy difference between these levels [32]. Therefore, the struc-
tural order-disorder degree is inversely proportional to the recombina-
tion rate of excitons, increasing the emission intensity [33]. In 
photocatalysis, the electron-hole recombination rate is a crucial 
parameter since low recombination rates increase the number of charge 
carriers available to initiate oxireduction reactions of dissolved species 
and organic compounds. Mono (V∙O) and doubly ionized (V∙∙O ) oxygen 
vacancies are structural defects mostly related to the wide-range emis-
sion in the visible spectrum. These two vacancies capture and trap 
excited electrons during their decay, resulting in the emission of specific 
photons with wavelengths equivalent to the energy difference between 
the electronic levels. 

In the photoluminescence spectra of the nanostructured ZnO (Fig. 4), 
the blue (472 nm) and green (555 nm) bands correspond to 20 and 42% 
of the emissions, respectively. Both bands are related to the presence of 
mono-ionized oxygen vacancies. These defects, known as shallow de-
fects, are localized close to the conduction or the valence band and 
represent high energy emissions (blue and green) [34]. On the other 
hand, small energy emissions (red) correspond to the direct radiative 
decay of excitons [35]. An increase in the emission percentage of the red 
region compared to the blue region indicates a lower proportion of de-
fects inside the bandgap able to inhibit the direct recombination, which 
results in a higher emission percentage of these states in the total 
emission of the sample. Also, we can see a low-intensity emission at 796 
nm. Doubly ionized oxygen vacancies are energetically close to the 
Fermi level and correspond to low energy emissions in the yellow-red 
regions [36], being classified as deep defects. In the photoluminescent 
spectrum of the commercial ZnO – besides emissions in the blue (469 
nm), green (555 nm), and red (694 nm) regions –, two additional intense 
bands appear at 627 nm and 776 nm, with 28 and 17% of the total 
emission, respectively. This broader spectrum of the commercial sample 
with a higher contribution of oxygen vacancies to the emission spectrum 
can be associated with a higher bandgap value. 

Fig. 2. TEM micrography of the ZnO nanorods obtained via MAH method at 120 ◦C for 8 min. Inset illustrates the FEG-SEM image of the nanorods.  

Fig. 3. Schematic diagram showing the growth of the ZnO nanostructures in 
the presence of CTAB during the MAH synthesis. 
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From such results, we conclude that the bands observed in the 
photoluminescent spectrum are associated with the direct recombina-
tion of electrons in the Zn 4p conduction band with holes in the O 2p 
valence band. The broad emission band suggests the presence of many 
point defects, such as oxygen vacancies. The higher intensity emission 
spectrum of the commercial ZnO indicate that it has a more disordered 
crystalline structure than the nanostructured ZnO. We discarded tran-
sitions involving interstitial oxygen ions due to the absence of a pho-
toluminescent band associated with the yellow emission around 2.18 eV. 

3.2. Photocatalytic activity of the ZnO nanostructures 

The decay spectra corresponding to the rhodamine 6-G (R6-G) 
degradation in the presence of nanostructured and commercial ZnO are 
shown in Fig. 5. Due to the photocatalytic action of ZnO, the decom-
position of the R6-G molecule was clearly observed. The nanostructures 
(Fig. 5a) presented higher photocatalytic activity when compared to the 
commercial sample (Fig. 5b), which may be due to the accumulation of 
electrons and recombination time of electron-hole pairs in the nano-
structures. There are two main routes responsible for the photo-
degradation of dyes such as rhodamine 6-G: (1) direct oxidation by 
charge transfer between dye and formed holes (h•) or photoelectrons (e′) 
in the semiconductor or (2) by the creation of reactive oxygen species 
such as OH radicals (OH*) and superoxides (O2H*). Electron-hole pairs 
are created by irradiating the semiconductor with an electromagnetic 
radiation source with energy superior or equal to its band gap energy, 

which excites electrons to the conduction band and leaves electronic 
holes in the valence band. Then, electrons can react with oxygen species 
to form superoxide radicals (O2

•− ), just as electronic holes (h+) can react 
with water or adsorbed hydroxyl ions generating hydroxyl radicals 
(OH•). These three chemical species have a photocatalytic effect on R6-G 
discoloration, according to Eqs. (6)–(13):  

Photocatalyst + hυ → Photocatalyst (e− CB + h+VB)                              (6)  

Photocatalyst (e− CB) + O2 → Photocatalyst + O2
•− (7)  

Photocatalyst (h+VB) + H2Oads → Photocatalyst + H+ + OH•

ads             (8)  

Photocatalyst (h+VB) + OH−
ads → Photocatalyst + OH•

ads                     (9)  

Photocatalyst (h+VB) + R6-G → R6-G•

+ R6-G oxidation                    (10)  

OH•

ads + R6-G → R6-G discoloration                                               (11)  

O2
•− + R6-G → R6-G discoloration                                                   (12)  

e− CB + h+VB → heat                                                                     (13) 

Scavenger tests were performed to compare the photocatalytic action 
of the species. Table 1 shows the photocatalytic activity of commercial 
and nanostructured ZnO when EDTA-Na2, isopropanol, and p-benzo-
quinone were used as electronic hole (h+), hydroxyl (OH•), and super-
oxide (O2

•− ) radical scavengers, respectively. The percentages were 
calculated based on 120 min of reaction time. The use of EDTA-Na2 and 

Fig. 4. Deconvolution of the photoluminescence spectra and emission percentage of the ZnO nanostructures (a) and the commercial ZnO (b).  
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isopropanol led to a dye discoloration reduction of approximately 40%, 
demonstrating that both h+ and OH• species have similar activity. 
Among the photogenerated species, the superoxide radical (O2

•− ) pre-
sented the most relevant reduction in discoloration (~27%). Our results 
are in agreement with the study performed by Liu [37], which has also 
shown the superoxide radicals as the most photoactive species, unlike 
the findings previously reported by other authors [38–41]. 

The photocatalytic mechanism of ZnO is based on the adsorption of 
water molecules in its surface, promoting different types of radicals and 
leading to high photocatalytic activity, which is attributed to the indi-
rect sensitization of the rhodamine 6-G. In this case, electrons are 
transferred from the dye to the conduction band and then interact with 
the adsorbed species on the catalyst surface, producing radical species 

that act on dye degradation [42]. The electrons injected into the con-
duction band of the photocatalyst play a significant role in the formation 
of superoxide radicals, which in turn can create hydroxyl radicals, ac-
cording to Eqs. (14)–(20):  

R6-G + hν → R6-G + + e− (14)  

e− + Photocatalyst → Photocatalyst (e− CB)                                        (15)  

Photocatalyst (2e− CB) + O2 + 2H+ → H2O2 + Photocatalyst               (16)  

2O2
•− + 2H+ → H2O2 + O2                                                             (17)  

H2O2 + Photocatalyst (e− CB) → OH● + OH- + Photocatalyst              (18)  

H2O2 + O2
•− → OH•

+ OH− + O2                                                   (19)  

H2O2 + hν → 2OH• (20) 

The photocatalysis data indicate that the growth of zinc oxide crys-
tals in the presence of surfactant generated defects which acted as 
trappers of the charge carriers, increasing the recombination time of the 
photogenerated exciton. As CTAB has a higher boiling point than water, 
it is reasonable to assume that CTAB will attach to the nanostructures, 
leading to a product with hydrophilic characteristics and many nucle-
ation sites with uniform size and controlled morphology. Consequently, 
the surfactant-assisted synthesis changes the structural defects or creates 
additional states localized inside the bandgap. 

Therefore, photocatalysts whose excitons are separated by a longer 
energetic gap tend to be more photoactive since recombination is ther-
modynamically more difficult, increasing recombination time. That in-
dicates the possible paths of exciton recombination for the 
nanostructured ZnO while those related to the commercial sample limit 
the paths of recombination of the e-/h+ pair. Photogenerated carriers are 
created upon the incidence of radiation on a photocatalyst species, 
causing the oxidation of dyes and other organic pollutants following 
their adsorption on the photocatalyst surface. The oxidation process can 
be direct or indirect. The direct oxidation promotes degradation through 
electron transfer between the organic compound and the semi-
conductor’s surface. The indirect oxidation – the most common degra-
dation mechanism – is controlled by photogenerated carriers such as 
OH* radicals, which are formed by the oxidation of water or hydroxyl 
ions adsorbed on the photocatalyst surface. 

The absorbance decay of the R6-G molecule as a function of time in 
the ultraviolet light region for the nanostructured and commercial ZnO 

Fig. 5. Concentration decay spectra of the R6-G molecule as a function of 
different time intervals in the ultraviolet light region for the ZnO nanostructures 
(a) and commercial ZnO (b). 

Table 1 
R6-G discoloration after 120 min under UV light using ZnO nanostructures and 
commercial ZnO with and without scavengers.  

System ZnO nanostructures (% disc.) ZnO (Merck) (% disc.) 

Without scavenger 86.0 82.2 
(- h+) 51.2 42.7 
(- OH•) 48.4 39.9 
(- O2

•− ) 27.3 24.4  

Fig. 6. Absorbance decay for the R6-G molecule as a function of time in the 
ultraviolet light region at 560 nm for the ZnO nanostructures and commer-
cial ZnO. 
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is illustrated in Fig. 6. The absorbance decay is sharper for the nano-
structured sample, indicating its fast photodegradation of the R6-G 
molecule. Indeed, commercial ZnO took 43 min to reach 50% R6-G 
degradation, while nanostructured ZnO took only 17 min. This con-
firms our previous observation that the nanostructures obtained by the 
MAH method have higher activity than the commercial ones due to the 
electrons injected into the photocatalyst, which leads to superoxide 
radicals as OH* and O2H* as well as charge transfer between the organic 
compound and formed holes (h•) or photoelectrons (e′) in the material. 

The normalized speed constant (k) values to the surface area are 
presented in Table 2. The availability of adsorption sites on a semi-
conductor’s surface increases proportionally with the specific surface 
area (SSA), consequently improving the photocatalytic performance and 
reaction speed. It becomes clear by analyzing Table 2 that the ZnO 
nanostructures performed better than the commercial sample due to 
superior k values and higher SSA, a behavior noticed even without 
normalization. 

The better photocatalytic performance of the ZnO nanostructures 
obtained by the MAH method can be associated with its SSA as well as 
the reduction of the bandgap energy. Defects and morphology are other 
factors that certainly contribute to the photocatalytic activity. Factors 
such as surface energy and adsorption of the reacting species must be 
decisive for the observed improved performance. One advantage to 
employ ZnO nanostructures in photocatalytic reactions is the method of 
synthesis. By carefully controlling the pressure, time, surfactant, and 
crystallization temperature it is possible to tune the properties of the 
samples in the hydrothermal microwave reactor and design nano-
materials with better photocatalytic performance. 

The optical band gap energy (Egap) was calculated by the method 
proposed by Kubelka and Munk [43], as previously described by the 
group [11]. Fig. 7 illustrates the UV–Vis spectra and the estimated direct 
Egap of nanostructured and commercial ZnO with an uncertainty of 0.05 
eV. The Egap of the nanostructured sample is lower than those synthe-
sized by different methods [44]. In addition, the energy gap for the 
commercial ZnO is slightly higher. The intrinsic bandgap can be repre-
sented as an intermediate energy level between the VB and the CB of 
ZnO. These results confirm that the modification of the Egap is associated 
with the visible active nanostructures through UV–vis spectra shoulders 
in the visible region. However, the main changes in the optical energy 
gap can be associated with structural defects or additional states local-
ized inside the bandgap. These defects might result from two factors: 
changes in the surface area and distinct types of oxygen vacancies. An 
increase in the number of defects leads to the formation of localized 
states within the bandgap due to the corresponding increase of va-
cancies. This behavior is an indication that these samples present a 
certain structural disorder degree. 

3.3. Characterization and sensor response of the thick films prepared 
from ZnO nanostructures 

3.3.1. FEG-SEM analyses 
The FEG-SEM micrography of the thick film (Fig. 8) shows that the 

nanostructures tend to form large agglomerates, possibly due to Van der 
Waals forces arising from hydroxyl groups introduced by the organic 
binder (glycerol) during the film preparation. The transversal section of 
the film (inset in Fig. 8) shows that its thickness is about 20 μm. To 

minimize surface energy, the primary nanostructures in the hydrother-
mal solution tend to form approximately spherical agglomerates with 
reduced surface/volume ratio, therefore minimizing the surface free 
energy. The reactions taking place during the MAH synthesis can be 
described by “dissolution and crystallization” processes. The Zn(OH)x 
formed during the mixing of the precursors dissolves by the action of 
KOH and reacts at high pressures and temperatures, resulting in the 
precipitation of insoluble ceramic nanostructures. 

3.3.2. Sensor properties 
For an n-type semiconductor, three different types of oxygen species 

will form on the surface depending on the temperature: O2
− (below 

100 ◦C), O− (between 100 and 300 ◦C), or O2− (above 300 ◦C). These 
species react with CO to form CO2, which increases the conductivity of 
the sample. Therefore, higher temperatures lead to high sensitivities to 
the target gas since more electrons are involved in the reaction. As 
illustrated in Fig. 9, when the oxygen molecules adsorb (step 1) onto the 
surface of the ZnO nanorods, they trap electrons from the conduction 
band (step 2) to form oxygen species (step 3), thus reducing the number 
of charge carriers (e‑) available and decreasing the conductivity. 

Table 2 
Normalized k values by the specific surface area of the samples and its average 
quadratic error.  

Systems k (s¡1) £
10-4 

k (g/m2s) 
£ 10-6 e2Ấx 

10-3  

Specific surface 
area (m2/g) 

Commercial ZnO 2.84 2.47 14.6 9.2 
Nanostructured 

ZnO 
8.96 7.17 6.74 10.8  

Fig. 7. Diffuse reflectance spectra of the ZnO nanostructures and the com-
mercial ZnO. 

Fig. 8. Schematic diagram showing the resistance variation of the nano-
structured ZnO film during interaction with gas molecules. 
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Contrarily, the reaction with CO (step 4) extracts adsorbed and diffused 
oxygen species (step 5) from the sample, releasing the previously trap-
ped electrons back to the conduction band (step 6), thus increasing the 
conductivity. The conductivity variation of ZnO when exposed to CO 
provides a measurable response, allowing the detection of this highly 
toxic gas. 

It is common knowledge that an oxygen vacancy acts as an electron 
donor, and its presence tends to increase the conductivity of the sample. 
Consequently, when all the adsorbed oxygen is consumed in the reaction 
with CO, diffused oxygen moves out of the grains to keep the reaction 
going. This process increases the number of oxygen vacancies, which in 
turn increases the conductivity. This behavior is strongly associated with 
the effect of the oxygen adsorption onto the surface on the potential 
barrier height (PBH) of the sample. The PBH acts as an obstacle to 
electron mobility inside the semiconductor, and oxygen adsorption 
tends to increase the PBH, resulting in low conductivity. Besides, oxygen 
diffusion into the grains (a process that also reduces the conductivity of 
the sample) is not relevant at temperatures below 270 ◦C, and the 
conversion rate of CO to CO2 intensifies from 200 to 350 ◦C. Therefore, 
we can assume that this reaction is favored as temperature and CO 
concentration increase, resulting in a more conductive sample. 

The sensitivity (S) to a particular gas is defined by S = Rgas/Rvac, 
where Rgas is the film’s electrical resistance when exposed to the target 
gas (air, O2, or CO) after reaching equilibrium, and Rvac is the film’s 
electrical resistance in vacuum conditions. To determine the working 
temperature (the temperature in which the sensitivity to CO is the 
highest) of the nanostructured ZnO films, we monitored their sensitivity 
to air and CO as a function of temperature, as shown in Fig. 10a. The 
sensitivity to CO (RCO/Rvac) reaches its peak around 350 ◦C, which we 
determined as the working temperature for the nanostructured ZnO 
films. It is worth mentioning that the lower the working temperature, 
the more advantageous it will be due to a reduction in operating costs 
and energy consumption. The RCO/Rvac ratio is close to 0.25 at 350 ◦C, 
mainly due to a sharp decrease in the film’s electrical resistance when 
exposed to CO (RCO), as expected for an n-type semiconductor in a 
reducing atmosphere. The large sensitivity difference between air and 
CO – Rair/Rvac is much higher than RCO/Rvac – indicates that the nano-
structured ZnO films can detect the presence of CO in the air 
atmosphere. 

To study the film response to CO, we monitored their electrical 
resistance in function of time under air and CO atmospheres (Fig. 10b). 
The resistivity of the film decreases rapidly upon reaction with CO (gas 
in), and it only recovers its original value once clean air replaces CO in 
the gas chamber (gas off). The response of our film to CO is rapid, with a 
response time (tresp) of 10 s in 20 ppm and 26 s in 5 ppm. The saturation 
time is usually different for adsorption and desorption processes. After 

20 ppm of CO, the film shows a recovery time (trec) of 43 s; after 5 ppm of 
CO, trec is 12 s. We could see from the FEG-SEM images in Fig. 8 that the 
film has a porous nature, which enhances its response to CO due to a 
higher surface area. That is, more oxygen species will adsorb on the 
surface and react with CO molecules than it would in a non-porous, solid 
film. The negligible quantity of the surface reaction product and its high 
volatility indirectly indicates the observed fast response of the nano-
structured ZnO sensor to CO and the recovery to initial conditions. 

4. Conclusions 

We obtained nanostructured zinc oxide via the microwave-assisted 
hydrothermal (MAH) method at a low temperature and short soaking 
time. Crystalline ZnO nanorods were formed and no secondary phases 
were detected. FEG-SEM and TEM analyses have shown a homogeneous 
size distribution of the nanostructures composed of multiple nanorods. 
The photoluminescence spectra indicate that the higher emission spec-
trum of the commercial ZnO sample is associated with a more disordered 
crystalline structure due to higher bandgap values. The nanostructured 
ZnO has a lower recombination rate and more charge carriers available 
to initiate the oxireduction reactions. The photocatalytic performance of 
the ZnO nanostructures was significantly better than the commercial 
sample, which we attribute to the superior specific surface area and 
reduction of the bandgap energy. The ZnO nanostructures reached 50% 
rhodamine 6-G photodegradation in 17 min while the commercial ZnO 

Fig. 9. FEG-SEM and inset of the transversal section of the films prepared from 
the ZnO nanorods obtained via the MAH method at 120 ◦C for 8 min. 

Fig. 10. Sensitivity (a) and sensor response (b) of the films prepared from the 
ZnO nanorods obtained via the MAH method at 120 ◦C for 8 min. 
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took 43 min to reach the same value. The working temperature of the 
ZnO nanostructures is around 350 ◦C, in which the sensitivity to CO was 
much higher than to air. The sensor film prepared from the ZnO nano-
structures showed a fast response time of 10 s to 20 ppm of CO. The 
photocatalytic and gas sensing performance of the ZnO nanostructures 
synthesized via the MAH method highlights their multifunctional 
character and their potential for environmental applications. The use of 
the MAH method with CTAB is important not only due to short treat-
ment time and low temperatures but also for the possibility to control 
the morphological, photocatalytic, and sensor properties of the ZnO 
nanorods. 
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