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Abstract: Wastewaters of the textile industry, e.g., those generated in Gresik, Indonesia, are a possible
threat to the environment and should be treated before disposal. Photodegradation is a more
promising method to overcome this problem than conventional methods such as biodegradation.
ZnO is widely used for photodegradation due to its unique physical and chemical properties and
stability. In this study, Ag was loaded onto ZnO, which is non-toxic and inexpensive, can improve
the electron–hole separation, and has a significant catalytic potential. Pristine ZnO and ZnO-Ag
nanoparticles were fabricated by an ultrasonic spray pyrolysis system at different Ag contents
(1, 5, and 10 wt%). The carrier gas ratio (O2:N2) was also changed (1:0, 1:2, 1:1, 2:1, and 0:1) to
examine its effects on the nanoparticle characteristics. The nanoparticle characteristics were examined
using X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and Brunauer, Emmett, and Teller (BET) specific surface area. The results were interpreted
in relation to photodegradation under UV light irradiation. An increase in the ZnO-Ag activity
compared with pristine ZnO was observed at a carrier gas ratio of 0:1 with reaction rate constants
of 0.0059 and 0.0025 min−1, respectively.

Keywords: chemical vapor deposition (CVD); gas-phase; photodecomposition; specific surface
area; nanocomposite

1. Introduction

The growth in the textile industry with its large water consumption impacts the en-
vironment because wastewater effluents contain large quantities of organic pollutions [1].
These compounds have highly toxic effects on living organisms [2]. Advanced oxidation
processes (AOP) by photocatalysts have been considered for the treatment of dye-polluted
wastewaters [1,3,4]. The advantages of AOP include (i) fast degradation of pollutants,
(ii) complete mineralization of harmful organic wastes, (iii) operation at ambient tem-
perature and pressure, and (iv) reduction of the toxicity of organic compounds [5]. The
process of AOP mainly involves the generation of reactive hydroxyl radicals and its further
functionalization to degrade organic compounds. Currently, most research focuses on
photocatalytic oxidation using materials such as semiconductors [1,6].

ZnO (band gap energy = 3.37 eV) can degrade harmful organic compounds [3]. It
is a semiconductor that is low-cost, is environmentally safe, and has good physical and
chemical stability [2,7]. In addition, it has a high surface area and high photosensitivity [8].
However, the fast recombination of the excited electrons (e−) and holes (h+) due to its
large band gap energy significantly limits the utilization of ZnO [7,8]. Nevertheless, several
studies reported several methods, such as doping with metals, e.g., Au [8,9], Ag [8,10,11],
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and Pt [10], to increase the functionality of ZnO. These metals can suppress the recombina-
tion of electrons and holes by acting as an electron sink for the excited electrons from the
valence band of ZnO [8]. In this study, ZnO was loaded with Ag because of its photocat-
alytic potential, low-cost, and non-toxicity [2]. ZnO-Ag for photodegradation of organic
pollutants has also been extensively studied because of its good performance [11].

Nanocomposite fabrication can be obtained by several methods in the liquid or gas
phase. However, the liquid-phase method involves more steps than the gas-phase method.
Gas-phase methods include spray pyrolysis, sputtering, and electron-beam evaporation [7].
In this study, ultrasonic spray pyrolysis is used for nanocomposite synthesis. This is a
single-step fabrication process that results in a better dispersion of the produced nanoma-
terials, which further enhances its activity [12]. This method consists of generation of the
droplets by a nebulizer followed by solvent evaporation, precursor chemical reaction, and
densification of the formed particles [9,13].

Here, ultrasonic spray pyrolysis is used to fabricate pristine ZnO and ZnO-Ag nanopar-
ticles. The process was optimized to produce desirable nanoparticles for the degradation of
organic compounds. The nanoparticle formation or characteristics of the fabricated ZnO
nanoparticles is affected by several parameters such as the precursor concentration [14],
carrier gas flow rate [14,15], type of carrier gas used [16], and furnace temperature [14,17].
Several studies have used spray pyrolysis with different carrier gases. Different carrier
gases generate different structures and properties of the nanocomposites. Air and nitrogen
as carrier gases generated ZnO nanoparticles with different morphologies and resistiv-
ities [16]. Other studies that used materials such as ZnO/Mn, fabricated using oxygen,
nitrogen, or air as the carrier gas, showed that the carrier gas type affected the magnetic
characteristics of the nanocomposites, which is significantly affected by lower system tem-
peratures [18]. Furthermore, other semiconductors, such as α-Ga2O3, was fabricated using
different carrier gases. A carrier gas containing a high oxygen concentration generated
higher crystallinity and better film quality [19]. Previous studies have shown the effect of
different carrier gases used toward the characteristics of the produced nanoparticles. These
effects may be further attributed to the reaction conditions based on the type of gas used.
Air and oxygen create an oxidizing atmosphere for the reactions, whereas gases such as Ar
or N2 provide an inert reaction atmosphere. Thus, these two types of carrier gases produce
different characteristics of the nanoparticles [13].

To the best of our knowledge, the effect of the carrier gas on the characteristics and
photocatalytic activity of ZnO-Ag nanocomposites has not been explored in detail. This
work provides a close examination of the characteristics of the produced nanoparticles
fabricated using an ultrasonic spray pyrolysis method at different carrier gas ratios (oxygen
to nitrogen). The morphology was observed using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM), and the elemental analysis was observed
using energy dispersive spectroscopy (EDS). Furthermore, the crystallinity and crystallite
size were investigated by X-ray diffraction (XRD), and the specific surface area (SBET) was
studied by the nitrogen adsorption isotherm using the Brunauer Emmett and Teller (BET)
method. The correlation of these characteristics with the carrier gas ratio (O2:N2) and the Ag
contents (0, 1, 5, and 10 wt%) was investigated. Furthermore, the photocatalytic degradation
of organic compounds in actual textile wastewaters using the produced nanoparticles was
examined under UV light irradiation.

2. Results and Discussion
2.1. Morphological Analysis of the Produced Nanoparticles

Figure 1a–h shows the morphology of ZnO and ZnO-Ag nanoparticles synthesized
by ultrasonic spray pyrolysis. The figure shows crumpled spherical secondary submicron
particles. No significant morphological change is observed at different carrier gas ratios
and Ag contents. The cumulative size distribution (Figure 1i,j) of the secondary submicron
nanoparticles was also measured. The increase in the Ag content does not affect the size
distribution; however, the diameters of the secondary particles slightly increased with the
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increase in the nitrogen carrier gas ratio. The formation of these nanoparticles occurred
during the evaporation of the solvent droplets in the aerosolized precursor followed by
compression and decomposition of the precursor in the tubular furnace [20]. These mor-
phological results agree well with previous studies. The formation of the nanoparticles and
the obtained morphology are affected by several parameters such as the evaporation rate of
the solvent and concentration of the precursor [12,21]. Upon evaporation, the confinement
force, which compresses the droplets within the pathway, affects the morphology and size
of the nanoparticles. The confinement force is proportional to the evaporation rate, which
is significantly affected by the furnace temperature. A furnace temperature of 400 ◦C is
sufficiently high to cause a significant water (solvent)-evaporation rate and the crumpled
spherical structure of the nanoparticles. Furthermore, the precursor concentration is pro-
portional to the confinement force and particle size. However, the confinement force is
inversely proportional to the particle size. Thus, appropriate concentrations should be used
to produce the desired morphology and size of nanoparticles.
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Figure 1. Morphology of (a) pristine ZnO, (b–d) ZnO-Ag with Ag content of (b) 1 wt%, (c) 5 wt%,
(d) 10 wt% fabricated at an O2:N2 ratio of 0:1, (e–h) ZnO-Ag with Ag content of 10 wt% fabricated at
different O2:N2 ratios, and (i,j) a cumulative size distribution of the nanoparticles.

TEM images (Figure 2a,b) show that the crumple-shaped spheres consisted of smaller
primary nanoparticles. The EDS results (Figure 2c,d) indicated the presence of Zn, O, and
Ag. In pristine ZnO, the ZnLα, ZnKα, ZnKβ, and OKα peaks confirm the presence of ZnO.
The AgLα peak confirms the presence of Ag nanoparticles. The CuKα and CuKβ peaks
correspond to the TEM grid that was used for observations in TEM measurements, and no
impurities are observed in the samples.
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Figure 2. TEM-EDS of (a,c) Pristine ZnO and (b,d,e) ZnO-Ag nanoparticles at Ag content of 1 wt%.

2.2. Analysis of the Crystal Structure of the Produced Nanoparticles

The crystallization of the nanoparticles was observed using selected area electron
diffraction (SAED) of ZnO-Ag (Figure 3a). The figure shows rings corresponding to the
(100), (101), (102), and (110) lattice planes of wurtzite ZnO. The high-resolution TEM
(HRTEM) image (Figure 3b) confirms the presence of the Ag nanoparticles and with a (111)
crystal plane.
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Figure 3. (a) SAED and (b) HR-TEM of ZnO-Ag nanoparticles at a Ag content of 1 wt%.

Hexagonal ZnO was identified by the XRD peaks (Figure 4) at 2θ = 31.5◦, 33.9◦, 35.8◦,
and 56.5◦ that correspond to the (100), (002), (101), and (110) crystal planes, respectively [6].
Zn peaks are observed with high nitrogen ratios (Figure 4a). During fabrication, zinc
acetate dihydrate was used as the precursor, which decomposes to form Zn vapor at 400 ◦C,
and when enough oxygen is present, ZnO is formed [22]. The Ag peak could only be
observed at high Ag contents, either for oxygen or nitrogen-rich ratios, with the FCC peak
of Ag observed at 2θ = 37.82◦ for the (111) crystal plane [6,23]. These XRD peaks prove
the existence and successful formation of crystallized ZnO and Ag nanoparticles from
the decomposition of zinc acetate dihydrate and silver nitrate by spray pyrolysis for both
nitrogen- and oxygen-rich ratios.
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Figure 4. Crystalline phase of ZnO and ZnO-Ag fabricated at a carrier gas (O2:N2) ratio of (a) 0:1 and
(b) 1:0. (symbols correspond to ∆ Zn, * ZnO, and # Ag).

The crystallite size of ZnO was calculated using Scherrer’s Equation (1). Figure 5
indicates that the crystallite size in a nitrogen-rich system that has not significantly changed
with the addition of Ag to the ZnO nanoparticles. The crystallite size continues to increase
with the increase in the oxygen ratio of the carrier gas. However, at a higher oxygen ratio,
the crystallite size of pristine ZnO and the nanocomposite decreases. This is in accordance
with the report by Li, et al. [24], such that for annealed ZnO under air, N2, O2 and vacuum
following the grain size for air > N2 > O2 > vacuum, the existence of oxygen in the system
was reported to suppress the grain growth by pinning the grain boundaries. At higher
oxygen ratios, however, pristine ZnO nanoparticles have a slightly lower crystallite size
than the ZnO-Ag nanocomposites. In this study, the presence of Ag nanoparticles affects
the increase in the crystallite size of ZnO nanoparticles, especially at high oxygen ratios
in the carrier gas. The increase in ZnO size with the addition of Ag in the oxygen-rich
system can be explained by the more prominent effects of Ag doping toward ZnO in the
oxygen, which may influence the crystal of ZnO nanoparticles [25]. Instead of following
the significant decrease in size of pristine ZnO in higher oxygen ratios, the addition of Ag
gave a higher crystallite size compared to pristine ZnO.
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2.3. Surface Area of the Produced Nanoparticles

The SBET of the nanoparticles was obtained using a nitrogen adsorption BET method.
The surface area of the nanoparticles can significantly affect their photocatalytic activity.
Tightly packed structure of the nanoparticles has a high surface area and free volume,
which significantly increase their photocatalytic activity [21]. High surface area increases
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the contact between the active sites of the nanoparticles with pollutants, which can optimize
the degradation of the organic compounds [12]. Figure 6 indicates that, except for samples
with 5 wt% Ag content, SBET decreases with the increase in the oxygen ratio. The largest
SBET is measured at a Ag content of 10 wt% using only nitrogen as the carrier gas. In
general, a pure nitrogen carrier gas exhibits a larger SBET than that of samples produced
with the mixture or pure oxygen carrier gas. However, this is not consistent with the size
change of the secondary nanoparticles, of which the size increase should have decreased
SBET. This difference in the results can be attributed to the crumpled sphere shape of the
nanoparticles developed in this study.
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Furthermore, the difference in SBET can be explained by the mechanism of the nanopar-
ticle growth in the tubular furnace, in which the carrier gas atmosphere is expected to
change the average temperature in the chamber and the evaporation rate of the solution [16].
Nitrogen has lower thermal conductivity than oxygen, which results in a lower evaporation
rate, leading to the formation of non-aggregated nanoparticles. Aggregated nanoparticles
tend to have lower surface area than non-aggregated nanoparticles.

2.4. Photocatalytic Activity of Pristine ZnO and ZnO-Ag at Different Carrier Gas Ratios

The photocatalytic activity of pristine ZnO and ZnO-Ag nanoparticles was studied
for the degradation of textile wastewater under UV light irradiation. The process involves
the decomposition of organic pollutants in the wastewater to less harmful compounds
or minerals [26]. Figure 7 illustrates the effect of Ag content and type of carrier gas on
the degradation reaction rate constant. Different Ag contents (0–10 wt%) and carrier gas
ratios exhibited similar tendencies of rate constants, where the pure nitrogen carrier gas
has the highest photocatalytic activity in all samples. As previously discussed, the carrier
gas used in the system may affect several characteristics of the produced nanoparticles.
The increase in the nitrogen ratio in the system increases the nanoparticle SBET. High
SBET values can enhance the photocatalytic activity. Zn metal is also observed in the
nanoparticles of the systems with higher nitrogen ratios. The synergetic effect of Zn can
suppress the electron–hole recombination and further enhance the photocatalytic activity
compared to pristine ZnO nanoparticles [27]. At 10 wt%, the effect of the carrier gases on
the photocatalytic activity is more pronounced than at lower Ag contents. However, the
reason for this phenomenon is still not clear. Thus, the Ag content and carrier gas type
have a significant effect on the photocatalytic activity of the developed nanoparticles.
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The absorbance of the prepared samples with the mixed carrier gases and Ag contents
were observed (Figure 8). The absorbance can be used to estimate the band gap energy
(Figure 9) from (αhv)n = A(hv − Eg), where α, hv, A, and Eg are the absorption, photon en-
ergy, constant, and band gap, respectively [28]. The absorbance measurement showed good
response to the shorter wavelength of light, which indicated better performance under UV
light irradiation. In addition, the existence of Ag metal nanoparticles was also proven from
the absorbance spectra, with Ag metal nanoparticle peaks at wavelengths of 350–400 nm,
which is a result from the localized plasmon resonance of Ag metal nanoparticles. The
band gap energy of pristine ZnO showed a lower band gap energy of 3 eV compared to the
typical band gap energy of ZnO that is 3.37 eV. A slight decrease in band gap energy with
the increase in Ag content can be observed, which indicates a good photo response with
increase in Ag content.
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Despite the higher surface area and lower band gap energy obtained with a Ag content
of 10 wt%, the optimum photocatalytic activity is obtained at a Ag content of 5 wt%. This
could be attributed to the excessive amount of Ag at a Ag content of 10 wt%, which also
acts as charge recombination centers. The negatively charged Ag increases the capturing
of holes, which reduces the electron–hole separation and hence decreases the degradation
of organic compounds [12,29]. In addition, the increase in foreign material can decrease
the photocatalytic activity because of the shielding effect toward the active sites of the
photocatalyst [28]. Thus, this photocatalytic degradation is affected by several parameters
such as the surface area [2,12], crystallinity [26], crystallite size [6] of ZnO as well as the
concentration of the loaded materials [2]. The possible photocatalytic activity of ZnO is
described by other research as shown below [8].

ZnO + hv (UV)→ ZnO (eCB
− + hVB

+)
hVB

+ + OH− → •OH
eCB
− + O2 → •O2

•O− + 2H+ → 2•OH
•OH + organic pollutants→ 2•OH
The UV photon energy excites the electrons from the valence band of ZnO, which

induces the formation of holes. These holes react with the existing OH−, forming •OH
radicals. Furthermore, electrons can react with oxygen to form •OH radicals. These species
are known to have significant roles in the degradation process.

3. Materials and Methods
3.1. Preparation Methods

Nanoparticles were formed using an ultrasonic spray pyrolysis system (Figure 10)
following the experimental method given in our previous study [4]. Zinc acetate dehydrate
crystals (Zn(CH3COO)2·2H2O, 99.5%, E. Merck, D-6100 Darmstadt, FR Germany) were
used as the precursor to fabricate ZnO nanoparticles. Distilled water was added to the
powder to form a zinc acetate aqueous solution (0.1 M). To uniformly dissolve zinc acetate,
the solution was ultrasonicated for 30 min. Afterward, the aqueous solution was continu-
ously fed to the nebulizer using a peristaltic pump (Omron, NE-U17, Kyoto, Japan). The
precursor was aerosolized, and the produced droplets were continuously carried to the
tubular furnace by the carrier gas at a total flow rate of 2 L/min. Various ratios of O2:N2
were used in the carrier gas (1:0, 1:2, 1:1, 2:1, and 0:1). The tubular furnace temperature was
maintained at 400 ◦C. Evaporation of the solvent and decomposition of the precursor to
form nanoparticles occurred inside the furnace. The produced nanoparticle powder was
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collected in the electrostatic precipitator at an applied voltage of 40 kV and a temperature
of 120 ◦C, which was maintained to ensure that there was no condensation.
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ZnO-Ag nanocomposites were fabricated by adding silver nitrate (AgNO3, 99.5%, E.
Merck, D-6100 Darmstadt, FR Germany) at concentrations of 1, 5, and 10 wt% to the zinc
acetate solution. The same method mentioned above was used to fabricate and collect the
ZnO-Ag nanocomposite.

3.2. Materials Characterization

The particle morphology was observed using SEM (FlexSEM1000, Hitachi High Tech-
nologies, Tokyo, Japan), and further observation of the morphology and elemental analysis
was conducted by TEM-EDS (JEM-2010, JEOL, Tokyo, Japan). The crystallinity and phase
composition of the nanoparticles were determined by XRD (Philip XPERT MPD, Philips,
Almelo, The Netherlands) operated at a 40 kV and 30 mA. The XRD patterns were obtained
within a 2θ range of 20–80◦. The crystallite size (D) of the nanoparticles was determined by
the Scherrer formula shown below:

D =
k λ

B cos θ
(1)

where k is a constant (k = 0.9), λ is the X-ray wavelength (λ = 0.154 nm), B is the full width
at half maximum of the peak, and θ is the XRD peak angle [6,23]. Furthermore, The SBET
of the nanoparticles was determined by a nitrogen gas adsorption device (Quantachrome
Instruments, Boynton Beach, FL, USA) based on the BET method.

3.3. Photocatalytic Test

The photocatalytic activity of the nanoparticles was tested for the degradation of
organic dye pollutants found in real textile wastewater obtained from UD, ATBM Jufri
Hartono, Gresik, East Java. The wastewater was firstly 10× diluted by the as-received
distilled water. Next, the diluted pollutant solution (30 mL) was poured inside a beaker
glass, in which the nanoparticle powder (10 mg) was added and continuously stirred
throughout the photocatalytic test. The sample was placed in a dark chamber for 30 min
to obtain the adsorption–desorption equilibrium of the photocatalyst and dye pollutants.
The photocatalytic test was conducted for 90 min, in which the absorbance was mea-
sured at 30 min intervals using a UV–Vis spectrophotometer. The sample was centrifuged
at 5000 rpm for each measurement to separate the powder catalyst from the liquid pollu-
tant. The absorbance of the obtained supernatant was then measured using the UV–Vis
spectrophotometer. The concentration of the dye is proportional to the measured inten-
sity [26]. Thus, the reaction rate constant was calculated based on the slope of the dye
concentration–intensity curve, i.e., ln(Ct/Co) = kt [30], where k, t, Ct, and Co are the reaction
rate constant, reaction time, final concentration, and initial concentration, respectively.
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4. Conclusions

Crumpled pristine ZnO and ZnO-Ag nanoparticles with high surface area were fabri-
cated by a one-step ultrasonic spray pyrolysis method at different Ag contents and O2:N2
carrier gas ratios. The carrier gas ratio did not significantly affect the morphology, crystallite
phase, or primary size of the nanoparticles. However, the SBET and photocatalytic activity
of the nanoparticles changed with the increase in the nitrogen ratio. The nanoparticles
exhibited good performance, and optimum activity (reaction rate constant = 0.0059 min−1)
was observed for the ZnO nanoparticles with a Ag content of 5 wt%, which were fabricated
in a nitrogen-rich system.
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