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Abstract

The continuous microwave synthesis of ZnO, ZnO-nAg and ZnO-nCu nanoparticles (NPs) are presented. Initially, pure ZnO
nanoparticles were synthesised, studying the effect of selected parameters on the size of crystallites. In the second stage, ZnO
nanoparticles modified with metal nanoparticles were obtained by conducting the process in a flow system. Tannic acid was
used as a reducing agent of silver and copper ions. The structure, crystallinity and effectiveness of the deposition of metal
nanoparticles were assessed by XRD, XPS, FTIR and electron microscopy techniques (SEM and TEM). The obtained mate-
rials were tested for their photocatalytic properties against methylene blue in UV light. The results of photodegradation in
ultraviolet light have shown that the introduction of metal nanoparticles, especially silver nanoparticles, significantly increases
catalytic efficiency (30% for pure ZnO NPs, 91% for ZnO-nAg NPs and 54% for ZnO-nCu NPs). The main advantage of
the proposed ZnO/Ag semiconductor is that it delays the recombination process of electron—hole pairs generated by photon
absorption, which extends the efficiency of such a photocatalyst. Based on the research, we determined that it is possible to
use photocatalytically active ZnO modified with metal nanoparticles obtained in the flow process.

P< Olga Dlugosz
odlugosz @chemia.pk.edu.pl

Faculty of Chemical Engineering and Technology, Institute

of Chemistry and Inorganic Technology, Cracow University
of Technology, Warszawska St. 24, 31-155 Cracow, Poland

a
* @ Springer


http://orcid.org/0000-0003-0482-435X
http://crossmark.crossref.org/dialog/?doi=10.1007/s40097-021-00387-9&domain=pdf

602

Journal of Nanostructure in Chemistry (2021) 11:601-617

Graphic abstract

2.0
——0 min
ZnO NPS }'min
_ 1.5 —— 5 min
Mi ¢ = — 10 min
icrowave reactor S, — 20min
ZnONPs = 5 | | o
2 g 45 min
= 5
45 A ) 5 60 min
A = O 2 057
‘7 > SJ >
0.0+ r T T )
400 500 600 700 800
} ] Wavelength [nm]
Zn(NO3)2 NaOH Mixture of
solution solution AgNO3 or CuSO4
and tannic acid
—— 0 min —— 0 min
ZnO-nAg —— 1min ZnO-nCu —— I'min
0754 —— 5 min 0.751 — S5 min
';:‘ —— 10 min ? —— 10 min
=, ——20 min = ——20 min
8 0.50- 30 min 8 0.50+ 30 min
g i E 7\ 45 min
3 45 min 3 7~ N\A i
§ 60 min § \ / 60 min
-g 0.254 g 0.25+ . 4
0,00 F—— . 0.00 : : : .
400 500 800 400 500 600 700 800

Wavelength [nm]

Wavelength [nm]

Keywords Photocatalytic activity - ZnO NPs - Metal nanoparticles - Continuous process

Introduction

The possibilities offered by nanometre sized products are
vast and potentially meaningful in research and industry
[1, 2]. Among inorganic compounds, zinc oxide nanopar-
ticles stand out compared to other commonly used nano-
materials, in view of their photocatalytic activity and
antimicrobial properties with a lack of toxicity and high
stability [3].

ZnO has a broader energy gap (3.3 eV) compared to
TiO, (3.15 eV), which directly contributes to lower pho-
tocatalytic activity [4, 5]. To improve photocatalytic effi-
ciency, many methods have been proposed for the modi-
fication of oxide semiconductors, such as the deposition
of noble metal oxides or doping with metal and non-metal
ions [6, 7]. The addition of metal nanoparticles on the
surface of oxide semiconductors allows the capture of
photogenerated electrons and avoids recombination of
photogenerated electron—hole pairs [8]. The addition of
metal nanoparticles may cause a change in the distance
between the conduction and valence band, which decreases
the band gap [9]. It was confirmed that the addition of
nanoparticles of Ag, Au, Cu, Pt and Pd increases the
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photocatalytic activity of the base material compared to
the unmodified material [10, 11]. The nanoparticles pre-
sent on the surface of photocatalytic material can act as
traps for photoinduced electrons, preventing the recom-
bination of electron—hole pairs [12]. In the case of metal
nanoparticles, an important additional mechanism is their
catalytic nature, through which they can act as active sites
of photocatalytic processes [13—15]. The interaction of Au,
Ag or Pd nanoparticles with ZnO, which is an n-type semi-
conductor, causes modifications of the ZnO energy band
at the phase boundary [16]. As a result, a Schottky barrier
is created that allows the capture of electrons, making it
possible to transfer free electrons between the metal and
the semiconductor [17, 18]. Wu et al. [19] investigated
the impact of the deposition of noble metal nanoparticles,
i.e. Ag and Au, by modifying ZnO NPs. By controlling
the concentration of metal nanoparticles in the final prod-
uct, a material with increased photocatalytic activity was
obtained. The results of the experiments showed that the
modification of the surface of Au nanoparticles not only
made Au-ZnO exhibit a faster degree of degradation, but
also effectively inhibits the occurrence of Au-ZnO photo-
corrosion by improving the cyclic activity of the material.
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Among the well-known and commonly used metal nano-
particles, the main representatives are silver and copper.
The Ag and Cu nanoparticles show a number of desirable
properties, including high antimicrobial activity, catalytic
and optical properties [20]. By modifying the zinc oxide
surface, the addition of Ag or Cu significantly improves the
photocatalytic properties. At the same time, they influence
additional parameters of the material, so that the product
obtained in this process is multifunctional and can be suc-
cessfully used as an active ingredient of coatings with pho-
tocatalytic properties under visible light and UV and also
forms a coating resistant to micro-forming [21]. The proper-
ties of metal nanoparticles are influenced both by the pro-
portion of nanoparticles used in the product and the form in
which they are introduced, i.e. the shape and size of particles
[22]. Abdel Messih et al. [23] confirmed that the limited
addition of silver nanoparticles does not sufficiently increase
the activity of the whole surface of the photocatalyst, while
too high a concentration of nanoparticles may disrupt the
process of electron—hole pair generation, shortening the life
of the material. It is therefore necessary to select the most
favourable concentration of the additive while ensuring that
the nanoparticles are evenly distributed over the entire sur-
face of the catalyst.

Next to concentration, the key parameter for a success-
ful catalyst is the form of connection of the components
with each other. As a result of nanoparticles settling on the
surface of ZnO, the interaction of metal nanoparticles with
oxide is possible, thus without producing strong interac-
tions between the particles, the material will lose its stabil-
ity and effectiveness in time [24, 25]. An alternative to the
known processes of obtaining nanocomposites is the use of
microwave energy. Microwave energy penetrates inside the
system, resulting in the degree of energy use being higher
compared to conventional heating [26]. Reactors receive suf-
ficient energy so that the efficiency of Me NPs deposition is
high, which extends the future activity of the photocatalyst.
Furthermore, the microwave reactor allows the processes to
be carried out in a short time.

By combining microwave energy with a continuous pro-
cess, it is possible to obtain nanomaterials on an increased
scale, without losing their physicochemical properties. Con-
tinuous demand of the product with ZnO NPs forced chem-
ists to develop efficient methods of nanoparticle synthesis
in a large scale [27, 28]. One of the major challenges to
produce nanoparticles in a larger scale is the lack of scale
periodic process carried out in reactors with conventional
heating. Heating the surface of the material causes a lower
increase in the processes compared to the increase in vol-
ume and ratio of nanoparticles. This phenomenon limits a
substantial increase in scaling the procedure for commer-
cial uses. A different approach can be taken by maintaining
the scale of the apparatus but by increasing the flow of the

reagents [29]. That approach makes it possible to control
process parameters that should be constant in the reactor’s
established operation, which makes it possible to test the
quality of the obtained product “in situ”. In order to reduce
the residence time, it is necessary to supply energy to a sys-
tem with sufficient power. One of the major methods based
on metal hydroxide precipitation processes combined with
dehydration results in a metal oxide being obtained. Micro-
wave irradiation allows the process to be carried out without
further calcination processes, because the microwave energy
is sufficiently high to obtain material with high crystallinity
[30].

In this study, ZnO NPs were modified by metal nano-
particle additives. The pure and modified ZnO NPs were
synthesised by a precipitate continuous process, using irra-
diation power as the source of energy. The impact of process
parameters such as microwave power, residence time and
presence of stabiliser was tested to identify the resulting
size of the ZnO NPs. The effect of additive concentration on
photocatalytic properties was also investigated.

Materials and methods
Materials

The ZnO NPs was prepared using solutions of zinc nitrate(V)
(Sigma Aldrich) and sodium hydroxide (POCH). Glycol
polyethylene 400 (PEG) (Sigma Aldrich) solution was used
as stabilising agent. The ZnO NPs were modified by addi-
tives of silver or copper nanoparticles. For this purpose, a
mixture of silver nitrate(V) (Sigma Aldrich) or copper(Il)
sulphate (Sigma Aldrich) with tannic acid (Sigma Aldrich)
were used.

The photocatalytic properties of pure and modified zinc
oxide nanoparticles were verified via the photodegradation
of Methylene Blue solution (Sigma Aldrich).

The experimental setup—microwave reactor

The processes of metal oxide nanoparticle formation were
carried out in a continuous system using a microwave reactor
as the source of energy. The method of synthesis of metal
oxide nanoparticles was presented in a previous paper
[31]. The synthesis of ZnO and ZnO/nMe NPs were car-
ried out in a continuous microwave flow reactor (CMFR).
The stream of Zn(NQO;), solution was mixed with the NaOH
solution stream and the PEG solution stream. In the reactor,
in the microwave radiation field, a process of precipitation
of zinc hydroxide and a simultaneous dehydration process
took place, resulting in a suspension of ZnO NPs. The total
flow rate of the solution varied from 171.5 to 516.0 pm?
/s, depending on the residence time. The volume ratio of
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reagents was 5:2.5:2.5 for the metal ions solution, PEG
solution and precipitating solution, respectively. The con-
centration of Zn(NO,), solution equalled 12 g/dm® and the
concentration of NaOH solution was 13 g/dm?. The final
concentration of metal oxide nanoparticles was 5000 mg/
dm?. The suspension was filtered and the solids were washed
and dried at 105 °C, for 24 h to obtain the finished product.
The processes of synthesis of ZnO NPs were examined by
the following variable parameters: the initial concentration
of stabiliser, the residence time, and the irradiation power.
The initial PEG concentration was changed in the range of
0-2%pass- The residence time of the mixture and the irradia-
tion power were investigated in the ranges of 40—80 s and
300-600 W. As a dependent variable, the size of crystallinity
of ZnO was chosen.

An experimental setup for the synthesis of modified ZnO
NPs is presented in Fig. 1. The reactor was divided into two
zones. During the first step, ZnO NPs were synthesised. The
concentration of Zn(NOj3), solution was 12 g/dm3 and the
concentration of the NaOH solution was 13 g/drn3 . Next, the
stream with a suspension of ZnO NPs was recycled and the
stream of the mixture of metal precursor and tannic acid was
added. After this process, the suspension contained a metal
oxide suspension with metal nanoparticles and was collected
and filtered under pressure. The moist product was dried in
105 °C for 24 h. The processes of the synthesis of ZnO NPs
modified by silver or copper nanoparticles were examined by
the following variable parameters: the initial concentration of
metal ions, the molar ratio of tannic acid to metal ions and the
irradiation power. The initial salt concentration was changed
in the range of 100-500 mg/g in the final photocatalytic mate-
rial. The irradiation power was investigated in the range of
180—450 W and the molar ratios were changed depending on
the metal (NT/nAg=0.2-0.8 and nT/nCu=1.2-1.8, respec-
tively for silver and copper additives). As a dependent variable,

Piston pumps

the concentration of leaching metal nanoparticles in the pho-
tocatalysts was chosen.

The effect of the parameters on the size of ZnO crystallin-
ity and the concentration of leaching metal nanoparticles in
ZnO-nMe were determined using the CCD (Central Compos-
ite Design) plans in combination with ANOVA analysis, using
the STATISTICA program.

Instrumental analysis

The crystalline phases of the particles were examined by
X-ray diffractometry (XRD) using an X-Pert Pro apparatus
(Phillips, Netherlands). The shape and size of the nanoparti-
cles was characterised by transmission electron microscopy
(TEM) (Philips CM12 STEM) equipped with an energy dis-
persive X-ray spectroscope (EDX). Fourier Transform infra-
red spectra were recorded on an IR Prsestige-21 Schimadzu
spectrophotometer. Concentrations of dye solutions were
studied using UV-Vis spectrometry (RayLeigh UV-1800).
Based on UV-visible diffused reflectance spectrophotometry
(UV-Vis-DRS), the band gap value was determined (Shi-
madzu UV-2450 UV-Visible spectrophotometer). Elemental
information of the pure and modified ZnO was recorded by
X-ray photoelectron spectroscopy (XPS) (PHI Quantum 2000,
Physical Electronics, Inc.).

The crystallite sizes were examined using the XRD method,
measuring the Bragg angle. The calculated crystallite size was
the starting factor used in the CCD plans. X-Ray diffraction
is sensitive to the crystallite size, which can be determined by
the Scherrer equation [32]:
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Fig.1 Scheme of synthesis of ZnO NPs modified by metal nanoparticles
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where K—dimensionless shape factor (K=0.9), —X-ray
wavelength (nm), f—full width of peak at half maximum,
©®—Bragg angle.

Photocatalytic properties of pure and modified ZnO
NPs

Effect of the addition of metal nanoparticles
on the photocatalytic activity of ZnO

Photocatalytic properties of pure and modified zinc oxide
nanoparticles were verified via the photodegradation of a
Methylene Blue (MB) solution. For this purpose, 200 mg
of the photocatalysts were mixed with 100 cm? of the dye
solution (20 mg/dm? of MB solution). Firstly, each suspen-
sion was stirred for 30 min in the dark to obtain sorption
equilibrium. Later, samples were stirred under UV light
(365 nm). After adequate periods of time, the next sam-
ples were collapsed, filtered and the filtrates were analysed
using UV—-Vis spectroscopy. To identify the concentration
of dye in the sample, for each dye a calibration curve was
made. Different concentrations of silver or copper nano-
particles were compared against the photocatalytic proper-
ties of each dye.

The efficiency of the photodegradation of the dye was
used as a value to compare photocatalytic activity:

CO_C

0

E= 100% )

The rate of the photocatalytic processes was determined
using the Langmuir—Hinshelwood kinetic model (L-H
model). The linear form of the equation is presented. The k
parameter is the proportional coefficient, called the photo-
degradation rate constant [k (min~1)].

C —
—ln(a) =kt 3)

Stability of the ZnO and modified ZnO NPs

To verify the reproducibility of the ZnO properties and the
modified ZnO, a series of tests were carried out in which
the effectiveness of dye removal in subsequent cycles was
tested. Each 100 cm® of 20 mg/dm® MB solution was mixed
with 200 mg ZnO, ZnO-Ag and ZnO—Cu at 300 rpm. After
30 min in the dark and 60 min in UV light, the suspension
was filtered and the material was washed, dried and recycled.
At intervals, 2 ml of the suspension was taken to test the
concentration of MB over time. The maximum absorbance
was determined at 664 nm.

Effects of the scavengers on the mechanism
of photodegradation of methylene blue

The 5 cm? of solution of the selected scavenger was added to
a suspension of 200 mg of material mixed with 100 cm® of
dye (at an initial concentration of 20 mg/de), while water
was added to the neutral sample. After 30 min in the dark
and 60 min in UV light the suspension was filtered and the
concentration of MB was determined at 664 nm. The fol-
lowing scavengers were compared: triethanolamine, benzo-
quinone, mannitol and AgNO;, at an initial concentration
of 1 mmol/dm?>.

Discussion

The purpose of this research was to develop a continuous
method of preparation of ZnO NPs and modified ZnO NPs
with enhanced photocatalytic activity. In the first stage, the
effect of the process parameters in the synthesis of the pure
ZnO NPs was investigated. In the next stage, modification
of ZnO NPs using silver and copper nanoparticles was car-
ried out.

Synthesis of ZnO nanoparticles

The results of analysis of process parameters on the size of
the crystallite of ZnO NPs are presented in Table 1. The size
of particles was changed in the range of 24.79-36.30 nm.

Table 1 Changes in the crystallite size of zinc oxide nanoparticles
synthesised in a continuous microwave reactor, under different inde-
pendent variables

Lp t(s) P (W) Coab Pomass) nZnO d, (nm)
1 40 300 0 36.30
2 40 300 2 33.10
3 40 600 0 28.02
4 40 600 2 29.98
5 80 300 0 28.00
6 80 300 2 26.27
7 80 600 0 27.23
8 80 600 2 24.79
9 40 450 1 33.96
10 80 450 1 28.30
11 60 300 1 29.42
12 60 600 1 26.63
13 60 450 0 27.62
14 60 450 2 27.29
15 60 450 1 32.63
16 60 450 1 31.41
17 60 450 1 31.10

* @ Springer
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Fig.2 Impact of parameters of crystallinity size of ZnO NPs with a Pareto plot

Based on the analysis of the influence of the parameters, a
significant impact of the residence time of the mixture in the
reactor and the microwave irradiation was observed (Fig. 2).
An insignificant effect of the stabiliser concentration was
observed. Due to the lack of effect from polyethylene glycol
addition, in the further stages of the study, the PEG solution
was not added.

The reduction of ZnO NPs crystallites is associated with
an increase in the surface to volume ratio. Smaller particles
have an increased surface area, on which photocatalytic pro-
cesses will occur. In addition, during surface development,
there is an additional increase in the proportion of surface
defects that are desirable for photocatalytic processes. The
most important parameter turned out to be the reaction time,
which results from the possibility of forming larger amounts
of smaller crystallites. After exceeding the residence time of
the mixture in the reactor for 50 s, a reduction in the crystal-
lite size (below 30 nm) can be observed, despite the increase
in microwave radiation. The increase in microwave radiation
caused an increase in the crystallinity of the obtained nano-
particles, in addition, the supplied energy prevented their
excessive build-up. Barreto et al. obtained ZnO NPs in a
microwave reactor, studying among others, the impact of
reaction time and the irradiation power. By changing the
power value from 300 to 1200 W, it was observed that the
formation of aggregates is favoured as the microwave power
increases. When the power equals 1200 W, the generation of
agglomerates with higher polydispersity can be seen, more
so than in comparison to that obtained at 600 W [33].

Synthesis of ZnO NPs modified by Ag/Cu
nanoparticles

The processes of synthesis of ZnO NPs modified with sil-

ver (ZnO-nAg) or copper (ZnO-nCu) nanoparticles were
carried out in a two-stage microwave flow reactor. The
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residence time of the mixture in the reactor was carried out
for 120 s. The microwave irradiation power, the molar ratio
of tannic acid to metal ions and the initial concentration of
silver or copper ions were selected as parameters that may
affect the process of metal nanoparticle deposition (Table 2).
After the processes, the suspension containing ZnO NPs
with deposited nanoparticles was filtered, and the filtrate was
subjected to atomic absorption spectroscopy to check the
degree of loss of metal nanoparticles from the material. The
results of the impact of individual parameters on the degree
of nanoparticle attachment to ZnO are shown in Fig. 3.

Based on statistical analysis, a significant impact of all
input parameters was found. It can be seen that depending
on the initial concentration of metal ions, the efficiency of
nanoparticle deposition on the metal oxide was a maximum
of 99.98% and 99.07% for silver and copper nanoparticles,
respectively. For all systems, the increase in the concentra-
tion of deposited nanoparticles resulted in an increase in
the efficiency of depositing particles on ZnO. For materi-
als with a higher content of metal nanoparticles, they can
agglomerate, preventing their removal from the final prod-
uct. When silver nanoparticles were added, an increase in
the stabilising agent concentration resulted in an increase in
the deposition efficiency of nanoparticles on ZnO. For the
deposition of copper nanoparticles, a molar ratio of tannic
acid to copper ions of 1.2 minimises the degree of copper ion
removal. A further increase in the ratio of tannic acid may
cause the formation of copper nanoparticle agglomerates in
combination with tannic acid, which have a lower affinity
for the ZnO surface.

Analysis of the impact of microwave radiation on the
efficiency of deposition of metal nanoparticles on oxide,
showed a different effect depending on the added metal.
On one hand, the increase in microwave radiation power
improves the binding energy efficiency between metal oxide
nanoparticles, which thereby increases the efficiency of
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Table 2 The efficiency (E) of the metal nanoparticles deposition onto the surface of ZnO NPs synthesised in a continuous microwave reactor
under different independent variables

Nr ZnO-nAg NPs ZnO-nCu NPs

P (W) Cyag (Mg/g) nT/nAg Cag+ (mg/g) E (%) P W) C,. (mg/g) nT/nCu Cep+ (mg/g) E (%)
1 180 40 0.2 38.38+2.40 95.95 180 40 1.2 29.72+19.82 74.30
2 180 40 0.8 30.76 +2.79 76.90 180 40 1.8 38.38+1.55 95.96
3 180 200 0.2 198.66 +1.87 99.33 180 200 1.2 174.83+6.59 87.08
4 180 200 0.8 199.86+0.34 99.93 180 200 1.8 115.01+£17.32 57.55
5 450 40 0.2 38.04+4.71 95.10 450 40 1.2 34.64+2.80 86.61
6 450 40 0.8 9.972+4.35 24.93 450 40 1.8 29.36+7.82 73.40
7 450 200 0.2 197.62+1.80 98.81 450 200 1.2 199.63+0.48 99.07
8 450 200 0.8 199.96 +0.05 99.98 450 200 1.8 180.76 +3.17 91.90
9 180 120 0.5 118.72+2.80 98.93 180 120 1.5 118.00+2.00 95.00
10 450 120 0.5 116.94+0.80 97.45 450 120 1.5 118.64+0.60 96.59
11 300 40 0.5 30.85+11.25 77.13 300 40 1.5 27.76+4.92 69.39
12 300 200 0.5 199.68 +0.50 99.84 300 200 1.5 145.39+6.08 73.48
13 300 120 0.2 67.20+119.0 56.00 300 120 1.2 118.46+0.73 96.93
14 300 120 0.8 108.11+13.20 90.09 300 120 1.8 112.63+1.21 81.14
15 300 120 0.5 119.88+0.11 99.90 300 120 1.5 118.63+0.46 96.57
16 300 120 0.5 118.42+1.99 98.68 300 120 1.5 116.82+0.96 92.08
17 300 120 0.5 119.76 +0.32 99.80 300 120 1.5 118.13+0.62 95.32

nanoparticle deposition. On the other hand, the increase in
radiation power causes a decrease in the crystallite size of
the ZnO obtained. Due to their smaller size, copper nano-
particles deposited on the obtained zinc oxide structures
at higher power levels. In the case of silver nanoparticles,
monodisperse particles with a diameter above 20 nm were
obtained, whose deposition efficiency decreased with the
increase in radiation power. The increase in power reduced
the size of ZnO crystallites by inhibiting the deposition of
silver particles.

Effect of stabilising agent concentration

A high impact of all input parameters was found based on
statistical analysis. In the case of the addition of silver nano-
particles, an increase in the concentration of the stabilising
agent caused a decrease in the concentration of metals in
the filtrate. In the case of copper nanoparticle deposition,
the molar ratio of tannic acid to copper ions equal to 1.5
minimised the degree of copper ion removal. The highest
proportion of tannic acid can cause the formation of agglom-
erates of copper nanoparticles combined with tannic acid,
with a lower affinity for deposition on the surface of ZnO.
The beneficial effect of the stabiliser on the inhibition of the
release of metal ions has been confirmed in previous studies
[34, 35]. Depending on the presence of stabiliser, particles
of different sizes can be obtained and an increased ion affin-
ity to the surface can be achieved, preventing changes in the
product morphology [36].

Effect of microwave irradiation

Analysis of the impact of microwave radiation on the effi-
ciency of the deposition of metal nanoparticles on oxide,
showed a different effect depending on the added metal. The
increase in radiation power causes a decrease in the crystal-
lite size of the ZnO obtained. Copper nanoparticles, due
to their smaller size, deposited on the obtained zinc oxide
structures at higher powers. In the case of silver nanopar-
ticles, higher dispersion particles were obtained with a
particle size also above 20 nm, which were deposited to a
lower degree at a lower power when ZnO of larger sizes
were obtained. Swarnavalli et al. confirmed the possibility
of obtaining Ag-modified ZnO NPs using microwave radia-
tion. The efficiency of nitrobenzene degradation was 98%
after 100 min, i.e. 2.9 times more than pure ZnO, which
only shows 33.6% degradation by the end of 120 min [25].

Effect of initial concentration of silver or copper ions

The increase in the initial concentration of the metal
ion solution precursor of silver or copper ions resulted
in better deposition of the formed nanoparticles on the
7ZnO surface, which resulted in a lower concentration of
metal ions in the filtrate. An increase in the concentration
of metal ions simultaneously caused an increase in the
concentration of tannic acid, which bound the resulting
metal nanoparticles to the oxide. Kadam et al. confirmed
that the Cu content in modified ZnO NPs improved MO

]
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Fig.3 Impacts of parameters on the deposition of the metal nanoparticles onto the surface of ZnO NPs: a ZnO-nAg NPs, b ZnO-nCu NPs

photodegradation efficiency to 96, 99.5 and 96%, respec-
tively, for 0.25, 0.50 and 0.75% Cu in ZnO-nCu NPs,
whereas for pure ZnO, the efficiency was 74% [37]. The
influence of the Ag content on the photocatalytic proper-
ties of ZnO was studied by Babar et al. By changing the
Ag concentration from 0.25 to 1% mass in ZnO, it was
found that the increase in the metal content on the ZnO
surface initially improved the ZnO photocatalytic activity.
After reaching a certain value, there was a slightly reduced
efficiency of MO photodegradation. The best results were
obtained for an Ag content of 0.75% ZnO. When Ag dep-
osition is greater than its optimal content, the particles
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cover a larger area of ZnO and inhibit the absorption of
UV radiation between Ag NPs and ZnO [38].

Instrumental analysis of pure and modified ZnO NPs

FTIR measurements were carried out to compare the chemi-
cal composition of the obtained materials based on ZnO
NPs (Fig. 4). The band around 3500 and 3380 cm™' can be
assigned to the O—H stretching vibration, indicating the pres-
ence of a hydroxyl group. For pure ZnO NPs, only the band
at 1560 cm™" and 1400 cm™' were attributed to the bending
vibration of —OH groups and C-H bending, respectively.
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Fig.5 The XRD diffraction patterns of ZnO NPs, pure and modified
by metal nanoparticles (ZnO NPs: P=450 W, t=60 s, Cy,p, = 2% mass
ZnO-nAg NPs: P=300 W, =120 s, C5,+ = 120 mg/g, nT/nAg=0.5,
ZnO-nCu: P=300 W, r=120s, C¢ 2+ = 120 mg/g, nT/nCu=1.5)

Additionally, peaks assigned to metal oxygen bonds at 490
and 440 cm™! were confirmed [39]. ZnO NPs modified with
metal nanoparticles have no peaks due to the Me—O bonds,
compared to zinc oxide. Tannic acid can cover ZnO NPs.
The peaks at the wavenumber between 1750 and 800 cm™!
are characteristic of tannic acid [40, 41].

Figure 5 presents results of XRD analysis for ZnO NPs
synthesised in microwave reactor at 450 W. Phase analysis
revealed that pure zinc oxide with a zincite structure was
present. The diffractogram confirmed the presence of a peak
at the following 26: 31.77 (100), 34.41 (002), 36.26 (101),
47.54 (012), 56.59 (110) [42]. The narrow diffraction peaks

of the ZnO pattern indicated a good crystallinity of the mate-
rial [43]. The characteristic peaks were present both in pure
and modified materials. In the XRD pattern of ZnO-nAg,
the presence of peak characteristic for silver was observed
[12]. The intensity of peaks from the zinc oxide structure
were similar and the addition of tannic acid did not change
the structure of the basic zinc oxide. In the case of zinc
oxide modified with copper nanoparticles, the background
is clearly raised, which is associated with high ratio of tan-
nic acid. No peaks corresponding to CuO or Ag,O phases
were observed, whereas impurities of the hydrated copper
sulphate phase were confirmed [44].

Figure 6 presents SEM and TEM microphotographs
of ZnO (Fig. 6a—), ZnO—nAg (Fig. 6d—f) and ZnO-nCu
(Fig. 6g—i). The particles had an irregular shape, but were
slightly spherical. In the preparation of ZnO-nAg NPs, the
deposition of polydisperse particles of a spherical shape can
be observed (Fig. 6f). In the case of ZnO-nCu modification
based on the EDX method, the presence of carbon derived
from tannic acid can be observed (Fig. 6i). The deposited
copper nanoparticles are characterised by being highly
monodispersed.

The band gaps for pure ZnO NPs were calculated as
3.20 eV. The influence of nAg and nCu deposition on the
metal oxide band gap was observed by surface analysis of
differential reflectance spectroscopy (DRS). The addition
of the metal nanoparticles reduced the energy band gap to
3.00 eV for ZnO-nAg NPs and to 3.15 eV for ZnO-nCu
NPs. The change of the band gap was associated with depo-
sition of metal nanoparticles on the surface of ZnO nano-
particles. Electrons from Ag and Cu are transferred to the
surface of ZnO leading to a reduced energy band gap, thus
improving the photocatalytic efficiency of the nanocompos-
ites. Karimi-Maleh et al. [45] confirmed the decreasing band
gap of the ZnO NPs after the addition of silver nanoparti-
cles. The 3% nAg addition reduced the band gap of ZnO
NPs from 3.20 to 2.78 eV. Figure 7 presents diffuse reflec-
tance (DRS) spectrum of the ZnO, ZnO-nAg and ZnO-nCu
NPs.

The XPS analysis was carried out to determine the sur-
face composition and oxidation status of elements present
in ZnO NPs, ZnO-nAg NPs and ZnO-nCu NPs (Fig. 8).
Two peaks at 1020.3 and 1043.3 eV were attributed to
the Zn 2p3/2 and Zn 2p1/2, respectively. The difference
between the two Zn peaks confirmed 2 + oxidation state
of zinc (Fig. 8a). In combination with the O1s peak detec-
tion at 531.5 eV, can be found to obtain ZnO [46]. Fig-
ure 8b, ¢ present XPS ZnO—nAg NPs and ZnO-nCu NPs
spectra. On the surface of nanocomposites Zn, O, Ag and
Cu profiles were observed. In ZnO-nAg nanocomposite,
the peaks of Ag 3d5/2 and Ag 3d3/2 are at 367.7 eV and
373.7 eV, which confirmed the formation of Ag(0) nano-
particles. The addition of Ag to ZnO had no effect on the
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Fig.6 a SEM and b, ¢ TEM microphotographs of pure ZnO NPs
(synthesised in t=60 s, P=450 W, Cy,,=1% ), d, e, f TEM with

stal mass..

EDX microphotographs of ZnO-nAg (synthesised in P=300 W,

chemical status of ZnO nanoparticles compared to pure
ZnO. The peaks of Cu2pl/2 and Cu2p3/2 are grouped
around 933.6 and 948.1 eV, respectively. The occurrence
of Cu 3p peak at 83.1 eV was also confirmed, which indi-
cated the formation of CuO beside Cu(0) on the ZnO sur-
face [47]. For ZnO-nCu NPs the peaks attributed to ZnO
were lower, additionally the occurrence of O 1 s and C
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—20 nm

t=120 s, CAg+ = 120 mg/g, nT/nAg=0.5), g, h, i TEM with EDX
microphotographs of ZnO-nCu (synthesised in P=300 W, t=120 s,
Cep+ = 120 mg/g, n'T/nCu=1.5)

1 s peaks was observed due to high concentration of the
tannic acid introduced into the system [45].
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Fig.7 DRS spectrum of the pure ZnO NPs (P=450 W, r=60 s,
Cyay=0%,,.s)» ZnO-nAg NPs (P=300 W, nT/nAg=0.5, Cagt

stab mass

=120 mg/g), and ZnO-nCu NPs (P=300 W, nT/nCu=1.5,=C¢p+
120 mg/g)

Photocatalytic properties of pure and modified ZnO
NPs

Analysis of pure ZnO compared to ZnO modified with metal
nanoparticles showed a lower absorbance in the case of MB
(Fig. 9). For copper nanoparticles, the MB photodegrada-
tion efficiency increased by 24% by using a concentration
of 120 mg/g nCu on the surface of the ZnO NPs. Similarly,
when using ZnO-nAg, the best concentration turned out
to be 120 mg/g Ag. With the addition of silver nanoparti-
cles, the efficiency of the bed was significantly higher and
exceeded 90% after 60 min of the process.

The Langmuir—Hinshelwood model showed a good fit to
the experimental points. By analysing the kinetics of MB
photodegradation processes, constants of dye degradation
rates and the degree of fit of the model to the data were
determined (Table 3). When comparing the addition of silver
nanoparticles with copper nanoparticles, it can be observed
that for ZnO—nCu materials, photodegradation constants
reach higher values. Due to the above, the degree of removal
over time should be the highest, which can be assumed as a
result of the rapid recombination process of electron—hole
pairs; this means that the material with the addition of cop-
per nanoparticles is deactivated, limiting further photoca-
talysis. In addition, in the case of copper nanoparticles, they
can be gradually agglomerated in an aqueous environment.
In the case of materials with the addition of silver nano-
particles, higher photocatalytic efficiencies can be observed
compared to that occurring from the addition of nCu, regard-
less of the concentration of nanosilver. This may indicate
a slower recombination process for electron—hole pairs. In
addition, the high stability of silver nanoparticles can facili-
tate electron transport, thereby increasing the activity of the
photocatalytic process.

Experimental points along with the adjustment of the
photodegradation process of MB on ZnO modified with
metal nanoparticles is shown in Fig. 10.

Photodegradation studies on MB for ZnO and ZnO with
the addition of Ag were conducted by Phuruangrat et al.
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=120 mg/g), ¢ ZnO-nCu (P=300 W, nT/nCu=1.5, Cr,2+=120 mg/g)
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120 mg/g, nT/nAg=0.5), ZnO-nCu NPs (synthesised in P=300 W,
t=120s, Cpe+ = 120 mg/g, nT/nCu=1.5)

Table 3 The parameters of
Langmuir-Hinshelwood kinetic
equations for photodegradation
of dye solutions onto ZnO NPs,
b) ZnO-nAg NPs and ZnO-nCu

Photocatalyst

Cyie(mg/g) 0
Number sample

ZnO NPs

ZnO-nAg NPs ZnO-nCu NPs

40 120 200 40 120 200
an 15) 12 an 15) (12)

NPs k constant (min™") 0.006523 0.006951 0.01295 0.008911 0.005318 0.01339 0.005683
R? coefficient 0.9641 0.9356 0.9356  0.9907 0.9577 0.9235  0.7839
Efficiency after 60 min (%) 30.19 42.52 91.23 76.58 27.83 54.20 32.53
A s 4 A
- A u A
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Fig. 10 Kinetics of photocatalyst degradation of MB under UV radiation: a ZnO-nAg NPs, b ZnO-nCu NPs

[24] Pure ZnO showed a photocatalytic efficiency of 42%.
The addition of 10%,,,,, Ag nanoparticles increased the
composite efficiency to 96%. The photodegradation rate
constant for 1%,,,.; Ag was 5.05 « 10~ min™', which is in
accordance with values obtained in the presented studies.
Kadam et al. [37] studied the photocatalytic activity of
ZnO with the addition of copper nanoparticles, relative
to Orange Methyl in UV light. It was confirmed that the

=
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increase in copper content to 0.5 mol% Cu resulted in the
highest degree of photodegradation. The photodegradation
rate changed from 0.01381 to 0.03887 min~! from a cop-
per content of 0.25-0.50%,,,, Cu, whereas for 0.75%,,,, it
decreased (k=0.0268 min~"). The results obtained in the
study were compared with other materials used for photo-
degradation of dyes (Table 4).
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Table 4 Comparison O,f the Nr Material Light Effectiveness (%) References
photodegradation efficiency of
methylene blue on pure ZnO 1 7nO uv 86 [48]
and modified ZnO NPs ZnO-Fe(2%) 92
2 ZnO-Ag(3%) uv 96 [23]
Visible 56
3 ZnO with Kalopanax septemlobus uv 97.5 [49]
ZnO uv 65 [50]
ZnO-La(3%) 80
5 ZnO Uv 49 [51]
ZnO-GO 98.5
6 rGO/ZnO/Cu uv 95.14 [52]
7 Zn0O Visible 39 [53]
ZnO/Au(10%)/Pd(5%) 97
8 ZnO-Cu uv 60 [54]
ZnO uv 64.3 [55]
ZnO-Au 82.1
10 ZnO uv 8 [56]
ZnO-Ag 45
ZnO-Au 25UV
11 Zn0O uv 30.19 This study
ZnO-Ag 91.23
ZnO—Cu 54.20
(a) (b)
1,00 - " 1,00 ¢
0,80 E E 0,80 !
0,60 E E 0,60 5
S o s 5 s
O ' ' @) O ’ /
0,40 ! ! 0,40 0,40 ! !
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0,00 : : 0,00 ; 0,00 : :
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Fig. 11 Recycle efficiency of the photocatalysts during MB photodegradation: a ZnO (P=450 W, t=60 s, Cy,,=0%,,,), b ZnO-nAg
(P=300 W, nT/nAg=0.5, C,+=120 mg/g), ¢ ZnO-nCu (P=300 W, n'T/nCu=1.5, C2~=120 mg/g)

Recyclability of the materials

As a result of the effectiveness of MB degradation in three
subsequent work cycles, the high stability of the materials
was confirmed (Fig. 11). The decrease in MB degradation
efficiency was 3.3%, 6.9% and 3.6% for ZnO, ZnO-nAg and
ZnO-nCu NPs, respectively. A higher decrease in process
efficiency was observed for the modified materials, which
was due to the gradual leaching of metal nanoparticles.

Effects of scavengers

On the basis of the studies around ZnO materials, a sig-
nificant influence of hydroxyl radicals (¢OH) and the pres-
ence of holes on the effectiveness of dye degradation was
observed (Fig. 12). For ZnO-nAg and ZnO—-Cu materials,
the presence of hole scavengers reduced the material effi-
ciency. Additionally, for ZnO-nCu and ZnO-nAg superox-
ide anions, the concentration of hydroxyl radical scaven-
gers had the greatest influence. A significant influence of
hydroxyl radicals is associated with the formation of strong
oxidants reacting with dye particles. Holes in the valence
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Fig. 12 Photodegradation of MB and RB solutions under differ-
ent scavengers (Cpgno3=1 mMol, Crpo,=278 1 mMol, Cpyppi=1
mMol, CBQ=0.5 mMol, irradiation time 60 min) in the presence
of ZnO NPs (P=450 W, t=60 s, Cyp=0%.s), ZnO-nAg NPs
(P=300 W, nT/nAg=0.5, CAg=120 mg/g) and ZnO-nCu NPs
(P=300 W, nT/nCu=1.5, Cc, =120 mg/g)
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fotons

Fig. 13 The photocatalytic mechanism of the electron—hole pair sepa-
ration of ZnO-nMe NPs in the degradation of MB

band can react with hydroxyl molecules on the surface to
form hydroxyl radicals, which are extremely powerful oxi-
dants which can react with organic chemicals [57].

Mechanisms of photodegradation processes

In the analysis of dye photodegradation processes, the initial
stage is the sorption of dye particles on the photocatalyst.
Adsorption of particles enables the interaction between the
catalyst and degraded material. Ultraviolet radiation acting
on the nanoparticles of zinc oxide creates a source of pho-
tons with an energy equal to or greater than the band gap of
ZnO. Electrons (e7) in the valence band (VB) are excited
to the conduction band (CB), while generating the same
number of holes (h™). The electrons from the conduction
band migrate to metal particles and can be transferred to
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oxide particles adsorbed on the ZnO surface, forming free
radicals: -Og, +HO,, «OH, etc., (Fig. 13). The analysis of the
scavengers’ influence on the efficiency of photodegradation
confirmed the importance of the formation of holes where
hydroxyl radicals are formed.

The addition of both types of metal nanoparticles reduces
the width of the energy gap of the entire material. In the
case of ZnO modification with copper nanoparticles, oxygen
vacancy trap centres formed, which caused the formation
of electrons [44]. Oxygen adsorbed on copper nanoparti-
cles created superoxide anion (+O;) radicals by combining
with the resulting electrons. In turn, the holes formed on
the ZnO surface reacted with the adsorbed hydroxyl ions
to form hydroxyl («OH) radicals. When silver nanoparticles
were added, defects formed at the Ag—ZnO junction, sup-
pressing charge recombination by transferring photogen-
erated electrons to the dye in solution [6]. Active radicals
reacting with dissolved dye molecules caused their gradual
degradation to simpler forms [58]. In the initial stages, the
least stable bonds decay, resulting in single ring compounds,
which in the final stage become basic inorganic compounds
like H,0, CO,, NO; and SOZ‘ [59]. The mechanism of dye
photodegradation using a ZnO semiconductor, initiated by
UV, can be presented in the following equation:

ZnO +hv — ZnO(h* +¢7)
h* + OH™ - -OH

h* + H,0 - -OH + H*

Ag < Agt +e”

e +0, - -0;

-0; +H" - -OH,

2. OH2 d H202 +02

where h™ are holes of the generated valence band of the
ZnO, which have strong oxidising properties, and e~ are
electrons generated in the conduction band of the ZnO,
which have high reducing properties [60]. Fageria et al. [46]
compared ZnO modified nanoparticles of Au and Ag and
proposed a way to increase the ZnO photocatalytic activity
as a result of the formation of a Schottky barrier between
materials with different work functions. Au and Ag nanopar-
ticles effectively adsorb electrons from the conduction band,
and thus prevents the immediate recombination process.
Here, Au and Ag nanoparticles are used as surface traps,
which usually capture electrons from the ZnO surface and
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use them to degrade the dye. A subsequent electron transfer
would be beneficial for the proper formation of connections
between ZnO and metal nanoparticles. Therefore, embedded
metal nanoparticles can act as an electron absorber or an
electron trap on the surface of ZnO particles.

Conclusion

This research presented a method of obtaining ZnO NPs,
carried out in a flow microwave reactor. The method allowed
the possibility of simultaneous synthesis of zinc modified
with silver or copper nanoparticles. The materials were char-
acterised by increased photocatalytic activity. The change
of the process input parameters, including the power of
microwave radiation and the residence time of the mixture
in the reactor, allowed us to change the crystallite size of
the obtained ZnO NPs. Depending on the selection of the
initial concentration of the solution of metal ions that are
precursors of metal nanoparticles and also the concentration
of the reducing-stabilising factor, it is possible to obtain a
material with increased photocatalytic activity compared to
pure zinc oxide. The addition of copper nanoparticles or
silver nanoparticles improved the photocatalytic efficiency
of the photodegradation of MB. The photocatalytic activity
of zinc oxide increased from 30 to 91% by modifying its
surface with Ag nanoparticles and to 54% by modifying with
Cu nanoparticles.
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