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Abstract

In this study, stratified microstructure gold/zinc oxide (AwZnQO) composites were successfully prepared by the
method of dispersing Au nanoparticles (Au NPs) on the surface of the hierarchical flower ZnO via HAuCl4 reduc-
tion in the presence of different reducing agents such as sodium citrate (SC), sodium borohydride (SB), sodium hy-
droxide and ethanol (SE), and Hg lamp 250W. Au-doped samples were named Auw/ZnO-SC, Au/ZnO-SB, Au/ZnO-
SE, and Auw/ZnO-Hg lamp, respectively. Au/ZnO-SC and Au/ZnO-SB revealed the uniform distribution of Au nano-
particles on the ZnO substrate, meanwhile, Au nanoparticles were very densely distributed in Aw/ZnO-SE and
Auw/Zn0O-Hg lamp samples. The pure ZnO only showed an absorption peak in the ultraviolet (UV) region, Au/ZnO
samples indicated additional absorption peaks in the visible light region (500-600 nm), which were characteristic
of the surface plasmon resonance (SPR) effect of Au NPs in composites. Therefore, their bandgap energy was re-
duced compared to ZnO (3.202 eV), leading to increased photocatalytic efficiency under visible light irradiation.
Among the doped samples, Au/ZnO-SC (with Au content as 5 wt%) had the largest surface area (26.23 m2/g) and
the highest pore volume (0.263 cm?3/g) and average pore width (33.2 nm). As a result, it showed the highest catalyt-
ic efficiency through complete degradation of tartrazine (TA) within 30 min with a reaction rate of 0.124 min-! un-
der Hg lamp 250 irradiation. In addition, both pure ZnO and Auw/ZnO nanocomposites exhibited high antimicrobial
activity in killing Escherichia coli (E. coli), and their enhancing effect of them was reliant on the weight ratio of Au
on ZnO and the concentration of tested samples. These results indicated that Au/ZnO material has prominent po-
tential for applications in water environment treatment.
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sult, humans face climate change, environmen-
tal pollution, ecological imbalance, and the de-
velopment of diseases. Water pollution is one of
the most alarming issues [1]. Toxic organic and
biological contaminants in wastewater increase
carcinogenicity that threatens the life of hu-
mans. In particular, it is increasingly common
that using large quantities of dyes containing

1. Introduction

In the last few decades, the intense develop-
ment of economic-technical activities has made
people's lives more and more improved. Still,
the downside of that is the release of numerous
toxic substances into the environment. As a re-
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insoluble functional groups such as naphtha-
lene, phenolic, azo, amine, sulfonate, and thiol
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in the food, textile, and paint industries can be
able to cause detrimental impacts like discolor-
ation, odor, bioaccumulation [2]. Hence, it is es-
sential to figure out whether combinational re-
mediation can address organic and biological
contaminants.

Many efforts have been made to neutralize
the harmful effects of wastewater caused by or-
ganic pollutants and infectious microorgan-
isms. To treat persistent organic contaminants,
advanced oxidation processes (AOPs) consisting
of photocatalysis, electrochemical oxidation, or
oxidation by Fenton system have been success-
ful and widely applied methods currently since
they are much more likely to completely decom-
pose pollutants into innocuous substances such
as CO2 and H20 [3,4]. Which, utilization of na-
nometal oxides is a potential research direc-
tion, and it has attracted a tremendous amount
of interest from scientists [5]. In this regard,
nanomaterials assume a role as photocatalysts
which are likely to absorb irradiation to pro-
duce reactive oxygen species (ROS), degrading
organic pollutants. Additionally, photocatalysis
is considered an advanced technique and is be-
ing widely used to date because it can create a
safe, sustainable, environmentally friendly,
and cost-effective wastewater treatment meth-
od [6,7]. It plays a crucial role in their opera-
tions. Furthermore, with specific biological
properties, several nanomaterials also can be
able to antibacterial activity.

Since its advantages like mechanical stabil-
ity and specific photoelectric properties [8], the
Zn0O-based material is commonly used as a cat-
alyst for the decomposition of organic matter
and removal of heavy metal in wastewater from
industrial and agricultural fields [6,9-11].
However, the large bandgap energy is the limit
of ZnO in absorbing visible light. Moreover, the
propensity of rapid recombination of electrons
and holes leads to reducing the quantum yield
of ZnO, and the catalytic ability only remains
for a short time. Recently, improving the cata-
lytic efficiency in the visible region and reduc-
ing the recombination rate are the strategies of
scientists.

In research with supporters, the graphene
oxide/zinc oxide (GO-ZnO) composite prepared
by the hydrothermal method could improve the
photodegradation of phenol in visible light [10].
The chitosan/ZnO nanocomposite prepared by
the eco-friendly method using S. lycopersicum
leaf exhibited antibacterial activity against also
the degradation of congo red under solar light,
the degradation efficiency archived at 80% in
300 min. ZnO nanorods immobilized on kaoline
exhibited the reduction efficiency for Cr(VI) of

approximately 88.0%, being much more effec-
tive than the bare ZnO (43.7%) [12]. The depo-
sition of ZnO on g-CsN4 could generate the het-
erojunction structure and inhibit the recombi-
nation of electron-hole pairs. As a result, the
CO2 conversion on the ZnO/g-CsN4 composite
was 1mproved to the rate of 45.6
pmol.h—t.gcat! [13]. Simultaneous dispersion
of Ag and mesoporous graphitic CsN4 on the
ZnO plate shows effective degradation of Direct
Orange 26 dye under ultraviolet (UV) light illu-
mination. The best photocatalytic efficiency
achieved 94% at 10 mg/L. DO26, and pH = 6 in
120 min of reaction time [14]. ZnO-dope noble
metal is a potential approach to address the
drawbacks of ZnO through enhancement of the
mobility of electrons and holes, inhibition of
the recombination between them, and exten-
sion of absorption in the visible irradiation re-
gion of ZnO [15-20]. Besides, transition metal-
doped ZnO nanoparticles were successfully pre-
pared via a simple solvothermal route. In
which, Cu2* ions in the doped ZnO NPs acted
as effective trappers to promote the photogen-
erated carriers separation efficiency and inhib-
it their recombination thereby enhancing pho-
tocatalytic activity [21]. On the other hand, the
biaxial strains can significantly modulate the
band gaps and band arrangement of the cata-
lyst heterostructures, and all the strain hetero-
structures are beneficial for the absorption of
visible light. The induced integrated electric
field on the heterostructure interface can re-
duce the photochemical carrier recombination
rate, which is favorable for improving the pho-
tocatalytic performance of ZnO/GeC [22]. How-
ever, these studies have also demonstrated
that the catalytic performance of ZnO compo-
sites was greatly influenced by their morpholo-
gy, size, and physical properties.

In research with supporters, ZnO is also
considered a promising materials agent due to
its good thermal stability, high antimicrobial
activity, and excellent biocompatibility [23].
There are numerous reports on the biocidal na-
ture of ZnO against different strains of bacteria
such as Staphylococcus aureus (S. aureus) and
Escherichia coli (E. colt) [24-27]. An increase
in antibacterial could be created when precious
metals were added to ZnO [28-30]. This appli-
cation of them has initiated a positive develop-
ment to resolve microbial resistance issues,
leading to arouse extensive attention in the bi-
omedical field, especially in cancer treatment.

From the above, it can be seen that the dec-
oration of precious metal nanoparticles on the
surface of ZnO is truly a potential method not
only enhanced the degradation efficiency of or-
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ganic pollutants under solar light but also in-
crease their sterilization capacity. The mor-
phology and dispersion of precious metal nano-
particles in composites, controlled by synthesis
methods, will significantly influence their pho-
tocatalytic and bactericidal properties. In this
study, the effect of the synthesis methods on
physical properties, catalytic performance, and
antibacterial activity of stratified microstruc-
ture Au/ZnO composite was throughout investi-
gated. The different agents such as sodium cit-
rate, sodium borohydride, sodium hydroxide,
and light irradiation of Hg lamp 250W were se-
lected for reducing agents. The catalytic perfor-
mance of as-synthesized materials was evaluat-
ed by photocatalytic degrading tartrazine (TA)
under visible irradiation. TA was selected as
the organic substance in this study for its prop-
erties. First, TA is a typical substance that is
widely used in areas such as food, textiles, and
cosmetics. Next, it is confirmed to be highly
toxic for humans since it is much more likely to
cause asthma, eczema, thyroid cancer, and
some other serious diseases [9]. Besides, the
antibacterial ability of the as-prepared prod-
ucts was also evaluated by the agar plate diffu-
sion method and using E. coli bacteria, a very
common Intestinal bacteria existing in
wastewater.

2. Materials and Methods
2.1 Materials

Zinc nitrate hexahydrate (Zn(NOs)2.6H20,
99.5%), urea (NHz2)2CO, 99.5%), gold (III) chlo-
ride trihydrate (HAuCls.3H20), sodium citrate
(NasCsHs507), sodium borohydride (NaBH4), so-
dium hydroxide (NaOH), acid hydrochloric
(HCl) and ethanol (C2Hs0H) were purchased
from Merck. tartrazine (TA) (99%), janus green
B (JGB) (99%), congo red (CR) (99%) and meth-
ylene blue (MB) (99%) were obtained from Sig-
ma-Aldrich.

2.2 Synthesis of the stratified ZnO

The ZnO stratified microstructure was fab-
ricated by a simple hydrothermal process [6].
With this synthesis method, urea plays a cru-
cial role in the formation of structuring ZnO.
When urea was dispersed into the Zn2+ solu-
tion, the urea molecules were slowly hydro-
lyzed to release ammonia and CO.. It was fol-
lowed by the formation of OH- and COs2- ani-
ons, which can react with the Zn2+ ions to pro-
duce zinc carbonate hydroxide (Zn4+(CO3s)(OH)e).
After calcination, Zns(COs3)(OH)s was decom-
posed and yielded ZnO powder. The rates of
crystal nucleation and crystal formation deter-
mined the stratified structure of ZnO.
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Figure 1. The synthesis process of (a) Au/ZnO-SC; (b) Auw/ZnO-SB; (¢) Au/ZnO-SE and (d) Au/ZnO-Hg

lamp.
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Typically, 1.8018 g of Zn(NOs)2 was com-
pletely dissolved into 100 mL of distilled water
before adding 0.03 moles of (NH2)2CO. The mix-
ture was stirred for 30 min at 240 rpm/min.
Subsequently, it was transferred to an auto-
clave, and heated to 90 °C for 24 h. As the au-
toclave was cooled, the white precipitate was
filtered, washed with distilled water several
times, and then dried at 90 °C for 24 h. Eventu-
ally, the ZnO sample was obtained after sinter-
ing the precipitate at 400 °C for 2 h with a
heating rate of 2 °C/min.

2.3 Synthesis of stratified Au/ZnO composites

Method 1: First, 10 mL of 0.005 M HAuCl4
and 10 mL of 1% NasCsH507 were mixed in a
beaker. Continuously, 0.1 g of ZnO was added
into the mixture under stirring for 1 h. The
precipitate was filtered by distilled water to re-
move impurity ions. After drying the sample at
80 °C for 12 h, the composite was obtained and
named Au/ZnO-SC. The synthesis process is
shown in Figure 1(a).

Method 2: Typically, 0.1 g of ZnO and 30 mL
of distilled water were mixed together in a
beaker. Thereafter, 0.002 g of NaBH4 and 10
mL of 0.005 M HAuCl, solution were added in-
to the white suspension drop by drop under
stirring for 1 h with a constant speed to ensure
good dispersion of the Au nanoparticles on the
surface of ZnO. The composite was collected by
vacuum pumping filtration with water and eth-
anol several. After drying in the air at 80 °C for
12 h, the purple composite was obtained and
named Au/ZnO-SB. The synthesis process is
shown in Figure 1(b).

Method 3: 0.1 g of ZnO, 20 mL of distilled
water, and 20 mL of ethanol were mixed in a
beaker by stirring for 5 min. 1 mL of 0.1 M
NaOH was added to the mixture at a tempera-
ture of 90 °C, and 10 mL of 0.005 M HAuCl4
was then added into the mixture under contin-
uous stirring for 1 h. The product was filtered
by distilled water and then dried at 80 °C for
12 h. The obtained composite was named
Au/ZnO-SE. The synthesis process is shown in
Figure 1(c).

Method 4: 0.1 g of ZnO and 30 mL ethanol
were mixed by ultrasonic in 5 min. When the
temperature increased to 70 °C, 10 mL of 0.005
M HAuCls solution was added to the mixture.
Then, the Hg lamp 250 W was turned on to al-
low the reduction process to take place. Finally,
the precipitate was filtered by distilled water
and dried in the air at 80 °C for 12 h. The ob-
tained composite was named Au/ZnO-Hg lamp.
The synthesis process is shown in Figure 1(d).

2.4 Characterizations

X-ray diffraction (XRD) method was record-
ed on a Bruker D8 Advance (Germany) with Cu
Ko radiation (40 kV, 40 mA), 20 angle from 10
to 80° was selected for analyzing the crystal-
line phase of composites. Transmission electron
microscopy (TEM) and scanning electron mi-
croscopy (FE-SEM) methods were recorded on
the JEM-2010 and JEOL-7600F instruments,
respectively, for morphological observations of
materials. The textural properties of compo-
sites were measured via the N2 adsorp-
tion/desorption isotherm by micrometry
(Gemini VII). The specific surface areas were
calculated by the Brunauer-Emmett-Teller
(BET) method, and the pore volume and diame-
ter were determined by the BJH method. The
Ultraviolet—visible diffuse reflectance (DR/UV-
vis) spectra of the samples were measured on a
UV-Vis spectrophotometer (Avantes). The Fou-
rier transform infrared spectroscopy (FTIR,
Madison, WI, USA) measurement was carried
out to explore the changes in functional groups
of as-synthesized samples by Nicolet IS50.

2.5 Experiment of photocatalytic reaction

The photocatalytic efficiency of composites
was evaluated via the degradation of non-
biodegradable toxic organic contaminants (TA,
MB, JGB, and CR) under visible light. In the
reactor, 100 mL solution containing the tested
contaminant with a defined concentration were
added by pH by HCl and NaOH solutions to
reach a desired pH. A suitable amount of cata-
lyst was introduced into the reactor and dis-
persed by the sonication for 5 min. After reach-
ing adsorption/desorption equilibrium in the
dark for 30 min, the light was turned on using
Hg lamp 250 W (OSRAM 250 W-230 V, HWL,
the light intensity of 13350 Lux), UV lamp 15
W (E27, the light intensity of 4710 Lux), or di-
rect by solar light (light intensity of 82600
LUX). The concentrations of organic pollutants
at each time interval were monitored by the
UV-Vis spectrophotometer (Agilent 8453 in-
strument). The rate constant was calculated by
using the pseudo-first-order model, equation
(1) [31]. The degradation efficiency (DE) degra-
dation capacity (DC) of the pollutant was de-
termined by Equations (2) and (3) [31]. The
crystal sizes samples were determined through
equation (4) [32].

ln(%] =kt (1)

DE (%) = (G =C)xt 2
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Figure 2. SEM images of hierarchical Au/ZnO nanostructure with different scale bars of (a-c) hierar-
chical nanostructure; (d-f) hierarchical Au/ZnO-SC nanostructure; (g-i) hierarchical Au/ZnO-SB
nanostructure; (k-m) hierarchical Au/ZnO-SE nanostructure and (n-p) hierarchical Au/ZnO-Hg lamp.
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C -C)xV
DC(mg ! g)=M ®3)
m
KA
_,BCOSH 4)

where, Co and C; are the concentration of con-
taminant at initial (¢ = 0) and time ¢ (min), re-
spectively; k is the pseudo first-order rate con-
stant (the k value was calculated from the slope
of the In (Co/Cy) — t plots); Vis the volume of so-
lution (L) and m is the mass of the catalyst (g).

2.6 Antibacterial Study

In this study, the antibacterial ability of the
as-prepared nanomaterials was evaluated by
agar plate diffusion method. Escherichia coli
(ATCC 25922), a gram-negative Dbacterial
strain, was chosen as the model organism in or-
der to perform antibacterial activities of the as-
synthesized products. The E. coli bacteria was
cultivated in sterilized Luria—Bertani Broth at
37 °C with continuous shaking at 150 rpm for 6
h under aerobic condition. Then, the grown
broth culture was adjusted to (106+108)
CFU/mL as standard and swabbed uniformly
across an agar plate. The as-synthesized ZnO
and heterostructure Au/ZnO composites were
diluted with NaCl 0.85% solution to form a sus-
pension with obtained different concentrations

Figure 3. TEM images of (a-b) as-synthesized ZnO and (c-d) Au/ZnO-SC samples with different bars.

of 50, 100, and 200 mg/mL. Afterward, sterile
standard cellulose filter papers with a diame-
ter of 6 mm impregnated test samples were
placed on the surface of the agar, while the fil-
ter papers without the dispersion of materials
were used as a negative control. Finally, the
prepared plates were incubated in the incuba-
tor at 37 °C for 24 h. The disk constituents dif-
fuse from the filter paper into the agar and in-
hibit the growth of bacteria. Thus, after the in-
cubation, the inhibition zones around the wells
were observed.

3. Results and Discussion
3.1 Physiochemical Characterization

The SEM results are indicated in Figure 2.
The pure ZnO sample was seen as a uniformly
stratified structure like rose flowers. Micro-
structures about 10 micrometers in size are
made up of many thin sheets showing a thick-
ness of 10+20 nm (Figure 1(a-b)). After doping
Au into the composite, the stratified structure
of ZnO was not changed, it can be seen that Au
NPs were dispersed on the microstructure ZnO
in all of the doped samples, however, their dis-
persions were different according to each meth-
od. The Au particles were evenly dispersed on
Zn0 in Au/ZnO-SC composite (Figure 2(d-f)).
This was similarly observed for the Au/ZnO-SB
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sample, in Figure 2 (g-1). Both of these samples
were porous, the petals were uniformly ar-
ranged, and it could be observed that Au NPs
with small sizes were anchored on the surfaces
of the petals. However, the reduction process
resulted in a part of both samples being bro-
ken. Unlike Au/ZnO-SC and Au/ZnO-SB compo-
sites, Au NPs were very densely distributed on
the surface of Au/ZnO-SE and Au/ZnO-Hg lamp
samples. The ZnO microstructure was shrunk
and separated from each other, in Figure 2(k-
m). The Au/ZnO-Hg lamp sample showed tight-
er and denser after loading the gold than other
composites as shown in Figure 2(n-p). The tem-
perature of the reduction process and the rapid
reaction rate of sodium citrate and sodium bo-
rohydride with HAuCls might be the reasons
for the difference in the dispersion of Au NPs.
The rate of Au nanoparticle generation at room
temperature could lead to uniformly dispersing
and keeping the original structure of ZnO after
the reaction.

The TEM results of ZnO and Au/ZnO-SC in
various scale bars are presented in Figure 3.
Clearly, it revealed that many pore structures
in the size range of 20-50 nm were formed on
the ZnO surface, which was an important con-
tributor to photocatalytic processes Figure 3(a-
b). By virtue of these pore structures, ZnO na-
noparticles (ZnO NPs) have the significant abil-

Au/Zn0O -
Hg lamp

Au/ZnO -SE | 5 )\

-
= N A ne |
\:3
t. Au/ZnO -SB A A ’\ ™ A A A
§ AwZnO - SC A A
=
= (Zn0)
(Au)
Zn0
20 30 40 50 60 70 80

2 - Theta(degree)

Figure 4. XRD patterns of as-synthesized
Au/Zn0O-SC, Au/ZnO-SB, AuwZnO-SE and
Au/Zn0O-Hg lamp samples.

ity to diffuse light as well as efficiently
transport hydroxyl radicals in photochemical
reactions, leading to enhancing their photo-
catalytic performance of them [31,33]. By com-
parison, after doping Au NPs into ZnO, the
holes tended to be narrower on the petals, it
was not as smooth as that of the original ZnO.
Figure 3(c-d) showed the uniformly dispersed
Au NPs with particle sizes of approximately
2+5 nm on the surface of ZnO.

The crystal wurtzite ZnO phase was re-
vealed by XRD pattern in Figure 4(a), which
showed the (100), (002), (101), (102), (110),
(103), (112), and (201) planes at 20 of 31.7,
34.4, 36.2, 47.5, 56.6, 62.8, and 67.9°, respec-
tively (JCPDS card No. 36-1451) [31]. In addi-
tion, the other diffraction peaks at 38.2, 44.4,
and 64.5° were specified to the (111), (200), and
(220) crystal planes of crystal Au particles [34],
in the Auw/ZnO-Hg lamp sample. However, the
intensity of these peaks was gradually reduced
for Au/ZnO-SE and Auw/ZnO-SB samples, these
peaks almost disappeared for Au/ZnO-SC. The
content of Au was low and the size of Au nano-
particles was infinitesimal, which were causes
of the XRD signal coverage of Au by ZnO [35].
Besides, no shift and impurities diffraction
peaks were observed.

The crystal sizes of as-prepared samples
were determined through Debye—Scherrer
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17132721384 909
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Figure 5. IR spectrums of as-synthesized
Au/ZnO-SC, AuwZnO-SB, Au/ZnO-SE and
Au/ZnO-Hg lamp samples.

Table 1. Textural properties of as-prepared ZnO and Au/ZnO samples.

Average crystallite SBET BJH pore volume Average pore
Sample By (eV) size D (nm) (m?/g) (cm?/g) width (nm)
Zn0O 3.202 18.02 24.40 0.408 47.9
Au/Zn0O-SC 3.164 15.54 26.23 0.263 33.2
Au/Zn0O-SB 3.139 17.19 26.22 0.255 32.8
Au/ZnO-SE 3.157 15.78 24.53 0.241 32.9
Au/ZnO-Lamp Hg 3.174 16.16 23.22 0.220 32.7
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equation [32]:
_ Ki
Pcosb )

where, K = 0.9, L = 1.54 (the wavelength of X-
ray), [ is the full width at half maximum in ra-
dians (FWHM) and 9 is the Bragg’s diffraction
angle. As shown in Table 1, the average size of
Zn0 is slightly larger than that of the compo-
sites, which can be indicated by the distortion
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in the host ZnO lattice by the external impuri-
ty Au, and the degree of influence depends on
the different doping methods [36].

The composition, structure, and function
groups of samples were demonstrated by FT-IR
[37]. The FT-IR spectra of as-synthesized ZnO
were almost non-different from that of Au/ZnO
composites, as shown in Figure 5. The broad
and strong bands from about 3100 to 3200 cm™!
corresponded to the O—H stretching vibration
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Figure 6. (a), (b), (¢c) and (d) N2 adsorption/desorption isotherms of Au/Zn0O-SC, Au/ZnO-SB, Au/ZnO-SE
and Aw/ZnO-Hg lamp, respectively, and (e) pore size distributions.

Copyright © 2023, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 18 (1), 2023, 139

in water molecules absorbed on the surface
[38]. The peaks at 1572, 1568, 1564, 1565, and
1578 cm™! in all the FT-IR spectrums could be
indexed to the C=0 bond in —COOH groups
[39]. Meanwhile, the small band of about 1713,
1420, and 906 cm~! were ascribed to the vibra-
tion of the O—H bond in zinc hydroxide [40]. In
particular, the intense bands at more or less
565 cm™! confirmed the stretching vibration of
Zn—0 bonds in ZnO and composites [41].

Figure 6 illustrates the N2 isotherms of as-
prepared samples. According to ITUPAC, the ad-
sorption isotherms of all samples were classi-
fied as type IV with H3 hysteresis loops, which
are characteristic of mesoporous material [42].
It can be seen that the hysteresis loops ap-
peared evidently in the P/PO range of 0.91 0.98.
Notwithstanding, the hysteresis loops of com-
posites were similar to that of ZnO, and the ni-
trogen adsorption abruptly grew at P/PO higher
than 0.98.

The pore size of ZnO was distributed in the
range from 20 to about 120 nm with a major
pore size of 28 nm. Meanwhile, after doping
Au, the pore size distribution of as-synthesized
composites experienced significant variations.
The pore size of Au/ZnO samples was distribut-
ed larger than pure ZnO and fluctuated from
about 5 to approximately 160 nm. Whereas the
intensity of pores of Au/ZnO-SC, Au/ZnO-SB,
and Au/ZnO-SE samples was most popular at
around 35 nm, that of the Au/ZnO-Hg lamp
reached a peak of 40 nm. The increase in pore
size intensity of Au-doped composites com-
pared with pure ZnO can be explained by the
agglomeration of the ZnO structure occurring
through the reduction of gold salts.

The BET surface areas of all doped samples
were slightly larger than ZnO, except Au/ZnO-
Hg lamp, in Table 1. By contrast, Barrett-
Joyner-Halenda (BJH) pore volume and aver-
age pore width of as-synthesized composites
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Figure 7. (a) UV-Vis diffuse reflectance spectra, (b) Tauc’s plot of the as-synthesized ZnO, Au/ZnO-SC,
Au/Zn0O-SB, Au/ZnO-SE and Au/ZnO-Hg lamp samples, (c) and (d) PL spectra and EPR spectra of ZnO

and Auw/ZnO-SC.
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were lower than those of ZnO, 0.408 cm3/g and
47.9 nm, respectively. Meanwhile, the BJH
pore volume of ZnO samples decorated with Au
NPs was in the range of 0.220+0.263 cm3/g and
the average pore width of them had values be-
tween 32 and 34 nm. Amongst as-prepared
composites, Au/ZnO-SC had the largest surface
area and the highest pore volume and average
pore width, these can be expected to give the
good photocatalytic ability to degrade toxic or-
ganic pollutants of composites.

The optical properties of the materials have
a great influence on the catalytic activity,
which in many studies can be analyzed by ab-
sorption spectroscopy [43]. In general, all sam-
ples strongly absorbed UV light in the 250+350
nm region, followed by an absorption edge at
375 nm, which is attributed to the interband
excitation in the ZnO NPs [44]. However, com-
posites had stronger near ultraviolet region of
350+400 nm adsorption than pure ZnO. Addi-
tionally, it is seen from Figure 7(a) that the ap-
pearance of absorption peaks represented by a
dashed circle in the visible light region
(5600+600 nm) was due to the SPR effect of Au
NPs [45]. The shape and position of the pre-
cious metal SPR bands depend on various pa-
rameters such as the shape and size of the na-
noparticles, the dielectric constant as well as
environmental factors [37].

Besides, the absorption peaks position shift
as decorating Au NPs on the surface of ZnO al-
so could be able to lead to the change in the
bandgap energy, which was calculated through
Tauc’s equation [34]:

(ahv)" = A(hv-E,) 3)

where, a is the absorption coefficient, A is the
Planck constant, v is the photon’s frequency, A
is a constant, E;, is the average band gap ener-
gy of material and n has the value depending
on the type of transition. Since ZnO exhibits di-
rect optical transition, the value of n is 1/2 in
this study. The optical band gap is determined
by extrapolation of the linear portion in the
plot of (ahv)2 against Av as shown in Figure 7(b)
and the results are presented in Table 1. The
band gap energy of ZnO of 3.202 eV is higher
than Auw/ZnO-SC, Au/ZnO-SB, Au/ZnO-SE, and
Au/Zn0O-Hg lamp samples with the values of
3.164, 3.139, 3.157 and 3.174 eV, respectively.
This proves that the addition of Au NPs into
the ZnO surface led to the reduction in the
band gap energy of Au/ZnO samples compared
to pure ZnO, resulting in enhancing their pho-
tocatalytic performance under visible light irra-
diation. The reduction of the optical band gap

can be related to the higher light absorption in-
tensity of Au NPs in the visible region by vir-
tue of their plasmon resonance ability. It is
predicted that the increase in absorption inten-
sity can enhance the photocatalytic efficiency
under visible light irradiation, especially solar
light, of Au/ZnO catalysts after the decoration
of Au NPs on ZnO [46].

The PL spectra of the ZnO and Au/ZnO-SC
samples are shown in Figure 7(c). The PL spec-
trum of ZnO exhibited a broad band with a
peak of 665 nm, which was a red mission aris-
ing from structural defects or the recombina-
tion of photogenerated carriers with single ion-
ic charge states [47]. Meanwhile, the Au/ZnO-
SC sample exhibits low emission revealing the
reduction of the recombination of electrons and
holes. These were expected to give an enhanced
photocatalytic to the Au/ZnO composites.

Electron magnetic resonance (EPR) is a
highly sensitive analytical technique for the
detection of unpaired electrons and oxygen va-
cancies of Vo (+2 charge state), Vo* (+1 charge
state) and Vo * (0 charge state. Vo was rarely
detected in n-type ZnO, while Vo* * was easy to
generate because of its low formation energy
[48]. As shown in Figure 7(d), the signal at g =
1.965 on both ZnO and Au/ZnO-SC samples
was attributed to oxygen vacancy Vo* [49], but
the presence of Au led to a decrease in signal
strength of Au/ZnO-SC composite. This could
be explained that the electrons of Au nanopar-
ticles were transferred to ZnO and then paired
with the lone electrons in Vo, leading to the
formation of paramagnetic Vo*+. Which was
the reason for the decrease in the recombina-
tion of electrons and holes. It was expected an
increase in the photocatalytic ability of Au/ZnO
composite.

3.2 Examination of Photocatalysis

3.2.1 Degradation of tartrazine on ZnO and
Au/ZnO

The experiments were carried out at 0.05 g
catalyst, 10 mg/L TA, Hg lamp 250 W. As the
results are demonstrated in Figure 8, the deg-
radation performance of TA was affected by dif-
ferent methods of AuwZnO synthesis. The
Au/Zn0O-SC, Au/Zn0O-SB, and Au/ZnO-SE sam-
ples had higher photodegradation efficiency
and the reaction than pure ZnO, while Au/ZnO-
Hg lamp experienced the opposite pattern.
Pure ZnO had a DE of 78% and a rate constant
of 0.031 min~!. The Au/ZnO-SC completely de-
graded TA within 30 min with a rate constant
of 0.124 min!, and the Au/ZnO-SB sample
completely degraded TA within 40 min with a
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rate constant of 0.117 min-!. The DE and rate
constant for Au/ZnO-SE within 50 min were
85% and 0.039 min~1, respectively. Meanwhile,
the Auw/ZnO-Hg lamp only showed 63% and
0.018 min!, respectively. These results demon-
strate that doping Au NPs on the surface of
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flower-ZnO can improve TA degradation in
terms of both yield and reaction rate compared
with pure ZnO, with the exception of Au/ZnO-
Hg. In addition, the degradation capacity dur-
ing 30 min of Auw/ZnO-SC reached the value of
about 20 mg/g higher than the remaining sam-
ples as shown in Figure 8(c). The Au/ZnO-SC
nanocomposite was the most effective catalyst
of four as-synthesized Au/ZnO samples, which
was due to the combination of factors such as
the uniform dispersion of Au NPs on the sur-
face as well as surrounding petals of flower-
like ZnO structure with a small Au particle
size, the reduced band gap energy compared to
Zn0O, and the large BET surface area.

3.2.2 Examination with the initial pH value of
TA solution

pH is a crucial factor affecting the treat-
ment of toxic organic contaminants in

AwZnO-8C
204 AWZnO-SB

15 -
Aufn0-SE

Zn0O 30 min
104 "

(C) AuwZnO-Tlg lamp

Degradation capacity (mg/g)

Catalyst

Figure 8. (a) Effect of as-synthesized ZnO, Au/Zn0O-SC, Au/Zn0O-SB, Au/ZnO-SE and Au/ZnO-Hg lamp
samples on photodegradation of tartrazine and (b) first-order curves. The reaction conditions: catalyst
dosage of 0.5 g/L,, TA concentration of 10 mg/L, and Hg lamp 250 W.
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Figure 9. (a) Effect of initial pH on photodegradation of TA and (b) first-order curves. The reaction con-
ditions: catalyst dosage of 0.5 g/L, TA concentration of 10 mg/L,, and Hg lamp 250 W.
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wastewater by photocatalysts. In this study,
the efficiency of the process at acidic, neutral,
and alkaline conditions was also investigated
and evaluated. pH of the initial TA solution
was adjusted to pH values of 2, 7, and 11 by
HC1 0.1 M and NaOH 0.1 M solutions before in-
vestigating its degradation by the Au/ZnO-SC
catalyst under the same reaction conditions:
catalyst dosage of 0.5 g/L, TA concentration of
10 mg/L, and Hg lamp 250 W irradiation. As
the results shown in Figure 9, the photodegra-
dation efficiency of TA in Auw/ZnO-SC composite
was extremely low, exhibiting a DE of approxi-
mately 3% and with the reaction rate of 0.001
min~l. Since ZnO could be protonated in the
acidic environment to generate Zn2* (ZnO (s) +
2H* (aq) — Zn2+ (aq) + H20), it was no longer
photocatalytic activity, causing the significant
decrease in TA degradation. On the contrary, in
the alkaline medium, on the surface of the cat-
alyst as well as in the reaction solution ap-
peared large amounts of OH- ions, and through
photocatalysis, they formed OH radicals, which
is a strong oxidizing agent and much more like-
ly to attack and decompose the organic pollu-
tants in waste water. Consequently, at pH =

LI L L L L L L)
0 10 20 30 40 50 60 70 80 90 100

Time (min)

11, the photocatalytic performance of Au/ZnO-
SC composite was considerably enhanced with
the DE and the rate constant of 100% and
0.155 min~!, respectively. Notwithstanding, if
waste water adjusted to a high pH value, it
must be neutralized before being released into
the environment.

As initial pH value of TA solution was ad-
justed to neutral media, the photocatalytic ac-
tivity of Au/ZnO-SC composite was relatively
good and decomposed 97.5% TA within 40 min
with the reaction rate of 0.081 min~! as shown
in Figure 9. It can be explained that due to the
effective adsorption of organics on the surface
of the material at pH = 7, which depends on
the pH point of zero charge (pHPZC). The
pHPZC of Au/ZnO composite was investigated
by the pH drift method in our previous report
and reached a value of 7.4 [50]. Hence, at pH =
7, below pHPZC of catalyst, H* ions adsorbed
on the surface of the Au/Zn0O-SC sample. As a
consequence, the photocatalyst’s surface was
positively charged, leading to effective adsorp-
tion of TA anions, enhancing substantially the
dye degradation performance.

5
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Figure 10. (a) Degradation of some organic dyes under Hg lamp 250W on Auw/ZnO-SC: [catalyst] = 0.5
g/L,, [initial organic dyes concentration] = 10 mg/L and (b) the kinetic curves.

Table 2. Comparison of photocatalytic degradation of different organic dyes using ZnO-based nanocom-

posites.

Catalyst, Dosage (g/L) (coiingSEalﬁ(l)lrtt;ngt/L) Light source tﬁjﬁg?ﬁgﬁy Reference
Cu0O/ZnO, 1 g/L CR (50 mg/L) Xe lamp 350 W 50 min/91 % [56]
Auw/Zn0O-SC, 0.5 g/L, CR (10 mg/L) Hg lamp 250 W 5 min/100 % This work
Ni/ZnO, 5 g/L MB (20 mg/L) UV lamp 80 W 18 h/93 % [67]
Au/Zn0-SC, 0.5 g/L, MB (10 mg/L) Hg lamp 250 W 40 min/98.7 % This work
Ag/Zn0, 0.5 g/LL JGB (10mg/L) Solar light 60 min/83 % [31]
Au/Zn0-SC, 0.5 g/L JGB (10 mg/L) Hg lamp 250 W 100 min/99.5 % This work
(Ce, Ag) co-doped ZnO, 1.0 g/LL TA (10 mg/L) UV lamp 24 W 90 min/98.91 % [58]
Au/Zn0-SC, 0.5 g/L, TA (10 mg/L) Hg lamp 250 W 30 min/100 % This work
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3.2.3 Examination with the different organic
dyes

The photocatalytic activity of a material de-
pends not only on its physical and chemical
properties but also on the properties of organic
contaminants. Therefore, besides studying the
photocatalytic degradation of TA the perfor-
mance of the Au/ZnO-SC sample was also eval-
uated by other prevalent organic compounds
such as CR, JGB, and MB under the optimal
conditions. As seen in Figure 10, Auw/ZnO can
almost completely remove CR, TA, JGB, and
MB after 10, 30, 40, and 100 min of reaction,
respectively. For instance, CR was found to be
the highest reaction rate of 0.855 min-!, fol-
lowed by TA and MB with a reaction rate of
0.124 min! and 0.062 min-!, respectively.
Meanwhile, the reaction rate of JGB was low-
est among tested dyes, it was 0.021 min-1.

Table 2 shows a brief comparison of the pho-
tocatalytic efficiency of ZnO-based nanocompo-
sites in removing persistent organic compounds
in wastewater. It can be clearly observed that
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Figure 11. (a) Reusability test of as-synthesized
Au/ZnO-SC sample, (b) XRD pattern of
Au/ZnO-SC after 3 uses.

the degradation efficiency of Au/ZnO-SC mate-
rial in this study was much more than that of
other ZnO-based catalysts. From these results,
Au/ZnO material can be used as a potential
photocatalyst in wastewater treatment.

3.2.4 Reusability of catalyst

The reuse of photocatalysts is crucial to
their practical application because it is related
to the efficiency and cost of the entire process.
The reusability of the Au/ZnO-SC material was
evaluated by its photocatalytic performance
over three consecutive cycles. After each exper-
iment, the powder catalyst was collected by
vacuum pump filtration, washed several times
with distilled water and ethanol, dried in air at
80 °C for 12 h, and reused for subsequent ex-
periments. The degradation efficiency of TA
under Hg lamp 250 W revealed a drop to 76%
after three recycling tests, in Figure 11(a). The
decrease in catalytic efficiency could be due to
the loss of active sites or due to a change in the
structure of the material, the particle size be-
came smaller and the crystallinity was reduced
after the catalysis process. This demonstrated
that the intensity of the XRD peaks of the sam-
ple after 3 three recycling experiments was re-
duced compared with that of the unused sam-
ple, shown in Figure 11(b).

3.2.5 The photocatalytic mechanism

Figure 12 illustrates the reaction mecha-
nism of TA on Au/ZnO composite. As ZnO 1s ir-
radiated by a light source with the photonic en-
ergy (hv) greater than or equal to its band gap
energy (Eg), the electrons in the valence band
(VB) can be excited (e”) and transfer to the con-
duct band (CB), leading to holes (h*) generation
in the VB. The electron-hole pairs react with
oxygen or H20 adsorbed on the surface of the
material to produce reactive oxygen species

Figure 12. Schematic model for the photocata-
lytic mechanism of Au/ZnO nanocomposite.
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(ROS) such as superoxide anion radicals °*Oq,
hydroxyl radicals (+OH), and hydrogen perox-
ide (H202). ROS are considered, powerful oxi-
dizing agents, therefore, they will quickly at-
tack the organic pollutant molecules to form in-
termediate compounds, eventually produce to
carbon dioxide and water ideally. The present-
ed degradation mechanism was suggested in
our previous study [50]. However, as aforemen-
tioned information, the limitation of the ZnO is
the rapid recombination rate between electrons
and holes. After an extremely short time, elec-
trons tend to release energy instantaneously to
return to the ground state and recombine with
holes. In addition to this, owing to the high
band gap energy, ZnO exhibits low absorption
efficiency in the visible light region. These dis-
advantages have restricted the practical appli-
cations of ZnO.

When Au nanoparticles are added to the
surface of ZnO, the establishment of the Schott-
ky barrier at the interface between Au and ZnO
helps electrons in CB of ZnO transfer easily to
Au [51], as illustrated by the red arrow in Fig-
ure 12. Consequently, Au NPs act as electron
traps from the semiconductor, taking responsi-
bility for prolonging the lifetime of the charge
carriers on the surface of ZnO as well as inhib-
iting their recombination of them [52].

On the other hand, as illuminated with a
visible light source, the electrons are formed in
the metallic Au NPs via SPR, as a result,
Au/ZnO nanocomposite is more likely to absorb

E.coli: 10° + 10% CFU/mL

Negative control: NaCl 0,85%

Test sample

50 mg/mL

strong light irradiation in the visible region. As
Fermi energy is stimulated to the SPR state,
the electrons on the surface of Au migrate into
the CB of ZnO as described by the green arrow
in Figure 12, followed by the participation in
the photocatalytic process.

Based on the above analysis, it is apparent
that the combination between the Au NPs and
the ZnO semiconductor can be able to not only
boost its light absorption capacity in visible ir-
radiation but also enhance the separation effi-
ciency of photogenerated electron—hole pairs.
Thus, Au/ZnO nanocomposites possess good
photocatalytic activity and high stability,
which clarified the availability of Aw/ZnO in
the photocatalysis field synthesized in our ex-
periments.

3.3 Antibacterial Activity of As-Synthesized
Samples

3.3.1 Antibacterial activity against E. coli

The inhibition zones on the surface of agar
plates demonstrated the antibacterial ability of
as-prepared samples. The larger the diameter
of the antibacterial ring, the higher the antimi-
crobial activity of the test material. As the re-
sults demonstrated in Figure 13, the inhibition
zones of the negative control samples on the
agar plates almost did not appear, which
proves E.coli bacteria still grew well under the
research conditions. Meanwhile, in the pres-
ence of as-synthesized samples, antibacterial

Figure 13. The results of agar plate diffusion test to evaluate the antibacterial activity of as-
synthesized ZnO, Auw/ZnO-SC, Au/ZnO-SB, Au/ZnO-SE and Au/ZnO-Hg lamp (negative control, 50
mg/mL, 100 mg/mL and 200 mg/mL samples arranged in the order shown in the illustration).
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rings are clearly observed. Pure ZnO showed
pretty good antibacterial activity against E.
coli. After doping Au NPs, the obtained sam-
ples had different antibacterial activities de-
pending on the synthesis methods. Which,

E.coli: 10° -+~ 108 CFU/mL

Negative control: NaCl 0,85%

Test sample

Figure 14. Effect of Au content doped on ZnO
(1, 3, 5, and 7 wt.% of Au) on antibacterial ac-
tivity of Auw/ZnO-SC (negative control, 50
mg/mL, 100 mg/mL and 200 mg/mL samples
arranged in the order shown in the illustra-
tion).

Escherichia coli ROS

production
(N o

ZnO Au

Release of
Zn?* and Au®

Au/Zn0O-Hg lamp shows the best antibacterial
activity compared to the remaining samples
since the diameter of antibacterial rings of
Au/ZnO-lamp Hg is significantly larger than
those of pure ZnO and other Au/ZnO products.

The bacterial inhibition zone is also affected
by the amount of antibacterial agent. Overall,
the higher the concentration of ZnO and
Au/ZnO samples used, the better they had the
ability to kill E. coli. All the as-prepared sam-
ples at the concentration of 200 mg/mL exhibit-
ed antibacterial activity against E. coli more ef-
fectively than at that of 50 mg/mL and 100
mg/mL, as shown in Figure 13. Moreover, a re-
markable antibacterial efficiency was also rec-
orded while the survival of E. coli decreased
further as the contents of Au doping on the
ZnO matrix increased. In Figure 14, as the con-
centration of Au content increased from 1 to 7
wt%, the efficiency in killing E. coli of Au/ZnO-
SC increased clearly. Especially, Au/ZnO-SC at
7 wt% showed a significantly enhanced inhibi-
tion zone with all concentrations of antibacteri-
al agent used at 50, 100, and 200 mg/mL.

3.3.2 The antibacterial mechanisms

Up to now, the exact mechanism of antibac-
terial activity of both ZnO and Au/ZnO is still
vague. Based on some previous research re-
ports, this mechanism is identified through
three main pathways: generation of ROS, the
release of Zn2+ and Aut ions, and attachment of
nanoparticles to the bacteria cell membrane
[23,24,53]. A schematic illustrating all the pos-
sible probable pathways using as-prepared
Au/ZnO nanocomposite to be fatal for E. coli
has been shown in Figure 15.
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Figure 15. Mechanism of antibacterial activity against E. coli of Au/ZnO composite.
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(1) Generation of ROS: According to the photo-
catalytic mechanism of ZnO and Au/ZnO pre-
sented above, under light radiation with proper
energy, these nanoparticles generate photoex-
cited electrons and holes, which interact with
Oz or H20 absorbed on the surface of catalysts
to produce ROS such as superoxide anion
(*O2Y), hydroxyl radicals (-OH) and hydrogen
peroxide (H202). Amongst them, *OH is the
most reactive oxygen species, therefore, it at-
tacks quickly organic biomolecules, including
nucleic acids, lipids, carbohydrates, proteins,
and DNA [23]. Similarly, H2O2 also penetrates
the bacterial membrane and disrupts the inter-
nal components of the cell. Whereas, *O2 is
not likely to enter the membrane because of its
negative charge, hence, it only can be observed
on the outer surface as in Figure 15 [24]. Even-
tually, these ROS induce cell membrane oxida-
tion and degradation causing injuries and bac-
terial cell death.

(2) Release of Zn?+ and Au*: The release of Zn2*
and Au* lons in an aqueous solution plays an
important role in the antibacterial mechanisms
of ZnO and Au/ZnO. The Zn2+ and Au* ions can
easily enter the cells membrane by virtue of the
interaction between them and bacterial cells.
Subsequently, these ions directly interact with
the functional groups on bioactive proteases,
such as sulfhydryl, amino, and hydroxyl
groups, resulting in the inhibition of bacterial
cell activities including metabolism and en-
zyme activity [54]. Thus, they rapidly disrupt
the cellular integrity and induced the cell to
die.

(3) The direct attachment of ZnO and Au nano-
particles to the bacteria cell membrane via elec-
trostatic forces: The positively charged Au and
ZnO nanoparticles will be electrostatically at-
tracted to the negatively charged bacterial cell,
they can penetrate the cell membrane [55].
This interaction may disturb the charge bal-
ance of the cell surface, and damage the mem-
brane plasma structure, leading to the leakage
of intracellular components. In addition, the ac-
cumulation of nanoparticles in the cell also in-
terfered with the metabolic functions of the
bacteria [24]. Therefore, bacteria are easily de-
stroyed.

In this study, breakage of the cell mem-
brane was predicted mainly through direct in-
teraction between Zn2* and Aut ions as well as
Zn0O and Au nanoparticles and bacterial cells,
that not due to ROS formation. Hence, when
Au nanoparticles decorated on the surface of
7ZnO have a large size, they are favorable for in-

teraction with the cell membrane. At the same
time, with a large concentration of Au doped on
Zn0O, more Au* ions will be released, and the
number of Au nanoparticles directly attacking
the cell membrane will increase, thereby in-
creasing the efficiency in killing E. coli. As a
result, coating Au NPs on ZnO enhances the
antimicrobial performance of ZnO.

4. Conclusion

Zn0 was prepared by hydrothermal method
to obtain a hierarchical structure like a flower
with crystallites of hexagonal wurtzite type. Au
nanoparticles were successfully doped into the
surface of ZnO using different Au3* reducing
agents. It has been found that the combination
of Au nanoparticles with ZnO photocatalyst
could open avenues to develop tunable photo-
catalysts whose reactivity can be controlled by
the size, shape, and loading of gold nanoparti-
cles, which is strongly influenced by the syn-
thesis methods. As a result, Au/ZnO-SC
achieved the highest photocatalytic efficiency
compared with doped samples for removal of
toxic organic contaminants under visible light
irradiation, especially TA and CR, thanks to
high purity, uniformly distributed Au nanopar-
ticles, larger BET surface area and pore vol-
ume and a decrease of band gap energy. The
enhanced photodegradation could be ascribed
to the introduction of Au NPs in favor of pro-
moting the separation process of the photo-
generated e/h* pairs. Furthermore, the anti-
microbial assays show good antimicrobial ac-
tivity for both pure ZnO and Au/ZnO samples
for E. coli bacteria. In which, Au/ZnO-Hg lamp
exhibited the best antibacterial efficiency. The
antibacterial effect of the materials was also
significantly enhanced by increasing the con-
centration of the test agent or increasing the
Au content doped on ZnO. In summary, Au-
doped ZnO has been proven to be a more excel-
lent photocatalyst than undoped ZnO. Au/ZnO
nanocomposite indeed has the potential for re-
moving organic pollutants in wastewater and
antimicrobial applications. Notwithstanding,
depending on the intended use, the appropriate
synthesis method can be selected.
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