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ABSTRACT

In the current study, a facile green synthesis of gold nanoparticles (Au NPs)
, reduced graphene oxide nanosheets (rGO NPs) and gold doped zinc oxide
nanoparticles (Au-ZnO NPs), and gold doped zinc oxide decorated reduced
graphene oxide nanocomposite (Au-ZnO/rGO) have been reported using
Ceratophyllum demersum L.(CDL) leaf extract for synergistic photocatalytic
discoloration of Rhodamine B dye. The synthesized samples were investigated
via the X-ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), UV-Vis diffuse reflectance spectroscopy (DRS), Field emission
scanning electron microscopy (FE-SEM), Transmission electron microscopy
(TEM), and Brunauer-Emmett-Teller (BET). The characterization results
show that CDL exhibits a promise reducing and stabilizing properties for the
fabrication of Au-ZnO/rGO nanocomposite where the Au and ZnO NPs were
sufficiently distributed on the rGO Ns. In addition, the results showed that
the biosynthesized Au-ZnO/rGO has a folded spherical morphology with the
mean particle size of about 24.35 nm. Furthermore, Au doping sufficiently
narrowed the ZnO bandgap, and loading on rGO nanosheets slow down
the recombination of electron-hole pairs. The results of photocatalytic RhB
discoloration showed that Au-ZnO/rGO nanocomposite exhibited the best
efficiency and the discoloration rate reached 92.35 % under optimal conditions
([RhB]= 5 ppm, pH 9, catalyst dose=1.2 g/L, and irradiation time=180
min). RhB dye photocatalytic discoloration was evaluated using many ROS
scavengers, which shows that the superoxide radical (*O,") plays a main in
the discoloration reaction. In addition, after five cycles, the Au-ZnO/rGO
nanocomposite retained 60.86 % of its initial activity.
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INTRODUCTION

Pollution of natural water sources due to the
discharge of industrial exchange is a major global
concern. The discharge of highly polluted water

has certain damages not only on human health
but also on the entire environmental system. In
recent years, industries such as paper, textiles,
food, paints, plastic, leather, cosmetics, medicines
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as well as petrochemicals are responsible for
discharging synthetic organic dyes in rivers and
groundwater [1]. Most of organic dyes in the
liquid waste produced from the above industries
are difficult to decompose due to their high
chemical stability. Many traditional methods
biological treatment, flotation, flocculation,
precipitation, adsorption, aerobic, anaerobic, and
electrochemical oxidation have been adopted for
the treatment of industrial wastewaters; however,
these methods cannot completely mineralize
organic pollutants [2-7]. At present, one of the
sufficient techniques is photocatalysis, a process
in which ultra violet or visible light is obtained
to assist the chemical degradation of a pollutant
in the presence of a catalyst, which lowers the
activation energy and enhancement the reaction
rate [8,9].

Wide bandgap semiconductor materials such as
zincoxide (ZnO), titanium dioxide (TiO, ), molybdate
(Mo0,), and tungstate (WO,), have demonstrated
to behave as effective photocatalysts [10,11].
However, ZnO nanoparticles are in the scientific
spotlight because of their excellent properties
like  semiconducting, piezoelectric, optical,
antibacterial  characteristics, and  promise
photocatalytic activity [12].

ZnO is a wide band gap (3.37 eV) n-type
semiconductor with a high exciton binding
energy (60 eV). ZnO is actively employed as
a base material in the fields of solar cells and
photocatalysis  [13,14]. The photocatalytic
properties of ZnO can be greatly enhanced by
controlling the fabrication conditions or forming
hetero-nanostructures. However, disadvantages
with using ZnO itself as a photocatalyst are well
known. Specifically, the rapid electron-hole pair
recombination rate, inefficient absorption of
visible light, and poor adsorption capacity for
organic pollutants. Currently, the main challenge
to improve the efficiency of photocatalytic
dye decomposition of ZnO is to slow down
the recombination of photogenerated charge
carriers (electron and holes). Hence, strategies
such as heterostructuring, doping, and forming
nanocomposites have been adopted to achieve
this improvement [15]. One strategy to overcome
the limitations of ZnO and improve its photoactive
activity is to add different metals such as Pt, Pd,
Ag and Au, etc. onto ZnO. Metal decoration on
Zn0O can act as an efficient electron acceptor
and transporter, resulting in photoinduced
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trapping of charge carriers, thus improving charge
transfer processes and photocatalytic activity
[16]. ZnO was subjected to effective modification
procedures such as metal reduction on its surface
to overcome the limitations of photocatalysis
due to its large bandgap energy. It has been
shown that gold nanoparticles enhance visible
light absorption and charge separation in ZnO,
which improves photocatalytic efficacy [17]. In
addition, the formation of a nanocomposite with
graphene-based ZnO improves the photocatalytic
activity due to more efficient charge separation
[18]. Specifically, reduced graphene oxide (rGO)
offers new support in photocatalysis as proven
by many studies. Graphene, a 2D material, is
widely obtained in photocatalytic systems and
can be used as an ideal catalyst due to its ultrafast
electron mobility and excellent UV transmittance
[19]. Additionally, its high specific surface area
and abundant functional groups, for example,
COOH make it a promise substrate for designing
compounds using photocatalysts as metal oxides
[20,21. Moreover, the adopting of graphene not
only helps in enhancing adsorption capacity of
the target pollutants on the photocatalyst surface,
but also improves the transfer of photogenerated
electron [22].

To synthesize metal oxides, several chemical and
physical methods have been developed, including
chemical vapor deposition, microwave irradiation,
wet impregnation co-deposition, mechanical
alloying, and green synthesis [23,24]. Among these
methods, the green method remains the most non-
toxic, cost-effective, and environmentally friendly.
Biosynthesis, often known as green synthesis, has
become a popular method for the synthesis of
metal oxide nanostructures. The green reduction
of noble metal ions and graphene oxide (GO) in
the presence of metal oxides to obtain functional
nanocomposites is a simple and facile method,
which does not require high-energy consumption
or advanced equipment [16, 25].

In this study, the facile green method was
obtained to fabricate Au, rGO, Au-ZnO, Au-ZnO/
rGO nanostructures using aqueous extract of
eratophyllum demersum L leaves. The synthesized
samples were studied with the techniques of
X-ray powder diffraction (XRD), transmission
electron microscopy (TEM), field emission
scanning electron microscopy (FE-SEM), Fourier
transform infrared spectroscopy (FTIR), and and
UV-Vis diffuse reflectance spectroscopy (UV-Vis
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DRS). Brunauer-Emmett-Teller (BET) method
was used for a standard investigation of textural
characteristics. The photocatalytic activity of
the manufactured catalysts was investigated by
observing the decrease in the color of Rhodamine
B dye in an aqueous solution under visible light
irradiation. The effect of irradiation time, catalyst
dose, solution pH, and dye concentration on the
photocatalytic discoloration efficiency of the dye
was examined. The photocatalytic performance
of the Au-ZnO/rGO nanocomposite was also
investigated under optimal conditions in the
presence of radical scavengers. The photocatalytic
stability of the optimal catalyst was evaluated
by recycling it several times. In view of the
acquired findings, a suggested mechanism for the
photocatalytic discoloration reaction of the dye
has been presented.

MATERIALS AND METHODS
Chemicals

All chemicals were of high purity and handled
as received without any further purification or
treatment processes. Rhodamine B (empirical
formula:  C,H, CIN,O,, molecular  weight:

479.01 g/mol, Amax = 553 nm), zinc nitrate

(zn(NO,),6H,0), hydrogen tetrachloroaurate
(1) trihydrate (HAuCI,.3H,0 ), graphene oxide
(GO, 15-20 sheets, 4-10% edge-oxidized), and
isopropyl alcohol (IPA) were purchased from
Merck. Ethylenediaminetetraacetic acid (EDTA)
was received from NutriBiotic. Absolute ethanol
(EtOH), ascorbic acid (AA) were supplied by
Scharlau.

Preparation of aqueous leaf extract of CDL

The aqueous leaf extract of CDL leaf extract
was prepared as previously reported [16]. Fresh
CDL leaves were collected locally from River Al-
Diwaniyah (southern Irag). Typically, plant leaves
were rinsed thoroughly first with tap water
followed by distilled water (DW) to eliminate to
eliminate dust and adherent particles. Afterward,
the clean leaves were cut into small pieces and
air-dried for a week at room temperature. The
dried leaves were ground into a fine powder and
sieved by using 100 um size sieves. Afterward, 10
g of leaves powder were extracted by 100 mL of
DW for 30 minutes at 70°C. Finally, the aqueous
extract was filtered twice with Whatman No.1
filter paper, and the supernatant was stored in a
glass container at 4°C for further processing.
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Fig. 1. Schematic showing biosynthesis flow of Au-ZnO/rGO nanostructure using CDL leaf extract.
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Synthesis of rGO nanosheets

With slight modifications, the rGO Ns were
prepared as previously reported [26]. Firstly, to
obtain a homogeneous suspension, GO Ns (0.1g)
were added to 50 mL of DW and sonicated for
20 min. Then, 50 mL of CDL extract was added
with constant stirring at 80 °C for 2 h. Then, the
suspension was transferred to a Teflon-lined
stainless-steel autoclave and heated at 180 °C
for further 2 h. Afterward, the rGO NPs were
separated by centrifugation at 8000 rpm for 15
min and repeatedly washed with DW to remove
any adsorbed impurities. Finally, the product was
dried in a vacuum oven at 80 °C for 4 h.

Synthesis of Au NPs, Au — Zn0O, and Au-ZnO/rGO

With some modifications, green synthesis
of Au, Au — ZnO, and Au-ZnO/rGO NPs was
conducted according to recently reported study
[27]. Au NPs were synthesized using a green
assisted hydrothermal process. Briefly, 0.1 g
of AuHCI,.3H,0 was added in DW (50 mL). To
ensure complete it is dissolving, the solution was
stirred for 24 h. Afterward, CDL extract (50 mL)
was added while stirring at 80 °C for 2h. Then,
the mixture was transferred to a Teflon-lined
stainless-steel autoclave and heated at 180 °C for
further 2 h. At this stage, the color of solution was
changed from light brown to purple indicating the
formation of Au NPs. Afterward; the Au NPs were
separated by centrifugation at 8000 rpm for 15
min and repeatedly washed with DW to remove
any unwanted impurities. Finally, the product was
dried at 150 °C for 4 h.

To synthesis Au—2Zn0 (1 %) NPs, Zn(NO,),.6H,0
(2.97 g) was dissolved in 50 mL of DW followed
by addition of AuHCI,.3H,0 (0.0393 g). Then,
the same steps as described in synthesis of Au
NPs were followed. To synthesis Au-ZnO/rGO
nanocomposite, GO NPs (0.1g) was added to 50
mL of DW and sonicated for 20 min. Afterwards, Zn
(NO,),.6H,0 (2.97 g) was added to GO suspension
followed by addition of AuHCI,.3H,0 (0.0393 g).
Then, the same steps as described in synthesis of
Au NPs were followed. The Au—ZnO (1 %) and Au
-Zn0O/rGO samples were calcined for 2 h at 500
°C. The green synthesis method of Au -ZnO/rGO is
shown in Fig. 1

Characterization

The crystallographic  properties of the
synthesized materials were investigated through
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a powder X-ray diffraction (XRD) performed on
a PANalytical X'Pert Pro using the Cu Ka (with A
= 0.15405 nm) radiation in 20 range of 10°-80°.
FT-IR spectra were conducted on a Bruker Vertex
80v within the wavenumbers range of 4000 — 400
c¢cm™. The morphological characterization, particle
shape and particle size of the synthesized samples
were studied using a field-emission scanning
electron microscope (TESCAN device, MIRA 3)
and a transmission electron microscope (ZEISS
Model EM10C-100 KV). Energy Dispersive X-ray
Spectroscopy (EDX) was installed in the FE-SEM
device to evaluate the elemental composition
of the samples. The specific surface area (BET)
and pore size (BJH) were evaluated from the
N, adsorption/desorption isotherms at liquid
nitrogen temperature, using a Quadrasorb SIMP.
Shimadzu-Japan UV-Vis 160V spectrophotometer
was employed to study the DRS-UV-Vis spectra at
a range of 200-800 nm.

Photocatalytic performance

The photocatalytic efficacy of as synthesized
photocatalysts in an aqueous solution was
investigated using RhB dye a pollutant model. The
photocatalytic discoloration of RhB was conducted
in a Pyrex beaker using 100 W Xenon lamp as a
visible light source. To achieve the adsorption/
desorption conditions, specific amount of
catalyst was added to RhB solution (100 mL). The
suspension was subjected to continuous magnetic
stirring for 60 min in the dark at 298 K. Afterward,
the suspension was continuously irradiated and
stirred for 180 minutes. At specific time intervals,
samples (2 mL) were withdrawn from the reaction
vessel and centrifuged at 8,000 rpm for 20 min
in order to remove the catalyst particles. The
photocatalytic discoloration efficiency (PCD%) of
RhB was calculated using Eq. 1 by measuring the
absorbance at Amax of dye (553 nm) [17].

Co—C
PDE% = OC—Ot x 100 (1)

WhereC representstheinitial dye concentration
and C represents the dye concentration at time (t).
The effect of different factors, such as irradiation
time (0-180 min), catalyst dosage (0.4-1.6 g/L), pH
(3-11), and initial RhB concentration (5-20 ppm)

were examined.
Scavenging investigation

To understand the photocatalytic discoloration
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of RhB dye in detail, scavenging experiments
of the reactive oxygen species (ROS) were
performed during the reaction using the Au-
ZnO/rGO NPs nanocomposite. The obtained
inhibitors were isopropanol alcohol as a scavenger
for hydroxyl radicals (OH), ascorbic acid as a
scavenger for superoxide radical anions (-0,7), and
ethylenediaminetetraacetic acid as a scavenger
for holes (h*) [16]. Under continuous stirring, 10
mM of scavenger was mixed with 100 mL of RhB
dye solution (5 ppm) containing 0.12 g of Au-ZnO/
rGO. The solution pH was adjusted to 11 and the
temperature was fixed at 298K. After 180 minutes
of illumination under visible light,the PCE% was
determined using the Eq. 1.

Recycling study

The photocatalytic activity decreased due to
the agglomeration of the photocatalyst particles.
The use of Au-ZnO/rGO phoocatalyst was
repeated five times at optimum conditions. After
each recycling experiment, the catalyst particles
were separated by centrifugation at 8000 rpm
for 20 min and repeatedly washed with DW and
ethanol. Afterward, the catalyst was dried at 80 °C
using a vacuum oven for 4 h [9]. Then it used in a
new cycle obtaining new fresh dye solution. After
each reuse experiment, the PDE% was calculated
using Eq. 1.

RESULTS AND DISCUSSION
Characterization of the synthesized materials

Table 1 Surface area analysis (BET, BJH) of rGO, ZnO, ZnO/rGO, Au, Au-Zn0O, Au-ZnO-rGO.

Property rGO Au NPs Au-ZnO Au-ZnO/rGO
Surface area[m?/g] 140.28 1.7470 14.3860 18.59
Pore volume[m3/g] 0.039 0.006260 0.037008 0.342452
Pore diameter [nm] 2.36 8.59 24.43 30.786
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Fig. 2. XRD patterns for GO, Au, Au-ZnO, Au-ZnO/rGO.
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X-ray Diffraction Analysis

In XRD analysis (Fig. 2), the XRD diffractogram
of Au NPs indicates the presence of the four
characteristic peaks at 38.15°, 43.97", 64.53" and
77.39 which can be indexed to (111), (200), (220),
(311) reflections of face centered cubic (FCC)

Au-Zno/rG0

structure (JCPDS No. 65-8601) confirming that
the green fabricated Au NPs were composed of
pure crystalline Au metal [28]. The XRD pattern
of Au-ZnO NPS exhibited two different sets of
peaks associated with Au NPs. The first set of
characteristic Bragg diffraction peaks belongs to
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Fig. 3. FE-SEM images and corresponding histograms of particle size distribution of rGO, Au NPs, Au-ZnO and Au-ZnO/rGO.
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ZnO NPs appearing at 20 values of 31.81°, 34.44°,
36.24°, 47.51, 56.67°, 62.90°, 66.47°, 68.10° and
69.14° corresponding to 100, 002, 101, 102, 110,
103, 112, 200 and 201 Miller indices, respectively.
All XRD peaks of ZnO NPs indicating the existence
of ZnO with hexagonal wurtzite phase (JCPDS No.
361451) [18]. The second set peaks appearing at
38.17,43.94°, 64.47" and 77.42 assigned to lattice
planes (111), (200), (220) and (311) confirms the
inclusion of Au NPs in the nanocomposite. The XRD
pattern of rGO sample exhibited the presence of a
sharp diffraction peak at 26 of 26.5 for the (002)
plane, which it strongly confirms the formation
of rGO with a highly disordered nature [29]. On
the other hand, the XRD patterns of the Au-ZnO/
rGO sample showed a slight shift in the relevant
peaks, which indicates that Au NPs, ZnO NPs and
rGO Ns are included in the nanocomposite. The
XRD analysis clearly confirming the absence of
any external impurities in the four samples. The
average crystallite size of synthesized materials
was estimated using the Debye-Scherer equation.
As listed in Table 1, the average crystallite sizes of
Au, Au/ZnO, rGO, and Au-ZnO/rGO samples are
14.68, 20.91, 33.08 nm, respectively.

FE-SEM and EDX analysis
FE-SEM is a useful tool to investigate the

surface morphology and size distribution of the
synthesized materials. Fig. 3 depicts FE-SEM
images of the Au NPs having spherical morphology
with few agglomerations indicating that CDL leaf
extract acts as a promise-capping agent to separate
the Au NPs from aggregation. The average particle
size of the rGO was found to be 13.57nm, Au NPs
was found to be 9.35 nm. FE-SEM image of Au/
ZnO NPs showed a denser spherical like shapes
Au-ZnO NPs with an average size of 24.35 nm.
This corresponds with the XRD analysis, which
shows a decrease in the mean particle size with Au
loading. The FE-SEM analysis of rGO demonstrate
that the graphene sheets have a pattern-layered
band wrinkled structure. In the Au-ZnO/GO
sample, rGO sheets were successfully decorated
with Au NPs and ZnO NPs. Furthermore, the Au-
Zn0O/rGO heterostructure shows a cross-linked
flaky structure and excellent dispersion with few
agglomerations. The FESEM results confirms
the synthesis of heterostructure with sufficient
simultaneous green reduction of Au(lll) and GO
sheets by the CDL leaf extract. In addition, these
results suggest a uniform dispersion of Au and
ZnO NPs on rGO NPs. The particle size distribution
histogram of Au-ZnO/rGO shows that the average
particle size of sample is 40.14 nm.
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Fig. 4. EDX pattern for rGO, Au NPs, Au-ZnO and Au-ZnO/rGO .

J Nanostruct 16(1): 169-187, Winter 2026
[@)er |

175



A. Kadhem, H. Alshamsi / Green synthesis of Au doped ZnO Decorated rGO

The energy dispersive X-ray analysis (EDX) was
conducted to examine the elemental composition
of as synthesized materials. As Fig. 4 shows,
the EDX of Au NPs exhibited the presence of Au
and O elements. EDX spectrum depicted that
90.12% of the detected elements by this analysis
correspond to Au. The EDX spectrum of Au-ZnO
sample (Fig. 3) indicates that the nanocomposite
is of an acceptable purity, where only Au, O and Zn
elements were detected. As Figure shows, several
elements were observed in the EDX spectrum
of the Au-ZnO/rGO sample (Figure) including
Au, C, Zn, and O were observed. This suggests
the high purity of the synthesized Au-ZnO/rGO
nanocomposite, which matches with XRD analysis.
The spectrum of rGO (Figure) shows a higher
composition ratio of carbon compared to oxygen
(C = 61% and O = 39%). The high composition
percentage of carbon to oxygen is due to the
removal of the oxygen-containing functional
groups from GO sheets during the green reduction
process, indicating the formation of rGO Ns using
CDL leaf extract.

Transmission Electron Microscopy (TEM)
The morphology and size of the

Fig. 5. TEM images of rGO, Au, Au-Zn0O, and Au-ZnO/rGO.
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phytosynthesized materials were investigated
using TEM analysis, since Fig. 5 demonstrates
the related TEM micrographs. TEM micrograph
of rGO Ns reveals a thin and transparent layered
rGO with few wrinkles on its surface. In addition,
the edges of the sheets seemed to be smooth. In
addition, TEM image revealed that the lateral sizes
of rGO Ns have nano-scale sheets with folds and
creases. TEM image of the Au NPs synthesized
by the CDL leaf extract exhibited the existence of
particles with various sizes and shapes. The Au
NPs is uniform dispersed indicating that CDL acts
as a successful reducing and capping agent with
almost negligible aggregations occurred. TEM
image of Au-ZnO exhibited the homogeneous
distribution of Au NPs onto ZnO surface. These
Au NPs are well dispersed, and these particles
are seems like the spherical shape in nature. The
obtained findings is in agreement with the results
observed by Giiler et al [29]. TEM image of Au-
ZnO/rGO heterostructure confirms the anchoring
Au and ZnO NPs on the rGO NPs. According to the
TEM results, the uniform distribution of Au and
ZnO particles on the graphene nanosheets can be
observed. In general, no amorphous layers around
Au, Au-ZnO, and Au-ZnO/rGO NPs were detected,
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indicating that during annealing process, most of
organic species were successfully removed.

Surface area analysis (BET-BJH)

BET/BJH surface analysis is a very crucial test
for surface area and porosity measurements of
the fabricated nanomaterials. Fig. 6 depicts the
N, gas adsorption-desorption isotherms and
pore size distribution of the synthesized Au, rGO,
Au-ZnO, and Au-ZnO/rGO materials. According
to the IUPAC classification, all isotherms can
be classified as near type IV isotherm, which
is feature of the heterogeneous mesoporous
materials possessing H3 hysteresis loop. The
shape of these isotherms indicated the presence
of an unrestricted multilayer formation process
and the existence of slit-like mesoporous formed
between aggregated nanoparticles [30]. As Table
2 shows, the total specific surface area of Au, rGO,
Au-ZnO, and Au-ZnO/rGO are is 1.7470, 14.3860,
and 18.59 m?/g, respectively. It is obvious that
Au-ZnO/rGO nanohybrid have specific surface
area more than Au and Au-ZnO samples. Such
a result may be explained by the decline in the
particles aggregation due to the presence of rGO
sheets. The more specific surface area might lead
to improved photocatalysis performance. This
result was consistent with Mengistu et al [31].
Moreover, the pore diameter was measured to be
8.59, 24.43, and 30.786 nm for Au, rGO, Au-ZnO,
and Au-ZnO/rGO, respectively. For Au-ZnO/rGO
nanocomposite, BJH curve confirms the presence
of the main mesoporous with diameters between
1 and 10 nm (pore volume, 0.342452 m3/g.

UV-vis diffuse reflectance spectra (UV—Vis DRS)
The UV-DRS measurements were conducted
to evaluate light absorption features and the
Au-doping and rGO adding influence on optical
characteristics, including bandgap energy of Au—
ZnO and Au-ZnO/rGO nanocomposites. ZnO is
a wide-bandgap semiconductor with excellent
activity UV light irradiation, which limits its

Table 2. Band gap value of rGO, Au NPs, Au-ZnO, Au- ZnO/rGO.

photocatalytic activity in the visible light region.
The loading of metallic nanoparticles including
Au, Ag, Pd, and Pt on the ZnO surface improves
the optical characteristics and enhanced
photocatalytic activity in the visible light range.
Fig. 7 depicts the DRS curves and appraised
bandgap for Au NPs, rGO NPs, Au ZnO NPs, and
Au-ZnO/rGO nanohybrid. Estimation of band gap
energy (Eg) is a vital issue for specification of the
type of radiation light requested for photocatalytic
degradation of pollutants. In the semiconductor,
the absorption coefficient is the result of the
incident photon energy. Near the absorption edge,
the absorption coefficient for direct transition is
given by following relationship [32]:
(ahv)? = B(hv — Eg) (2)

where a is the absorption coefficient, hv is the
input photon energy, and B is the band tailing
parameter. The presence of strong absorption
peaks of ZnO in the ultraviolet region at the
wavelength (371 nm) and through the curve,
the gap energy of ZnO was calculated through
Tuck’s equation, and it amounted to (Eg = 3.3ev)
[25]. For gold nanoparticles, its absorption edge
near 549 nm. The UV-Vis absorption spectrum
of the Au NPs usually exhibit an absorption peak,
which is assigned to the localized surface plasmon
resonance (LSPR) of Au NPs [33]. As shown in
Figure, the position of the LSPR peak was detected
at 549 nm. The doping of Au NPs significantly
shifted the absorption edge of ZnO towards higher
wavelengths at 440 nm due to the interfacial
heterojunction between Au and ZnO. This suggest
establishment of the p-type conductivity by the
incorporation of Al ions into ZnO lattice sites
leads to a narrowing bandgap [17]. In addition,
the existence of oxygen vacancies makes impurity
levels to be near the valence band, thereby
enforcing the band gap narrowing. Moreover, in
the Au-ZnO nanocomposite, the LSPR band of the
Au NPs was observed in the visible spectral range,

Sample Amax (nm) Band gap (eV)
rGO 523 2.37
Au NPs 549 2.26
Au-ZnO 440 2.8
Au-Zn0O/rGO 477 29
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at around 550 nm, which further indicates the
doping of Au NPs in the Au-ZnO nanocomposite.
The UV-Vis absorption spectrum of Au-ZnO/rGO
composite show its absorption edge was shifted to
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477 nm. It can be observed, that the doping of Au
NPs and adding of rGO Ns causes a significant red
shift in band edge absorption peak. The synergic
interfacial interaction of Au NPs and rGO Ns could
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narrowing the bandgap energy of ZnO. As Table
2exhibited, the estimated band gap of the Au, Au-
ZnO and Au-ZnO/rGO were 2.26, 2.8, and 2.9 eV,
respectively. In addition, the interfacial interaction
between rGO and ZnO could eventuate in the
band gap narrowing.

Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectroscopy was obtained further
investigation the chemical structure of the
synthesized materials, hence the FTIR spectra
exhibit existence functional groups. As shown in
Fig. 8, the broad peak was observed at 3440 cm"
'matches to the stretching vibration of alcoholic
O-H, as well as carboxyl groups [34]. A weak
narrow band that seen at 2927 cm™ indicates the
presence of C-H stretched alkane groups. The band
positioned at 1471 cm™ due to the N-O symmetric
stretching of nitro groups. Weak band that
observed at 17587 is attributed to C=0 stretching
of COOH groups. Very weak band was detected
1049 cm™ corresponds to C—N stretched aromatic
and aliphatic amines. In the FTIR spectrum of Au—
Zn0O sample, the broad band centered at 3440
cm™ is correspond to the characteristic stretching
vibration mode of O—H group. The band centered
at 440 cm™ assigned to stretching vibration of
Zn-0 bond [27]. More number of functional
groups was present in Au—ZnO/rGO nano hybrid.
The rGO spectrum shows a broad strong band
at 3490 cm™ belongs to O-H stretching of the
hydroxyl group. Compared to Au NPs and Au ZnO
NPs, the disappearance characteristic absorption
peak of C=0 in the Au-ZnO/rGO composite
obviously indicates the successful reduction of

GO NPs [265]. Slight shift from 440 cm™ to 445
cm™ of Zn-O vibration mode can be observed. The
peak at 1610 cm™ is corresponding to the in-plane
vibration mode of the C=C skeleton. These findings
in FTIR spectrum clearly confirm that Au-ZnO/rGO
was successfully fabricated.

Photocatalytic discoloration of RhB dye

The photocatalytic discoloration of RhB in
the presence of synthesized nanomaterials was
investigated under visible light irradiation. A serest
of parameters, namely illumination time, catalyst
dose, initial concentration of dye, and solution
pH were studied. In addition, experiments were
performed to show the reactive species radical
primarily responsible for the photocatalytic
discoloration reactions. To demonstrate the
economic feasibility of the best catalyst, its PCE%,
and physicochemical properties were examined
by conducting a reuse study. Absorption spectra
were measured at specific intervals using a UV-Vis
spectrometer for all experiments.

Catalyst type effect

The photocatalytic activity of the all synthesized
samples against the cationic RhB dye is shown in
Fig. 9. After 180 min of visible light irradiation,
60.57%, 45.78% and 26.43 of RhB were discolored
using rGO NPs, Au NPs, Au-ZnO NPs, and Au-
ZnO/rGO NPs, respectively. According to Fig. 10,
the loading of ZnO NPs with Au NPs and rGO
NPs enhanced an increase in the photocatalytic
activity on the RhB discoloration under visible light
illumination. This can be explained, due the fact
that the Au NPs can act as electron traps facilitating
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Fig. 7. UV Vis DRS spectra (a) and the plot of transformed Kubelka— Munk function versus the energy of light (b) of rGO, Au NPs,
Au-ZnO, Au-ZnO/rGO.



the electron hole separation and subsequent
transference of trapped electrons to the absorbed
0, acting as an electron acceptor on the surface
of ZnO NPs. Furthermore, besides the improving
interfacial charge transfer, the incorporating of
rGO Ns helps in enhancing adsorption capacity
of the dye molecules on the catalyst surface,
and enhances the transfer of photogenerated
electron [35]. Thus, more molecules are loaded
on the surface of Au-ZnO/rGO NPs, improving the
photoexcited electron to the conduction band and
simultaneously increasing the electron transfer

to the adsorbed O, The high surface area of rGO
can contribute to the effective adsorption of RhB
molecules on the catalyst surface. In addition,
doping of Au NPs generates a band level very close
to the ZnO CB edge. In general, both rGO NPs and
Au NPs play synergistic roles in improving the
catalytic properties of ZnO.

Catalyst dose effect

As photocatalytic activity is greatly influenced by
the available active sites, so the main discoloration
factor for RhB dye removal is catalyst dose. As
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Fig. 8. FTIR spectra for Au, rGO, Au-ZnO, Au-ZnO/rGO.
70
— G0 “ i (b)
— T L2!%e
W = e h 60
30 = AU-ZNOINGO
> e AURZNO 50 45.78%
40
30 26.43%
20
10 243%
0 10 20 30 40 30 60 T0 SO 90 100 110 120 0 —
Tinve(min.) Au-Zn0rGO Au-ZonO 1GO Without catalys

Fig. 9. Photocatalytic degradation efficiencies of the different catalysts during treatment of RhB dye under visible light
illumination as a function of irradiation time (a) and catalyst type (b). (Catalyst dose = 1.0 g/L, [RhB]=10 ppm, pH=7 T= 298 K,
irradiation time =180 min).



illustrated in Fig. 10, for varied Au-ZnO/rGO doses
changing from 0.4 g/L to 1.2 g/L for a 10 ppm RhB
concentration, the PDE% increased from 21.36 %
to 50.70, respectively. It was observed that when
the catalyst dose was increased, the Au-ZnO/rGO
nanocomposite exhibited best photocatalytic
activity. Maximum photocatalytic discoloration
efficiency (52.72%) achieved with 1.4 g/L of the
catalyst dosage.. As the catalyst dose increases to
1.2 g/L, the PDE% tends to be stable at higher dose
(1.4 g/L). It was clear that a catalyst dose of 1.2
g/L was optimal for photocatalytic discoloration
pf RhB dye. In general, an increase in catalyst
dose causes an increase in the total surface area
resulting in an increase in the adsorption of RhB
molecules on the catalyst surface. In addition, the
increase in catalyst dose increased the number
of active sites on the photocatalytic surface,
which in turn, enhance the number of reactive
oxygen species, resulting in an improvement of
photocatalytic activity [36]. No further increase
in the photocatalytic activity could be observed
beyond the optimum dose, though the number
of active sites increases the penetration of light
decreases due to shielding effect, which attributed
to the agglomeration of photocatalyst particles.

Solution pH effect

The solution pH plays a vital role in the
photocatalytic reactions, due to it controls the
reactions during the removal of pollutants and
beside the production of hydroxyl radicals also
depends on the solution ph. The more important
fact, effect of pH can be explored in terms of
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electrostatic interaction between the pollutant
molecules and catalyst surface. As shown in
Fig. 11, the impact of pH on the photocatalytic
discoloration of RhB was investigated the range of
pH 3—-11 in presence of Au-ZnO/rGO photocatalyst
was investigated under constant conditions
(irradiation time =180 min, catalyst dosage 1.2
g/L, dye concentration 10 ppm, and temperature
298 K). The solution pH was adjusted using HCI
and NaOH. It has been observed that the dye
discoloration is affected by the pH value of pH and
PDE% was better in the alkaline media compared
to acidic media. The results showed that the
photocatalytic discoloration efficiency increases
with an increase in the pH value. At lower pH
value (pH = 2) the PDE% reached to 34.92%, when
the pH value of dye solution increases to 11, the
PDE% increases to 60.35% . In general, the catalyst
surface will be charged negatively when pH more
than point of zero charge (pH > pHzpc), and
positively when pH< pHzpc [39]. The pHpzc of the
catalyst was estimated to be 8.2. This means at pH
< 8.2, the surface Au-ZnO-rGO has a net positive
charge. On the other hand, at pH > 8.2, the catalyst
surface has a net negative charge. Due to fact that
RhB molecules is positively charged, whereas Au-
Zn0O/rGO, ZnO is negatively charged above pH 8.2,
so the increasing in pH value more than 8.2 tends
to modify the catalyst charge negative charges by
adsorbing HO™ ions, which favors the formation
of strong oxidant species, hydroxyl radicals (HO"),
hence, the photocatalytic activity increased due
to the increase of the electrostatic attraction
between negative catalyst surface and cationic
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. 10. (a)Effect of Au-ZnO/rGO dose on the photocatalytic degradation efficiency of RhB dye as a function of irradiation time, (b)

relationship between PDE% and Au-ZnO/rGO dose. ([RhB]= 10 ppm, pH=7 T= 298 K, irradiation time =180 min).



dye molecules.

Initial dye concentration effect

Under the investigation of photocatalytic RhB
discoloration, its initial concentration is very
significant factor. The parameter of initial dye
concentration was examined within the range of
5-10 ppm using 1.2 g/L of Au-ZnO/rGO at 298 K,
pH 11 under 180 min of visible light irradiation. As
shown in Fig. 12, the RhB dye solution with 5 ppm
concentration exhibited maximum photocatalytic
discoloration efficiency of 92.35 %. The color
removal efficiency was decreased from 92.35 % to
42.71% with increasing the concentration of dye
from 5 ppm to 20 ppm. Similar results were found
previously for photocatalytic degradation RhB dye
[37]. The reason behind this observation is due to
as the initial dye amount was increased; the excess
of dye molecules will be adsorbed on the catalyst

surface, which in return reduces the active sites
of the catalysts. In addition, it may be attributed
to the decreasing of light penetrating power,
when the initial dye concentration is increased,
which reduces the production of photogenerated
electrons holes pairs, hence ultimately leads to
lowering the rate of photocatalytic activity [38].
Thus, O, and "OH adsorption on the catalyst
surface will reduces which in return reducing ROS
formation, including powerful oxidizing agents
*0, and "OH.

Kinetic study

Recent reports on the photocatalytic process
have been investigated dye concentration
depended degradation or discoloration kinetics. To
study the kinetics of photocatalytic discoloration
of RhB, the Langmuir—-Hinshelwood kinetics model
(pseudo-first-order kinetic model) as expressed

1 -+pH3

0 30 60 120 150

90
Time(min)

180

(b)

0 3 i 9

pH 12

Fig. 11. The impact of initial pH on the effectiveness of RhB dye’s photocatalytic degradation, (a) PDE% as a function of irradiation
time (b) PDE% as a function of pH. ([RhB]= 10 ppm, dose = 1.2 g/L, T= 2980 K, irradiation time =180 min).
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in the Eq. 3 was obtained. The results in Fig. 13
were adjusted according to the pseudo- first-
order kinetic model to determine the reaction rate
constants.

model for RhB dye discoloration over its various
primary concentrations. In addition, it could be
determined that pseudo-first-order rate constants
of low concentration were significantly higher
than for high concentration in the photocatalytic

lnﬁ — kappt 3) discoloration of dye. The kinetic study revealed
C; that the photocatalytic discoloration of RhB dye in
aqueous medium is significantly depends on the

Where C, represents the initial RhB dye concentration, since, the dye degradation rate

concentration, C_is the initial RhB concentration
at (t) time, and k is the apparent first-order
reaction rate constant (min). The observed linear
plots of In(C_/C) versus irradiation accompanied
with correlation coefficient (R?) values proves
the applicability of pseudo first order kinetic

decreases with increasing initial concentration of
RhB.

Recycling study
Recycling of the catalyst is one of the most
important features of any heterogeneous
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Fig. 13. Pseudo-first-order kinetics for photocatalytic degradation of RhB corresponding to initial dye

concentration. (Catalyst dose = 1.2 g/L [RhB]= 5ppm, pH=11, T= 298 K, irradiation time =180 min).
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catalyzed reaction since it is concerning to the cost-
effectiveness and feasibility of the catalyst. Fig. 14
depicted the reusability and stability of Au-ZnO/
rGO catalyst after five successive cycles within 180
min under visible light illumination. With constant
conditions [RhB] = 5 ppm, pH 11, catalyst dosage
=1.2 g/L, T = 298 K), all cycles were conducted.
As the results display, the photocatalytic activity
of the Au-ZnO/rGO shows a gradual decline
which revealed that the catalyst retained about
60.86 % of its initial reactivity under exposure
to visible light radiation, where after five runs,
the PDE% decreased from ~92.35% to 56.11%.
This indicate that the Au-ZnO/rGO catalyst was
reusable and exhibited acceptable potential
on the application of wastewater remediation.
The decrease in photocatalytic discoloration
efficiency may be related with the occupation
of active sites via adsorption of byproducts onto
the catalyst surface. In addition, the decrease
in photocatalytic activity may be due to the
agglomeration of catalyst NPs during the recovery
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and washing processes, as previous studies have
reported [39]. FTIR, XRD, and FESEM analyses (Fig.
15a-d) for the reused sample were performed.
The XRD and FTIR analyses demonstrated no
alteration in the crystalline and chemical nature
of the reused catalyst after recycling for five runs
could be observed. FESEM images clearly how
that the catalyst surface has become smoother
after recycling process. The reason may be due
to the agglomeration of catalyst particles and
decreasing surface area. The crystalline, chemical
and morphological properties of reused Au-ZnO-
rGO catalyst indicating a fair stability after multiple
cyclic discoloration experiments.

Scavenging study

The addition of IPA led to the most significant
drop in PDE%, confirming the major role of
hydroxyl radicals [40]. Ascorbic acid and EDTA
also reduced activity but to a lesser extent. As
depicted in Fig. 16, it could be obviously noticed
that the discoloration efficiency was poorest with
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isopropanol addition ( 7.12%), followed by EDTA
(41.69% ) and ascorbic acid addition (58.75% ),
compared with the performance by Au-ZnO-rGO
catalyst without any scavenger addition (92.35%).
The results present that the *OH radicals are mainly
responsible for the photocatalytic degradation of
RhB dye under visible light irradiation.

Mechanism of photocatalytic reaction

Under visible light, Au facilitates plasmon-
induced electron excitation, injecting electrons
into the ZnO conduction band. rGO acts as an
electron shuttle, minimizing charge recombination

and prolonging ROS generation [17,28]. The
sequence involves photon absorption and e”/
h* generation, electron transfer, O, reduction to
*‘0O,” and subsequent ‘OH formation, and then
RhB degradation via ROS. The resulting holes
can interact with hydroxide ions (OH’) and water
molecules (H,0) to generate hydroxyl radicals (OH.
) which regarded as strong oxidizing agents [41]:

Au-ZnO/rGO(h*) + H,0—Au-ZnO/rGO(OH") + H*

A reaction can occur between photogenerated
electrons and electron acceptors such as molecular
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oxygen adsorbed on the catalyst surface, where
superoxide radicals are generated [42]:

Au-ZnO/rGO(e") + 0, > Au-ZnO/rGO+(*0,)  (5)

It is also possible to oxidize RhB molecules
through a self-sensing process by injecting
electrons into the conduction band of Au-ZnO/
rGO [41]:

dye + hv—dye* (6)

dye* + Au-ZnO/rGO—AuU-Zn0O-rGO (e -+ h )+ (d
ye) (7)

Charge carriers and ROS play a synergistic role
in the degradation and mineralization of the dye.
[41, 43]:

Au-ZnO/rGO(OH")+dye/dye* >Au-Zn0O/rGO
+degradation products—CO, + H,0 (8)

Au-Zn0O/rGO('0,-)+dye/dye*->Au-Zn0O/
rGO+degradation products—CO_+H,O (9)

Au-ZnO/rGO(h*)+dye/dye* >Au-Zn0O/rGO
+degradation products—CO_+H,0 (10)

Fig. 17 schematically illustrates the proposed
degradation mechanism of RhB by the Au-ZnO/
rGO heterojunction, highlighting the synergistic
roles of charge carriers and reactive oxygen
species.

CONCLUSION

In the current work exhibits the possibility of
utilizing the aqueous leaf extract of Ceratophyllum
demersum L. for the biosynthesis of gold, reduced
graphene oxide, gold doped- zinc oxide as well
as gold doped- zinc oxide decorated reduced
graphene oxide. The synthesized samples were
characterized in structural, morphological,
textural, and optical properties by XRD, FTIR
FESEM, TEM, BET/BJH and UV-DRS technique.
The crystalline structures of Au, Au-ZnO and Au-
Zn0/rGO were confirmed. Moreover, EDS results
indicated that the Au-ZnO/rGO sample was
composed of Zn,0,C, and Au elements distributed
almost  homogeneously.  Furthermore, the
bandgap of ZnO clearly decreased with Au doping
and rGO loading, resulting in a broader visible
light harvesting and better reduction of electron-

hole pairs recombination. The synthesized
materials were investigated for their potential to
discolor the Rhodamine B dye under visible light
illumination. Compared to other samples, Au-
ZnO/rGO nanocomposite showed of 92.35 % of
dye discoloration within irradiation for 120 min
irradiation.
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