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Abstract

Water is a valuable reserve that shall be efficiently treated for sustainable growth and development. Metal nanoparticles (MNPS)
and graphitic carbon nitride (QCN) have received immense attention for several applications. In this paper, the facile synthesis
of MNPs/gCN hybrid photocatalysts based on sonodispersion, and in-situ reduction and photodeposition is described.
Photodeposition of two different metals, namely gold nanoparticles (Au NPs) and silver nanoparticles (Ag NPs) with different
loading ratios was studied. The morphological, structural, electronic, optical, and surface properties of the prepared catalysts
were investigated. The photocatalytic activity of the prepared catalysts was evaluated for photooxidation of organic water
pollutants under visible light irradiation using methyl orange (MO) and rose bengal (RB) as model dyes. The photo- and
recycling stability, and the photoelectrochemical properties of a selected photocatalyst were also studied. The results confirmed
the evident formation and characteristics of the prepared MNPs/gCN materials. The catalysis measurements revealed the
promoting effect of the Au and Ag NPs toward the adsorptive removal and photooxidation of MO and RB. Overall, the Ag NPs
demonstrated higher catalytic activity for dye oxidation compared to Au NPs. The Au/gCN resulted in adsorptive removal of
3.87-11.80 % of MO, whereas the Ag/gCN led to adsorptive removal of 66.45-85.33% of MO within 1 h in dark. Also, Ag/gCN
catalysts exhibited an extraordinary adsorption ability toward RB that is six-time higher than that of Au/gCN. Interestingly, the
Ag/gCN photocatalysts demonstrated the highest photocatalytic activity with 100% photooxidation of MO, and RB within 20
min, and 15 min under visible light irradiation, respectively. The high photocatalytic activity could arise from the coupled
plasmon absorption, enhanced visible light harvesting, and efficient charge separation. Besides superior photocatalytic activity,
the Ag/gCN catalyst expressed promising photostability, reusability, and photoelectrochemical responses. The obtained results
indicate that MNPs/gCN materials could serve as efficient visible-light-sensitive catalysts for photocatalytic water treatment.
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1. Introduction

The global environmental crises including water
pollution and the shortage of energy are becoming
progressively worse, due to the rapid growth of the
population and the fastest modernization.[1] As a
result, one of the most vital challenges is how to
guarantee safe and clean accessible water. Water is
considered the most valuable reserve among all-
natural resources that should be conserved, treated,
and cleaned in an efficient way for sustainable
growth.[2] The control of water pollution is one of the
big challenges in front of the scientific community
with its main concern for the protection and

conservation of natural water resources. Among a
variety of water pollutants, organic dyes are the most
common category that is discharged in industrial and
municipal wastewater sources. The unrestrained
discharge of these pollutants causes severe
environmental contamination, increases the water
crisis, and hence harms plants, animals, and human
beings.[3, 4] Consequently, several technologies have
aroused and gained great interest in the removal of
water pollutants to overcome these hazards. The
current conventional technologies for water treatment
still do not meet the required ideal.[5] Therefore, there
is a pressing necessity to develop a non-conventional,
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sustainable, efficient, and green technology for water
treatment.

Photocatalysis offers one of the most promising
technologies  in  environmental remediation
applications that utilize renewable solar energy. It has
gained great attention in water pollutants elimination
and solar energy conversion due to its effectiveness
and sustainability.[6] Besides, solar energy is the most
desirable resource for environmental decontamination
and energy conversion due to its abundance,
renewability, and ecofriendly.[7] Semiconductor
photocatalysis has become an ideal approach to
tackling global environmental issues  using
semiconducting-based materials owing to their unique
performance in solar energy utilization and
environmental applications.[6] Additionally, it is an
eco-friendly, economic, safe, renewable, and clean
technology in various applications, which conduct
catalytic reactions such as the removal of water
pollutants.[8] Up to now, there are numerous
traditional semiconductors have been reported in the
literature and were designed for photocatalytic
degradation processes such as TiO,, WOs, and
ZnO.[9] However, these photocatalysts have some
drawbacks/obstacles such as the wide bandgap and are
only active under UV irradiation, which limits the
photocatalytic performance. Over recent years, the
polymeric metal-free that originated from elemental
semiconductors and a variety of carbon-based
materials has received immense research interest as a
potential photocatalyst.[10]

Of particular interest, graphitic carbon nitride (g-
CsN4 or gCN) has gained great excitement in the
scientific community as a promising polymeric metal-
free photocatalyst. Pristine gCN possesses several
outstanding properties including, a narrow optical
bandgap (2.7 eV), high chemical, physical and thermal
stability, simple preparation, earth-abundant, and non-
toxicity. Thus, the gCN has become a favorable
photocatalyst in  environmental  remediation
applications such as photooxidation of water organic
pollutants.[10-13] Nevertheless, the pristine gCN has
a limited photocatalytic activity owing to the rapid
recombination of the photogenerated charge carriers,
namely the electron/hole pairs, the low active sites
over the surface, and insufficient sensitivity for the
visible light absorption.[14] To address these
challenges, several strategies such as surface defects
[15, 16], metal doping [17, 18], nonmetal doping [16,
19], conjugation with other semiconductors [20, 21],
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and construction of various nanostructures [22, 23]
have been applied to improve the photocatalytic
properties of pristine gCN and thus expand its practical
applications.

The deposition of metal nanoparticles (MNPs) as a
co-catalytic system onto the gCN surface is an
efficient approach for the improvement of the
photocatalytic activity of pristine gCN. The MNPs
coupled with semiconductor can stimulate the
localized surface plasmon resonance (LSPR) effect
and causes a redshift of its optical absorption
properties. The deposited MNPs on gCN have been
shown to improve light harvesting and decrease the
recombination rate of the photogenerated charge
carriers.[14, 24, 25] The co-catalytic MNPs act as
active reaction sites which increases the visible light
absorption and promotes the separation of the
photogenerated electrons and holes.[18] Several
reports have studied the performance of different
metal/ gCN hybrids synthesized using a variety of
approaches such as anion-exchange [26], precipitation
[27], solvothermal [28], hydrothermal [29],
impregnation [30], electrodeposition [31], atomic
layer deposition [32], sputtering [33], and biogenic
synthesis.[34] Nevertheless, it is important to refer to
that these techniques could suffer some limitations
including quite lengthy reaction steps, consuming time
and energy, using toxic chemicals or templates, the
need for high potential or temperature, in addition to
inhomogeneity encountered in the formed metal-
loaded products.

On the other hand, the ultrasonication-induced
synthetic methods have gained further attention for
preparing the heterostructured metal/semiconductor
photocatalysts. The utilization of ultrasonication
waves for the deposition of MNPs can lead to a
suitable nucleation process and good distribution of
the particles onto the semiconductor surface.[35, 36]
Faisal et al., have loaded the Au NPs over the gCN
surface by using an ultrasonication method and studied
its photocatalytic activity for the degradation of water
pollutants.[37] Moreover, Zhu et al., have prepared the
Ag/gCN nanocatalysts via the chemical reduction and
the ultrasonic irradiation in an inverter microreactor in
presence of NaBH. as a reducing agent.[36] Even
though the ultrasonication may stimulate the in-situ
reduction of metal salt precursors over a
semiconductor surface, the efficiency of the chemical
reduction process is limited and is greatly affected by
sonication and reaction parameters. The incorporation
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and formation of such nanoparticles are subject to
disturbing by many variables during the
ultrasonication process such as the ultrasound
frequency and power, the processing time, the mode of
sonication process. One may also need to carry out the
ultrasonication in presence of some reducing agents to
ensure the complete reduction of precursors, which
could yield undesired impurities in the final
product.[36, 38]

As an alternative, the photodeposition method has
been widely studied for the synthesis of a variety of
photocatalyst nanomaterials due to its effectiveness in
preparing well-defined metal nanoparticles attached to
semiconductor surfaces. Several hybrid nanostructures
were prepared by the photodeposition method for
different applications such as environmental
remediation and water treatment.[14, 39] The
efficiency of the photodeposition process depends
largely on optimizing the photodeposition conditions
including the solution pH, the atmosphere, and the
sacrificial agents. Sometimes, post-synthesis high-
temperature treatment or prolonged UV treatment is
performed for removal of the remaining organics,
which may alter the properties of the deposited
particles.[39] The photocatalytic properties of the
heterostructures are greatly affected by the
photodeposition conditions. Therefore, the
photodeposition scheme needs to be tailored toward
achieving efficient particles dispersion, good surface
distribution, and improved active sites.[40] In this
regard, some attempts to explore synthetic approaches
combining the deposition method with other methods
to expand the advantages of the products have been
reported.[35, 41-43] One example is the sono-
photodeposition approach that combines
photodeposition and ultrasound waves in one
simultaneous step. Colmenares et. al. adopted this
approach to fabricate bimetallic systems of Pd-
Au@TiO, for the photocatalytic oxidation of
methanol.[41] Magdziarz et. al. developed a similar
approach to synthesize iron-titania/zeolite
photocatalysts for photocatalytic oxidation of benzyl
alcohol using ultrasound waves assisted with visible
light irradiation.[42] Moreover, Jodeyri et al., have
studied the photocatalytic performance of the
Ag/gCN-clinoptilolite (Ag/C3N4-CLTy)
photocatalysts synthesized using sono-photoreduction
dispersion toward the tetracycline degradation.[43]

In this work, we developed a sequential approach
combining sonodispersion followed by in-situ
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photoreduction and deposition for the synthesis of
MNPs/gCN. Two different types of noble metals,
namely gold nanoparticles (Au NPs) and silver
nanoparticles (Ag NPs) were photodeposited onto
gCN. To study the effect of metal loading percentage,
two series of X%AU/gCN and Xx%Ag/gCN with
different Au and Ag weight ratios were prepared. The
photocatalytic activity of the prepared photocatalysts
for oxidation of organic water pollutants was studied
using methyl orange and rose Bengal as model dyes.
Our  sequential ~ synthesis method adopting
sonodispersion and photoreduction enabled the
uniform nucleation, reduction, and deposition of
MNPs on the gCN sheets. The photodeposited
catalysts were prepared without using any chemical
reducing agents or organic stabilizers to avoid catalyst
contamination. The method yielded catalysts with
controlled size and good dispersion of MNPs over the
gCN surface. The in-situ photoreduction and
deposition of the MNPs (Au NPs and Ag NPs) over
the gCN surface were confirmed by using several
characterizations and analytical techniques including
XRD, FTIR, TEM, SEM, XPS, BET surface area, UV-
Vis DRS, and PL spectroscopy. A comparative study
of the photocatalytic activities of the prepared
photocatalysts for the photocatalytic oxidation of
selected organic dyes under visible light irradiation
was performed. Moreover, the photoelectrochemical
properties of the selected photocatalyst were studied
by the electrochemical impedance spectroscopy (EIS)
and measurements of the photocurrent characteristics
to compare the separation efficiency of
photogenerated charges species. The overall catalysis
measurements revealed the promoting effect of the
photodeposited MNPs over the gCN surface.

2. Experimental

2.1. Materials

The chemicals and reagents were purchased and
used without further purification or treatment. The
chemicals included urea (99.0-100.5%, ACS reagent,
Honeywell Fluka), tetrachloroauric acid trihydrate
(299.9%, Sigma-Aldrich, Germany), silver nitrate
(>99%, Sigma-Aldrich, Germany), methanol absolute
(>99.8%, Sigma-Aldrich, Germany), methyl orange
(MO, Sigma-Aldrich, Germany), and rose bengal (RB,
Sigma-Aldrich, Germany).
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2.2. Methods

2.2.1. Polycondensation Synthesis of Graphitic
Carbon Nitride (gCN)
Graphitic carbon nitride (gCN) was prepared via

the thermal polycondensation of urea under static air
as reported in the literature with a slight
modification.[34] Typically, a predetermined amount
of urea was placed in a capped ceramic crucible and
heated in a muffle furnace at 550 °C for 2 h with a
heating rate of 10 °C/min in static air. Upon
completion, the obtained yellowish powder of gCN
was collected, and grounded into a fine powder that
was used as is without any purification.

2.2.2. Synthesis of Au/gCN and Ag/gCN

Nanostructured Photocatalysts
The Au/gCN and Ag/gCN nanostructured

photocatalysts were synthesized a facile synthetic
method involving the sonodispersion followed by in-
situ photoreduction and deposition of the MNPs over
the gCN surface, as illustrated in Figure 1. In a typical
synthesis of MNPs/gCN, 1 g of the as-prepared gCN
powder material was dispersed in 50 ml of deionized
water in a 250 ml beaker. The mixture was
ultrasonicated for 30 min, then a designated volume of
methanol as a sacrificial agent was added followed by
further ultrasonication for 30 min to obtain a
homogeneous slurry. In both cases of Au/gCN and
Ag/gCN pre-designated volumes of aqueous solutions
of HAUCI, (5x102 M) and AgNO3 (3.5x10°° M) were
added to the aqueous gCN/methanol slurry. The slurry
was ultrasonicated for 20 min followed by stirring for
1 hin dark. Then, the reaction mixture was subjected
to UV irradiation using UV solar simulator (SOL2,
Honle) under magnetic stirring for 30 min to allow in-
situ photoreduction and deposition. Upon completion,
the reaction products were centrifuged and washed
with distilled water three times. Finally, the
MNPs/gCN products were dried at 90 °C for 12 h and
powder samples were kept for further analysis. The
apparent colors of the reaction products in the case of
Au/gCN and Ag/gCN were brownish-red and
brownish, respectively. To study the effect of the
metallic ratio on the catalytic activity, the weight ratio
of metal precursor in the xX%Au/gCN and x%Ag/gCN
hybrids nanostructured was varied as x= 2 wt.% and 5
wt.%.

2.3. Characterization
The prepared pristine gCN and x% MNPs/gCN

materials were characterized to study their
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morphologies, crystallinity, phase structure, chemical
composition, optical, surface, and electronic
properties using standard analytical techniques
including SEM, TEM, XRD, FTIR, XPS, BET surface
area, UV-Vis DRS and PL spectroscopy. Scanning
electron microscope (SEM) images were collected
using a JSM-6700F microscope (JEOL). Transmission
electron microscope (TEM) images were obtained
using a JEM-2100 microscope (JEOL). The powder X-
ray diffraction (XRD) spectra were recorded on a D8-
Advance (Bruker) adopted with Cu Ko radiation
(1.5405 A°). The Fourier transform infra-red (FTIR)
spectra were measured in the range of 600-4000 cm'?
wavenumbers using a Spectrum-2000 spectrometer
(Perkin-Elmer). The X-ray photoelectron
spectroscopy (XPS) measurements were carried out
using Theta Probe (Thermo-Fisher Scientific) in an
ultrahigh vacuum environment. All obtained XPS data
were calibrated using C1s as reference peak at 284.5
eV. The nitrogen (N2) adsorption-desorption
isothermal plots of the prepared materials were
obtained using the ASAP 2020MP programmed gas
sorption analyzer (Micromeritics) at relative pressure
ranging from 0.05 to 1. The BET-specific surface area
(BET-SSA) and the pore size properties of the as-
prepared samples were obtained from the isothermal
data using the BET model and Barret-Joyner-Halenda
(BJH) methods, respectively. The UV-Vis diffuse
reflectance spectroscopy (UV-Vis DRS)
measurements were carried out using an integrating
sphere unit (ISR-603) attached to the UV-3600
(Shimadzu) spectrophotometer. The
photoluminescence (PL) spectra of diluted samples
suspension were recorded using an RF5301
spectrofluorophotometer (Shimadzu) equipped with a
Xe-lamp as an exciting source. The zeta potential ({-
potential) measurements of diluted samples were
determined using a Nano-ZS90 (Malvern) Zetasizer at
a 90° scattering angle.

2.4. Photocatalytic Oxidation of Organic Water
Pollutants over MNPs/gCN

The photooxidation of organic pollutants reactions
was applied to evaluate the photocatalytic
performance of the synthesized photocatalysts. The
photocatalysis measurements were performed using
model dyes including MO (10 mg/L) and RB (20
mg/L) in an aqueous medium under visible light
irradiation, as depicted in Figure 1. The experimental
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parameters affecting the photocatalytic performance
rate including catalyst loading and dye concentration
were investigated. All photocatalytic measurements
were performed in an ambient atmosphere under
continuous magnetic stirring at room temperature. The
visible light irradiation was provided using a 300 W
Xe-lamp solar simulator (Newport-Oriel) that is
equipped with a UV cut-off filter (Irradiance of 100
mw.cm).

In a typical experiment, a certain amount of each
photocatalyst was dispersed in an aqueous solution of
MO (dosage; 1mg/ml) and RB (dosage; 0.5mg/ml),
respectively. Then, before irradiation, the mixture was
ultrasonicated for 10 min and stirred for 60 min in dark
to attain the adsorption-desorption equilibrium.
During the photooxidation experiment, different
aliquots of the reaction mixture were taken at given
interval times of irradiation. Then aliquots were taken
and centrifuged twice for 10 min at 10000 rpm to
remove the catalyst powder. The remaining
concentrations of tested dyes for all experiments were
measured using a UV-Visible spectrophotometer (UV-
2450, Shimadzu) at Amax=464 nm for MO and 549 nm
for RB. The photooxidation efficiency percentage of
each tested catalyst was estimated by using the
following equation:

Photooxidation Efficiency (%) = [1-(C/Coy)] x100

Where Co and C are representing the initial and
remaining concentration of tested dye at a definite time
of exposure.

The reusability and photostability of selected
photocatalyst were evaluated up to three catalyst
cycles under visible light irradiation. For the
reusability study, no aliquot samples were withdrawn
during the photooxidation reaction. After each cycle,
the catalyst was centrifuged and washed with a
mixture of water and ethanol. Upon washing, it was
centrifuged again and was finally left in an oven till
drying for the next cycle.

2.5. Photoelectrochemical (PEC) Measurements

The PEC measurements were performed on an
electrochemical workstation (VSP-300, Biologic
system) that is equipped with a conventional three
electrodes cell. The system consisted of an ITO
substrate coated with catalyst paste as a working
electrode, Pt wire as a counter electrode, and Ag/AgCl
(3M, KCI) as a reference electrode, respectively. An
aqueous solution of 0.1 M sodium sulfate (Na2SO4, pH
~7) was used as a supporting electrolyte in all PEC
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experiments. The working electrodes were illuminated
using a Xe lamp (150 W, Newport-Oriel) fitted with
AM 1.5 filter and a UV cut-off filter for the visible
light (with an irradiance of 50 mW.cm?). The
measurements  of  electrochemical  impedance
spectroscopy (EIS) were performed at 50 mV
amplitude and over a frequency range from 0.1 Hz to
10* Hz. Moreover, the chronoamperometry (I-t) of all
prepared photoelectrodes was tested for several on-off
cycles in dark-light irradiation. All the PEC
measurements were conducted in static air at room
temperature. The ITO working electrode was prepared
as follows; 4 mg of each catalyst powder was
dispersed into 2 ml of ethanol and then mixed
thoroughly with Nafion solution (400 pl) under
ultrasonication for 10 min. Afterward, 10 pul of the
slurry was dip-coating onto the conductive side of a
cleaned ITO substrate (1cm x 1cm) and sintered at 80
°C for 4 h.

Bulk gCN

_550 °C/2hr
O Ol AgNO, HAuCl,

Thermal
Polymerization
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Urea MeOH MeOH
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Figure 1. Schematic representation of the steps
involved in the synthesis of gCN and the MNPs/gCN
hybrids, and also a sketch of the in-situ photoreduction
and deposition.

3. Results and Discussion
The synthesis of visible-light-driven photocatalysts

based on the coupling of gCN and MNPs has been
studied for different applications such as
environmental remediation.[17, 18, 23, 24] These
reports outlined that the coupling of MNPs with gCN
structures can  improve the photocatalytic
characteristics of gCN in the visible region, for
example in the photocatalytic degradation of water
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pollutants. The effect of the MNPs is mainly related to
the effective separation of the charge carriers upon
photoexcitation of gCN. In this regard, it would be
beneficial if the capability of the gCN to harvest
visible light radiation could be extended. Herein we
show that the decorating of the surface of gCN with
MNPs (Au and Ag) as cocatalyst could enable
achieving better charge separation and also introduce
visible-light sensitivity for oxidation of organic water
pollutants.

3.1. Morphological and Structural Properties

The gCN was prepared from urea by using the
thermal polycondensation method at 550 °C for 2 h.
The as-prepared gCN was used as support for the
deposition of different loadings of MNPs (Au or Ag)
using the sonodispersion followed by in-situ
photoreduction as described above. To study the effect
of metal ratio in the final MNPs/gCN composite on
photocatalytic activity, a series of x%Au/gCN and
x%Ag/gCN hybrid photocatalysts with different Au
and Ag ratios were fabricated. The metal loading ratio
of the different Au/gCN and Ag/gCN photocatalysts
was varied as 2 wt.% and 5 wt.%. Figure 2 displays
the FE-SEM of gCN and the HR-TEM of gCN,
5%Au/gCN, and 5%Ag/gCN photocatalysts. The FE-
SEM image of pristine gCN (Figure 2-a) indicates
agglomerated and layered nature of the gCN with
lateral dimensions of several micrometers. Also, the
HR-TEM image of gCN (Figure 2-b) reveals the
irregular shape of gCN with aggregated layers. The
HR-TEM images of the prepared 5%Au/gCN and
5%Ag/gCN composite photocatalysts are presented in
Figure 2-c,d. The HR-TEM images indicate the
formation and anchoring of the semi-spherical shaped
MNPs of an average size of 205 nm on gCN sheets.
They also confirm that the Au NPs (~20£5 nm) and Ag
NPs (~20£5 nm) are well distributed on the surface of
the gCN layers. The good anchoring of the MNPs onto
the gCN can improve the visible light absorption and
promote the photocatalytic performance under visible
light irradiation as will be explained in the following
sections.

The phase structure of the prepared catalysts
including pristine gCN, Au/gCN, and Ag/gCN were
studied using X-ray diffraction (XRD) spectroscopy at
room temperature. Figure 3 compares the XRD
patterns of gCN, ~ 2%Au/gCN, 5%Au/gCN,
2%Ag/gCN, and 5%Ag/gCN powder photocatalysts.
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The XRD pattern of gCN (Figure 3-a) shows two
XRD peaks at 28 values of 12.75° and 27.4° that
correspond to the (100) and (002) crystal planes of the
gCN, respectively. The obtained XRD pattern
confirms the graphitic stacking phase of gCN as
reported before.[15, 16] The XRD patterns of Au/gCN
and Ag/gCN hybrid photocatalysts with different
metal ratios of 2 wt.% and 5 wt.% (Figure 3-b-e)
overall reveal XRD diffraction peaks characteristic to
both gCN and MNPs.

Figure 2. (a) FE-SEM of gCN. (b-d) HR-TEM of (b)
gCN, (c) 5%Au/gCN, and (d) 5%Ag/gCN
photocatalysts.

For the 2% and 5%Au/gCN photocatalysts (Figure
3-b,c), the XRD patterns are featured with diffraction
peaks at 20 values of 38.06°, 44.05°, 64.45° and 77.62°
associated with the crystal planes (111), (200), (220)
and (311) of Au NPs with a face-centered cubic (fcc)
structure, respectively. In the case of 2% and 5%
Ag/gCN photocatalysts (Figure 3-d,e), the XRD
patterns exhibit additional two diffraction peaks
alongside the characteristic peaks of gCN. The
additional diffraction peaks at 26 values of 38.06° and
44.05° can be attributed to the (111) and (200) crystal
planes of the fcc Ag NPs, respectively. The diffraction
peaks of the Au/gCN and Ag/gCN hybrids are
consistent with literature values reported for Au NPs
(JCPDS# 04-0784) [44], and Ag NPs (JCPDS# 04-
0783).[45]

The XRD peaks associated with the MNPs express
systematic variation of the peak intensity with metal
loading composition. The relative intensity of the
MNPs increases with the nominal weight ratio of the
MNPs in the different photocatalysts. This indicates
the uniform formation of the hybrid catalysts with
metallic ratios comparable to experimentally-used
amounts. There is no other diffraction peaks are
observed in the different MNPs/gCN hybrids,
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indicating the pure phase of the gCN and lacking any
impurities during the fabrication of the Au/gCN and
Ag/gCN photocatalysts. The XRD data also confirm
that the crystal structure and the inter-planer stacking
arrangement of gCN remained unaltered after the
sonodispersion and photodeposition processes.

[¢gCN e Au QAg]
(a) o —

«(100)
(
(111)
(200)

(22
(31

(b)
-‘LJLJL () A S
A (@)

(e)

10 20 30 40 5 60 70 80
20°
Figure 3. XRD patterns of (a) gCN, (b) 2%Au/gCN,
(c) 5%AU/gCN, (d) 2%Ag/gCN, and (e) 5%Ag/gCN
powder samples.

e

Intensity (a.u)

3.2. Electronic Properties

FTIR spectroscopy is a strong tool to study the
chemical and electronic structure and vibrational
characteristics of materials and confirm lattice
properties.[46-48] The FTIR spectra of the prepared
gCN and MNPs/gCN were collected to reveal the
electronic characteristics of the different catalysts.
Figure 4 presents the FTIR spectra of gCN, 2-
5%AU/gCN, and 2-5%Ag/gCN samples in the
wavenumber range of 500-4000 cm™. The FTIR
spectra of the gCN and different MNPs/gCN hybrid
photocatalysts exhibit similar electronic vibrational
characteristics. The broad FTIR band in the range of
3000-3675 cm™ can be assigned to the stretching (N-
H) vibrational modes of the uncondensed amino
groups and the adsorbed hydroxyl (O-H) groups from
water molecules existing on the gCN surface. The
strong absorption bands from 1245 cm to 1640 cm
wavenumber can be ascribed to the typical aromatic
stretching modes of (C-N) heterocycles. Additionally,
the intense absorption band positioned at 810 cm™
indicates the characteristic mode of the tri-s-triazine
rings.[20, 49] Clearly, these findings further reveal
that the chemical structure and crystallinity of gCN are
maintained throughout the entire
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sonodispersion/photodeposition process, which is
consistent with the XRD results.

J|

L 4 ]

Normalized Transmittance (a.u)

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Figure 4. FTIR spectra of (a) gCN, (b) 2%Au/gCN,

(c) 5%AuU/gCN, (d) 2%Ag/gCN, and (e) 5%Ag/gCN

catalysts.

3.3. Surface Properties

The nitrogen (N2) adsorption-desorption isothermal
plots were measured to investigate the specific surface
area (BET-SSA) of ¢CN, 5%Au/gCN, and
5%Ag/gCN samples. The plots of the adsorbed
quantity versus relative pressure (P/Po) and the pore
volume of the measured samples are shown in Figure
5 and the inset graph. The estimated BET-SSA of the
studied samples were 45.02, 22.94, and 53.23 m?/g, for
gCN, 5%Au/gCN, and 5%Ag/gCN, respectively.
Materials offering a high specific surface area (SSA)
are known to express a larger number of active sites on
the catalyst surface and this can promote catalytic
activity.[50-52] The gCN showed a BET-SSA of
45.02 m?/g whereas a 5%Ag/gCN hybrid exhibited a
higher BET-SSA of 53.23 m?/g. The larger SSA of the
5%Ag/gCN hybrid compared to pristine gCN reveals
the effect of the small-sized Ag NPs on the SSA,
which is desired for high catalyst activity. [6] The
large surface area of a catalyst can increase the number
of adsorbed reacting species on the surface. It can also
increase the number of photogenerated charges
(electrons and holes) improving photocatalytic
performance. Meanwhile, the 5%Au/gCN expressed a
low BET-SSA of 22.94 m?/g which is smaller than
that of gCN and this can be ascribed to lowering the
porous nature of gCN with metallic nanoparticles that
exhibit low porosity.[37, 53] The small SSA of the
MNPs/gCN compared to gCN can be attributed to the
possible interparticle agglomeration that occurs after
the metal deposition, which can block some pores and
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fill some spaces over the gCN surface. The data
obtained on the BET-SSA, Barret-Joyner-Halenda
(BJH) pore volume, and pore size of gCN,
5%AuU/gCN, and 5%Ag/gCN are summarized in Table
1. As can be seen in the inset graph in Figure 5 and
also as listed in Table 1, the average BJH-pore size of
the different hybrids significantly improved compared
to gCN. These results revealed that the anchoring of
MNPs had a synergistic effect on the BET-SSA and
the porosity nature of the MNPs/gCN hybrid
photocatalysts.
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Figure 5. Nitrogen (Nz) adsorption-desorption
isothermal plots and (inset) the BJH-pore size
distribution of gCN, 5%Au/gCN, and 5%Ag/gCN
powder photocatalysts.

The XPS analysis is very helpful to study the
surface properties and reveal the valence electronic
state of chemical species. Thus, survey and high-
resolution XPS spectra were measured to study and
characterize the prepared samples including gCN and
MNPs/gCN hybrid photocatalysts. Figure 6-a
displays the low-resolution survey XPS spectra
recorded for gCN, 5%Au/gCN, and 5%Ag/gCN
samples. The XPS survey spectra confirm the
existence of two major peaks assigned to C 1s and N
1s and a small peak for O 1s. In addition, the spectra
of 5%Au/gCN and 5%Ag/gCN samples reveal
features characteristic of Au and Ag, respectively.[25]
The three full-range surveys XPS spectra (Figure 6-a)
confirm the characteristic features of the C 1s and N
1s of gCN and hybrid MNPs/gCN materials. The
differences of the XPS spectral properties of gCN after
modification with Au NPs or Ag NPs reveal the co-
existence of metal peaks (Au 4f and Ag 3d) and
confirms the formation of x%Au/gCN and x%Ag/gCN
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nanostructures. Figure 6-b-d and Figure 7-a-b
display the high-resolution XPS spectra obtained for C
1s, Au 4f, Ag 3d, N 1s, and O 1s of selected
photocatalysts are presented in. Figure 6-b compares
the C 1s fitted spectra of the gCN, 5%Au/gCN, and
5%Ag/gCN samples that were measured in the scan
range of 282-294 eV and are showing two major
peaks. The two distinct XPS peaks of C 1s for gCN are
centered at 284.50 eV and 287.98 eV, respectively.
The weak peak can be ascribed to the aromatic C atom
in the rings of tri-s-triazine units and the strong peak
indicates the hybridized C atom in sp? (N-C=N) or (C-
C).[49, 53] It can be noticed that the strong peak
position of C 1s is shifted to a higher value of binding
energy in the case of 5%Au/gCN (288.31 eV) and
5%Ag/gCN (288.41 eV) hybrids compared to that of
pristine gCN confirming interaction of the Ag metal
with gCN. The strong coupling could result in higher
charge separation and enhanced catalytic activity of
MNPs/gCN.[8] Figure 6-c displays the XPS spectrum
of Au 4f for 5%Au/gCN sample showing two distinct
peaks located at 83.47 eV and 87.17 eV that are
ascribed to Au 4f;, and Au 4fs, core levels,
respectively. This indicates that the Au3* ions were
reduced onto the gCN surface to the Au® oxidation
state.[17] on the other hand, the XPS fitted spectrum
of the Ag 3d for 5%Ag/gCN (Figure 6-d) can be
deconvoluted into two separate strong peaks at 368.47
eV and 374.51 eV, respectively. The XPS peak at
367.88 eV can be attributed to the core level of Ag
3ds2 and that positioned at 373.87 eV can be ascribed
to Ag 3ds core level.[25] Figure 7-a displays the XPS
spectra of N 1s for the gCN, 5%Au/gCN, and
5%Ag/gCN samples. The fitted spectra of selected
samples (Figure 7-a) have four major characteristic
peaks for N 1s located at 398.48 eV, 399.55 eV,
401.02 eV, and 404.26 eV binding energies,
respectively. The main strong peak at 398.48 eV may
be originated from the hybridized aromatic N atom of
(SP?) C-N=C, which indicates the presence of s-
triazine rings. While the other three peaks can be
attributed to the tertiary N atoms of (N-(C)s), (N-H)
groups or (C-N-H) bonding of gCN structure and the
n-excitation, respectively.[53] The XPS fitted
spectrum of the O 1s (Figure 7-b) shows a broad peak
located at ~532.34 eV that could be related to the
hydroxyl (-OH) groups that might be present at the
gCN surface.[49]



PHOTODEPOSITED SILVER VERSUS GOLD OVER G-C3N; TOWARD PHOTOCATALYTIC OXIDATION

127

Table 1. Summary of the BET-SSA, BJH pore volume, and pore size data of gCN, 5%Au/gCN, and 5%Ag/gCN
powder photocatalysts.
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Figure 6. (a) XPS survey spectra of gCN, 5%Au/gCN, and 5%Ag/gCN. (b-d) High-resolution scan spectra of (b)
C 1s of selected samples, (c) Au 4f of 5%Au/gCN, and (d) Ag 3d of 5%Ag/gCN.
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3.4. Photocatalytic Oxidation of Organic Water
Pollutants
The photocatalytic activity of the x%Au/gCN and

X%Ag/gCN photocatalysts for photooxidation of
organic water pollutants under visible light
irradiation was evaluated and compared to that of
pristine gCN. The photocatalytic efficiency of the
different catalysts was studied toward the
photooxidation of MO (10 mg/L) and RB (20 mg/L)
dyes for different irradiation times. The performance
of prepared samples was quantified by the
determination of the quantity degraded of dyes
during the dark incubation and photooxidation
process. It is known that the performance of a
photocatalyst increases with increasing of the
quantity adsorbed of a given pollutant and hence
reduces the time needed for photooxidation of
pollutants.[54] In a typical photocatalytic
experiment, the adsorption-desorption equilibrium
was set to 60 min in dark for all experiments. A 300
W Xe lamp with a UV cutoff filter (A >500 nm) was
used for the visible light irradiation. The
photooxidation percentage was determined using
UV-visible spectrophotometric measurements. The
intensity was taken at the wavelength of the
maximum absorption (Amax) at 464 nm for MO and
549 nm for RB. In all cases, a control experiment for
each studied pollutant was also performed to
evaluate the photooxidation performance without the
use of photocatalyst powder.

Figure 7 presents the plots of C/Co vs time for
photooxidation of MO and RB over ¢CN,
x%AU/gCN, and x%Ag/gCN photocatalysts under
visible light irradiation. It also shows the plots of
C/Cy vs. time of photooxidation of MO over different
catalyst loading of 5%Ag/gCN, in addition to
photooxidation of MO and RB of different solution
densities. As can be seen in Figure 7-a,b, the gCN,
X%AU/gCN, and x%Ag/gCN photocatalysts
displayed  varied adsorption ability and
photocatalytic performance toward MO (Figure 7-a)
and RB (Figure 7-b) in dark and under visible light
irradiation. The curves shown in Figure 7-a indicate
that the 2%Au/gCN and 5%Au/gCN hybrid
photocatalysts resulted in adsorptive removal of
about 3.87 % and 11.80 % of MO compared to 11.52
% for gCN within 1 h in dark. On the other hand, the
adsorption abilities in the cases of 2%0Ag/gCN and
5%Ag/gCN hybrids were significantly improved and
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adsorptive removal of 66.45% and 85.33% of MO
could be achieved within 1 h in dark, respectively.
Similarly, the 2%Ag/gCN and 5%Ag/gCN hybrids
exhibited an extraordinary adsorption ability toward
RB (20 mg/L) compared to the gCN and x%Au/gCN
hybrids after 1 h in dark, as can be seen in Figure 7-
b. The gCN and x%Au/gCN hybrids demonstrated a
lower adsorption capacity of about 14 % for RB
compared to the 2%Ag/gCN and 5%Ag/gCN hybrids
which effectively removed 86.63 % and 97 % of RB
in dark, respectively.

As mentioned before, the adsorption ability of a
photocatalyst toward a given pollutant is an
important parameter that can affect its photocatalytic
performance. The photocatalysts possessing good
adsorption  abilities can  exhibit improved
photocatalytic activity and hence photooxidation at
lower irradiation. Based on the above findings, the
plots in Figure 7-a showed that only 33.55% of MO
were photodegraded in presence of both 2%Au/gCN
and 5%Au/gCN hybrids compared to 55.33% in the
case of pristine gCN within 60 min of visible light
irradiation, respectively. On the other hand, the 2%
and 5%Ag/gCN photocatalysts (Figure 7-a)
exhibited a superior photocatalytic performance
toward MO photooxidation in a much shorter time of
visible light irradiation. The 2%Ag/gCN hybrid
photocatalyst caused photodegradation of about
86.50% of MO within 20 min of visible light
irradiation. Whereas the 5%Ag/gCN hybrid
photocatalyst exhibited a superior performance with
complete photooxidation of MO (100%) at the same
time of visible light irradiation (20 min). In the case
of RB photooxidation (Figure 7-b), both 2%Au/gCN
and 5%Au/gCN hybrids resulted in
photodegradation of 100% and 96.41% of RB,
respectively, compared to 72.54% in the case of gCN
within 40 min of visible light irradiation. Whereas
the irradiation time needed to achieve complete
photooxidation of RB (100%) was decreased to 15
min only over both 29%6Ag/gCN and 5%Ag/gCN
hybrid systems.

The enhanced photocatalytic activity of the
Ag/gCN  hybrid photocatalysts reduced the
irradiation time needed for complete photooxidation
of MO and RB. This can be attributed to the
improved adsorption ability of Ag/gCN systems
compared to Au/gCN systems toward MO and RB in
dark. The adsorption of dye molecules onto a given
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adsorbent surface relies on the electrostatic
interactions between the dye and the catalyst surface.
In the case of gCN-based catalysts, the interaction
between the conjugated domain of the adsorbent
material and the n-n system of dye molecules is also
important.[54] The zeta potential measurements of
the aqueous solutions of gCN, 5%Au/gCN, and
5%Ag/gCN samples were performed at neutral pH to
understand the origin of their adsorption and
photocatalytic properties. The values of zeta
potential of the as-prepared gCN and 5%Au/gCN
were -31 mV and -15 mV at neutral pH, respectively.
While the 5%Ag/gCN hybrid aqueous solutions
possessed an average zeta potential value of +11.7
mV at neutral pH. It can be noticed that after Au NPs
photodeposition the net negative charge on the
surface was decreased to -15 mV. In the case of
photodeposited Ag NPs, the surface of Ag/gCN
expresses a net positive charge on the surface. The
MO and RB dyes are anionic compounds with main
negative charges at neutral pH. Hence, the results of
the adsorptive and photocatalytic removal of the
organic dyes over MNPs/gCN can be understood
based on the electrostatic interaction between
catalysts and organic pollutant molecules. The net
surface charge of gCN and 5%Au/gCN hybrid were
mainly negative (-31 mV and -15 mV) and results in
an electrostatic repulsion with MO and RB
molecules which bear net negative charge also. The
net positive charge on the surface of the 5%Ag/gCN
causes strong electrostatic interactions with the MO
and RB molecules and this leads to increased
adsorption of the two dyes. Thus, the enhanced
adsorption and visible light absorption of the
MNPs/gCN improved the photocatalytic properties
and increased the photogenerated charge density
resulting in overall higher performance of
MNPs/gCN than pristine gCN.[20]

The effect of the catalyst loading on
photocatalytic performance has been studied to
reveal the optimal dosage of the photocatalyst for the
photooxidation reaction. Figure 7-c shows the plots
of C/Cy vs time for photooxidation of MO over
5%Ag/gCN using different catalyst loading of 20
mg, 60 mg, and 100 mg. The plots indicate that the
quantities adsorbed of MO over the 5%Ag/gCN were
17.72%, 58%, and 85.37% using 20 mg, 60 mg, and
100 mg of catalyst dosage, respectively. The increase
of the catalyst loading is associated with an increase
in adsorption with can be ascribed to the increased
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number of active sites on the catalyst surface.
Consequently, the highest photocatalytic activity was
observed using catalyst loading of 100 mg as
discussed earlier where the increased active site
density can lead to an increased rate of hydroxyl
radical production during the photooxidation
process.[1] Figure 7-d shows the photocatalytic
performance of 5%Ag/gCN toward the degradation
of higher concentrations of MO (20 mg/L) and RB
(40 mg/L) under visible light irradiation. The
5%Ag/gCN with catalyst loading of 1mg/ml led to
photodegradation of 100% of MO (20 mg/L) within
120 min of visible light irradiation. On the other
hand, the complete photooxidation of RB (40 mg/L)
was achieved within 30 min of visible light exposure
over the same catalyst with lower loading of
0.5mg/ml. This indicates that the 5%Ag/gCN hybrid
still maintains its photocatalytic performance even at
a high concentration of organic water pollutants.

3.5. Optical Characteristics and the Photocatalytic
Performance

Studying the electronic and optical properties of
the prepared materials is necessary to understand
their photoactivity and the origin of their
photocatalytic activity. Hence, the DRS and PL
spectral properties of the different catalysts were
studied. Figure 8 displays the UV-vis DRS and PL
spectra of different catalysts including gCN,
X%AU/gCN, and x%Ag/gCN. As shown in Figure 8-
a, the DRS spectrum of the gCN displays an optical
absorption in the range from 250 to 450 nm, similar
to a typical absorption spectrum of semiconductors.
The absorption spectrum of gCN is featured with two
DRS absorption bands at ~325 nm and ~370 nm due
to the UV light sensitivity of the gCN. Additionally,
0gCN possesses a slightly visible light absorption
band in the range of 420 to 500 nm. The MNPs/gCN
exhibited higher visible light absorption compared to
gCN owing to the enhanced absorption caused by the
MNPs (Figure 8-a). The 2%Au/gCN and
5%Au/gCN hybrid photocatalysts exhibited strong
absorption bands at 540 nm and 555 nm alongside
the two bands of the gCN in the UV range (Figure
8-a). These prominent absorption bands in the visible
range are ascribed to the intrinsic surface plasmon
resonance (SPR) effect of the MNPs.[41, 55]
Moreover, increasing the metal loading from 2% to
5% caused a slight red-shift of the DRS absorption
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peaks.[55] Similarly, the DRS spectra of the
2%Ag/gCN and 5%Ag/gCN hybrids showed small
absorption bands at ~475 nm and ~490 nm which is
due to the SPR effect of Ag NPs.[31] The obtained
results reveal the evident anchoring of the MNPs
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Figure 7. (a,b) Plots of C/Cy vs time for photooxidation of (a) MO and (b) RB over gCN, x%Au/gCN, and
x%Ag/gCN catalysts under visible light irradiation. (c,d) Plots of C/Cy vs. time of photooxidation over 5%Ag/gCN
for (c) MO (10 mg/L) using different catalyst loading, and (d) MO (20 mg/L, 100 ml, 100 mg catalyst) and RB (40

mg/L, 100 ml, 50 mg catalyst).

The photoluminescence of such materials stems
from the emission of light upon the recombination of
the photogenerated charges including electrons and
holes. Also, it is well-known that the efficiency of
such a photocatalyst is corresponding to the effective
separation of the electron and hole pairs.[56]
Therefore, the obtained emission can help define the
efficiency of the electrons/holes transfer, trapping,
immigration, and separation. Figure 8-b presents the
PL spectra of the gCN, x%Au/gCN, and x%Ag/gCN
recorded using an excitation wavelength of 360 nm.
As can be seen in Figure 8-b, the PL spectrum of the
gCN shows a strong emission peak centered at ~470
nm which is ascribed to light emitted after
recombination of the electron and hole pairs in the
conduction band (CB) and valance band (VB) of
gCN.[55, 56] Also, the PL emission spectra of the
X%AU/gCN and x%Ag/gCN hybrids exhibited
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emission peaks similar to that observed in the case of
the pure counterparts. In the case of the xX%Au/gCN
and x%Ag/gCN hybrids, the coupling of gCN and
MNPs (Au NPS or Ag NPs) lowered the emission
intensity compared to gCN. The recombination of the
photogenerated charges causes emission as PL, and
hence lowering the recombination can decrease the
PL intensity. For the MNPS/gCN hybrids, the
existence of the metal ions (Au or Ag) could improve
the interfacial charge transfer of the photogenerated
electrons and holes resulting in overall decreased
emission intensity of MNPs/gCN hybrids compared
to gCN. This confirms the effect of the metals in
trapping the charges and thus inhibiting their
recombination.  Therefore, the density of
photogenerated charges is increased improving the
photocatalytic performance of the MNPs/gCN
systems.[56] The overall DRS and PI spectral results
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revealed the increased absorption in the visible their  improved photocatalytic ~ performance
region and the diminished emission of the compared to gCN.
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Figure 8. (a) Diffuse reflectance spectroscopy (DRS) and (b) photoluminescence (PL) spectra of the prepared

catalysts.
3.6. Photoelectrochemical (PEC) Measurements

The photoelectrochemical (PEC) measurements
are helpful to understand the charge separation and
transfer processes. The PEC properties were studied
by investigating the electrochemical impedance
spectroscopy (EIS) and photocurrent response
characteristics of selected photocatalysts, namely
gCN and 5%Ag/gCN. All experiments were
conducted using an aqueous solution of sodium
sulfate (0.5 M) under a 150W Xe lamp with a UV
cut-off filter. The EIS Nyquist spectra and the
transient photocurrent responses of gCN and
5%Ag/gCN photocatalysts are displayed in Figure 9.
The EIS Nyquist spectra of the gCN and 5%Ag/gCN
hybrid in dark and under visible light irradiation are
shown in Figure 9-a. The EIS Nyquist spectrum of
the 5%Ag/gCN hybrid exhibited a smaller arc radius
compared to pristine which indicates a faster rate of
the interfacial charge transfer and thus lowered the
electron transfer resistance over the photoelectrode
surface under visible light irradiation.[57]

Furthermore, the transient photocurrent responses
of the gCN and 5Ag/gCN were investigated by
applying several on-off cycles of the visible light
irradiation. As shown in Figure 9-b, the
photocurrent response of the 5%Ag/gCN hybrid was
higher than that of gCN, which reveals the enhanced
separation efficiency of the photogenerated electron
and hole pairs. Moreover, all selected samples
exhibited stable photocurrent response for a total of
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nine on-off cycles under shopped-irradiation with 30
s interval time, indicating that all samples express
good photoelectrochemical stability. The improved
photocurrent response confirms the evident charge
transfer and the interfacial interaction between the
Ag NPs and gCN.[11, 57] Overall, the photocurrent
response results are consistent with the EIS Nyquist
analysis and PL characteristics. This indicates that
the 5%Ag/gCN hybrid possessed the highest charge
separation and charge transfer efficiencies of the
photogenerated charged species, and it is favorable
to enhance the photocatalytic activity.

3.7. Mechanistic Photooxidation Steps

An efficient photocatalyst shall meet some
fundamental criteria associated with the optical
band-gap energy and the position of the bandgap.
The bandgap energy is indicative of the wavelengths
that a semiconductor can absorb. Also, the optical
bandgap position affects the direction of the charge
transfer.[58] The photogeneration and separation of
the charged species at the interface of a
semiconductor and the photostability also affect the
photo-redox process.[6] As discussed above, the
5%Ag/gCN hybrid photocatalyst exhibited superior
photocatalytic performance compared to gCN and
other prepared catalysts. This result can be ascribed
to the synergistic effect of the MNPs leading to
enhanced visible light harvesting alongside a smaller
bandgap of hybrid photocatalysts with the
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corresponding increase in the MNPs content. A
sketch of the photooxidation steps including the
charge generation, separation, and transfer within the
5%Ag/gCN composite photocatalyst is depicted in
Figure 10. The 5%Ag/gCN hybrid has a smaller
bandgap of about 2.66 eV relative to gCN (~2.7 eV)
with a slightly higher ability to absorb visible light.
The 5%Ag/gCN absorbs visible light photons with
subsequent photogeneration of charged species as in
gCN also. The electrons (e generated in the CB of
gCN after absorption of light can rapidly be
transferred to the CB of the Ag NPs through
interfacial charge transfer due to their intimate
interfacial contact.[58] These electrons could
combine with oxygen (O2) molecules to produce
superoxide radicals (O2) which can combine with
H* and produce hydrogen peroxide (H20,).[59]
Additionally, due to the low band-gap of the gCN,
the photogenerated holes (h*) may interact with the
hydroxyl groups (OH") or water (H20) molecules
adsorbed on the surface to form reactive hydroxyl
radicals (OH-).[21] The reactivity and strong
oxidizing power of the (O2"), (H202), and (OH") can
mediate the photooxidation of the organic water
pollutants.[21, 57] The trapping of the h* in the VB
of gCN and trapping of e injected from CB of gCN
to the CB of Ag NPs could effectively induce the

charge carriers separation and thus delay the
recombination of the electrons-holes (e/h*) pairs.
This led to improving the photocatalytic performance
of MNPs/gCN hybrids toward the photooxidation of
water pollutants.

3.8. The Catalyst Reusability

Besides the superior photocatalytic efficiency of
the prepared hybrids, the photostability and
reusability of the 5%Ag/gCN hybrid photocatalyst
were further evaluated for economic
considerations. Figure 11 presents a plot of the
cycling stability of 5%Ag/gCN for photooxidation of
MO (10 mg/L) under visible light irradiation for 3
cycles (80 min). The 5%Ag/gCN exhibited an
excellent and stable photooxidation activity for three
successive cycles of reaction (cyc. 1=20 min, cyc.
2=30 min, cyc. 3= 30 min; total time = 80 min).
Moreover, after the third cycle, the photooxidation
rate of MO over the 5%Ag/gCN surface was retained
at 95% after 80 min of visible light irradiation. This
slight decrease in photocatalytic activity might be
due to the losses of the photocatalyst powder during
the desorption process. This result indicates the good
photostability and reusability of the prepared
5%Ag/gCN hybrid.
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Figure 9. (a) EIS Nyquist spectra and (b) Transient photocurrent responses of gCN and 5%Ag/gCN

photocatalysts.
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Figure 10. A sketch of the elementary steps
representing the charge generation, separation, and
transfer within Ag/gCN hybrid photocatalyst leading
to photooxidation of dye molecules.

1]

Photocatalyst Cycle

100 1

B o] @
o o o
1 1 1

Photodegaradtion (%)

o
1

Figure 11. A plot displaying the cycling stability
of 5%Ag/gCN for photooxidation of MO (10 mg/L)
under visible light irradiation for 3 cycles (80 min).
4. Conclusions

The photocatalytic degradation of hazardous
water pollutants is a vital aim to secure safe and clean
water. Photocatalysis provides promising technology
for the utilization of various photocatalysts and clean
energy toward achieving this goal. Herein, we report
on the facile synthesis of visible light-sensitive
photocatalysts of metal nanoparticles/ graphitic
carbon nitride with enhanced photocatalytic activity
for water treatment. For the sake of comparison, gold
and silver nanoparticles anchored onto gCN were
synthesized by sonodispersion and in-situ
photodeposition. The performance of the catalysts
was evaluated for the degradation of example
organic pollutants including MO and RB. The effect
of the metal nanoparticles on the photocatalytic
efficiency of gCN and MNPs/gCN was studied by
changing the metallic ratio in the prepared catalysts.
To study the structure and properties of the prepared

Egypt. J. Chem. 65, No. SI: 13B (2022)

catalysts, samples were characterized using TEM,
SEM, XRD, FTIR, BET surface area, XPS, UV-vis
DRS, and PL spectroscopy. The prepared catalysts
were utilized for the photocatalytic degradation of
different organic water pollutants under visible light
irradiation, it was possible to confirm the promoting
effect of MNPs with the appropriate loading ratio
which was found to improve the optical properties
and photocatalytic performance of the material for
pollutants photooxidation. The results revealed that
the type of MNPs as a co-catalytic over the gCN
surface plays a vital role in promoting photocatalytic
activity. The obtained results exhibit the superior
performance of the Ag/gCN hybrid photocatalysts
compared to gCN or Au/gCN hybrid systems. The
highest photocatalytic degradation of MO and RB
pollutants was achieved in the presence of a
5%Ag/gCN hybrid photocatalyst under visible light
irradiation (100 mW.cm?). The PEC properties of
5%Ag/gCN further confirmed the improved visible
light harvesting and the delayed recombination rate
of the photogenerated charged species compared to
pure counterparts. In conclusion, the utilization of
solar energy via using the effective photocatalyst
system for the photooxidation of water pollutants can
have immense benefits environmentally and
economically.
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