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Abstract: The limited access to fresh water and the increased presence of emergent pollutants (EPs) in
wastewater has increased the interest in developing strategies for wastewater remediation, including
photocatalysis. Graphitic carbon nitride (g-C3N4) is a 2D non-metal material with outstanding proper-
ties, such as a 2.7 eV bandgap and physicochemical stability, making it a promising photocatalyst. This
work reports the process of obtaining high-surface-area (SA) g-C3N4 using the thermal-exfoliation
process and the posterior effect of Ag-nanoparticle loading over the exfoliated g-C3N4 surface. The
photocatalytic activity of samples was evaluated through methylene blue (MB) degradation under
visible-light radiation and correlated to its physical properties obtained by XRD, TEM, BET, and
UV–Vis analyses. Moreover, 74% MB degradation was achieved by exfoliated g-C3N4 compared
to its bulk counterpart (55%) in 180 min. Moreover, better photocatalytic performances (94% MB
remotion) were registered at low Ag loading, with 5 wt.% as the optimal value. Such an improvement
is attributed to the synergetic effect produced by a higher SA and the role of Ag nanoparticles in
preventing charge-recombination processes. Based on the results, this work provides a simple and ef-
ficient methodology to obtain Ag/g-C3N4 photocatalysts with enhanced photocatalytic performance
that is adequate for water remediation under sunlight conditions.

Keywords: photocatalysis; Ag/g-C3N4; nanocomposites; dye degradation; visible; exfoliated g-C3N4

1. Introduction

Access to clean water is essential for human survival, but only a tiny fraction (0.3%) of
the world’s freshwater is suitable for daily use [1]. With the increase in the global popula-
tion, new challenges have arisen, such as higher demand for freshwater and the emergence
of highly persistent and chemically stable contaminants, also known as emerging con-
taminants (ECs). The latter are becoming increasingly concerning, as these contaminants
are difficult to eliminate using conventional treatment processes, and their presence in
water bodies is not strictly regulated. As a result, we might face a shortage of freshwater
resources, which will negatively impact human and environmental health due to exposure
to these contaminants. Among ECs, dyes are a type of contaminant whose use can extend
to various industries (textile, art, food, construction, etc.), but they are also a significant
source of water pollution. Approximately 15,000 tons of the worldwide production of
dyes is directly discharged into water, reducing the self-purification ability of water sys-
tems [1,2]. Therefore, the scientific community worldwide is working together to provide
alternative and efficient strategies to treat water, ensuring that we have access to this vital
natural resource.

Numerous strategies have been proposed to remove organic contaminants, including
adsorption, filtration, coagulation, biosorption, ion exchange, and advanced oxidation
processes (AOPs). Among these AOPs, photocatalysis is a low-cost and environmentally

Nanomaterials 2024, 14, 623. https://doi.org/10.3390/nano14070623 https://www.mdpi.com/journal/nanomaterials

https://doi.org/10.3390/nano14070623
https://doi.org/10.3390/nano14070623
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0001-5022-297X
https://orcid.org/0000-0002-2492-8407
https://orcid.org/0000-0003-2562-9094
https://doi.org/10.3390/nano14070623
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano14070623?type=check_update&version=1


Nanomaterials 2024, 14, 623 2 of 12

friendly technology that has gained attention in wastewater treatment due to its high
efficiency [3,4]. Photocatalysis involves the activation of a semiconductor material by light
energy, which removes organic pollutants from water through a series of non-selective
redox reactions caused by highly oxidizing species such as superoxide (•O2

−) and hydroxyl
(•OH) radicals [5]. Metal oxide semiconductors, such as TiO2, ZnO, and ZnS, have been
widely studied as photocatalysts, with excellent performance. However, they required UV
radiation to function [6,7].

Efforts are being made to find materials that can facilitate redox reactions under visible
light or sunlight radiation, as they make up a significant portion of the solar spectrum (45%)
compared to UV light (4%) [5]. Graphitic carbon nitride (g-C3N4) is a promising metal-free
material employed in the photo-splitting of water, the remotion of organic pollutants, and
photosynthesis under visible radiation. Moreover, g-C3N4 is the most stable allotrope of
carbon nitride, composed of tri-s-triazine subunits connected through planar tertiary amino
groups in a layer. This material exhibits a bandgap of ca. 2.70 eV, is cost-effective, has good
chemical stability, is easily accessible, and is environmentally friendly [5,8,9]. However,
g-C3N4 in bulk form has a poor specific surface area and a fast electron-hole pair recombi-
nation rate, leading to low photocatalytic performance [10]. Several strategies have been
employed to address these drawbacks and improve the properties of g-C3N4, including
metal or non-metal doping [11–13], noble metal decoration [14,15], hetero-structuring by
coupling with other semiconductors [16,17], surface modification, and surface area (SA)
incrementing [18].

Several works in the literature have described various methodologies for increment-
ing the surface area of g-C3N4 [19]. Ultrasonic exfoliation results in surface areas of
~130 m2 g−1, while chemical exfoliation can yield values up to 200 m2 g−1. However, these
processes are often complicated and require additional steps. On the other hand, thermal
exfoliation is a simple methodology, but the results reported are usually low surface areas
of less than 80 m2 g−1. Therefore, it is necessary to obtain higher surface-area values using
this simple methodology to improve the photocatalytic activity, as has been proved by
chemical and ultrasonic exfoliation methods [3,20–22].

Another approach to enhance the photocatalytic performance of g-C3N4 is metal
deposition, as photogenerated charge carriers can be effectively separated [5,13,15,23].
When g-C3N4 comes into contact with metal, a metal–semiconductor heterojunction can be
formed, capturing the photogenerated electron and preventing electron-hole recombination.
The type of heterojunction formed (Schottky barrier or ohmic contact) depends on the
relative work function levels of g-C3N4 and the metal [24,25]. Noble metals such as Pt
and Pd perform well when they decorate semiconductors [1,26,27]; however, their use is
expensive. Silver (Ag) is a metal with extensive applications in biosensors, biomedicine,
and catalysis. The integration of Ag metal over photocatalysts has acquired great interest,
owing to the effect of both surface plasmon resonance (SPR) and the fact that it can act as
an electron trap. It has been reported that photocatalyst materials based on Ag and g-C3N4
(i.e., Ag/g-C3N4 nanocomposite) exhibit high performance in degrading different dyes
like methyl orange (MO), methylene blue (MB), and rhodamine B (RhB) [28–31] under
visible radiation.

Therefore, this study aims to evaluate the photocatalytic activity of a series of nanocom-
posites based on g-C3N4 thermal-exfoliated nanosheets with a high surface area (>100 m2 g−1)
decorated with different percentages of Ag. Combining the results of the photocatalytic
and scavenger activity tests with the results of the ex situ characterization, specifically the
handling and recombination of charge carriers by the composite materials, it was possible
to determine the causes that allowed us to improve the photoactivity of the nanocomposites
(Ag/g-C3N4) compared to pure materials.
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2. Materials and Methods
2.1. Materials Synthesis

Graphitic carbon nitride was prepared using the conventional thermal polymerization
process of dicyandiamide (99%, Sigma-Aldrich, St. Louis, MO, USA). The overall process
consisted of a two-step calcination procedure; the first calcination was carried out at
500 ◦C for 2 h. Then, the obtained material was again calcinated at 500 ◦C for 2 h using a
heating ramp of 4 ◦C min−1 to obtain the final exfoliated g-C3N4. Silver nanoparticles were
incorporated into g-C3N4 using a deposition method with varying amounts (1, 5, 10, and
15 wt.%) of an AgNO3 (Sigma-Aldrich) solution. The support material was suspended in
a deionized water solution for 30 min, to which the appropriate amount of AgNO3 was
added and stirred for an additional 5 min. The reduction was carried out using a NaBH4
(Sigma-Aldrich) aqueous solution with an Ag/NaBH4 molar ratio of 1/5. The final solid
was profusely rinsed with deionized water, collected by centrifugation, and dried at 80 ◦C.
The samples were labeled as xAg/g-C3N4, with x indicating the amount (wt.%) of Ag
deposited over the g-C3N4.

2.2. Materials Characterization

The crystalline structure of g-C3N4 and Ag/g-C3N4 photocatalysts was determined by
X-ray powder diffraction (XRD) in a Panalytical-Aeris diffractometer (Malvern Panalytical
B.V., Almelo, The Netherlands). Monochromatic CuKα radiation (λ = 1.54184 Å) was
used with a 2θ angle ranging from 5◦ to 80◦ and a step size of 0.01◦ with a time of 1 s per
step. The morphology of the silver NPs on the g-C3N4 surface was analyzed by HRTEM
using a JEOL JEM-2010 microscope (JEOL Ltd., Tokyo, Japan). Textural properties of the
obtained samples were determined through N2 adsorption–desorption isotherms recorded
at 196 ◦C using Micromeritics TriStar 3000 equipment (Micromeritics Instruments Corp.,
Norcross, GA, USA). The specific surface area of the samples was estimated using the
Brunauer–Emmertt–Teller (BET) method and nitrogen adsorption data within the P/P0
range of 0.005–0.250. The average pore diameter was calculated by applying the Barrett–
Joyner–Halenda (BJH) method to the adsorption and desorption branches of N2 isotherms.
Previously, the samples were degassed at 140 ◦C for 4 h under vacuum.

The silver concentration on g-C3N4 was confirmed by inductively coupled plasma op-
tical emission spectrometry (ICP-OES Varian Vista-MPX CCD simultaneous) and compared
to the standard calibration curve prepared with Ag. The analysis was repeated three times,
and blank tests were conducted using the same procedure. Photoluminescence spectra were
acquired at room temperature on a photoluminescence spectrometer PerkinElmer LS50B
(PerkinElmer, Shanghai, China). The optical properties of the photocatalyst were studied
by diffuse reflectance UV–Visible spectroscopy (DRS) using a Cary 100 spectrophotometer
(Agilent Technologies, Mexico City, Mexico) in the wavelength range of 200–800 nm at a
resolution of 0.1 nm. The bandgap energy values of the samples were estimated using the
Kubelka–Munk (Equation (1)), as follows [24,30]:

(F(R)hϑ)n = k
(
hϑ − Eg

)
, F(R) = (1 − R)2/2R (1)

where R corresponds to reflectance, h is the constant of Plank, ϑ is the light frequency, k
is a constant, Eg is the bandgap energy, and n is a coefficient whose value is 2 for a direct
bandgap or 0.5 for an indirect bandgap. The Eg value was determined by extrapolating the
linear portion of the (F(R)hϑ)n versus hϑ.

2.3. Photocatalytic Test

The photocatalytic activity of the synthesized samples was evaluated by testing their
ability to degrade methylene blue (MB, Sigma-Aldrich). An MB dye solution (200 mL) with
a concentration of 20 mg·L−1 was added to an annular-type vertical reactor to conduct
the experiment. The photocatalyst loading was 1 g·L−1 and completely dispersed within
the reactor under continuous stirring and air supply conditions. A visible lamp (Tecnolite
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F8T5D, 8 W nominal power) was used as the radiation source and immersed in the reactor
to form the annular space reaction. The temperature of the MB solution was kept constant
at 25 ◦C using a heating circulating bath. All experiments were subjected to dark adsorption
experiments for 30 min to achieve a sample adsorption–desorption equilibrium. The identi-
fication of MB (663 nm) during photo-degradation was carried out by UV–Vis spectroscopy
(Cary 100 UV–Vis). Aliquots were removed from the reaction system, centrifuged, and
filtered using a membrane filter of 0.45 µm pore size prior to analysis.

2.4. Scavenger Testing

Trapping experiments were conducted using active species to understand the degra-
dation reaction pathway. Ammonium oxalate (AO, 10 mM), isopropanol (IPA, 20 mM), and
p-benzoquinone (BZQ, 1 mM) were utilized as scavenger agents to capture photogenerated
holes, hydroxyl radicals (•OH), and superoxide anion radicals (•O2

−), respectively [19,20].
Each scavenger was added to the dye solution before the irradiation, followed by the
conventional dye degradation testing.

3. Results and Discussion
3.1. Characterization Results

The X-ray diffraction pattern of bare g-C3N4 (bulk and thermoexfoliated) and the
as-prepared xAg/g-C3N4 photocatalysts with different Ag contents are shown in Figure 1a.
The diffraction pattern of the g-C3N4-Bulk material exhibits the characteristic profile of the
layered g-C3N4 structure (JCPDS card 41-1487), with the interlayer-stacking (002) reflection
located at a 2θ value of 26◦ being the most prominent. Additionally, the (100) reflection,
related to the intralayer structural packing motif of tri-s-triazine units, is detected in all
samples at around 13.1◦. The diffractograms obtained from the thermoexfoliated materials
(g-C3N4 and xAg/g-C3N4 materials) also show the (100) and (002) planes. However, all
samples exhibit a slight shifting of the (002) plane, attributed to the layer exfoliation of
the nanosheets caused by the second thermal treatment [1,32]. Apart from the g-C3N4
diffraction peaks, XRD patterns of the Ag/g-C3N4 materials show other diffraction peaks
linked to (111), (200), and (220) planes of the FCC structure of metallic Ag (JCPDS card
04-0783). The intensity of these characteristic Ag peaks gradually increases with the metal
loading from 1 to 15 wt.%, indicating that g-C3N4 and Ag coexist in the photocatalyst.
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Figure 1. (a) X-ray diffraction patterns of g-C3N4-Bulk, g-C3N4, and xAg/g-C3N4 nanomaterials
(+ and # correspond to g-C3N4, and Ag indexed peaks). (b) Chemical composition of the photocata-
lysts obtained by ICP-MS compared with theoretical content.

Inductively coupled plasma mass spectrometry (ICP-MS) is a technique that pro-
vides a convenient way to determine sub-nanogram-per-liter concentration levels of low-
abundance elements and metal speciation [33,34]. Figure 1b shows the chemical composi-
tion analysis of the Ag/g-C3N4 photocatalysts performed via ICP-MS measurements. The
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results demonstrate the successful addition of different quantities of Ag over the g-C3N4
nanomaterials. Linear correlations are obtained between theoretical (synthesis conditions)
and real loadings of our materials. These results agree with RDX analysis since the peak
intensity of the patterns increased as the Ag content increased from bare g-C3N4 to 1%, 5%,
10%, and 15%.

Figure 2 presents low- and high-magnified micrographs of the g-C3N4-Bulk, ther-
moexfoliated g-C3N4, and most active xAg/g-C3N4 material. As seen, g-C3N4-Bulk shows
the typical flat, aggregated, and non-porous flakes of the bulk-graphitic carbon nitride
(Figure 2a) [1,28]. In addition, Figure 2b shows thinner layers with a rough surface and lay-
ered detachments, confirming the effect of the thermal exfoliation on the prepared g-C3N4
material. Figure 2c exhibits that the sheet structures remain intact after the deposition of
Ag nanoparticles, which are homogeneously distributed. The diffraction patterns prove
that the Ag nanoparticles exposed the most stable (111) plane to the surface, which agrees
with the results obtained by XRD. The Ag metallic particles have a spherical shape with
an average size of 6.3 nm, which could be beneficial for photocatalysis. Due to this, Ag
nanoparticles can act as an electron trap. Moreover, it is appreciated that some Ag forms
agglomerate in larger-sized nanoparticles. These results confirm the successful obtention
of the nanocomposite material.
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photocatalysts.

The UV–Vis diffuse absorption spectra of the bare g-C3N4 (bulk and thermoexfoliated)
and xAg/g-C3N4 materials are shown in Figure 3. All samples show absorption peaks
around 300–400 nm, assigned to π–π* transitions of the conjugated ring systems, including
heterocyclic aromatics (Figure 3a). Upon comparing the xAg/g-C3N4 sample spectra
with those of the reference materials, it is observed that the g-C3N4-Bulk and g-C3N4
show strong absorption in UV with an absorption onset at around 435 nm. In contrast,
the xAg/g-C3N4 materials showed strong and extended absorption in the visible-light
region and a red shifting of the absorption edge, which increases as the amount of silver
over the thermoexfoliated g-C3N4 rises. In addition, the formation of an absorption band
around 480 nm is appreciated, attributed to the plasmonic properties of the Ag nanoparticle
agglomerates of a larger size (>10 nm) [29]. This is in accordance with results obtained by
TEM, where some Ag nanoparticles are agglomerates that form secondary nanoparticles of
a larger size.



Nanomaterials 2024, 14, 623 6 of 12

Nanomaterials 2024, 14, x FOR PEER REVIEW 6 of 13 
 

 

Figure 3b shows that the influence of the addition of silver on g-C3N4 can be reflected 
in the bandgap values obtained by the Tauc method [30]. The bandgap values for g-C3N4-
Bulk and g-C3N4 were estimated to be 2.78 and 2.74 eV, respectively. In the case of xAg/g-
C3N4 nanocomposites, bandgap values decreased from 2.63 eV (1Ag/g-C3N4) to 2.36 eV 
(15Ag/g-C3N4) as the content of Ag increased, as summarized in Table 1. These results 
indicate that adding Ag to g-C3N4 enhances the materials’ ability to absorb photons, which 
is beneficial for generating reactive oxygen species (ROS) and, therefore, the photocata-
lytic process. 

 
Figure 3. (a) UV–Vis diffuse absorption spectra and (b) (ahv)1/2 plots of the photocatalytic xAg/g-
C3N4 and reference nanomaterials (dotted lines corresponding to applied Tauc approximation). 

Figure 4 and Table 1 show the textural properties of the g-C3N4-Bulk, g-C3N4, and 
xAg/g-C3N4 photocatalytic materials. Figure 4a displays N2 adsorption–desorption iso-
therms and pore size distribution (Figure 4b) of the nanomaterials. According to the IU-
PAC classification, the isotherms of the samples (Figure 4a) correspond to isotherm type 
IV with apparent H3 hysteresis loops, indicating the existence of a mesoporous structure 
[35]. Table 1 summarizes the textural values of the photocatalysts, where the results reveal 
that the thermoexfoliation treatment applied to the g-C3N4-Bulk material increases the 
specific surface area from 9.2 to 143.8 m2 g−1 (g-C3N4). This result validates the effectiveness 
of the technique in obtaining more g-C3N4 nanosheets with a high specific surface area 
that can lead to better light absorption and accessibility to reactant molecules during the 
photocatalytic reaction. Regarding the as-prepared xAg/g-C3N4 materials, the incorpora-
tion of Ag nanoparticles into g-C3N4 generated a decrease of 40% (average) compared to 
g-C3N4. However, a trend of increasing or decreasing the specific surface area is not ap-
preciated as silver concentration increases. Although considerable, the decrease in specific 
surface area is not significant, especially when considering the improvement in bandgap 
width obtained for all silver-containing materials. In the case of pore volume results, Fig-
ure 4b presents a monomodal distribution where the pore size decreased as the Ag content 
increased over the g-C3N4 surface, indicating that the deposition of Ag can block the pores 
of g-C3N4. Here, the pore volume value obtained for thermoexfoliated g-C3N4 (0.257 cm3 
g−1) is higher than that obtained for the g-C3N4-Bulk (0.013 cm3 g−1). The values obtained 
for the samples that contain Ag nanoparticles are in the same order of magnitude (average 
of 0.182 cm3 g−1), without an increasing or decreasing trend of the silver concentration. 
Additionally, the textural properties of the g-C3N4 and Ag/g-C3N4 materials are more 
promising than those of the typical titania used as a reference in photocatalytic studies 
[31]. 

  

2 3 4 5

 g-C3N4-Bulk
 g-C3N4

 1Ag/g-C3N4

 5Ag/g-C3N4

 10Ag/g-C3N4

 15Ag/g-C3N4

(a
hv

)1/
2

hv / eV

300 400 500 600 700 800

F(
R

)

Wavelength (nm)

 g-C3N4-Bulk
 g-C3N4
 1Ag/g-C3N4

 5Ag/g-C3N4
 10Ag/g-C3N4
 15Ag/g-C3N4

a) π–π*

a) b)(a) (b)

Figure 3. (a) UV–Vis diffuse absorption spectra and (b) (ahv)1/2 plots of the photocatalytic xAg/g-
C3N4 and reference nanomaterials (dotted lines corresponding to applied Tauc approximation).

Figure 3b shows that the influence of the addition of silver on g-C3N4 can be reflected in
the bandgap values obtained by the Tauc method [30]. The bandgap values for g-C3N4-Bulk
and g-C3N4 were estimated to be 2.78 and 2.74 eV, respectively. In the case of xAg/g-C3N4
nanocomposites, bandgap values decreased from 2.63 eV (1Ag/g-C3N4) to 2.36 eV (15Ag/g-
C3N4) as the content of Ag increased, as summarized in Table 1. These results indicate that
adding Ag to g-C3N4 enhances the materials’ ability to absorb photons, which is beneficial
for generating reactive oxygen species (ROS) and, therefore, the photocatalytic process.

Table 1. Textural properties and Eg values of g-C3N4-Bulk, g-C3N4, and Ag/g-C3N4 nanomaterials.

Catalyst BET Surface
Area (m2·g−1)

Pore Volume
(cm3·g−1)

Average Pore
Size (nm) Bandgap (eV)

g-C3N4-Bulk 9.2 0.013 6.9 2.74
g-C3N4 143.8 0.257 5.2 2.78

1Ag/g-C3N4 85.9 0.189 5.6 2.63
5Ag/g-C3N4 88.9 0.186 6.3 2.48
10Ag/g-C3N4 89.9 0.180 5.9 2.43
15Ag/g-C3N4 87.8 0.179 6.1 2.36

Figure 4 and Table 1 show the textural properties of the g-C3N4-Bulk, g-C3N4, and
xAg/g-C3N4 photocatalytic materials. Figure 4a displays N2 adsorption–desorption
isotherms and pore size distribution (Figure 4b) of the nanomaterials. According to the IU-
PAC classification, the isotherms of the samples (Figure 4a) correspond to isotherm type IV
with apparent H3 hysteresis loops, indicating the existence of a mesoporous structure [35].
Table 1 summarizes the textural values of the photocatalysts, where the results reveal that
the thermoexfoliation treatment applied to the g-C3N4-Bulk material increases the specific
surface area from 9.2 to 143.8 m2 g−1 (g-C3N4). This result validates the effectiveness of
the technique in obtaining more g-C3N4 nanosheets with a high specific surface area that
can lead to better light absorption and accessibility to reactant molecules during the photo-
catalytic reaction. Regarding the as-prepared xAg/g-C3N4 materials, the incorporation of
Ag nanoparticles into g-C3N4 generated a decrease of 40% (average) compared to g-C3N4.
However, a trend of increasing or decreasing the specific surface area is not appreciated as
silver concentration increases. Although considerable, the decrease in specific surface area
is not significant, especially when considering the improvement in bandgap width obtained
for all silver-containing materials. In the case of pore volume results, Figure 4b presents a
monomodal distribution where the pore size decreased as the Ag content increased over the
g-C3N4 surface, indicating that the deposition of Ag can block the pores of g-C3N4. Here,
the pore volume value obtained for thermoexfoliated g-C3N4 (0.257 cm3 g−1) is higher than
that obtained for the g-C3N4-Bulk (0.013 cm3 g−1). The values obtained for the samples that
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contain Ag nanoparticles are in the same order of magnitude (average of 0.182 cm3 g−1),
without an increasing or decreasing trend of the silver concentration. Additionally, the
textural properties of the g-C3N4 and Ag/g-C3N4 materials are more promising than those
of the typical titania used as a reference in photocatalytic studies [31].
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Figure 4. (a) N2 adsorption and desorption isotherms and (b) pore size distribution of the photocat-
alytic xAg/g-C3N4 and reference nanomaterials.

3.2. Photocatalytic Activity Results

The photocatalytic experiments of g-C3N4-Bulk, g-C3N4, and Ag/g-C3N4 were evalu-
ated via methylene blue degradation under visible-light irradiation. Figure 5a displays the
concentration ratio C/Co as a function of reaction time, including a stabilization period
under dark conditions. It is essential to highlight that in the absence of the photocatalyst,
the degradation of MB is negligible after 180 min. Furthermore, it is observed that the
photocatalysts present adsorption of the dye pollutant by ca. 25% to 30% under dark condi-
tions, indicating that the adsorption ability of Ag/g-C3N4 towards MB molecules slightly
enhances with Ag loading. The photodegradation results (visible illumination zone) show
that the thermoexfoliation process allows for increasing the methylene blue remotion in the
order of 20% more than the g-C3N4-Bulk material. Likewise, it can be seen that silver de-
posited on g-C3N4 thermoexfoliated modifies the photocatalytic behavior of the exfoliated
graphitic carbon nitride nanosheets. Moreover, 1Ag/g-C3N4 and 5Ag/g-C3N4 photocata-
lysts managed to eliminate 89 and 94% of the methylene blue in 180 min. However, the
incorporation of 10 and 15% of Ag nanoparticles decreases the photoactivity, obtaining less
methylene blue remotion than the g-C3N4 material. The first-order kinetic constant was
determined to evaluate the real photocatalytic activity of each nanomaterial, and the results
are shown in Figure 5b. The value obtained for the thermoexfoliated graphitic carbon
nitride (g-C3N4) is 2.6 times higher than that obtained with the g-C3N4-Bulk photocata-
lyst (0.002 min−1). In addition, as can be seen, the incorporation of 1 (0.010 min−1) and
5 (0.012 min−1) wt.% of silver nanoparticles improves the photocatalytic activity, obtaining
the best performance with the 5Ag/g-C3N4 photocatalysts. Therefore, the photocatalytic
results indicate that an optimum amount of silver enhances the adsorption of the colorant
under dark conditions and its degradation under visible-light illumination.

To elucidate the photoactivity improvement effect of the xAg/g-C3N4 photocatalysts
concerning the g-C3N4-Bulk material, as well as the differences in activity between the
materials of the series, a photoluminescence (PL) spectroscopy study was carried out
to correlate the improvement with the inhibition effect of charge carrier recombination
(e−/h+), and the results are shown in Figure 6a. It is observed that each of the spectra
presents a similar shape characteristic of g-C3N4, with slight differences in the maximum
position located between 440 nm and 550 nm, corresponding to electronic transitions
between bands and localized states [15,36]. However, there are significant differences in the
intensity of the spectra. As is known, a higher intensity of PL signals corresponds to a higher
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recombination rate of charge carriers [37,38]. In this regard, low PL intensity is preferred
for using the material as a photocatalyst [39,40]. Considering the latter, the results in terms
of intensity show a direct correlation with the photoactivity results (see Figure 5b), i.e., the
photocatalyst with the best performance (5Ag/g-C3N4) displays a lower signal intensity,
followed by 1Ag/g-C3N4 < g-C3N4 < 10Ag/g-C3N4 < 15Ag/g-C3N4 < g-C3N4-Bulk. This
tendency indicates that the photocatalytic behavior of the materials is dominated by the
decrease in the recombination of electron-hole pairs attributed to the thermal-exfoliation
process and the addition of the optimal amounts of Ag.
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Figure 5. (a) Photocatalytic degradation of methylene blue and (b) kinetic constant, obtained with
the xAg/g-C3N4 and reference nanomaterials.
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Figure 6. (a) Photoluminescence (PL) spectra of the photocatalyst samples. (b) Effect of different
scavengers on the reaction rate of the 5Ag/g-C3N4 sample.

In a typical degradation-by-photocatalysis process, the photogenerated holes, elec-
trons, and superoxide (•O2

−) and hydroxyl (•OH) radicals play a crucial function in the
degradation of organic contaminants. Figure 6b displays the effect of scavengers on methy-
lene blue degradation using BZQ, AO, and IPA as scavengers of •O2

−, holes, and •OH
radicals, respectively, under visible-light radiation. These reactive species are used to
elucidate the role of the reactive species on MB degradation. As can be seen, the 5Ag/g-
C3N4 sample presents 94% MB degradation without adding any scavenger. However, the
addition of BZQ inhibited the performance significantly. This result denoted that •O2

− is
the main reactive species that carries out the photocatalytic activity [41]. Also, a decrease
in photoactivity for 5Ag/g-C3N4 was observed in the presence of AO, which indicated
that the photogenerated holes also contributed to the photocatalytic process. Herein, the
photogenerated electrons could react with molecular oxygen absorbed on the surface of
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5Ag/g-C3N4 to produce •O2
− radicals. On the other hand, it is known that the standard

redox potential of the g-C3N4 valence band is more negative than •OH/OH−; conse-
quently, holes in the valence band of g−C3N4 could not react with molecules to form •OH
radicals [42,43]. This effect agrees with our results, where the degradation performance
presents a non-significant change with IPA addition, indicating the poor contribution of
•OH radicals.

Based on the above analysis, a schematic diagram of a possible photocatalytic mech-
anism for a 5Ag/g-C3N4 photocatalyst is displayed in Figure 7. It is known that the
photocatalytic activity of a material is influenced by its textural, structural, optical, and
electronic properties. In our work, the enhanced performance of photocatalyst degra-
dation was mainly attributed to the synergistic effect of thermoexfoliated g-C3N4 with
a superior surface area and the presence of Ag nanoparticles over g-C3N4 sheets. The
obtained exfoliated g-C3N4 nanosheets present superior textural characteristics (surface
area of 143.8 m2 g−1), which could provide more active sites for redox reactions and better
photoactivity. Moreover, the migration distance of charges from the bulk to the surface was
significantly decreased in g-C3N4 after exfoliation, resulting in a decreased recombination
process during the migration of the photogenerated charges to the surface. Moreover,
the photocatalytic activity of the material containing 5 wt.% of Ag exhibits the primary
role of silver nanoparticles, acting as electron traps to decrease charge recombination.
However, new charge-recombination centers are generated at higher Ag contents than
the optimal amount, resulting in a decrease in photoactivity [44]. This result is supported
by PL analysis, where exfoliated g-C3N4 samples showed a significant reduction in the
intensity band of PL compared to bulk g-C3N4. This last observation is even more evident
with the incorporation of Ag. This effect can be explained by the good dispersion of the
Ag nanoparticles in g-C3N4, which assisted in improving the number of photocatalytic
sites. However, introducing large concentrations of metal to a photocatalyst can cause an
agglomeration of particles and a loss of active surface.
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Based on the above discussion, this work denotes the effectiveness of the thermoexfo-
liation methodology used to obtain g-C3N4 with a high surface area. In this regard, Table 2
summarizes the degradation performance of Ag/g-C3N4 produced by two-step thermoex-
foliation. As can be seen, the Ag/g-C3N4 composite obtained in this work presents a
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higher surface-area value (90.0 m2 g−1). In the best case, the photocatalytic performance is
similar or superior to those obtained using the methodologies using UV or visible lamps as
radiation sources. This fact denotes the suitability of obtaining Ag/g-C3N4 composites via
thermoexfoliation as a helpful method for wastewater remediation.

Table 2. Photocatalytic activity of Ag-modified g-C3N4 prepared under different methodologies.

Sample Methodology Surface Area
[m2 g−1] Application Light Source Ref.

Ag-Modified
g-C3N4

One-step calcination at
550 ◦C for 8 h) 31.5 MO degradation

(98.7% in 2 h)
Visible (300 W Xe lamp

with a 420 nm filter) [45]

Ag@g-C3N4
Single-step process at

550 ◦C for 4 h 38.1

MB (100%,
210 min) and RhB

degradation (~89%,
250 min)

Visible (3M, 400 W,
λ > 500 nm) [46]

Ag/g-C3N4
composite

Thermal treatment at
550 ◦C for 4 h 7.3 MG degradation

(80%, 100 min) UV (40 W, Philips) [47]

Ag/g-C3N4

Thermal polymerization
at 250 ◦C for 1 h, 350 ◦C

for 2 h, and 550 ◦C for 2 h
66.0 MO degradation

(92%, 120 min)

Visible (Xe lamp,
300 W with UV and IR

filters)
[48]

Ag/g-C3N4

Thermal exfoliation at
500◦ for 2 h, and 500 ◦C

for 2 h
90.0 MB degradation

(94%, 180 min) Visible (8 W, Tecnolite) Present work

4. Conclusions

In the present work, high-surface-area Ag/g-C3N4 photocatalysts with different loads
of Ag (1, 5, 10, and 15 wt.%) were prepared by a thermal-exfoliation process, and their
photocatalytic activity was evaluated through MB degradation. The thermoexfoliation
process was very effective in increasing the number of nanosheets as well as the surface area
of g-C3N4-Bulk. The results showed a significant increment in the surface area of thermally
exfoliated g-C3N4 (143.8 m2 g−1) compared to g-C3N4-Bulk (9.2 m2 g−1). Furthermore, the
incorporation of Ag affects the photocatalytic activity. The best performance was obtained
with the 5Ag/g-C3N4 nanomaterial, which removed the 94% MB dye in 180 min. The
radical scavenger test revealed that •O2

− and holes were the main species responsible
for the degradation process. The enhanced performance was attributed to the decrease
in charge-recombination processes resulting from the combined effect of the superior
textural properties of the exfoliated g-C3N4 as well as Ag loading. These results indicate
that these g-C3N4-based nanomaterials could be suitable for water remediation under
sunlight irradiation.

Author Contributions: Conceptualization, K.P.-C. and U.C.-F.; methodology, K.P.-C., P.S.-L. and
E.S.; validation, U.C.-F.; formal analysis, K.P.-C. and U.C.-F.; investigation, K.P.-C., D.D. and U.C.-F.;
resources, S.F.-M. and U.C.-F.; data curation, K.P.-C. and U.C.-F.; writing—original draft preparation,
K.P.-C. and U.C.-F.; writing—review and editing, K.P.-C., P.S.-L., E.S., D.D., S.F.-M. and U.C.-F.;
visualization, U.C.-F.; supervision, U.C.-F.; project administration, U.C.-F.; funding acquisition, U.C.-F.
and S.F.-M. All authors have read and agreed to the published version of the manuscript.

Funding: Research funded by PAPIIT-DGAPA, UNAM grant projects: IV100121, IN116424 and
IN112922.

Data Availability Statement: Data are contained within the article.

Acknowledgments: K.P.-C. acknowledges support from DGAPA-UNAM for a postdoctoral fellow-
ship. P. Sánchez’s postdoctoral stage was financed by the Programa de Estancias Posdoctorales por
México de CONAHCyT. The authors want to thank the expert technical assistance of P. Casillas.

Conflicts of Interest: The authors declare no conflicts of interest.



Nanomaterials 2024, 14, 623 11 of 12

References
1. Ganesan, S.; Kokulnathan, T.; Sumathi, S.; Palaniappan, A. Efficient Photocatalytic Degradation of Textile Dye Pollutants Using

Thermally Exfoliated Graphitic Carbon Nitride (TE– g-C3N4). Sci. Rep. 2024, 14, 2284. [CrossRef] [PubMed]
2. Cao, L.; Qiao, S.; Li, X.; Li, Q. Synthesis and Photocatalytic Performance of g-C3N4/MeTMC-COP Composite Photocatalyst. Front.

Chem. 2023, 11, 1138789. [CrossRef] [PubMed]
3. Humayun, M.; Khan, A.; Marwat, M.A.; Bououdina, M.; Ali, S.; Rahman, A.U.; Ali, F.; Wang, C. Au Decorated Chemically

Exfoliated g-C3N4 as Highly Efficient Visible Light Catalyst for Hydrogen Production. J. Photochem. Photobiol. A 2024, 450, 115472.
[CrossRef]

4. Caudillo-Flores, U.; Muñoz-Batista, M.J.; Luque, R.; Fernández-García, M.; Kubacka, A. g-C3N4/TiO2 Composite Catalysts for
the Photo-Oxidation of Toluene: Chemical and Charge Handling Effects. Chem. Eng. J. 2019, 378, 122228. [CrossRef]

5. Fu, Y.; Huang, T.; Zhang, L.; Zhu, J.; Wang, X. Ag/gC3N4 Catalyst with Superior Catalytic Performance for the Degradation of
Dyes: A Borohydride-Generated Superoxide Radical Approach. Nanoscale 2015, 7, 13723–13733. [CrossRef] [PubMed]

6. Zhu, X.; Wang, J.; Yang, D.; Liu, J.; He, L.; Tang, M.; Feng, W.; Wu, X. Fabrication, Characterization and High Photocatalytic
Activity of Ag-ZnO Heterojunctions under UV-Visible Light. RSC Adv. 2021, 11, 27257–27266. [CrossRef] [PubMed]

7. Caudillo-Flores, U.; Muñoz-Batista, M.J.; Kubacka, A.; Zárate-Medina, J.; Cortés, J.A.; Fernández-García, M. Measuring and
Interpreting Quantum Efficiency of Acid Blue 9 Photodegradation Using TiO2-Based Catalysts. Appl. Catal. A Gen. 2018,
550, 38–47. [CrossRef]

8. Song, Y.; Qi, J.; Tian, J.; Gao, S.; Cui, F. Construction of Ag/g-C3N4 Photocatalysts with Visible-Light Photocatalytic Activity for
Sulfamethoxazole Degradation. Chem. Eng. J. 2018, 341, 547–555. [CrossRef]

9. Chebanenko, M.I.; Tikhanova, S.M.; Nevedomskiy, V.N.; Popkov, V.I. Synthesis and Structure of ZnO-Decorated Graphitic Carbon
Nitride (g-C3N4) with Improved Photocatalytic Activity under Visible Light. Inorganics 2022, 10, 249. [CrossRef]

10. Cao, S.-W.; Yin, Z.; Barber, J.; Boey, F.Y.C.; Loo, S.C.J.; Xue, C. Preparation of Au-BiVO4 Heterogeneous Nanostructures as Highly
Efficient Visible-Light Photocatalysts. ACS Appl. Mater. Interfaces 2012, 4, 418–423. [CrossRef]

11. Xu, J.; Long, K.-Z.; Wang, Y.; Xue, B.; Li, Y.-X. Fast and Facile Preparation of Metal-Doped g-C3N4 Composites for Catalytic
Synthesis of Dimethyl Carbonate. Appl. Catal. A Gen. 2015, 496, 1–8. [CrossRef]

12. Fresno, F.; Portela, R.; Suárez, S.; Coronado, J.M. Photocatalytic Materials: Recent Achievements and near Future Trends. J. Mater.
Chem. A Mater. 2014, 2, 2863–2884. [CrossRef]

13. Caudillo-Flores, U.; Ares-Dorado, A.; Alonso-Nuñez, G.; Tudela, D.; Fernández-García, M.; Kubacka, A. Role of Alkali-Cyano
Group Interaction in g-C3N4 Based Catalysts for Hydrogen Photo-Production. Catal. Today 2021, 394, 25–33. [CrossRef]

14. Du, Z.; Guo, R.; Lan, J.; Jiang, S.; Cheng, C.; Zhao, L.; Peng, L. Preparation and Photocatalytic Activity of Bismuth Tungstate
Coated Polyester Fabric. Fiber Polym. 2017, 18, 2212–2218. [CrossRef]

15. Caudillo-Flores, U.; Barba-Nieto, I.; Gómez-Cerezo, M.N.; Rodríguez-Castellón, E.; Fernández-García, M.; Kubacka, A. Pt/Bg-
C3N4 Catalysts for Hydrogen Photo-Production: Activity Interpretation through a Spectroscopic and Intrinsic Kinetic Analysis.
J. Environ. Chem. Eng. 2021, 9, 106073. [CrossRef]

16. Zhang, S.; Li, J.; Wang, X.; Huang, Y.; Zeng, M.; Xu, J. Rationally Designed 1D Ag@ AgVO3 Nanowire/Graphene/Protonated
gC3N4 Nanosheet Heterojunctions for Enhanced Photocatalysis via Electrostatic Self-Assembly and Photochemical Reduction
Methods. J. Mater. Chem. A 2015, 3, 10119–10126. [CrossRef]

17. Portillo-Cortez, K.; Romero-Ibarra, J.E.; Dominguez, D.; Alonso-Nuñez, G.; Caudillo-Flores, U. Photodegradation of Ceftriaxone
Using g-C3N4-ZnO Nanocomposite as an Efficient Photocatalyst. J. Photochem. Photobiol. A 2023, 445, 115090. [CrossRef]

18. Yan, S.C.; Lv, S.B.; Li, Z.S.; Zou, Z.G. Organic-Inorganic Composite Photocatalyst of gC3N4 and TaON with Improved Visible
Light Photocatalytic Activities. Dalton Trans. 2010, 39, 1488–1491. [CrossRef]

19. Chebanenko, M.I.; Omarov, S.O.; Lobinsky, A.A.; Nevedomskiy, V.N.; Popkov, V.I. Steam Exfoliation of Graphitic Carbon Nitride
as Efficient Route toward Metal-Free Electrode Materials for Hydrogen Production. Int. J. Hydrogen Energy 2023, 48, 27671–27678.
[CrossRef]

20. Thorat, N.; Borade, S.; Varma, R.; Yadav, A.; Gupta, S.; Fernandes, R.; Sarawade, P.; Bhanage, B.M.; Patel, N. High Surface Area
Nanoflakes of P- gC3N4 Photocatalyst Loaded with Ag Nanoparticle with Intraplanar and Interplanar Charge Separation for
Environmental Remediation. J. Photochem. Photobiol. A 2021, 408, 113098. [CrossRef]

21. Chen, L.; Wang, F.; Zhang, J.; Wei, H.; Dang, L. Integrating g-C3N4 Nanosheets with MOF-Derived Porous CoFe2O4 to Form an
S-Scheme Heterojunction for Efficient Pollutant Degradation via the Synergy of Photocatalysis and Peroxymonosulfate Activation.
Environ. Res. 2024, 241, 117653. [CrossRef] [PubMed]

22. Yadav, A.; Gupta, S.; Bhagat, B.R.; Yadav, M.; Dashora, A.; Varma, R.S.; Thorat, N.; Patel, R.; Patel, N. Unraveling the Synergy
between Oxygen Doping and Embedding Fe Nanoparticles in gC3N4 towards Enhanced Photocatalytic Rates. Appl. Surf. Sci.
2022, 603, 154404. [CrossRef]

23. Li, Q.; Yang, S.; Liu, R.; Huang, Y.; Liang, Y.; Hu, C.; Wang, M.; Liu, Z.; Tai, Y.; Liu, J. Synergetic Effect of the Interface Electric
Field and the Plasmon Electromagnetic Field in Au-Ag Alloy Mediated Z-Type Heterostructure for Photocatalytic Hydrogen
Production and CO2 Reduction. Appl. Catal. B Environ. 2023, 331, 122700. [CrossRef]

24. Hakimi-Tehrani, M.J.; Hasanzadeh-Tabrizi, S.A.; Koupaei, N.; Saffar, A.; Rafiei, M. Synthesis of g-C3N4/ZnO/WO3 Nanocompos-
ite as a Highly Efficient Antibacterial Adsorbent for Water Treatment. Diam. Relat. Mater. 2022, 130, 109506. [CrossRef]

https://doi.org/10.1038/s41598-024-52688-y
https://www.ncbi.nlm.nih.gov/pubmed/38280908
https://doi.org/10.3389/fchem.2023.1138789
https://www.ncbi.nlm.nih.gov/pubmed/36936527
https://doi.org/10.1016/j.jphotochem.2024.115472
https://doi.org/10.1016/j.cej.2019.122228
https://doi.org/10.1039/C5NR03260A
https://www.ncbi.nlm.nih.gov/pubmed/26220662
https://doi.org/10.1039/D1RA05060E
https://www.ncbi.nlm.nih.gov/pubmed/35480683
https://doi.org/10.1016/j.apcata.2017.10.016
https://doi.org/10.1016/j.cej.2018.02.063
https://doi.org/10.3390/inorganics10120249
https://doi.org/10.1021/am201481b
https://doi.org/10.1016/j.apcata.2015.02.025
https://doi.org/10.1039/C3TA13793G
https://doi.org/10.1016/j.cattod.2021.06.028
https://doi.org/10.1007/s12221-017-7062-6
https://doi.org/10.1016/j.jece.2021.106073
https://doi.org/10.1039/C5TA00635J
https://doi.org/10.1016/j.jphotochem.2023.115090
https://doi.org/10.1039/B914110C
https://doi.org/10.1016/j.ijhydene.2023.03.468
https://doi.org/10.1016/j.jphotochem.2020.113098
https://doi.org/10.1016/j.envres.2023.117653
https://www.ncbi.nlm.nih.gov/pubmed/37980982
https://doi.org/10.1016/j.apsusc.2022.154404
https://doi.org/10.1016/j.apcatb.2023.122700
https://doi.org/10.1016/j.diamond.2022.109506


Nanomaterials 2024, 14, 623 12 of 12

25. Abbas, K.K.; AbdulkadhimAl-Ghaban, A.M.H.; Rdewi, E.H. Synthesis of a Novel ZnO/TiO2-Nanorod MXene Heterostructured
Nanophotocatalyst for the Removal Pharmaceutical Ceftriaxone Sodium from Aqueous Solution under Simulated Sunlight.
J. Environ. Chem. Eng. 2022, 10, 108111. [CrossRef]

26. Paul, D.R.; Gautam, S.; Panchal, P.; Nehra, S.P.; Choudhary, P.; Sharma, A. ZnO-Modified g-C3N4: A Potential Photocatalyst for
Environmental Application. ACS Omega 2020, 5, 3828–3838. [CrossRef]

27. Zhurenok, A.V.; Vasichenko, D.B.; Berdyugin, S.N.; Gerasimov, E.Y.; Saraev, A.A.; Cherepanova, S.V.; Kozlova, E.A. Photocatalysts
Based on Graphite-like Carbon Nitride with a Low Content of Rhodium and Palladium for Hydrogen Production under Visible
Light. Nanomaterials 2023, 13, 2176. [CrossRef]

28. Vijayarangan, R.; Mohan, S.; Selvaraj, M.; Assiri, M.A.; Ilangovan, R. Surface-Engineered Anisotropic g-C3N4 Photocatalysts via
Green-Exfoliation for Visible Light-Driven Water Remediation. Surf. Interfaces 2024, 44, 103782. [CrossRef]

29. Jiao, J.; Wan, J.; Ma, Y.; Wang, Y. Facile Formation of Silver Nanoparticles as Plasmonic Photocatalysts for Hydrogen Production.
RSC Adv. 2016, 6, 106031–106034. [CrossRef]

30. Makuła, P.; Pacia, M.; Macyk, W. How to Correctly Determine the Band Gap Energy of Modified Semiconductor Photocatalysts
Based on UV–Vis Spectra. J. Phys. Chem. Lett. 2018, 9, 6814–6817. [CrossRef]

31. Fontelles-Carceller, O.; Muñoz-Batista, M.J.; Rodríguez-Castellón, E.; Conesa, J.C.; Fernández-García, M.; Kubacka, A. Measuring
and Interpreting Quantum Efficiency for Hydrogen Photo-Production Using Pt-Titania Catalysts. J. Catal. 2017, 347, 157–169.
[CrossRef]

32. Topchiyan, P.; Vasilchenko, D.; Tkachev, S.; Sheven, D.; Eltsov, I.; Asanov, I.; Sidorenko, N.; Saraev, A.; Gerasimov, E.; Kurenkova, A.
Highly Active Visible Light-Promoted Ir/g-C3N4 Photocatalysts for the Water Oxidation Reaction Prepared from a Halogen-Free
Iridium Precursor. ACS Appl. Mater. Interfaces 2022, 14, 35600–35612. [CrossRef]

33. Olesik, J.W. Inductively Coupled Plasma Mass Spectrometers. In Treatise on Geochemistry, 2nd ed.; Elsevier Inc.: New York, NY,
USA, 2013; Volume 15, pp. 309–336. ISBN 9780080983004.

34. Brenner, I.J. Inductively Coupled Plasma Mass Spectrometry Applications. In Encyclopedia of Spectroscopy and Spectrometry;
Elsevier: New York, NY, USA, 2016; pp. 229–235. ISBN 9780128032244.

35. Wu, K.; Wu, P.; Zhu, J.; Liu, C.; Dong, X.; Wu, J.; Meng, G.; Xu, K.; Hou, J.; Liu, Z. Synthesis of Hollow Core-Shell CdS@ TiO2/Ni2P
Photocatalyst for Enhancing Hydrogen Evolution and Degradation of MB. Chem. Eng. J. 2019, 360, 221–230. [CrossRef]

36. Ismael, M. The Photocatalytic Performance of the ZnO/g-C3N4 Composite Photocatalyst toward Degradation of Organic
Pollutants and Its Inactivity toward Hydrogen Evolution: The Influence of Light Irradiation and Charge Transfer. Chem. Phys.
Lett. 2020, 739, 136992. [CrossRef]

37. Zhu, X.; Zhou, Q.; Xia, Y.; Wang, J.; Chen, H.; Xu, Q.; Liu, J.; Feng, W.; Chen, S. Preparation and Characterization of Cu-Doped
TiO2 Nanomaterials with Anatase/Rutile/Brookite Triphasic Structure and Their Photocatalytic Activity. J. Mater. Sci. Mater.
Electron. 2021, 32, 21511–21524. [CrossRef]

38. Wu, P.; Yelemulati, H.; Zhu, S.; Peng, B.; Li, H.; Ye, H.; Hou, J.; Wu, K.; Liu, Z. Amorphous-Crystalline Junction Oxygen
Vacancy-Enriched CoPi/ZnIn2S4/AB-TiO2 Catalyst for Oxygen Evolution Reaction. Chem. Eng. J. 2023, 466, 143252. [CrossRef]

39. Tan, X.; Wang, X.; Hang, H.; Zhang, D.; Zhang, N.; Xiao, Z.; Tao, H. Self-Assembly Method Assisted Synthesis of g-C3N4/ZnO
Heterostructure Nanocomposites with Enhanced Photocatalytic Performance. Opt. Mater. 2019, 96, 109266. [CrossRef]

40. Caudillo-Flores, U.; Ansari, F.; Bachiller-Baeza, B.; Colón, G.; Fernández-García, M.; Kubacka, A. (NH4)4[NiMo6O24H6]. 5H2O/g-
C3N4 Materials for Selective Photo-Oxidation of CO and C=C Bonds. Appl. Catal. B Environ. 2020, 278, 119299. [CrossRef]

41. Fu, Y.; Chen, H.; Sun, X.; Wang, X. Combination of Cobalt Ferrite and Graphene: High-Performance and Recyclable Visible-Light
Photocatalysis. Appl. Catal. B Environ. 2012, 111, 280–287. [CrossRef]

42. Liu, N.; Li, T.; Zhao, Z.; Liu, J.; Luo, X.; Yuan, X.; Luo, K.; He, J.; Yu, D.; Zhao, Y. From Triazine to Heptazine: Origin of Graphitic
Carbon Nitride as a Photocatalyst. ACS Omega 2020, 5, 12557–12567. [CrossRef]

43. Jin, J.; Liang, Q.; Ding, C.; Li, Z.; Xu, S. Simultaneous Synthesis-Immobilization of Ag Nanoparticles Functionalized 2D g-C3N4
Nanosheets with Improved Photocatalytic Activity. J. Alloys Compd. 2017, 691, 763–771. [CrossRef]

44. Zhang, W.; Zhou, L.; Deng, H. Ag Modified g-C3N4 Composites with Enhanced Visible-Light Photocatalytic Activity for
Diclofenac Degradation. J. Mol. Catal. A Chem. 2016, 423, 270–276. [CrossRef]

45. Liu, R.; Yang, W.; He, G.; Zheng, W.; Li, M.; Tao, W.; Tian, M. Ag-Modified g-C3N4 Prepared by a One-Step Calcination Method
for Enhanced Catalytic Efficiency and Stability. ACS Omega 2020, 5, 19615–19624. [CrossRef] [PubMed]

46. Khan, M.E.; Han, T.H.; Khan, M.M.; Karim, M.R.; Cho, M.H. Environmentally Sustainable Fabrication of Ag@g-C3N4 Nanostruc-
tures and Their Multifunctional Efficacy as Antibacterial Agents and Photocatalysts. ACS Appl. Nano Mater. 2018, 1, 2912–2922.
[CrossRef]

47. Nagajyothi, P.C.; Pandurangan, M.; Vattikuti, S.V.P.; Tettey, C.O.; Sreekanth, T.V.M.; Shim, J. Enhanced Photocatalytic Activity of
Ag/g-C3N4 Composite. Sep. Purif. Technol. 2017, 188, 228–237. [CrossRef]

48. Yang, Y.; Guo, Y.; Liu, F.; Yuan, X.; Guo, Y.; Zhang, S.; Guo, W.; Huo, M. Preparation and Enhanced Visible-Light Photocatalytic
Activity of Silver Deposited Graphitic Carbon Nitride Plasmonic Photocatalyst. Appl. Catal. B Environ. 2013, 142, 828–837. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jece.2022.108111
https://doi.org/10.1021/acsomega.9b02688
https://doi.org/10.3390/nano13152176
https://doi.org/10.1016/j.surfin.2023.103782
https://doi.org/10.1039/C6RA21269G
https://doi.org/10.1021/acs.jpclett.8b02892
https://doi.org/10.1016/j.jcat.2017.01.012
https://doi.org/10.1021/acsami.2c07485
https://doi.org/10.1016/j.cej.2018.11.211
https://doi.org/10.1016/j.cplett.2019.136992
https://doi.org/10.1007/s10854-021-06660-5
https://doi.org/10.1016/j.cej.2023.143252
https://doi.org/10.1016/j.optmat.2019.109266
https://doi.org/10.1016/j.apcatb.2020.119299
https://doi.org/10.1016/j.apcatb.2011.10.009
https://doi.org/10.1021/acsomega.0c01607
https://doi.org/10.1016/j.jallcom.2016.08.302
https://doi.org/10.1016/j.molcata.2016.07.021
https://doi.org/10.1021/acsomega.0c02161
https://www.ncbi.nlm.nih.gov/pubmed/32803056
https://doi.org/10.1021/acsanm.8b00548
https://doi.org/10.1016/j.seppur.2017.07.026
https://doi.org/10.1016/j.apcatb.2013.06.026

	Introduction 
	Materials and Methods 
	Materials Synthesis 
	Materials Characterization 
	Photocatalytic Test 
	Scavenger Testing 

	Results and Discussion 
	Characterization Results 
	Photocatalytic Activity Results 

	Conclusions 
	References

