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Abstract: The AgCl/Ag/g-CsN4 ternary composites were synthesized by simple methods. The
characterizations (XRD, FTIR, TEM, UV-DRS, PL) indicated clearly the existence of Ag, AgCl,
and g-CsN4 phases and visible light absorption ability of composites. The photocatalytic activity
was evaluated by photoreducing CO; to CH4. The obtained results showed that the composite
3AC-Ag-CN exhibited the highest activity with CH4 production of 3.38.102 umol.g™.h*, which was
~7.5 times higher than that of g-CsN.. This activity enhancement was explained by their Z-scheme

heterojunction structure.

Keywords: Graphitic carbon nitride, photoreduction, silver.

1. Introduction

Climate change, driven by global warming,
is a major challenge for global sustainable
development. Among the gases that cause the
greenhouse effect, CO, contributes the most.
CO; is emitted mainly from the process of using
fossil fuels such as coal and petroleum. Along
with the rapid development of the global
economy, CO; emissions are increasing at an
alarming rate. To reduce CO; emissions,
photocatalytic reduction of CO; into fuels such
as CHa4, CH3OH, and C2H50H proves to be a
promising pathway [1]. Among these
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compounds, CH4 also causes the greenhouse
effect. However, its lifetime is only about a
decade instead of centuries like CO2 [2].
Therefore, CO; converting to CH4 is a suitable
solution for greenhouse gas recycling during
the transition from fossil fuels to green energy.
The most basic photocatalyst is TiO2 oxide,
but as a relatively large band gap energy,
Ey=3.2 eV, this catalyst is activated only under
UV  light irradiation.  Recently, the
semiconductor material, organic polymer, and
carbon graphitic nitride g-CsN4 have attracted
the attention of researchers [3]. This material is
interesting because of its easy synthesis
method, low-cost raw materials (such as urea
and melamine), and, especially, its relatively
low band gap energy, Eq~ = 2.7 eV. With the
Ey~ 2.7 eV, g-C3N,4 can be activated by visible


mailto:nguyenthanhbinh@hus.edu.vn

2 D. T. T. Hang et al. / VNU Journal of Science: Natural Sciences and Technology, Vol. 42, No. 1 (2026) 1-7

light. Thus, it is possible to utilize sunlight as a
source of activation energy, which is
inexhaustible and free. However, the g-C3N4
material has a drawback, which is the rapid
recombination of photogenerated electron-hole
pairs, leading to decreased activity [3, 4].
Therefore, scientists have recently developed
composite materials that combine g-CsN4 with
salts [5-7], metals [8-10], and oxides [11-14]
to inhibit this phenomenon.

Recently, several scientists paid attention to
ternary composites, which consist of three types
of components above [15-17]. That could
combine the advantages of each component,
making the composite more active. Therefore,
in this study, we synthesized Ag/AgCIl/g-CsN4
composite and evaluated its photocatalytic
activity through CO; photoreduction.

2. Experimental

2.1. Catalyst Preparation and Characterization

Graphitic carbon nitride (g-C3sNs was
synthesized by simple calcination of melamine
(Sigma-Aldrich) at 550°C for 3 hours under N
flow.  Series x%  (wt)Ag/AgCl/g-CsNy
composites (x%: percentage of silver metal,
including Ag amount in AgCI) were prepared as
follows:

Firstly, 2 g of g-CsNs and 50 mL of
ethylene glycol (EG) were placed in a three-
necked flask and covered with paraffin paper.
The mixture was then sonicated for 20 minutes.
After that, a calculated volume of AgNO3-EG
0,025M solution was added to the mixture,
which was stirred for 30 minutes to obtain a
yellow-brown mixture. Then, 10 ml of NaOH-
EG 0,25 M was added, and the mixture was
stirred and heated to 160 °C for 2 hours. After
cooling to room temperature, 10 mL HCI-EG
0.25M was added, and the mixture was stirred for
90 minutes. Finally, the obtained mixture was
washed and centrifuged twice with deionized
water, then dried in an oven to obtain
AgNP/g-C3Na.

All composites were characterized by X-ray
difraction (XRD, model Bruker D8), Fourier

Transform InfraRed (FTIR, model 8101M Shimazu),
and UV-vis diffuse reflectance spectroscopy
(UV-DRS, model Jaco V-530),
Photoluminescence spectroscopy (PL, model
Horiba FluoroMax-4) and Transmission Electron
Microscopy (TEM, JEOLJEM-1010).

2.2. Photocatalysis Procedure

The photocatalytic activity of the composite
was evaluated through CO; photoreduction. The
procedure was carried out as follows:

In a 5 cm-diameter beaker, 100 mg of the
composite and 15 ml HPLC water were added.
This mixture was dried in the oven at 70°C in
order to well disperse the composite onto the
bottom of the beaker. Then, the catalyst-
containing beaker was placed in a closed,
handmade reactor with a quartz window. The
high-purity CO, (99.99%) flow of 500 ml/min
bubbled through a 200 ml HPLC water
container, which remained at 25 °C before
purging the reactor for 15 min. After that, the
reactor was closed via the valve system, and the
150W Xenon lamp (Newport model 67005)
was turned on to irradiate the composite in the
reactor for 18 hours. Finally, the gas
composition in the reactor was analyzed by Gas
Chromatography (Scion 456) equipped with
TCD and FID through a system of
gas valves.

3. Results and Discussion

3.1. Catalyst Characterization

Figure 1 presents the obtained XRD
patterns.
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Figure 1. XRD patterns of xAC-Ag-CN composites.
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From Figure 1, it can be seen that g-CsN4
material has been successfully synthesized with
a main characteristic peak appearing at 20 =
27.3° (JCPDS 87-1526). In the composites'
XRD patterns, the peak at 27.5° is always
observed, which proves that the composites'
synthesis process still retained the g-CsNa
structure. Besides, the Ag metal was recognized
by characteristic peaks at 38.2°, 44.3°, and
64.4°. The characteristic peaks at 32.3°, 46.2°,
54.8°, and 57.4° are assigned to the face-
centred cubic AgCl phase (JCPDS 31-1238).
Thus, XRD patterns showed the existence of all
3 phases in the obtained composites: Ag, AgCl,
and g-CsNa.

To clarify more structural properties of
g-CsN4 and synthesized composites, the FTIR
measurements were carried out and are shown
in Figure 2.
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Figure 2. FTIR Spectra of XAC-Ag-CN composites.

As shown in Figure 2, the g-CsN4 spectra
exhibit a peak at 802 cm™, which is ascribed to
the bending mode of the s-triazine [16]. The
peaks in the range 1200-1600 cm™ correspond
to stretching vibration of C-N and C=N bonds
of the heterocyclic amines present in the g-C3sN4
structure [18, 19]. The broad band from 3000 to
3500cm™ was attributed to the stretching
vibration of the hydroxyl functional group of
absorbed water [18, 19]. For the xAC-Ag-CN
composites spectra, it was observed that they
were similar to those of g-C3sNa4. This similarity
proved that the g-CsNs structure was not
modified during the composite synthesis. This
result is also in accordance with the XRD
patterns observed above.

Figure 3 exhibited the TEM images of
3AC-Ag-CN. The black spheres were Ag
nanoparticles with an average diameter of
20 nm. It seems that these nanoparticles were
not well dispersed. The fuzzy gray area must be
the g-CsN4 layer and/or AQCI crystals. The
contrast between AQCI crystals and g-CsNa
layers was not sufficient to observe them.

oooooo

Figure 3. The TEM images of 3AC-Ag-CN composite.

To estimate the composite's light-absorption
ability, all composites were characterized using
UV-DRS. Figure 4a shows the obtained spectra.
Based on these spectra, the plot of the Kubelka-
Munk function is presented in Figure 4b. That
indicated that the band gap energies are 2.63 eV
for g-CsN4 and about 2,67 eV for xAC-Ag-CN
composites. Hence, all composites could be
activated by visible light irradiation.

To obtain a preliminary estimate of the
photogenerated electron-hole pair
recombination, the PL spectra of g-CsN4 and
3AC-Ag-CN were measured and are shown in
Figure 5. The spectra showed that the intensity
of g-CsN4 was ~16 times higher than that of
3AC-Ag-CN. This indicated strong prevention
of photogenerated electron-hole pair
recombination on 3AC-Ag-CN.
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Figure 4. UV-DRS spectra of g-CsN4
and XxAC-Ag-CN composites.
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Figure 5. PL spectra of g-C3N4
and 3AC-Ag-CN composite.

3.2. Evaluation of Photocatalytic Activity

The photocatalytic
composite  was
photoreduction.

In these experiments, CH4 was the unique
detected product. Figure 6 presents the CO;
amount obtained over g-CsN4 and composites.
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Figure 6. CH4 production on g-C3Na
and xAC-Ag-CN composites.

The results showed that 3AC-Ag-CN
exhibited the highest activity with CHs
production of 3.38.10% pmol.g™.h, followed
by 5AC-Ag-CN (2.33.10% umol.g™.h™),
1AC-Ag-CN  (1.92.10% pmol.g™.h™?) and
g-CsNs (0.45.102 pmol.gth?). Thus, CH,
amount on 3AC-Ag-CN was ~7.5 times higher
than that of g-CsNa.

To better understand this photocatalytic
improvement, a CO2  photoreduction
mechanism was proposed in Figure 7.
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Figure 7. Schematic diagram of photogenerated
charge transfer for AgCIl/Ag/g-CsN4 composites.

In fact, according to this mechanism, both
the AgCIl and g-C3Ns4 were activated under
xenon lamp irradiation to form photogenerated
electron-hole pairs (e/h*) on the conduction
band (CB) and valence band (VB). Then, the e
on AgCI(CB) transferred to g-CsN4(VB)
through Ag nanoparticles, which plays as
“electron-attracted trap” by its excellent
conductivity. The CO, was reduced into CH40n
g-C3N4(CB) and on the AgCI(VB), H,O was
oxidized to hydroxyl radical ‘OH. This type of
structure and its operation are called Z-scheme
heterojunction [20-22]. The processes are
summarized by the equations below:

AgCl  + hv—>  e(AgCI(CB)) +
h*(AgCI(VB))

g-C3N4 + hv—
h*(g-CsN4(VB))

e (AgCI(CB)) -
(charge transfer)

86(g-CsN4(CB)) + CO, + 8H'— CHg4 + 2H,0

€(9-CsN4(CB))  +

h*(g-CsNa(VB))
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8h*(AgCI(VB)) + 8H.0 — 8H" + 8OH
80H — 4H,0 + 20,

Thus, the composites exhibited greater
photoactivity than pristine g-CsNs4.  This is
reasonably explained by the Z-scheme
photocatalytic mechanism outlined above.
According to this mechanism, the charge
transfer between AgCI(CB) and g-CsN(VB)
prevented the recombination of electron—hole
pairs. This characteristic was observed in the
PL spectra above. In addition, this
recombination prevention enriched also e on
the g-CsN4 (VB) and h* on AgCI(CB), where it
took place CO, photoreduction and H-O
oxidation as mentioned above. It is noted that
g-C3sN4(CB) potential(-1,14 eV) is more
negative than that of AgCI(CB)(-0,13 eV) [23].
Likewise, AgCI(VB) potential (+3.02 eV) is
more positive than that of g-CsN4(VB) (+1.58 eV)
[23]. It means that the Z-scheme heterojunction
has created a new photocatalyst with stronger
redox ability. That increased the photocatalytic
activity compared with the single-phase
composite. Besides, Ag nanoparticles also
played an important role in promoting
photogenerated electron transfer, one of the key
processes for improving photocatalytic activity.
[24-27].

4. Conclusions

In conclusion, the ternary AgCl/Ag/g-CsN4
composites were successfully synthesized. The
XRD and FTIR spectra confirmed the presence
of all three components in the composites. The
UV-DRS spectra showed that all composites
could be activated in the visible light region.
The morphology of the 3AC-Ag-CN composite
was displayed by TEM images. That indicated
Ag nanoparticles with an average diameter of
20 nm dispersed on the g-C3N4 layer. The
photocatalytic activity evaluated through CO,
photoreduction into CHs exhibited the best
activity of all composites in comparison with
pristine g-CsN4. Concretely, the 3AC-Ag-CN
showed the highest photoactivity with CH,4
production of 3.38.10% pmol.g*.h?, ~7.5 times

higher than that of pristine g-CsNa. The
photoactivity enhancement was explained by
the Z-scheme heterojunction in these
composites, as indicated by the PL spectra. The
initial results for CO, photoreduction on these
composites are quite promising. It opens up
new avenues for developing these ternary
composites, such as the size of Ag
nanoparticles and its dispersion control, and the
improvement of contact between the different
components in the composite.
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