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ABSTRACT: The issue of water resource pollution resulting from
the discharge of dyes is a matter of great concern for the
environment. In this investigation, a new ternary heterogeneous
Mg—Al LDH@g-C;N, X@Ag;,PO,Y (X = wt % of g-C;N, with
respect to Mg—Al layered double hydroxide (LDH) and Y = wt %
of Ag;PO, loaded on Mg—Al LDH@g-C;N,30) nanocomposite
was prepared with the aim of increasing charge carrier separation
and enhancement of photocatalytic performance to degrade
methylene blue (MB) dye. The prepared samples were subjected
to characterization via Fourier-transform infrared spectroscopy,
field emission scanning electron microscopy, energy-dispersive X-
ray, transmission electron microscopy, X-ray diffraction, UV—vis
diffuse reflectance spectroscopy, photoluminescence, and photo-
electrochemical analysis. It was observed that in the presence of the composite of Mg—Al LDH and g-C;N,, the photocatalytic
decomposition of MB under 150 W mercury lamp illumination increases significantly as opposed to Mg—Al LDH alone, and the
Mg—Al LDH@g-C;N, level with Ag;PO, coating causes the complete degradation of MB to occur in less time. The outcomes show
that the Mg—Al LDH@g-C;N,30@Ag;PO,S nanocomposite demonstrated the highest photodegradation activity (99%). Scavenger
tests showed that the two most effective agents in the photodegradation of MB are holes and hydroxyl radicals, respectively. Finally,
a type II heterojunction photocatalytic degradation mechanism for MB by Mg—Al LDH@g-C;N,30@Ag;PO,S was proposed.
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1. INTRODUCTION and harmful environmental effects.'’ Various techniques have
been reported for eliminating contaminants from water,
encompassing aldsorption,12 coagulation—ﬂocculation,13 elec-
trocoagulation,14 vacuum membrane distillation,"® nanofiltra-
tion,'® ultrafiltration,’” and advanced oxidation processes
(AOPs)."*7*° AOPs have advantages such as fast reaction
speed, decomposition of target compounds into harmless
minerals such as CO, and H,0, and providing different routes
for generating OH®, O,°7, and other reactive species, which
lead to better adaptation to specific treatment needs.”"””* An
example of AOPs is heterogeneous photocatalysis, which has
advantages such as low cost, high efficiency, and nontoxicity.
With these properties, photocatalysts have the potential to be
widely used to remove organic dyes and pesticides.””**

In the past decade, photocatalytic applications based on
layered double hydroxides (LDHs) for environmentally

The increase in urbanization and the rapid growth of
industries, as well as the increase in population and the
resulting increase in demand, have caused a severe shortage of
clean water resources." Clean water is less readily available due
to the contamination of water supplies by industrial dyes, hefty
metals, and organic compounds.2 Therefore, wastewater
recycling for reuse is necessary to increase the limited fresh
water supply and compensate for potential water resources for
a long time.” Besides beauty, the dyes make the layers resistant
to fading caused by water, light, oxidizing agents, sweat, and
microbial attack.” This has caused different dyes to be used in
various industries such as textile, food, paper, plastic, leather,
printing, cosmetics, and medicine for multiple purposes.”®
Thus, more than 100,000 commercial paints are produced
worldwide, approximately 10° kg per year.” One of the
principal pollutants in wastewater known to cause serious
health risks, even in low quantities, is dyes.® Received: = October 4, 2023

Methylene blue (MB) dye is widely used in the textile, Revised:  December 22, 2023
Accepted: January 5, 2024

Published: January 22, 2024

paper, wood, and cotton industries, as well as in human and
veterinary medicine and research laboratories.”'’ MB is toxic,
carcinogenic, and biostable, and in concentrations higher than
the standard, it can cause serious problems for human health
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Scheme 1. Preparation Steps of Samples”
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friendly purposes such as photocatalytic water splitting as a
green technology leading to hydrogen (H,) production, CO,
reduction, and degradation of harmful substances and toxic
organic pollutants as harmless and less toxic has been the focus
of researchers. For instance, 2D-C;N,/NiFe-LDH has been
synthesized and utilized in the H, evolution.”> The CO,
reduction process has been investigated using a CsPbBr;/
CoAl-LDH composite.”® Additionally, NiAl-LDH/(BiO),CO,
has been employed for the photocatalytic degradation of
antibiotics,”” while Al-Li/Th-LDH@CNT has been utilized in
the photodegradation of malachite green dye.”® Furthermore,
the decomposition of Congo red and tetracycline has been
studied using CoAl-LDH/g-C;N,/RGO.”

LDHs are cationic layers with the structural formula
M,_."M,*" (OH),J** (A"),/,mH,0, where A" refers to
the interlayer anion. M** and M** denote metal ions with +2
and +3 charges, respectively.’” This singular structure gives
LDH attractive structural features, including broad selectivity
of different metal cations, M**/M>" molar ratios, tunable
interlayer spaces, excellent ion exchange property, oxo-bridged
linkages, and exfoliation from bulk LDH solids to functional
ultrathin nanosheets.”’ LDH-based photocatalysts are up-and-
coming candidates for photocatalytic processes because of
their layered structure, defects, adjustable band gap, durability,
cost-effectiveness, substantial specific surface area, simple and
environmentally friendly synthesis, and ease of scale-up.*”*’
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However, rapid electron—hole recombination and sluggish
charge carrier mobility lower their photocatalytic efficiency.”*

In this respect, one possible solution is to create a
heterostructure material by combining LDHs with other
semiconductors, such as metal-free polymeric carbon nitride
(C5N,).” Unlike other conductive semiconducting polymers,
C;N, is thermally and chemically stable, and its preparation is
not complex and expensive. C;N, exists in various allotropes
with distinct characteristics; nonetheless, the graphitic phase is
considered the most stable regarding environmental factors.
Graphitic carbon nitride exhibits a band gap of approximately
2.7 eV, indicating its absorption potential in the blue range of
the visible spectrum.’® However, like pure LDHs, g-C;N,
alone, its quick photoexcited electron—hole pair recombination
decreases its photocatalytic efficiency. Electrostatic interactions
can facilitate the assembly of the g-C;N, and LDH layers
because LDH and carbon nitride have positive and negative
surface charges, respectively.’”*® Our previous studies
demonstrated that the synergist of Ni—Al LDH and g-C;N,
limits the recombining of holes and electrons.’ Although the
coupling of LDH and g-C;N, can promote separating holes
and electrons, in order to achieve higher photocatalytic
efficiency, more and faster transfer of charge carriers is
required in some LDH@g-C;N, photocatalysts to participate
in electron transfer reactions.'’ Thus, the design of LDH@g-
C;N,@X ternary photoactive catalysts is regarded. X can be
different semiconductors and noble metals. This approach will
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facilitate the transfer of current carriers between the junction of
g—i3li)4 and LDH, enhancing the ability to harvest visible
light.

Recently, Ag-based compounds such as Ag/ZnO and Ag@
AgX (X I, Br, and Cl) have captured the interest of
researchers as promising photocatalysts.*' ~** Silver phosphate,
Ag;PO,, has been reported as an efficient photocatalyst due to
its high quantum yield and visible light response.** Compared
to other visible light photocatalysts, the reaction rates shown
for the photodegradation of organic pollutants are significantly
higher. Such remarkable activity is due to the 2.34 eV band
gap, enabling the efficient absorption of visible light. Two
problems are noticeable in using Ag;PO, as a photocatalyst:
(1) poor stability (photocorrosion phenomenon) and
formation of metallic silver, and (2) fast rate of recombination
of charge carriers produced by light. One approach to solve
these problems is to combine Ag;PO, with other semi-
conductor materials and make heterogeneous composites.*

Focusing on the above explanations in mind, to obtain a
nanocomposite with significant photocatalytic properties for
the degradation of dyes, a ternary nanocomposite between
Mg—Al LDH, g-C;N,, and Ag;PO, was designed and
synthesized. The synthesized compound was named Mg—Al
LDH@g-C;N,@Ag;PO,. According to the latest knowledge,
this nanocomposite has been reported for the first time.
Achieving 100% degradation of MB dye after 45 min of visible
light irradiation is significantly better than previous literature
reports.

2. EXPERIMENTAL PROCEDURES

2.1. Preparation of the Mg—Al LDH@g-C;N,@Ag;PO,
Nanocomposites. 500 mg of Mg—Al LDH@g-C;N,30 and
the appropriate amount of Ag;PO, (S and 10%) were
dispersed separately in SO mL of deionized (DI) water with
30 min of sonication. Then, both suspension solutions were
mixed, and after continuous stirring for 60 min, the precipitate
was rinsed with ethanol; to remove any impurities, followed by
drying at a 60 °C temperature. In this way, ternary
nanocomposites with different Ag;PO, percentages were
prepared, and these nanocomposites were determined as
Mg—Al LDH@g-C;N,30@Ag;PO,Y (Y = 5 and 10 wt %). The
preparation steps of all of the samples are schematically and
briefly shown in Scheme 1 and Figure SI.

2.2, Photocatalysis. The effectiveness of the manufactured
photocatalysts in the decomposition of MB in aqueous
solutions was examined when irradiated with visible light and
in the absence of light. For this aim, the suspension was
prepared by spreading 50 mg of photocatalyst powder in 0.04
L of MB solution (10 mg L™") using an ultrasonic bath (200
W). Then, the mixture was magnetically agitated in the
absence of light for 15 min to provide the absorption and
desorption balance of dye molecules on the photocatalyst
surface. After that, the photodegradation test was performed
for 45 min under visible light irradiation. A mercury light
source (150 W) possessing a 420 nm filter cutoff was
employed to provide visible light. To quantify the concen-
tration of MB, samples were taken from the reaction vessel
every 15 min, and the catalyst particles were separated by
centrifugation (6000 rpm, S min). Then, the UV—visible
spectra of the solutions were logged by using a UV—visible
spectrometer between the wavelengths of 200 and 800 nm.
The MB degradation percentage was determined using eq 1,
where A; and C, refer to the initial absorption and initial
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concentration of MB solution, and A, and C, correspond to the
absorption and concentration of MB at a specific time (t),
respectively,

At
D=|1-- X 100

Ct
X 100 = |1 — —-
0

(1)

2.3. Photoelectrochemical Measurements. For the
measurement of photoelectrochemical properties, a three-
electrode quartz cell with a platinum counter electrode (20
mm X 10 mm) and an Ag/AgCl reference electrode were
employed in the experiment. To prepare the working
electrodes, a uniform ink mixture was made by dispersing S
mg of the material that had been prepared earlier in 80 uL of
ethanol, 300 uL of DI water, and 20 uL of Nafion (5§ wt % in
ethanol) using an ultrasonic bath. 60 uL of the ink was then
drop-cast on top of 1 cm* FTO glass, which was fluorine-
doped tin oxide glass, undergoing a cleaning process by being
washed with ethanol for 30 min using an ultrasonic bath. After
cleaning, it was left to dry naturally at room temperature.

The irradiation source for the experiments was a 300 W
xenon lamp system, which was furnished with a cutoff filter at
420 nm and applied. The photoelectrode was positioned at a
distance of around 3.5 cm from the lamp, and at this distance,
the light intensity was 100 m W/cm? as measured by a lux
meter. Measurements using electrochemical impedance spec-
troscopy (EIS) were performed in a 0.5 M KCl aqueous
electrolyte solution at the open circuit potential, which
contained a 0.01 M one-to-one ratio of K;[Fe(CN)¢]/
K,[Fe(CN)4]. Measurements of cyclic voltammograms were
conducted in the same electrolyte used for the EIS measure-
ments. Linear sweep voltammetry (LSV) was employed to
acquire cathodic polarization curves in an aqueous solution of
0.1 M Na,SO,. Photocurrent densities were obtained by the
chronoamperometry technique in an aqueous solution of 0.2
M Na,SO,, by turning on and off the visible light irradiation
every 20 s.

0

3. RESULTS AND DISCUSSION

3.1. Study of the Synthesized Substances. The
Fourier-transform infrared spectroscopy (FT-IR) spectrum of
the samples after preparation is shown in Figure 1. As stated in
Figure 1, Mg—Al LDH shows two broad bands at around 3460
and 1636 cm™, which correspond to both symmetric and
asymmetric stretching modes of hydroxyl groups, along with
water molecule bending modes residing in the surface and the
interlayer gallery of LDH nanoplates, respectively. Further-
more, the peak of nitrate and carbonate ion vibrations in the
area between layers of Mg—Al LDH appeared in 1366 cm™.
The bands observed at less than 800 cm™ are related to
metal—OH (and O) modes.***” According to Figure 1, pure g-
C;N, shows a 3200 cm™" broad peak, which correlates with the
N—H stretching mode. The bands from 1200 to 1700 cm™" are
stretch modes for C—N and C=N, while heptazine ring
bending vibrations are responsible for the band at 809 cm™". In
the spectrum of the Mg—Al LDH@g-C;N,-X nanocomposites,
the vibrational bands of g-C;N, and Mg—Al LDH are
discernible. The FT-IR band intensity of binary nano-
composites is increasing with an upward trend in the g-C;N,
weight percentage in nanocomposites. Ag;PO, demonstrates
that two peaks at 1000 and 564 cm™" are caused by stretching
vibration in P—O. According to Figure 1, the presence of
characteristic peaks of Mg—Al LDH, pure g-C;N,, and Ag;PO,
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Figure 1. FT-IR spectra of the synthesized samples.

can be an apparent confirmation of the correct preparation of
the Mg—Al LDH@g-C3N,30@Ag;PO,-Y nanocomposites.48
Figure 2 shows the field emission scanning electron
microscopy (FE-SEM) images of the produced materials.
According to Figure 2a,b, g-C;N, and Mg—Al LDH show an
agglomerated and hexagonal-like morphology, respectively, as
depicted in Figure 2¢, and g-C;N, particles spread on LDH’s
surface and cover their surface. LDH’s hexagonal plates
prevent the agglomeration of the g-C;N, particles. In Figure

2d, both spherical and cubic morphologies can be seen in the
Ag PO, particles. Figure 2e illustrates the morphology of Mg—
Al LDH@g-C;N,30@Ag;PO,S. Due to the minimal amount of
Ag;PO, in the nanocomposite, the presence of its particles is
not significant. Moreover, transmission electron microscopy
(TEM) analysis was performed to determine the presence of
three components in the heterostructure. As shown in Figure
2f, the three components overlap well, which is good evidence
for the correct synthesis of the heterostructure. The particle
size distribution of Mg—Al LDH is somewhat uniform, as
confirmed by SEM (Figure S2a) and TEM (Figure S2b—d)
images. Conversely, measurements of silver phosphate particles
in SEM images (Figure S2e—h) show a broad size distribution,
with particles ranging from approximately 100 to 400 nm. To
confirm the correct synthesis of the samples, energy-dispersive
X-ray (EDX) analysis (Figure S3a—e) and elemental mapping
(Figure S3f—j) of the synthesized samples were checked.
Figure S3 confirms the presence of the expected elements in
the composition of each sample and the proper distribution of
the elements.

The X-ray diffraction (XRD) pattern was utilized to analyze
the crystalline form of the synthesized materials. According to
Figure 3, the pattern for pure Mg—Al LDH shows some
distinct diffraction peaks at 11.42, 23.22, 34.27, 39.97, 47.42,
60.82, and 62.27°, which are indexed to (003), (006), (012),
(015), (018), (110), and (113) planes, respectively (JCPDS
15-0087).* A distinct diffraction peak in the diffraction
pattern of pure g-C;N, sample at approximately 27.42°
corresponds to the (002) planes of g-C;N, (JCPDS 87-
1526).°° The LDH sample is exceptionally pure and has no
impressive peaks. The XRD pattern of Mg—Al LDH@g-
C;N,30 comprises Mg—Al LDH and g-C;N, diffraction peaks.
As depicted in Figure 3, the pattern for pure Ag;PO, shows
some distinct diffraction peaks at 20.87, 29.72, 33.32, 37.07,

MIRAS TESCAN  SEM MAG: 100 kx

WO: .28 mm 700

Det: InBeam

View fleid: 2.08 pm _ Date{midy): 0¥0821

MIRA3 TESCAN ~ SEM MAG: 100 kx
WO: 4.96 mm

View fleld: 2.00 pm _ Dete{micly): 090621

. Mg-Al LDH

Figure 2. FE-SEM images of the pristine g-C;N, (a), pristine Mg—Al LDH (b), Mg—Al LDH@g-C;N,30 (c), pure Ag;PO, (d), Mg—Al LDH@g-
C;N,30@Ag;P0O,S (e), and TEM image of Mg—Al LDH@g-C;N,30@Ag;P0,S ().
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Figure 3. XRD patterns of the synthesized samples.

42.47, 47.82, 52.87, 55.17, 57.37, 61.72, 70.47, 72.07, and
74.72°, which correspond, respectively, to the (110), (200),
(210), (211), (220), (310), (222), (320), (321), (400), (420),
(421), and (332) planes (JCPDS 74-1876).°" As seen in
Figure 3, all three XRDs of primary constituents are present in
the XRD pattern of Mg—Al LDH@g-C;N,30@Ag;PO,S, and
it shows that the desired nanostructure is well synthesized.
The light absorption characteristics of semiconductor
materials have a significant impact on their photocatalytic
behavior. Also, the photo response range is a determining
factor in the photocatalyst’s photodegradation efficiency. In
this regard, the optical characteristics and energy band
structures of the samples were studied using UV—vis diffuse
reflectance spectroscopy (DRS). As stated in Figure 4f, Mg—Al
LDH was absorbed in the UV region only and exhibited a
steep edge at about 260 nm. Charge transfer from the ligand to
the metal causes a significant absorption band below 300 nm.
This was expected, as this sample contains M** cations with d°
electron configurations; hence, d—d transitions at visible
wavelengths were impossible.53 As shown in Figure 4f, g-
C;N, and Ag;PO, display a broad absorption in the spectral
range visible with absorption edges located at 449 and 530 nm,

52

respectively. The g-C;N, absorption band edge is assigned to
the n* transitions caused by the nitrogen atoms in the triazine

and heptazine rings, which possess lone pairs of electrons.

54
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Figure 4. Tauc plots (a—e) and UV—vis DRS (f) of synthesized samples.
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composite exhibits a significant shift of the absorption edge
toward longer wavelengths because the absorption band covers
a more fantastic visible range because of the quantum
confinement phenomenon of g-C;N, on Mg—Al LDH and
indicates the strong coordination between two components.*’
Upon the loading of Ag;PO,, the Mg—Al LDH@g-C;N,30@
Ag;PO,S composite possesses improved absorption in the
visible spectrum as compared to the other three samples (Mg—
AlLDH, g-C;N,, and Mg—Al LDH@g-C;N,30). At present, to
estimate the energy of band gap of the samples with DRS
results, the functions of Kubelka—Munk (F(R)) and Tauc’s
equation were used.”” Estimated band gap energies for pure g-
C;N,, Mg—Al LDH, Ag;PO,, Mg—Al LDH@g-C;N,30, and
Mg—Al LDH@g-C;N,30@Ag,PO,S are 2.76, 4.7, 2.34, 2.83,
and 2.69 eV, respectively (Figure 4a—e).

In order to survey and compare the electron—hole
recombination and photocatalytic performance of the synthe-
sized samples, the photoluminescence (PL) spectra were
noted. Figure 5 shows the PL spectra of the synthesized

- Mg-Al LDH
- 8GNy

- Mg-Al LDH@g-C5N,30

- Mg-Al LDH@g-C;N,40

PL Intensity (a. u.)

420 470 520

Wavelength (nm)

620

Figure S. PL spectra of the synthesized samples.

materials. All of the samples were excited at 385 nm and room
temperature, and the PL spectra were captured. According to
Figure 5, Mg—Al LDH shows a very high-intensity peak.
Because of the band—band PL incidence, g-C3N, displays a
broad emission peak with a 450 nm central wavelength. The g-
C;N, band gap energy is about equivalent to this light energy.
As indicated in Figure 5, because of the synergy of LDH and g-
C;N,, the emission peaks of composites show a blue shift. As a
consequence of the suppression of recombination of current
carriers, primarily caused by the significant quantum confine-
ment impact of highly distributed g-C;N, on Mg—Al LDH, the
PL signal becomes significantly quenched.”” The maximum
quenching is observed for Mg—Al LDH@g-C;N,30@
Ag;PO,S, indicating that the rate at which electron—hole
pairs produced by photons recombine is fiercely repressed.
These observations indicate an improvement in photocatalytic
performance. Among the binary composites, the Mg—Al
LDH@g-C3;N,40 composite shows the highest intensity peak,
virtually as intense as g-C3N,. A more significant concentration
of g-C;N, can protect the active catalytic sites; it is known as
the shielding effect.”*

To study the destiny and transfer of electrons generated by
light, a set of photoelectrochemical characterizations were
performed on the photocatalysts that intimately correlated to
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the photoactivity of photocatalysts.*® As shown in Figure 6, the
cyclic voltammetry (CV) curves exhibit both anodic and
cathodic peaks for each of the samples, which shows higher
current density and faster electron transfer in the Mg—Al
LDH@g-C;N,30@Ag;PO,5 composite in front of g-C;N,,
Mg—Al LDH, Mg—Al LDH@g-C;N,30, and Ag;PO,.”” The
redox reaction of Fe(IIl)/Fe(Il) in the electrolyte is
responsible for the observed peaks of oxidation and reduction
in the cyclic voltammogram. For each sample, the anodic and
cathodic peaks in CV demonstrate the current density of the
redox reaction of Fe(IIl)/Fe(Il), which indicates faster
electron transport between the electrolyte and electrode
interface. The preparation method of the electrodes and
electrolyte in CV measurements is the same; therefore, the
electron transfer rate of the electrode materials is related to the
current density of the electrodes.”>*’

As shown in Nyquist plots of the electrochemical impedance
spectra (Figure 6b,c), the Mg—Al LDH@g-C;N,30@Ag;PO,S
composite material exhibits a smaller semicircle at higher
frequencies in comparison to Mg—Al LDH@g-C;N,30, Mg—
Al LDH, g-C;N,, and Ag;PO, indicating a lower resistance for
the transfer of charges in the Mg—Al LDH@g-C;N,30@
Ag3PO45 composite, which facilitates the transfer of charge
carriers.” Additionally, Mg—Al LDH@g-C;N,30 utilized in
the synthesis of the primary Mg—Al LDH@g-C;N,30@
Ag;PO,S composite shows a smaller semicircle as compared
to other mass combinations of Mg—Al LDH@g-C,;N,X (X =
20 and 40). The EIS Nyquist plots (Figure 6d,e) obtained
before illumination exhibit a larger semicircle at higher
frequencies compared to the EIS Nyquist plots obtained
under illumination (Figure 6b,c), indicating a higher charge-
transfer resistance. Nyquist plots (Figure 6f) of Mg—Al LDH@
g-C;N,30@Ag;PO,S obtained before and after illumination
are almost the same and show no difference in the amount of
charge-transfer resistance.

The transient photocurrent responses of Mg—Al LDH, g-
C,N, Mg—Al LDH@g-C;N,30, Ag,PO,, and the Mg—Al
LDH@g-C;N,30@Ag;PO,5 composite measured under in-off
intermittent light irradiation are shown in Figure 6g. The high
photocurrent density of the Mg—Al LDH@g-C;N,30@
Ag;PO,5 composite is compared with the low photocurrent
density of Mg—Al LDH, Mg—Al LDH@g-C;N,30, and
Ag;PO,, 1mply1ng a longer lifetime for the photogenerated
charge carriers.”’ The polarization curves obtained through
LSV in Figure 6h revealed an increase in the photocurrent
density with an applied negative potential. The composite
material exhibited a higher current density compared to those
of g-C;N,, Mg—Al LDH, Mg—Al LDH@g-C;N,30, and
Ag;PO,. This enhanced current density can be attributed to
the composite’s effective electron transport mechanism,
indicating its enhanced photoactivity.”” These findings suggest
that the composite possesses favorable characteristics,
including a large surface area, abundant active sites for redox
reactions, and a reduced charge-transfer resistance. As a result,
the generation and transportation of charge carriers to the
electrolyte under light illumination are facilitated.”>** The
above observation cooperatively validates that the Mg—Al
LDH@g-C;N,30@Ag;PO,5 composited from Mg—Al LDH,
Mg—Al LDH@g-C3;N,30, and Ag;PO, aids in facilitating the
efficacious transferring and separating charge carriers, thus
enhancing the efficiency of the photocatalytic activity.

The diagrams in Figure 7a—d depict the Bode phase and
Bode magnitude plot, respectively, which displays the change
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Figure 6. (a) CV curves, (b,c) EIS Nyquist plots, (d,e) EIS Nyquist plots obtained before illumination, with (f) corresponding to the after-
illuminated state, (g) LSV transient photocurrent responses of Mg—Al LDH, Mg—Al LDH@g-C;N,30, g-C;N,, Ag;PO,, and the Mg—Al LDH@g-

C;N,30@Ag;PO,S nanocomposite, (h).

in phase angle for frequency, and the Bode magnitude plot
illustrates the changes in impedance magnitude (IZI) to
frequency. The measurements were taken in an aqueous
electrolyte with a 1:1 ratio of 0.01 M K3[Fe (CN)¢] and K,[Fe
(CN),] under light and across a frequency span of 1 to 10° Hz.
The data was obtained from EIS, Figure 6, in the manuscript.
Using the fm value obtained from the Bode phase plot, which
represents the frequency at which the maximum phase angle
occurs, the characteristic lifetime of electrons (7) can be
calculated as (7 = 1/ 27L_‘frr1).65 The electron lifetime values for
the Mg—Al LDH@g-C;N,30@Ag;P0,S, Mg—Al LDH@g-
C;N,30, Mg—Al LDH, g-C;N,, and Ag;PO, photoanodes were
found to be 58, 0.6, 0.4, 1, and 1 ms, respectively. The three-
component nanocomposite exhibited greater electron lifetime
(r) values, which suggests a reduced rate of charge carrier
recombination within these materials.**®’

3.2. Photocatalysis. The effect of the existence of Mg—Al
LDH, ¢g-C;N,, Mg—Al LDH@g-C;N,X, and the Mg—Al
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LDH@g-C;N X@Ag;PO,Y composite on photocatalytic de-
composition of MB under irradiation with visible light was
investigated. Figure 8 (and Figure S4) depicts the photo-
catalytic breakdown of MB after 45 min of exposure to visible
light. In order to achieve an equilibrium between the molecules
of dye and the photocatalyst, the MB solutions were
magnetically agitated for 15 min in the dark before beginning
the catalyzed degradation reactions. As shown in Figure 8, the
surface adsorption of dye by Mg—Al LDH, g-C;N,, Mg—Al
LDH@g-C;N,20, Mg—Al LDH@g-C;N,30, Mg—Al LDH@g-
C;N,40, Mg—Al LDH@g-C;N,30@Ag;PO,5, and Mg—Al
LDH@g-C;N,30@Ag;PO,10 is recorded as 7, 80, 42, 51,
42, 43, and 33%, respectively. Following 45 min of visible light
irradiation, the color removal percentages escalate to 26, 92,
61, 82, 75, 99, and 75%, respectively. These results highlight
the distinctive photocatalytic degradation potential exhibited
by each sample. The MB removal percentage in the presence of
Mg—Al LDH is relatively low. On the other hand, although the

https://doi.org/10.1021/acsomega.3c07326
ACS Omega 2024, 9, 4581-4593


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c07326/suppl_file/ao3c07326_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07326?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07326?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07326?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07326?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
55 50
" » Mg-AlLDH@g-CN 30@Ag,PO 5 (b) " MgAILDH@gCNAO
7] * Mg-AILDH@g-CN 30 44 o MgAlLDH@g-CN,30
454 (]
s A Mg-AlLDH . 40-. . "
. 40-. A A | 3N4 . PY — 35 ]
o 5] ¢ Ag,PO, o ¢ o
%’5 ¢ . * g) 301 [ ] ™)
o 30 . LA ®
o A v o ] *s
= 25 'x - . .
® ¢ ®s T a8 S ] ® . .
[ ] v 1
= 27 :? "y . Va = “ . 2 s ¢ ¢ .
15 4 o A% L $. 15 LR o
| ] v A | | A * | .
10 v e_,uta 9 10 . .
"vv X ¥ 1 N I ¢4 ¢e® ",
5] ®e o SIS TN -
AR RN '-z'.‘ 51 .‘.'l
0+ T T T T T T T T T T T
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
Frequency (Hz) Frequency (Hz)
bal (©) & Mg-Al LDH@g-C;N, 30@Ag;PO,5 2als (d)
& Mg-Al LDH@g-C:N,30 .
A Mg-Al LDH ..
224 v gCN, 224 ", )
° x v v v v * Ag;PO‘ ° ]
—_ v —_ ° o
E 204 %4 v . E 200 %, . s
= *y f $2egs v, = ‘e,
o8 t . *eey N LI I
.84 [ ] . A 5 AAaaga ' a .0 1 L2 o
] A ] A e
164 . ) v ; R 161 = Mg-AILDH@gCNAD 4 o
. *. o Mg-AlLDH@g-C N 30 "
144 .."*i‘.‘ 144 Y "¥ggesnai
teee q "o 4
; 10 100 1000 10000 100000 : 10 100 1000 10000 100000

Frequency (Hz)

Frequency (Hz)

Figure 7. Bode phase (a,b) and Bode magnitude (c,d) plots acquired from EIS measurements for the photoanodes in their as-prepared state.
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Figure 8. Photocatalytic efficacy of the prepared compounds.

percentage of dye removal is high in the presence of g-C;N,, g-
C;N, primarily acts as an adsorbent. The high adsorption of
MB by g-C;N, depends on the surface area and negative
surface charge of g-C;N,, leading to the adsorption of cationic
pollutant MB through electrostatic interactions. As shown in
Figure 8, in the presence of g-C;N,, the concentration of MB
remains almost constant after the dark period and under light
irradiation, and g-C;N, remains in the reaction vessel as a blue
sludge due to the absorption of MB at the end of the reaction.
This observation emphasizes that in the presence of g-C;N,,
mainly the adsorption process occurs, and the photocatalytic
degradation is negligible; in contrast, Mg—Al LDH@g-C;N, X
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nanocomposites exhibit more photocatalytic activity within the
same time. Mg—Al LDH@g-C;N,X (X = 20, 30, and 40 wt %)
eliminates about 61, 82, and 75% of MB at the maximum point
(45 min), respectively. Given this, the increase in the
photocatalytic function of composites is in light of the
combination of two components. Furthermore, the g-C;N,
weight percentage is an essential variable determining the
photocatalytic effectiveness of the nanocomposites. Upping the
g-C;N, content to 30% from 20% leads to an improvement in
the efficiency of MB degradation. However, increasing the
concentration of g-C;N, to 40% lacks an effect in enhancing
the photocatalytic function. Owing to this, the best g-C;N,
content for nanocomposite is 30 wt %. By addition of Ag;PO,,
the MB degradation efficiency increases. The Mg—Al LDH@g-
C;N30@Ag;PO,S nanocomposite is the optimal photo-
catalyst, and it can provide 99% MB degradation efliciency
under the illumination of visible light in 4S5 min. The
completely clear solution and the absence of MB particles on
the catalyst surface after the reaction in the presence of Mg—Al
LDH@g-C;N X@Ag;PO,S confirm the photocatalytic degra-
dation of MB by Mg—Al LDH@g-C;N X@Ag;PO,5. The
changes in the absorbance of the MB solution after its reaction
with prepared compounds under the influence of visible light
are illustrated in Figure SS. In addition, in order to research the
impact of dye surface absorption and desorption, the
absorption of MB by pure Mg—Al LDH, pure g-C;N,, and
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Mg—Al LDH@g-C;N,30@Ag;PO,S was investigated in the
absence of light. The UV—visible absorption spectra of MB dye
after 60 min in dark conditions are shown in Figure S6. Based
on observations, the surface absorption of MB by Mg—Al
LDH@g-C3N,30@Ag;P0O,S, pure Mg—Al LDH, and pure g-
C;N, is about 43, 7, and 88%, respectively. g-C3N, has a high
absorption potential for dye removal, while Mg—Al LDH
absorbs a low percentage of dye. In the presence of g-C;N,, the
characteristics of Mg—Al LDH ’s absorption are enhanced.
One of the parameters that must be studied in photocatalytic
reactions is the amount of photocatalyst used. At the saturation
level, the photon absorption coefficient does not increase with
an increasing catalyst dosage. The active surface of the reaction
decreases due to the covering of active sites by extra
photocatalyst particles, ultimately reducing the photocatalytic
activity. Thus, the highest effectiveness can be observed with a
particular quantity of the photocatalyst. In this study, 10 ppm
MB solution was photocatalytically degraded in the presence of
0.3, 0.5, and 0.7 g of Mg—Al LDH@g-C;N,30@Ag;PO,S.
According to Figure 9 (and Figure S7), the proper amount of
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Figure 9. Effects of the amount of Mg—Al LDH@g-C;N,30@
Ag;PO,S for MB decomposition.

the photocatalyst for MB removal was determined to be 0.5 g
of the nanocomposite. Figure S8 shows the absorption changes
in the MB concentration in different dosages of the prepared
nanocomposite.

The pH of the reaction medium is another effective
parameter in photocatalytic processes. In fact, due to various
surface properties, each semiconductor has a different activity
at a different pH.®® Three 40 mL solutions containing ten ppm
of MB were prepared for this purpose. The pH of the solutions
was set to 3 (acidic), 7 (neutral), and 11 (basic) to determine
the optimum pH for MB photocatalytic decomposition. Figure
10 (and Figure S9) illustrates the results. Considering Figure
10, the pH value confirmed that the maximum degradation of
MB was 11. The results of the zeta potential test show that at
pH = 3, the nanocomposite shows a positive surface charge
and a negative 1 at pH = 11 (Figure S10). The positively
charged surface of the nanocomposite, along with the presence
of positively charged hydronium ions at acidic pH, leads to
repulsion among the nanocomposite, MB, and hydronium
ions. As a result, this repulsion reduces MB absorption of the
photocatalyst. That is why the degradation of MB at pH = 3 is
less significant compared to pH = 7 and 11. Figure 10 verifies
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Figure 10. Impact of pH on MB dye degradation by photocatalysis.

this conclusion by describing the least amount of dye
decomposition at a pH of 3. Two things stand out in Figure
11. First, MB adsorption on the nanocomposite is lower under

NO BQ
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1

Figure 11. Effects of different scavengers on the decomposition of
MB paint by the Mg—Al LDH@g-C;N,30@Ag;PO,S nanocomposite
after 45 min of exposure to visible light.

EDTA

acidic conditions. Since MB, hydronium ions, and the
positively charged surface of the nanocomposite repel each
other, this prevents MB from sticking to the catalytic surface.
Second, because positive charges repel each other in an acidic
solution, MB is less likely to adsorb, even under dark
conditions. Considering the importance of absorption in
pollutant decomposition, MB absorption was investigated in
dark conditions at optimal pH and catalyst dosage (pH 11,
0.05 g photocatalyst). In this condition, 62% of dye absorption
occurred. The high adsorption of MB is due to its cationic
nature and the negative surface charge of the nanocomposite,
which promotes cationic MB adsorption on the nano-
composite surface. Figure 10 illustrates how the nano-
composite’s surface charges affect dye absorption. The UV—
visible absorption spectra of Mg—Al LDH@g-C;N,30@
Ag;PO,5 nanocomposites for MB decomposition in the
presence of light at three different pH values and dark
conditions at optimal pH are shown in Figure S11.

Total organic carbon (TOC) estimation was used to
determine the mineralization efficiency. The maximum TOC
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removal efficiency was 88%, and the MB removal efficiency was
99%. Therefore, the MB dye was mineralized at a high
percentage. The outcomes are displayed in Table 1.

Table 1. MB and TOC Removal Efficiency (%) under Light
Irradiation

MB TOC
efficacy of
initial final degradation initial final TOC removal
(mg/L) (mgl) (%) (mg/L) (mg/L) eficiency (%)
10 0.1 99 3.51 0.42 88

The stability of the nanocomposite structure after photo-
catalytic processes was investigated by XRD pattern and FE-
SEM images of the Mg—Al LDH@g-C;N,30@Ag;PO,S
nanocomposite. The obtained results confirm its structural
and morphological stability (Figure S12).

To elucidate the photodegradation mechanism of MB, we
identified the key oxidants participating in the process. In this
regard, the produced oxidants were trapped and measured
using IPA, EDTA-2Na, and BQ, which act as scavengers of
hydroxyl radicals, holes, and superoxide radical anions (O,*7),
respectively. According to Figure 11, adding IPA significantly
lowers the rate of MB photodegradation by the ideal
nanocomposite; meanwhile, BQ and EDTA-2Na are more
ineffective when added. As a result, all three components are
active species in catalytic dye photodegradation. From the

electronic point of view, the valence band (VB) electrons travel
to the conduction band (CB) when photons with energies
equal to or over the band gap are absorbed, and holes are also
created in the VB at the exact moment. The results of the
scavenger experiments show that the active species, hydroxyl
radical, hole, and superoxide ion, were involved in the
degradation of MB to the mineralized products. Based on
this, and with the help of VB and CB calculations of Mg—Al
LDH, g-C;N,30, and Ag;PO, a possible photocatalytic
decomposition mechanism of MB by Mg—Al LDH@g-
C;N,30@Ag;PO,S is proposed in Figure 12. Equations 2
and 3 were used to determine the compound’s CB and VB
potential values, where X is the absolute electronegativity
(Mulliken) of material atoms, which can be defined as the
geometric mean of their absolute electronegativity. In other
words, the arithmetic mean of the initial ionization energy and
the atomic electron affinity is defined as X (eq 4). E, and E,
represent hydrogen-scale free electron energy (~4.50 eV) and
band gap energy, respectively,69

Egz=X-E, - O.SEg (2)
Eyy = Ecg + Eg (3)
X = 0.5(Egy + Eion) 4)

As a result of irradiation from a visible light source, electrons
are excited on g-C3N, and Ag;PO,, and electrons move from
the VB of these semiconductor materials to the CB (eq S). The

CB=-1.

'
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Figure 12. MB photocatalytic decomposition by the Mg—Al LDH@g-C;N,30@Ag;PO,S nanocomposite: a proposed mechanism.
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CB level of Ag;PO, is closer to the g-C;N, VB level; hence the
electrons stimulated by the light of Ag;PO, would recombine
with the holes created by the light of g-C3N, (eq 6). From the
combination of VB holes (2.63 V) of Ag,PO, with H,O,
hydroxyl radicals (OH*) are produced (H,0/OH"® = 1.99 V vs
NHE)"? and would take part in MB oxidation (eqs 10 and 12).

Given that g-C;N,’s CB position is more negative, electrons
migrate from this position to the CB of Mg—Al LDH (eq 8).
The CB of Mg—Al LDH (—0.61 V) has a lesser potential than
usual for superoxide radicals (0,/0,~ = —0.33 V vs NHE).”’
As a result, LDH can produce O,°” by reducing the adsorbed
molecule of oxygen (eq 9). Then, produced O, participates
in the degradation reaction of MB (eq 11). Also, these
transitions lead to reduced electron—hole pair recombination,
which is beneficial for enhancing photocatalytic efficiency.”' In
the end, reactive species are formed to cause the degradation of
MB.

The photocatalytic reactions occurring in the Mg—Al
LDH@g-C;N,30@Ag;PO,5 composite could be summed up
by the equations below

g — C3N,/Ag PO, + hv

- g— CN,(e” + h+)/Ag3PO4(e_ + hY) ()
g — CN,(b") + AgPO,(e”) — recombination of e + K
(6)

recombination of e_(Ag3P04) + h'(g-C;N,)
- g—C3N4(e_)/Ag3PO4(h+) (7)

electron migration from CB g-C;N,to CB Mg — Al LDH

— Mg — Al LDH(e") (8)
Mg — AlLDH(e™) + O, —» O,*” 9)
Ag3P04(h+) + H,0 - OH (10)
0,"” + MB - H,0 + CO, (11)
OH® + MB - H,0 + CO, (12)

The Mg—Al LDH@g-C;N,30@Ag;PO,S composite shows
superior performance in MB dye degradation as evaluated by
parameters such as degradation time, light source type and
power, and degradation percentage. It outperforms many
catalysts designed based on Mg—Al LDH and other
compounds. Several reports comparing its performance with
other catalysts are listed in Table S1.

4. CONCLUSIONS

In this work, the new nanocomposite of Mg—Al LDH@g-
C;N,30@Ag;PO,S was designed and synthesized using a
hydrothermal method and showed enhanced photocatalysis in
the decomposition of MB dye. The key factor contributing to
the enhanced photocatalytic efficiency is the intimate interface
among Mg—Al LDH, g-C;N,, and Ag;PO,. This unique
heterojunction architecture facilitates rapid charge-transfer
processes, improving the photocatalytic efficiency. Addition-
ally, the reduced arc of the Nyquist plot indicates efficient
charge separation and reduced charge recombination, con-
tributing to the increased photocatalytic efficiency of the
nanocomposite. Notably, Mg—Al LDH@g-C;N,30@Ag;PO,5
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exhibited greater photocatalytic efficiency in the degradation of
MB compared with Mg—Al LDH, g-C;N,, Ag;PO,, and Mg—
Al LDH@g-C3N,30. These results demonstrate the potential
of LDH-based photocatalysts for achieving maximum photon
absorption and effective environmental remediation.
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