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Abstract: This study investigated the use of NiSe; / AgzPO4 nanocomposite catalysts for the photocat-
alytic degradation of RhB and BPA pollutants. Samples of pure NiSe,, Ag3POy, and NiSep / AgzPOy
composites with varying NiSe; (10%, 20%, and 30%) proportions were synthesized using hydrother-
mal techniques. The 20% NiSe; / Ag3PO, composite showed the greatest photocatalytic efficiency
for both RhB and BPA degradation. The study also examined the impact of various factors, such as
the initial concentration of dye, catalyst amount, pH, and reaction time, on the photodegradation
process. The 20% NiSe; / Agz POy catalyst effectively degraded 10 ppm RhB in 20 min and 20 ppm
BPA in 30 min. The physical properties of the samples were examined using SEM, PXRD, and energy-
dispersive X-ray spectroscopy. The cycling runs of 20% NiSe; / Ag3zPO; also exhibited improved
stability compared to AgzPOy, with a degradation rate of 99% for RhB and BPA. The combination
and synergistic effect of NiSe; and AgsPO, played a vital role in enhancing the stability of the photo-
catalysts. Both the RhB and BPA photodegradation followed pseudo-first-order kinetic models with
rate constants of 0.1266 min~! and 0.2275 min~!, respectively. The study also presented a Z-scheme
reaction mechanism to elucidate the process of photodegradation exhibited by the composites after
active species capture experiments, which showed that superoxide anion radicals and holes were
responsible for the photodegradation.

Keywords: bisphenol A; rhodamine B; degradation; photocatalysis; nickel selenide

1. Introduction

Over the past few years, soil and freshwater quality has declined as a result of the
increased use of both inorganic and organic substances, in addition to industrialization,
overcrowding, and overpopulation [1-4]. Dyes, which are commonly used in daily life,
pose a danger to plants, humans, and animals, and their release into the environment can
be damaging [5-8]. Rhodamine B and bisphenol A are the two main pollutants present
in wastewater.

Rhodamine B is an artificial coloring agent that is commonly used in the food and
textile industries to enhance the color of products. Unfortunately, RhB is also present in
wastewater. Because it is not biodegradable, RhB can contaminate the environment by
discharging harmful and cancer-causing substances into water. This can result in serious en-
vironmental pollution issues [9]. Exposure to rhodamine B can cause skin hypersensitivity,
respiratory problems, gastrointestinal irritation, and even blindness (if ingested).

Bisphenol A (BPA) is mainly utilized in the large-scale manufacturing of polycarbonate
polymers. This chemical can be found in various products, such as water bottles, eyewear,
shatterproof glass, epoxy resins, metal food cans, bottle lids, and water supply pipes [10].
Growing concerns are being raised about the potential adverse impacts of BPA exposure
on the developing brains and prostate glands of fetuses, newborns, and children, as well as
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its impact on their behavior. BPA is commonly consumed through contaminated food and
water. As a result of its extensive use and increasing discharge into the environment, BPA
has emerged as a new form of environmental pollution [11]. One way to treat wastewater
that contains RhB and other pollutants is using advanced oxidation methods, such as
heterogeneous semiconductor photocatalysis [12]. AgzPO, exhibits remarkable visible
light-activated photocatalytic properties, enabling it to efficiently degrade various water
pollutants. Its exceptional photocatalytic features include high quantum efficiency (>90%
at >420 nm), potent oxidative capacity, minimal solubility in water, and the ability to attract
or repel electrons and holes to or from phosphate anions [13,14]. The utilization of AgzPOy
as a standalone photocatalyst poses difficulties due to its susceptibility to photochemical
instability, which is caused by the reduction in Ag cations to elemental Ag upon exposure to
light. One solution to this issue is to create heterogeneous semiconductor structures, which
can improve both the photochemical stability and photocatalytic efficiency of AgzPO;4 [15].

Ag3POy4 has been combined with other semiconductors that can be driven by visible
light, such as ZnS, ZnO, CdS, TiO,, and WOs3, to boost its photocatalytic performance
and photochemical stability for the degradation of specific pollutants [16]. NiSe, / AgsPOy
nanocomposites exhibit improved photocatalytic activity, especially in removing RhB and
BPA. This removal process relies on a mechanism of heterojunction, which involves the
migration of photoinduced electrons from the Agz3PO,4 conduction band to the valence
band of NiSe;, in order to minimize the amount of charge carrier recombination [17].
Chalcogenide-based compounds, such as NiS,, BiyS3 and Sb,S3, have recently gained
attention as promising photocatalysts for visible light-driven applications due to their
narrow band gap of approximately 1.6-2.5 eV and their high photocatalytic efficiency.
These materials are capable of absorbing visible light, which allows for efficient energy
conversion and enhanced charge transfer kinetics, leading to improved water oxidation
mechanisms by electron-hole pairs [18]. Sulfide-based materials exhibit high charge carrier
mobility due to their unique electronic structures, which allows for the efficient separation
of photogenerated electron-hole pairs, leading to high photocatalytic activity. In addition,
sulfide-based materials are generally chemically stable under harsh reaction conditions and
can withstand high temperatures and pressures, as well as corrosive environments. This
makes them highly suitable for use in photocatalytic reactions [19]. The high photocatalytic
activity of chalcogenide-based compounds can be attributed to their unique electronic and
structural properties, such as band gap, surface area, and crystallinity. Additionally, these
materials are chemically stable and abundant, making them cost-effective and sustainable
alternatives to other photocatalysts. NiSejp is an attractive n-type photocatalyst that is driven
by visible light, which possesses a band gap of 1.98 eV and is capable of responding to nearly
the entire visible spectrum. It can be combined with other semiconductors to effectively
eliminate water pollutants. In recent times, there has been a surge of interest in transition
metal dichalcogenides (TMDCs), including NiSe;, due to their active chalcogenide atoms,
appropriate band gap energy, low costs, and exceptional catalytic activity [20-22]. Nickel
selenide, which is a type of TMDC, has been utilized in supercapacitors, sodium-ion
batteries, and electrocatalytic hydrogen evolution. Crystal NiSe, can exist in both the cubic
and orthorhombic phases at different temperatures [23,24]. The electronic configuration
of nickel (3d%, 4s?) and the slight difference in electronegativity between nickel (x = 1.9)
and selenium (x = 2.4) enable the formation of different nickel selenides, including non-
stoichiometric compounds. The cubic pyrite structure of NiSe, consists of dumbbell-shaped
Se, units located between two nickel atoms.

The band gap energy of nickel selenide is suitable for absorbing visible light but its
photocatalytic activity is not as efficient as expected because of the electron and hole pair re-
combination. Composite formation is an effective method for enhancing the photocatalytic
activity of nickel selenide and expanding its light absorption spectrum from UV to the
visible range. This technique involves the introduction of a new band into the original band
or the modification of the valence band (VB) or conduction band (CB) of the composite
material [25-27]. In this research, we created a composite material by combining NiSep
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with silver phosphate and successfully used it for the degradation of dyes (using RhB as a
model dye) and BPA.

2. Results and Discussion
2.1. Powder X-ray Diffraction (PXRD)

The X-ray diffraction (XRD) patterns of NiSe, and Ag3zPO,4 were compared and it
was observed that NiSe, had diffraction peaks at 26 values of 29.9°, 33.58°, 36.9°, 50.8°,
55.58°, and 57.8°, which corresponded to the cubic phase of NiSe; (JCPDS No.00-011-0552;
space group = Pa3; a = 5.9604 A), while AgzPO, had diffraction peaks at 26 values of 20.8°,
29.8°,33.3°, 36.6°, 47.9°, 52.5°, and 57.2°, which corresponded to the cubic structure of
Ag3PO4 (JCPDS No.00-006-0505; space group = P4 3n; a = 6.0130 A). The XRD pattern of the
20% NiSe, / AgzPO4 composite indicated that the synthesis was successful as it exhibited a
mixture of NiSe, and AgszPOy, as shown in Figure 1. The AgzPO, powder obtained through
the hydrothermal process had distinct diffraction peaks and was well crystallized. Due
to the smaller crystallite size of NiSey, its peaks were less sharp and larger in comparison
to those of AgzPOy [28]. The application of the Debye-Scherrer equation allowed us to
calculate the sizes of the crystallites present in NiSep, Ag3POy4, and the 20% NiSe, / Agz POy
composite. The results showed that the crystallite size of NiSe, was 22.38 nm, while that of
AgsPO, was 86.52 nm and that of the composite was 47.73 nm.
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Figure 1. The powder XRD patterns of the NiSep, AgzPOy, and 20% NiSe, / Ag3PO, composite samples.

2.2. Scanning Electron Microscopy (SEM)

FESEM was utilized to analyze the size and morphology of the synthesized samples.
The images of NiSe; showed larger numbers of nanoflakes at various magnifications, as
presented in Figure 2a,b. On the other hand, pure AgzPO, particles formed globular
shapes and showed polyhedral morphology with interstitial spaces, as seen in Figure 2¢,d.
Figure 2e,f shows that the particles of NiSe, were attached to the surface of Ag;PO; in
the 20% NiSep / Ag3PO4 composite, possibly due to the accumulation of NiSe; filling these
spaces. The arrangement of NiSe, particles on the surface of Ag;PO4 was uniform, as
shown in Figure 2e,f.
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Figure 2. The SEM images of NiSe; (a,b), AgzPOy (c,d), and the 20% NiSep / Ag3PO, composite
(e,f) at different resolutions.

2.3. Energy-Dispersive X-ray Spectroscopy

The elemental compositions of pure NiSep, Ag3POy, and 20% NiSep / AgsPOy particles
were estimated from the EDX spectrum, as displayed in Figure 3. The EDX analysis of
AgsPOy revealed the presence of Ag (76.83 wt%), P (7.5 wt%), and O (15.6 wt%). NiSe;
showed the presence of Ni (35.91 wt%) and Se (64.09 wt%). On the other hand, the 20%
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NiSe, / Ag3PO, composite showed the presence of Ag (61.81 wt%), P (6 wt%), Ni (7.18 wt%),
Se (12.4 wt%), and O (12.48 wt%). All of these elements were present in the composite,
confirming the success of its synthesis.

0 2 4 6 8 10 12 keV

0 2 4 6 8 10 12 keV

0 2 B 6 8 10 12 keV

Figure 3. The EDX images of NiSe; (a), Ag3POy4 (b), and the 20% NiSe, / AgzPO, composite (c).

2.4. Optical Study and Band Gap Calculation

A mathematical expression known as the Tauc equation correlates the absorption
spectra of semiconductor nanomaterials with their band gap energy. According to this
equation, once a certain level of energy is absorbed, electrons transition from the valence
band to the conduction band [29].

(ohv) =k (hv — Eg) "

The Tauc equation relates the energy of the band gaps (Eg) in semiconductor nano-
materials to the energy of the photons (hv) and the coefficient of absorption («), which is
obtained using the Beer-Lambert law. The equation also involves a tailing parameter (k)
that is independent of energy and the type of transition (n), which is 1/2 for direct transi-
tions and 2 for indirect transitions [30]. The determination of the band gap energy (Eg) can
be achieved by extrapolating the linear section of a graph plotting the relationship between
the square of the absorption coefficient («) and the photon energy (hv) in the UV-Vis range
(200-800 nm). However, several factors, such as doping, annealing treatments, grain size,
and transition type (direct or indirect), can affect the Eg value [31]. The band gap energies
of NiSe; and AgzPO,4 were 1.98 and 2.36 eV, respectively, while the band gap energy of the
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20% NiSe; / AgzPOy4 composite was 2.17 eV. The Tauc plots of the NiSep, AgzPOy4, and 20%
NiSe, / AgsPO4 samples are presented in Figure 4a—c, from which the band gap energies
were determined by extrapolating the linear parts of the graphs.
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Figure 4. The Tauc plots of (a) NiSe;, (b) Ag3POy, and the (c) 20% NiSe, / AgzPO, composite.

2.5. Rhodamine B Optimization Studies

The main goal of this research was to investigate new methods for improving the
effectiveness of photodegradation in the breakdown of rhodamine B by examining different
factors, such as pH, catalyst amount, and dye concentration (RhB).

2.5.1. Selection of Appropriate Catalysts for RhB Degradation

To evaluate the photocatalytic activity of the synthesized samples, 20 mg of each
photocatalyst was added to 30 mL of a solution containing rhodamine B (RhB) at a
concentration of 5 ppm. The degradation of RhB was then measured using UV-visible
spectrophotometry [32]. To assess the photocatalytic efficiency of the photocatalysts, a
mixture containing 20 mg of each photocatalyst and 30 mL of rhodamine B (RhB) solution
at a 5 ppm concentration was stirred under visible light for 30 min while the temperature
was maintained at 25 °C. The UV-visible absorption spectra of RhB were collected between
200 and 600 nm during the photocatalytic experiments and then any reductions in the
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RhB characteristic peaks were measured to determine the RhB degradation efficiency. The
performance of the catalysts was evaluated by comparing their photocatalytic activity, and
the catalyst with the highest dye degradation efficiency was selected. According to the
findings, as the percentage of NiSe; in the composite increased, there was a correspond-
ing rise in its photocatalytic activity up to a limit of 20%, which then decreased slightly
with the further increase to 30%. The 20% NiSe; / AgzPO4 composite exhibited the most
significant photocatalytic activity for degrading RhB, outperforming pure NiSe;, AgzPOy,
and the 10% and 30% NiSe; / AgzPO, composites. Thus, it was concluded that the 20%
NiSe; / AgsPO4 composite would be a promising photocatalyst for the degradation of RhB.
Figure 5a illustrates the photocatalytic activity of the NiSe,/AgzPO,; composites with
different NiSe; contents.
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Figure 5. The optimization studies of RhB degradation: (a) the UV-Vis spectra for catalyst selection
(conditions: catalyst dose = 20 mg; RhB = 5 ppm; time = 30 min); (b) the degradation efficiency of
various photocatalysts as a function of irradiation time (the other conditions were the same as in (a));
(c) pH; (d) reaction time; (e) catalyst dose; (f) RhB concentration.
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2.5.2. Effect of pH on the Degradation of Rhodamine B

The degradation mechanism is significantly influenced by the pH level of a solution,
although it varies depending on the source of wastewater. In this study, sodium hydroxide
and hydrochloric acid solutions were used to adjust the pH of the RhB solution. The
photodegradation of RhB was performed with a catalyst dose of 20 mg in 30 mL of a 10 ppm
RhB solution at pH values ranging from 3 to 11 for 30 min at a temperature of 25 °C. The
RhB concentration in the clear solution was measured using a UV-Vis spectrophotometer.
Figure 5c shows that the highest efficiency of RhB degradation was achieved by the 20%
NiSe, / AgzPOy4 photocatalyst at pH 7. At pH 5.4, the Ag3POy catalyst’s surface was neutral;
however, its surface charge became negative in alkaline media and positive in acidic media.
The degradation efficiency of rhodamine B was found to be the highest in neutral solutions
with a pH of 7, but it decreased in alkaline media. This could be attributed to the fact
that rhodamine B is a cationic dye that degrades slightly in basic solutions (above pH 7).
When the pH value exceeded 5.4, the surface of the catalysts became negatively charged,
likely due to the reduction in silver ions in the silver phosphate to elemental silver. This
resulted in a decrease in the active sites of the catalysts and reduced the efficiency of the
degradation process.

2.5.3. Reaction Time Optimization for the Photodegradation of Rhodamine B

The study investigated the optimal duration for the degradation of RhB using the 20%
NiSe, / AgsPOy4 photocatalyst. A degradation experiment was conducted at pH 7, using
20 mg of the photocatalyst and exposure times varying between 0-30 min at 25 °C. The
results showed that with an increase in exposure time, there was a rapid decrease in the
RhB absorption peak and changes in the color of the dye solution. Longer exposure times
led to higher degradation efficiency as electrons transitioned faster from the valence band
to the conduction band. The RhB was completely degraded after 20 min of exposure, as
shown in Figure 5d.

2.5.4. Catalyst Dose Optimization for the Photodegradation of Rhodamine B

To estimate the cost and determine the amount of photocatalyst needed for maximum
efficiency, a study was conducted using a 10 ppm RhB solution at pH 7 for 20 min at a
temperature of 25 °C. It was found that the optimal conditions were a catalyst dose of
10-50 mg, with the percentage of degradation increasing with the increase in catalyst dose.
Figure 5e shows that the highest degradation efficiency was obtained when the catalyst
dose was 30 mg. This could be attributed to the increase in the number of active sites of the
catalyst, which promoted the formation of more reactive radicals, such as superoxide anion
and hydroxyl, resulting in increased degradation efficiency.

2.5.5. Dye Concentration Optimization for the Photodegradation of Rhodamine B

The effect of RhB concentration on the efficiency of its degradation was investigated
by testing various concentrations, ranging from 10 ppm to 50 ppm, under visible light
exposure. The results showed that the photodegradation process was slower at higher RhB
concentrations. This could be attributed to the reduction in active sites of the catalysts,
which was caused by the larger number of dye molecules adsorbed on the catalyst surfaces.
Furthermore, at high dye concentrations, the catalysts could self-absorb the dye, obstructing
light from reaching the catalyst surfaces. These factors led to the inhibition of the formation
of highly oxidative O,°*~ and, as a result, decreased the efficiency of the photocatalytic
reaction. When the RhB concentration was high, the efficiency of the photocatalysts
was reduced due to insufficient photon energy reaching the active sites. Additionally,
intermediate compounds could form during the photodegradation reaction and active
radicals could be absorbed instead of interacting with the dye molecules [32]. Figure 5e
demonstrates the influence of RhB concentration on the degradation process, indicating
that the degradation efficiency remained satisfactory when a concentration of 40 ppm was
employed, reaching up to 90.5%.
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2.5.6. Comparison of RhB Degradation Methods in the Literature

There has been a recent surge in research efforts aimed at efficiently removing RhB from
water through photodegradation. Several AgsPOy-based composite photocatalysts, including
Ag3P04@GO, Ag3PO4 /WOg, Ag3PO4 /Ag, Ag3PO4 /ZI‘[O, Ag3PO4 /N—TiOZ, Ag3P04/B1VO4,
AgBr/AgsPO,, AgopMoO,/AgzPOy, NiSep /CdS, NiSe, /BiVOy, etc. [33-46], have been de-
veloped and used for RhB degradation under visible light photocatalysis. However, these
composites exhibit lower photocatalytic efficiency than our synthesized NiSe, /Ag;POy,
photocatalyst, which demonstrated the highest catalytic activity for RhB degradation. Our
studies showed that using 30 mg of the NiSe, /AgzPO4 photocatalyst for just 20 min pro-
duced a degradation efficiency of 99.5%. The rate constant is important as it provides
insights into the reaction mechanism and efficiency of a catalyst. In this study, a rate
constant of 0.2275 min~! was observed in the most efficient degradation of a 10 ppm RhB
solution, as shown in Table 1.

Table 1. A comparison of the various catalysts for RhB photodegradation reported in the literature.

Catalyst Dye Amount Degradation Degradation Rate Constant

Catalyst Amount (mg) (ppm) Time (min) Efficiency (%) (min—1) Reference
AgzPO4,@GO 50 6 60 99 - [32]
AgzPO4/WO;3 40 5 30 97 - [33]
Ag3POs/Ag 100 10 90 98 - [34]
AgzPO4/ZnO 20 10 30 93 0.0895 [35]
Ag3zPO4/CdSe 25 10 60 99 - [36]
AgsPO,;/N-TiO, 20 10 120 99 0.0194 [37]
AgsPO4/BiVO, 100 10 30 92 0.088 [38]
AgrMoOy4/AgsPOy 50 10 12 97 0.3591 [39]
AgBr/AgsPOy 100 10 7 99 - [40]
BigTi3O4/AgsPOy 20 5 30 99 0.1789 [41]
g-C3Ny/AgsPOy 100 10 10 96 - [42]
Ag3PO,/CAdWO4 100 10 5 99 0.71 [43]
CNT/AgzPOy 75 10 12 92.4 0.207 [44]
NiSe; /CdS 50 10 360 85 0.01 [45]
NiSe, /BiVO4 50 10 360 99 0.0149 [46]

NiSe, / AgzPOy 3? 18 58 ggg 0.2275 This Work

2.6. Bisphenol A Optimization Studies

To determine the effectiveness of the newly synthesized photocatalysts for the degra-
dation of BPA, several factors were analyzed and evaluated. These factors included the
selection of the catalysts, pH level, the amount of catalyst used, the duration of the process,
and the BPA concentration.

2.6.1. Photocatalyst Selection for BPA Degradation

To assess the efficiency of the recently developed catalysts for BPA degradation using
the photocatalytic approach, 30 mL of a 5 ppm bisphenol A solution was mixed with 20 mg
of each photocatalyst and the photocatalytic activity of the samples was monitored using
UV-visible spectrophotometry after exposure for 40 min at 25 °C with continuous magnetic
stirring. To choose the optimal catalyst, their efficacy in dye degradation was considered as
the determining factor. A decrease in the unique peak of BPA was observed over time, and
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it was found that the 20% NiSe; / AgsPO,4 composite was an effective photocatalyst for BPA
degradation, as shown in Figure 6a.
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Figure 6. The optimization studies of BPA degradation: (a) the UV-Vis spectra for catalyst selection
(conditions: catalyst dose = 20 mg; RhB = 5 ppm; time = 40 min); (b) the degradation efficiency of
various photocatalysts as a function of irradiation time (the other conditions were the same as in (a));
(c) pH; (d) reaction time; (e) catalyst dose; (f) BPA concentration.

2.6.2. pH Optimization for the Degradation of Bisphenol A

To achieve the maximum degradation efficiency of bisphenol A, a catalyst dosage of
20 mg was used in a 10 ppm BPA solution and the pH was adjusted from 2 to 12 at 25 °C.
The concentrations of hydrogen and hydroxide ions present in aqueous environments can
affect the surface charges of semiconductor oxides, thereby influencing the potential for
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adsorption on surface sites and the reactivity of photocatalysts. Figure 6¢c demonstrates the
significant improvement in degradation efficiency as the pH increased from 2 to 6. However,
the efficiency remained constant from pH 6 to 8, then it increased again until it reached a
maximum from pH 9 to 12, after which it decreased. In acidic media, the photocatalytic
activity of bisphenol A reduced for two main reasons. Firstly, bisphenol A can become
protonated in acidic conditions, which negatively affects its ability to accept electron-hole
pairs. Secondly, the surface charge of photocatalysts can be altered by acidic pH, resulting
in the repulsion of positively charged bisphenol A molecules from the photocatalyst surface,
which reduces the amount of bisphenol A available for photocatalytic reaction [47]. BPA has
a pKa value that falls within the range of 9.6-10.2, and it was observed that a bisphenolate
anion was produced due to BPA ionization at a pH of approximately 9-10 [48]. The
zero-point charge of AgzPOy particles was found to be around 5.4, indicating that the
surface charges of AgzPOy particles were negatively charged in alkaline environments.
Under basic pH conditions, there was the possibility of electrostatic repulsion taking place
between negatively charged surfaces and anions, leading to a reduction in the frequency of
adsorption. As a result, the reactivity of BPA photodegradation on the surface of Ag;POy
particles decreased. Therefore, the removal of BPA was more efficient at neutral pH values
compared to acidic or alkaline pH values.

2.6.3. Reaction Time Optimization for the Degradation of Bisphenol A

A series of experiments were conducted to investigate the effect of reaction time on
the catalytic activity of the 20 mg catalyst in a 10 ppm BPA solution at pH 6 and 25 °C. The
experiments were carried out over different time intervals, ranging from 0 to 40 min. It
was observed that BPA removal efficiency increased with the increase in irradiation time,
as shown in Figure 6d. The suppression of effective electron-hole recombination could
have been the reason for the better catalytic efficiency observed after longer periods of time.
Increased exposure to light also enhanced the rate of electron transport. BPA was found
to be completely degraded within 30 min; thus, this duration was chosen for bisphenol
A degradation.

2.6.4. Catalyst Dose Optimization for the Degradation of Bisphenol A

An experiment was conducted to explore the effect of photocatalyst dosage on BPA
degradation under the previously established optimal conditions. The catalyst dosage was
changed from 10 mg g to 50 mg. The findings revealed that a greater amount of catalyst
increased both the rate of photodegradation and adsorption capacity [49]. Increasing
the quantity of photocatalyst resulted in a larger illuminated surface area, as well as a
greater number of active sites that were available for the adsorption and degradation of dye
molecules. This, in turn, could increase the rate of photodegradation, as demonstrated in
Figure 6e. However, there was a slight decrease in efficiency as the catalyst dose increased,
possibly due to excessive particles obstructing incident visible light from reaching the
catalyst surface.

2.6.5. BPA Concentration Optimization for the Degradation of Bisphenol A

Another study investigated the effect of different concentrations of BPA (ranging from
10 ppm to 50 ppm) on the photodegradation efficiency of the photocatalysts. According to
the findings, the highest level of degradation efficiency was attained when the BPA concen-
tration was 10 ppm, while the efficiency decreased with increasing concentrations of BPA.
As shown in Figure 6f, the photodegradation process slowed down as the concentration of
the dye increased. This could be attributed to the shorter distance that light had to travel to
reach the photocatalysts due to the higher concentration of dye, leading to the decrease in
the rate of degradation [49]. Increasing the dye concentration augmented its adsorption on
the photocatalyst surface, thereby hindering the adsorption of hydroxyl ions and oxygen
and, ultimately, inhibiting the photodegradation process.



Catalysts 2023, 13, 929

12 0of 19

2.6.6. Comparison of BPA Degradation Methods in the Literature

The literature contains reports of several photocatalysts that have been employed
for the photodegradation of bisphenol A. Various Ag3;POy-based composites, such as
Ag3PO4 /LaCoO3, AggPO4/TiOz, Ag3PO4 /W, Ag3P04 /GO, COF6204 /Ag3P04, etc. [50—56],
have been synthesized and employed for the degradation of bisphenol A using visible
light photocatalysis. However, our 20% NiSe, / AgsPOy4 photocatalyst outperformed these
catalysts in terms of the photodegradation of a 20 ppm bisphenol A solution, which took
just 30 min using 20 mg of catalyst. The rate constant is important as it provides insights
into the reaction mechanism and efficiency of a catalyst. In this study, a rate constant of
0.1266 min~! was achieved with a degradation efficiency of 99.4%, as shown in Table 2.

Table 2. A comparison of the various photocatalysts for BPA photodegradation reported in the literature.

Catalyst A Catalyst Dye Amount D?gradat.ion De'g‘radati(())n Rate (;oitftant Reference
mount (mg) (ppm) Time (min) Efficiency (%) (min—1)

Ag3PO,/LaCo0; 25 10 30 81.5 0.08321 [50]
AgzPO4/W 400 20 40 82 0.122 [51]
AgzPO,4/TiO; 50 20 20 95 0.17 [52]
Ag3POy 50 10 10 80.3 - [53]
AgsPO4/GO 75 10 30 86.4 - [54]
CoFey04/AgsPOy 25 20 60 91.12 0.03411 [55]
Bi;, WO / BiOI@Ag;PO, 100 20 120 84.8 0.03127 [56]

NiSe, /AgzPOy 20 20 30 99.4 0.1266 This work

2.7. Degradation Kinetics

The degradation kinetics were analyzed to find out the order and rate constant. The
Langmuir-Hinshelwood (L-H) model was used for the rate constant determination for the
degradation of RhB and BPA [57].

—In(Cy/Co) = kt

where C, is the initial pollutant concentration and C; is the final pollutant concentration
after time t. The degradation kinetics of rhodamine B and bisphenol A were determined
using the Langmuir-Hinshelwood model, and the pseudo-first-order rate constant “k”
was calculated by plotting In (C,,/Ct) against time (t). The degradation of rhodamine
B by the 20% NiSe, / AgzPO, composite followed pseudo-first-order kinetics with a rate
constant of 0.2275 min~!. Similarly, the degradation of bisphenol A by the same catalyst
also showed pseudo-first-order kinetics, characterized by a rate constant of 0.1266 min !,

as demonstrated in Figure 7a,b.

2.8. Possible Photodegradation Mechanisms

To investigate the degradation mechanism, we examined the impact of various scav-
engers on RhB and BPA photodegradation. Figure 8 shows that the use of an electron
scavenger (AgNOs) had no significant impact, while the use of a hole scavenger (Nay;SO3)
completely suppressed photocatalytic activity, indicating the essential role of holes in the
degradation of RhB and BPA. The addition of ascorbic acid (AA), a superoxide anion scav-
enger, significantly affected photocatalytic activity, whereas the addition of tert-butanol
(TBA), a hydroxyl radical scavenger, had little effect. Hence, the degradation of RhB and
BPA was significantly influenced by the presence of superoxide anion radicals, emphasizing
their crucial role in the degradation process.
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Figure 7. The pseudo-first-order kinetic studies for (a) RhB degradation and (b) BPA degradation
using the 20% NiSe, / Agz PO, composite.
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Figure 8. The effect of different scavengers on RhB and BPA degradation.

When light strikes a photocatalyst’s surface, electrons and hole pairs are generated as

follows [37]:
Photocatalyst + hv — e~ + h*
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Ag3POy and NiSe; have different valence band and conduction band potentials. Specif-
ically, the valence band potential of AgzPO, is 2.81 eV, whereas that of NiSe; is 0.75 eV. In
contrast, the conduction band potential of AgsPO, is —1.21 eV, while that of NiSe; is 0.45 eV.
In NiSe; / AgsPO4 heterostructures, a Z-scheme is formed, which enables the flow of elec-
trons from the AgzPO, conduction band to the NiSe; valence band. This leads to a system
in which the electron-hole recombination from both semiconductors is reduced, allowing
them to react with OH™ or O, to produce reactive species. When these reactive species
come into contact with a photocatalyst surface, they interact with adsorbed dyes/pollutants.
Oxygen absorbed on a photocatalyst surface can capture electrons produced by irradiation,
resulting in the formation of superoxide radicals (as shown in Figure 9) [58].

e +0p; — 0
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9
o 0.45
N
=
g
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Degradation Products Degradation Products

Figure 9. Possible mechanisms for photodegradation.

Hydroxyl radicals can be produced by the absorption of photo-induced holes by
surface hydroxyl groups on a photocatalyst’s surface [59].

h* + OH™ — OH*

The degradation of environmental pollutants is mainly attributed to radicals produced
during the photocatalytic process. As mentioned earlier, holes have been found to be crucial
for the degradation of BPA and RhB, as evidenced by the scavenger effect [60].

Pollutant + h* — Degradation products

2.9. Photocatalyst Stability

Stability is a crucial aspect to consider for practical applications of photocatalysts. To
evaluate the stability of the pure Ag;PO4 and 20% NiSe; / AgzPO4 photocatalysts, recycling
experiments were performed using RhB dye (10 ppm). As shown in Figure 10, the RhB
degradation rate of Ag;PO, decreased to only 37% after three cycles, indicating a loss in
photocatalytic activity. In contrast, the RhB degradation rate of the 20% NiSe; / AgzPOy
composite was 80% after five cycles, suggesting that the addition of NiSe;, to the composite
improved its stability and prevented any significant reductions in photocatalytic activity
over multiple cycles.



Catalysts 2023, 13, 929

15 0f 19

100 Il Ag PO,
Il Nise,/Ag,PO,

80

60 -

40

20

Degradation efficiency (%)

Number of cycles

Figure 10. The stability of the photocatalysts under the optimized reaction conditions
(light source = 100 watt LED; intensity = 40 k Lux; pressure = 1 atm; temperature = 25 °C; cata-
lyst dose = 30 mg; dye concentration = 10 ppm).

To evaluate the stability of the photocatalysts, the XRD patterns of the 20% NiSe, / Agz POy
composite were recorded after five reaction cycles. Figure 11 illustrates that the pure
Ag3PO,4 decomposed to form metallic sliver (Ag*), whereas no signal from metallic Ag was
observed in the XRD spectra of the 20% NiSep / Ag3PO4 composite. This indicated that the
composite demonstrated higher stability compared to the pure AgzPOy4. The absence of
metallic silver (Ag*) signals in the composite suggested that the addition of NiSe; improved
the stability of the AgzPOy, thereby preventing the decomposition and degradation of the
photocatalyst during degradation reactions.
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Figure 11. The XRD patterns of fresh and used AgzPO, and NiSe; /Ag3;PO, composite for the
degradation of RhB.

3. Experiments
3.1. Materials

The analytical-grade chemicals were provided by Sigma Aldrich, i.e., the sodium borohy-
dride (NaBH,), nickel chloride (NiCl,-6H,0), selenium powder (Se), silver nitrate (AgNO3),
disodium hydrogen phosphate (Na,HPOy), and ethanol (CH3CH,OH). The chemicals pro-
vided by Sigma Aldrich were ready for use without requiring any further purification.
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3.2. Synthesis of NiSe,

NiSe, was synthesized using the hydrothermal method. For a typical synthesis, a
molar ratio of 1:2 of NiCl,-6H,O to elemental Se was used. First, 0.5 g of Se powder was
mixed with 30 mL of distilled water and was sonicated briefly. Next, a reducing agent (0.5 g
of sodium borohydride) was added, followed by the addition of the NiCl,-6H,O solution
(0.9 g/20 mL) and further sonication. The resulting solution was homogeneous and was
transferred to an autoclave. The oven was set to 120 °C and the autoclave was left inside
for 12 h. After rinsing the product with distilled water and ethanol, it was dried overnight
to obtain nickel selenide powder [15].

The main chemical reaction for the formation of NiSe; is given below:

Ni*2 + Se™2 — NiSe

NiSe + Se — NiSe,

3.3. Synthesis of NiSe;/Ag3PO4 Composites by Hydrothermal Method

A composite of nickel selenide and silver phosphate was synthesized through a
hydrothermal process. In a typical process, nickel selenide powder was dispersed in 20 mL
of distilled water by sonicating 0.04 g of the material. Then, 1.41 g of disodium hydrogen
phosphate and 0.51 g of silver nitrate were added to the mixture, which was subsequently
placed in an autoclave with a Teflon lining and heated at 100 °C for 24 h. The final composite
was washed three times with water and ethanol. By varying the amount of nickel selenide,
three different composite ratios (10%, 20%, and 30% NiSe, / Ag3PO,) were obtained. The
same process was used to prepare pure silver phosphate without nickel selenide [36].

3.4. Photocatalytic Performance

The synthesized photocatalysts were used to degrade RhB and BPA under visible
light. The light source employed was a 100-watt LED with an output of 40k Lux, as
measured by an Extech LT300 light meter. To prevent degradation caused by exposure to
light before the start of the experiments or during the preparation of the homogeneous
catalyst—dye solutions, the solutions were generally prepared under low light or dark
conditions. Furthermore, opaque containers or aluminum foil were used to store the
solutions to prevent exposure to light. All experiments were conducted at 25 °C. To
perform the experiments, 30 mg of the 20% NiSe, / Agz PO, photocatalyst was added to 30
mL of a solution containing RhB (pH 7) and BPA (pH 6). The temperature of the solution
was maintained at 25 °C while it was stirred continuously with a magnetic stirrer (Model
VELP Scientifica). At predetermined time intervals, 5 mL of the mixture was taken and the
photocatalyst was removed via centrifugation. The residual levels of RhB and BPA were
assessed by measuring their specific lambda maxima at 554 nm and 275 nm, respectively,
using a UV-Vis spectrophotometer (Model UV-1700 SHIMADZU).

(Co —Ct)

(0]

Degradation Efficiency (%) = x 100

where C; is the pollutant concentration after irradiation time t and C, is the initial concen-
tration of the pollutant

4. Conclusions

A highly efficient NiSep / AgsPOy4 photocatalyst was synthesized using a simple hy-
drothermal procedure. Both rhodamine B and bisphenol A were rapidly degraded by the
synthesized photocatalysts with high efficiency. The degradation rates were nearly 100%,
and the 20% NiSe, / Ag3PO4 composite was found to be the most effective at photodegrad-
ing rhodamine B and bisphenol A out of the synthesized composite compositions.

The addition of pure nickel selenide into silver phosphate successfully reduced the
crystallite size from 86.52 nm to 47.73 nm, leading to the significant enhancement of
the photo oxidation stability and capacity of AgsPO,4. Using 20 mg and 30 mg of the
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20% NiSe; / AgzPO,4 photocatalyst, thodamine B and bisphenol A solutions at 10 and
20 ppm were fully photodegraded in just 20 and 30 min, respectively. The pH of the
solutions affected the pollutant degradation rate, with bisphenol A being degraded at pH
6 and rhodamine B having the highest photocatalytic degradation rate under neutral pH
conditions. Both pollutants followed pseudo-first-order kinetics for photodegradation
and hole scavengers could completely stop the degradation process, indicating that holes
were the primary cause. The 20% NiSe; / AgzPO,4 composite was the most stable catalyst,
exhibited a degradation efficiency of over 80%, and could be used for five cycles.
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