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Review Paper Abstract:
Received: Ag, Ce co-doped ZnO-polyaniline (Ag-Ce/ZnO-PANI) and Ag, Ce co-doped ZnO-reduced
04 JanuaI:y 2024 graphene oxide (Ag-Ce/ZnO-rGO) were synthesized via precipitation and in-situ polymeriza-

Revised: tion, an environmentally friendly process. Structural and optical properties were characterized
19 Febrl.lary 2024 using X-ray diffraction (XRD), Field Emission Scanning Electron Microscopy (FESEM), trans-
mission electron microscopy (TEM), diffuse reflectance spectra (DRS), N> adsorption-desorption,

OAIC i\il;t;gbz 4 photoluminescence spectra (PL), and Energy Dispersive X-ray analysis (EDX). The nanocompos-
Published online: ites exhibited crystalline structures, with ZnO, metallic silver, and cubic crystalline CeO, identified
11 May 2024 in Ag-Ce-ZnO samples. Morphological studies revealed spherical shapes for ZnO and Ag-Ce-ZnO,

while PANI displayed a fibrous structure. EDX confirmed elemental composition without impuri-
© The Author(s) 2024 ties, and compositional mapping showed uniform dispersion. The photocatalytic degradation of

Malachite green and para nitrophenol was performed using the nanocomposites under visible light
irradiation. Among them, Ag-Ce/ZnO-rGO demonstrated significant photocatalytic efficiency,
achieving 92% and 98% degradation of the organic contaminants, respectively. This enhanced
activity can be attributed to increased specific surface area, efficient separation of photoinduced
electron-hole pairs, enhanced dye adsorption, strong visible light absorption, and rapid transfer
processes. Moreover, Ag-Ce/ZnO-rGO exhibited efficient reusability for five degradation cycles.
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1. Introduction tion of organic pollutants, leading to the introduction of
ZnO as a robust nano compound with effective wastewa-
ter treatment properties. However, ZnO inertness in terms
of visible light activity, attributed to its low surface area,
wide bandgap, and rapid recombination of photodegrada-
tion excitons, poses a significant challenge in enhancing its
photodegradation properties [5, 6].

The introduction of various impurities has resulted in the
modification of the host metal ions’ coordination environ-
ment within a given lattice. This alteration, by changing the
bandgap structure, has the potential to enhance the photocat-
alytic ability. The insertion of foreign ions through the host
lattice can lead to changes in the pristine structure, affecting

In contemporary times, the utilization of nanocomposites to
degrade organic compounds in water has become a crucial
concern, capturing the attention of numerous scientists fo-
cusing on harnessing solar light. This method proves to be
significantly more advantageous than alternative treatment
approaches due to its heightened efficiency in the oxidation
process and its economic properties. Moreover, the adoption
of a green approach, exemplified by photocatalytic activity,
is regarded favorably for being non-selective, operating at
low temperatures, and presenting a non-energy-intensive
option for neutralizing pollutant capabilities [1-4].

Numerous studies have been conducted on the mineraliza-
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the mobility of charge carriers and yielding more favorable
responses to incident photons. The number of dopants can
either be above the valence band (VB) or below the con-
duction band (CB), capturing the photodegradation charge
carriers. Subsequently, this process could exert influence on
the redox pathway [7, 8]. Additional strategies have been
employed to address ZnO’s limited photodegradation ability
under visible light irradiation. This involves combining it
with a conjugated 7-structure, such as conducting polymers,
graphene, and similar materials.[9—11]. Materials with con-
jugated structures are utilized to ensure effective charge
separation and to decrease the recombination rate of hole-
electron pairs. [12]. Among various conducting polymers,
polyaniline (PANI) presents several advantages, including
cost-effectiveness, substantial visible-light absorption ca-
pability, a straightforward synthesis route, environmental
stability, and high charge carrier mobility. [13, 14]. On
the flip side, graphene can be considered carbon material
with a two-dimensional conjugated chemical structure. It
finds application in this field due to its substantial specific
surface area, remarkable electron mobility, excellent elec-
tronic conductivity, good chemical stability, and promising
photocatalytic potential [15, 16]. Numerous synthetic dyes
are recognized as environmental pollutants, with Malachite
Green (MG) standing out as a cationic tri-aryl methane
dye extensively employed in food coloring, paper, leather,
acrylic, silk, and wood industries, and even as a pesticide
in aquaculture. However, the widespread use of MG in
diverse applications has resulted in various issues concern-
ing mammals, contributing to genotoxicity, cytotoxicity,
carcinogenicity, and liver diseases [17]. Similarly, pheno-
lic compounds are significant contaminants due to their
disruptive impact on living organs, toxic nature, and their
bio-recalcitrant characteristics. The release of these contam-
inants into the environment is primarily through wastewater
generated by various industries, including tanning, different
refineries, paint production, petroleum refining, pharmaceu-
ticals, coke production, and more [18].

Thus, according to the studies on photocatalytic degrada-
tion, the requirement of removing wastewater from these
newly synthesized compounds is affordable. So, the present
research is focused on novel Ag- Ce- ZnO/PANI and Ag-
Ce-ZnO/ rGO nanocomposites, and their photocatalytic ac-
tivities in degrading MG and PNP (para nitrophenol) under
visible light irradiation. The prepared compounds’ reusabil-
ity and stability were studied as well.

2. Experimental

2.1 Materials

Sodium hydroxide, zinc acetate dihydrate, silver nitrate,
cerium acetate hydrate, ammonium peroxydisulfate (APS),
graphite, potassium permanganate, hydrogen peroxide 30%,
ethanol, sulfuric acid, phosphoric acid, hydrochloric acid,
malachite green, and para nitrophenol were all bought from
Merck. Although all these compounds were used as re-
ceived without any more purification; aniline monomers
were using two-time distillation.
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2.2 Synthesis of zinc oxide and Ag, Ce co-doped ZnO

The synthesis of Pure ZnO and Ag, Ce co-doped ZnO (Ag-
Ce-Zn0O) nanocomposites were done through the precipi-
tation strategy without any high temperature or pressure
prerequisites, according to the procedure described in refer-
ence [8]. Specifically, pure ZnO was prepared by solving
stoichiometric a sum of zinc acetate dihydrate in water (0.25
M, 100 mL), which served as the precursor solution in this
study (solutionl). In an isolated solution, dissolution of
2.5 g NaOH was done in 100 ml of ethanol/water (12.5%,
v/v) (solution2). Both solutions were forcefully mixed for
around 30 min. At that point, the considered NaOH solution
was added to the zinc acetate dihydrate solution gradually.
The obtained solution was blended at room temperature
around 2 h to create a white color precipitate. The picked-
up precipitate was at that point sifted by centrifuging and
flushed with deionized water several times. At last, the
obtained sample was dried for 12 h at the temperature of 60
°C. Finally, for crystallization, the calcination of the dried
powder was done at the temperature of 450 °C for a period
of 2 h; it was kept in a fixed holder for the following steps.
The right sums of silver nitrate and cerium acetate dihydrate
were included in the starting zinc acetate dihydrate solution
to present Ag and Ce components to the ZnO nanoparticles.
Meanwhile, the reaction conditions were the same. In the
case of preparation, the use was made of Ag-Ce-ZnO, 0.22
g cerium acetate hydrate, and 0.04 g silver nitrate (2% molar
Ce and 1% molar Ag relative to ZnO).

2.3 Synthesis of polyaniline (PANI)

0.9313 g of distilled aniline monomer was dissolved in 150
mL of the 0.01 M HCI solution in a sample experiment.
Next, the mixture was sonicated for 45 minutes. 2.2 g of the
APS oxidant was subjected to dissolution in 20 ml deionized
water by the addition into the above solution in a drop-wise
manner through gentle stirring. The reaction took place
after 4 h with magnetic stirring; it was completed after 24
h. Finally, the generated greenish-black precipitate was
collected and subjected to washing by applying deionized
water and ethanol several times; then it was kept in the oven
at the temperature of 60 °C for a period of 12 h.

2.4 Synthesis of graphene oxide (GO)

In this method, a mixture of H,SO4 and H3PO,4 (360:40
mL) was added to the graphite flakes mixture (3 g) and
KMnOy (18 g). The resulting black slurry was warmed up
to 50 °C for a period of 24 h in magnetic stirring conditions.
In the next step, the reaction vessel was subjected to cooling
in some ice bath. The completion of the reaction was done
with the addition of deionized ice (400 mL) into the solution
and H>O; 30% by shaking so that the suspension color was
changed to a yellowish one, and the release of the bubble
was stopped (10 mL). The provided compound was filtrated
and washed with applying deionized water, HCI (5%), and
ethanol three times, respectively. Then, drying was done in
an oven at the temperature of 60 °C for a period of 12 h to
remove the impurities.
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2.5 Synthesis of Ag-Ce-ZnO/PANI nanocomposite

A typical in-situ polymerization strategy was applied for
the aniline polymerization when Ag-Ce-ZnO nanoparti-
cles were present. Sonication of Ag-Ce-ZnO nanoparticles
(0.9313 g) was then done in some 150 mL aqueous solution
including aniline monomer (0.01 mol) and hydrochloric
acid (0.01 mol). Dissolution of the APS oxidant (0.01 mol)
was done in 20 mL deionized water and then added to
Ag-Ce-ZnO and aniline monomer by mixing. Polymeriza-
tion proceeded for 12h within the ice bath (0-5°C). The
nanocomposite of Ag-Ce-ZnO/PANI was collected as a pre-
cipitate by filtering. Filtrations of this residue were done;
this was continued with washing by deionized water a few
times; after that, it was dried at the temperature of 60 °C for
12 h.

2.6 Ag-Ce-ZnO/rGO nanocomposite Synthesis

Synthesis of Ag-Ce-ZnO/rGO nanocomposites was done
using the hydrothermal method. Accordingly, 0.3 g Ag-
Ce-ZnO was added to the GO solution (0.003 g GO, 15
ml ethanol, and 30 ml deionized water), and stirring was
continued around 2 h to gain a homogeneous suspension.
Then, the resulting suspension was sent to some 50 ml
Teflon-lined stainless steel autoclave and kept at 120 °C for
a period of 3 h to reduce GO and Ag-Ce-ZnO depositing.
Eventually, cooling of the autoclave was done at room tem-
perature. The providing nanocomposite was recovered by
centrifuging; it was washed several times using ethanol and
deionized water to remove any impurities dried in the oven
at the temperature of 60 °C for a period of 12 h.

2.7 Characterization

The nanocomposite phase structure, as well as crystallite
size, was estimated by the X-ray diffraction technique
(XRD, Philips Export — MPD); this was done by utiliz-
ing Cu-Ko radiation with the 1.5439 A wavelength. Field
emission scanning electron microscopy (FESEM, S4160 Hi-
tachi, Japan) was then employed to examine the microstruc-
ture and morphology of the samples equipped with energy-
dispersive X-ray spectroscopy (EDS). The optical charac-
teristics of the samples were analyzed by Ultraviolet-visible
(UV-Vis) spectroscopy (Perkin Elmer Lambda 35) within
the 200-800 nm range. The measurement of the specific sur-
face area was done by nitrogen adsorption at the temperature
of -195.8 °C according to the BET equation (Physisorption
Analyzer, ASAP 2020, Micromeritics). Photoluminescence
spectra (PL) for the as-prepared catalysts were investigated
by a Hitachi F-7000 DC-0506 fluorescence spectrometer
(PerkinElmer LS55, America) with an emission wavelength
at 325 nm. The photocatalytic activity was also assessed by
employing a UV-Vis spectroscopy.

2.8 Photocatalytic activity studies

The synthesized samples’ photocatalytic properties were
assessed by the degradation of MG and PNP under visible
light irradiation conditions. The adsorption-desorption equi-
librium before the photocatalytic test of the photocatalyst
(25 mg) was allowed to be mixed with the MG/PNP solu-
tion (100 mL, 10 mg.L*I); stirring was done in the dark for
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a period of 30 min. An Xe arc 300 W Oriel lamp served
as the source of light. At some specific times, 3 mL of
the reaction mixture, including the suspended photocata-
lyst solution, was obtained and centrifuging was done to
abolish the photocatalyst. Then, it was analyzed by con-
sidering the 250-700 nm wavelength UV-Vis spectroscopy
range. The concentration of MG and PNP was recognized
by recording the supernatant’s variation at 621 nm and 400
nm, respectively. At last, the samples’ photocatalytic ability
was computed by the following formula (Equation 1):

G —-C
0

%X = { } x 100 1)
, where X is the photodegradation efficiency, and Cy and C
refer to the concentrations of the organic pollutants prior to
and following light irradiation, respectively. The photocat-
alytic degradation activity’s reproducibility on the samples
was surveyed at 10 mgL~! MG/PNP concentration and the
0.25 mgmL ! catalyst dosage for each of the cycles. The
catalysts recovered were subjected to washing by applying
ethanol and deionized water. Then, drying was done in the
air prior to reusing.

3. Results and discussion

3.1 X-ray diffraction

Fig. 1 represents the XRD patterns belonging to ZnO,
Ag-Ce-ZnO, Ag-Ce-ZnO/PANI, and Ag-Ce-ZnO/rGO
nanocomposites. Due to ZnO diffraction pattern, sample
signals at 31.9°, 34.4°, 36.2°, 47.6°, 56.4°, 62.9°, 66.4°,
67.8°, 69.2°,72.7° and 76.9° were attributed to the reflec-
tions (100), (002), (101), (102), (110), (10°), (200), (112),
(201), (004) and (202), respectively (Fig. 1a). Based on
literature and the JCPDS no. 36-1451, all these diffractions
were in a good agreement with the wurtzite crystal structure
[19]. Fig. 1b shows the Ag-Ce-ZnO nanoparticles XRD
patterns in comparison with ZnO and Ag-Ce-ZnO, thus in-
dicating the additional diffraction peaks related to (111),
(200), and (220) planes related to the face-centered cubic
phase of metallic silver (JCPDS no. 00-004-0783) [20].
Also, the weak peak at 26=28.72° could be attributed to the
(111) plane belonging to the cubic crystalline CeO; struc-
ture (JCPDS no. 81-0792) [21]. Besides, the existence of
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Figure 1. XRD patterns of (a) ZnO, (b) Ce-Ag-ZnO, (c¢)
Ag-Ce-ZnO/PANI, and (d) Ag-Ce-ZnO-rGO.
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sharp and intense peaks approved the crystallization of the
fabricated nanopowders. According to Ag-Ce-ZnO/PANI
samples, XRD peaks two sets could be attributed to Ag-
Ce-ZnO and PANI, respectively (Fig. 1c); peaks which are
indicated by asterisks (*) represent PANI. By considering
the XRD patterns related to the Ag-Ce-ZnO-PANI nanocom-
posite and Ag-Ce-ZnO nanoparticles, they were found to
be the same; only the additional broad diffraction peak ap-
peared at around 260 = 25°, which corresponded to PANI
(200) crystal planes [22]. Hence, the crystalline wurtzite
structure of Ag-Ce-ZnO nanoparticles was not changed
after the polymerizing by PANI molecules. The shifting
of ZnO nanoparticle characteristic peaks to the lower an-
gles was done by PANI composition. It indicated that the
distance existing between diffraction lattice ZnO nanoparti-
cles levels was gained by considering the addition of PANI
chains among the crystalline plane spaces in the considered
ZnO structure [23]. XRD patterns of Ag-Ce-ZnO-rGO are
presented in Fig. 1d. There was no characteristic diffrac-
tion peak of GO in Ag-Ce-ZnO/rGO composite patterns. It
showed that GO was reduced by the hydrothermal treatment
to graphene and had good dispersion into the composites
[24].
The crystallite size, of the sample has been estimated from
the broadening of the XRD peaks using the Scherrer equa-
tion (Equation 1) with the size-strain plot shown in Fig. 2
[25]:
KA
~ BcosH

where A is the X-ray wavelength, K is a structure constant,
0 denotes the diffraction angle, f represents the full width
at half maxima.

The size—strain plot also known as the W—-H plot considers
the effect of stress broadening on the nanostructure size
and is calculated by using the Williamson—Hall method
(Equation 3) [26]:

(@3]

KA
= Dcos 6

where € measures the stress coefficient and its value is mea-
sured from the slope of the fitted line. This stress broadening

+4€sin 6 3)

p Cos 6 *10~-3
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Figure 2. Williamson—Hall (W-H) plot of the samples ZnO,
Ag-Ce-ZnO, Ag-Ce-ZnO/rGO , and Ag-Ce-ZnO/PANI.
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coefficient leads to an increase in grain size as compared
to that measured by the Debye—Scherrer equation given in
Table 1.

3.2 FESEM

FESEM was applied to study the morphology of the nanos-
tructures. The FESEM images of the ZnO, Ag-Ce-ZnO,
PANI, Ag-Ce-ZnO-PANI, RGO, and Ag-Ce-ZnO-rGO sam-
ples are illustrated in Fig. 3(a-f). The ZnO and Ce-Ag-ZnO
samples morphology showed a disordered spherical shape
(Fig. 3a, b). From the micrographs, it is understandable that
polyaniline (PANI) had a polyaniline fibrous and porous
structure, whereas the ZnO nanoparticles covered the fi-
brous structure (Fig. 3c). Given the crystalline ZnO and
the amorphous polymer, the morphology of the sample
(Ag-Ce-ZnO/PANI) approved the coexistence of nanopar-
ticles and ZnO’s embedding nanoparticles in the polymer
matrix (Fig. 3d). In any case, the composite led to Ag-Ce-
ZnO/PANI composite, which was semi-crystalline. The
ZnO spheral structure was disseminated inside the PANI
matrix, and the bigger particles contributed to agglomera-
tion [27]. Fig. 3e illuminates the smooth morphology of the
reduced graphene oxide. So, the flaky texture surface of
graphene was broken off in different directions, thus show-
ing its layered structure. The Ag-Ce-ZnO/rGO FESEM
image is represented in Fig. 3f. The FESEM images empha-
sized the ZnO anchoring on the graphene sheets’ surface.
The Ag-Ce-ZnO/rGO and Ag-Ce-ZnO/PANI surface mor-
phology were characterized using TEM analysis, as shown
in Fig. 4a, b. It could be observed that Ag-Ce-ZnO was well
distributed over the entire rGO surface (Fig. 4a). Besides,
the nanocomposites clearly showed that the Ag-Ce-ZnO
nanoparticles were embedded in the PANI matrix, as can be
seen in Fig. 4b.

Fig. 5 presents the energy-dispersive X-ray spectra related
to the PANI, Ag-Ce-ZnO/PANI, rGO, and Ag-Ce-ZnO/rGO.
Zn, O, Ce, Ag, C, and N could be obviously seen in the
EDX spectra. The EDX pattern verified that the samples
had been successfully synthesized without any significant
impurity. The compositional mapping was done for the
created Ag-Ce-ZnO/PANI and Ag-Ce-ZnO/rGO samples to
assess the elemental dissemination on the sample surface
(Fig. 5). The Zn, O, Ce, Ag, C, and N elements had a uni-
form dispersion all through the surface.

The compositional mapping was done for the created Ag-
Ce-ZnO/PANI and Ag-Ce-ZnO/rGO samples to assess the
elemental dissemination on the sample surface (Fig. 6). The
Zn, O, Ce, Ag, C, and N elements had a uniform dispersion

Table 1. Average Crystallite size of the samples of ZnO,
Ag-Ce-ZnO, Ag-Ce-ZnO-PANI, and Ag-Ce-ZnO-rGO.

average crystallite size (nm)

sample
Debye—Scherrer  Williamson—Hall
ZnO 43.54 45.21
Ag-Ce-ZnO 59.32 60.85
Ag-Ce-ZnO-PANI 75.65 77.14
Ag-Ce-ZnO-rGO 86.15 89.59
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Figure 3. FESEM image related to (a) ZnO, (b) Ag-Ce-ZnO, (c) rGO, (d) PANI, (e) Ag-Ce-ZnO-rGO and (f) Ag-Ce-ZnO-
PANI samples.
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Figure 4. TEM image of the (a) Ag-Ce-ZnO-rGO and (b) Ag-Ce-ZnO-PANI samples.
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Figure 5. EDX analysis of PANI, rGO, Ag-Ce-ZnO/PANI and Ag-Ce-ZnO/rGO.
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Figure 6. Elemental mapping related to the Ag-Ce-ZnO/PANI and Ag-Ce-ZnO/rGO nanocomposite.

all through the surface.

3.3 UV-Vis spectroscopy

The optical properties belonging to ZnO, PANI, rGO,
Ag-Ce-ZnO, Ag-Ce-ZnO/PANI, and Ag-Ce-ZnO/rGO
nanocomposites were measured using a double beam spec-
trometer within the wavelength range 250-700 nm. The
samples optical absorption spectra at room temperature can
be seen in Fig. 6. The absorption at 370 nm affirmed the
highly crystalline structure of ZnO (Fig. 7a). The pure
PANI UV-Vis spectrum (Fig. 7b) showed an absorption
peak around 377 nm, thus illuminating 7- 7 * electron or-
bital transition along the given PANI chain, as well as a
shoulder at 445 nm; this was for the polaronic transition
(polaron- & *) that was created through protonation [28].
For the pure rGO (Fig. 7c), the highest absorption peak at
265 nm relied on the w-plasmon of graphite structure exci-
tation [27].

Figure 7. UV-Vis spectra of (a) ZnO, (b) PANI, (c) rGO,
(d) Ag-Ce-ZnO, (e)Ag-Ce-ZnO-PANI, and (f) Ag-Ce-ZnO-
rGO.

The spectra, thus, showed that the absorbance intensity
of Ag-Ce-ZnO, Ag-Ce-ZnO/PANI, and Ag-Ce-ZnO/rGO
(Fig. 8d—f) had been raised in the visible-light region. By
contrast, a redshift similar to the previous reports happened
[29-31]. The redshift and enhanced absorption could be at-
tributed to the additional energy levels resulting from Ag/Ce
doping and the embedment of Ag/Ce ions into the ZnO lat-
tice sites [32]. Ag-Ce-ZnO/PANI nanocomposite can well

absorb visible light, in addition to the UV spectrum. This
could be related to the interactions existing between PANI
chains and Ag-Ce-ZnO nanoparticles, facilitating the charge
transfer from PANI to Ag-Ce-ZnO through hydrogen bond-
ing [33]. The redshift in the Ag-Ce-ZnO/rGO nanocom-
posites’ optical absorbance edge, in comparison with zinc
oxide, referred to some chemical interaction between Ag-
Ce-ZnO semiconductor and rGO. The existence of redshift
could be related to the narrowing of the band gap energy in
the prepared nanocomposites. A synergistic property was

3
N~
» K X
15 2 25 3 35 <

Band gap (eV)

Figure 8. Bandgap plots of ZnO, Ag-Ce-ZnO, Ag-Ce-
ZnO/PANI, and Ag-Ce-ZnO/rGO.
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created by forming some joint electronic system between
rGO and ZnO [34].

The components’ optical band gaps were surveyed by ap-
plying the UV-Vis absorption spectra by utilizing Tauc’s
formula (Equation 4) [35].

ohv = A(hv — E,)"? “)

, where E, is related to the energy gap or bandgap, his
Planck’s constant and V is frequency, and « refers to the
absorption unit, n=1/2, for the direct bandgap materials.
The displayed graph, which is plotted between (othv)? and
hv, represents the optical bandgap, as can be seen in Fig. 8
The band gaps of ZnO, Ag-Ce-ZnO, Ag-Ce-ZnO-PANI, and
Ag-Ce-ZnO-rGO were estimated to be 3.1 eV, 2.9 eV, and
3.9 eV, respectively. According to the results, there was a
detectable reduction in the bandgap energy of the Ag-Ce-
ZnO-rGO nanocomposite in front of other components.

3.4 BET

Surface area plays an imperative role in characterizing the
capability of a catalyst, it represents the catalyst’s ability
to absorb contaminants [36]. As can be seen in Fig. 9 (a-
c), the surface area belonging to ZnO, Ag-Ce-ZnO-PANI
and Ag-Ce-ZnO-rGO composites was measured amid nitro-
gen adsorption-desorption isotherms. The N, adsorption-

Quantity Adsorbed (cm/g STF)
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desorption isotherms created for the samples were of type
IV with an Hj3 hysteresis loop, thus affirming that the com-
posite encompassed a mesoporous pore structure. The ZnO
Ag-Ce-ZnO-PANI, and Ag-Ce-ZnO-rGO specific surface
area was 6.3 m”.g~!, 6.8 m?.g~!, and 15.9 m?.g!, respec-
tively. The BET-specific surface area of the Ag-Ce-ZnO-
rGO composite was much higher in comparison to other
samples. It implied the endless specific surface area could
give more active sites, making the movement of charge
carriers simpler and emphasizing the surprisingly valuable
improvement of the photocatalytic capability [37].

3.5 Photocatalytic activity

The photocatalytic properties of the obtained samples were
assessed by degrading MG and PNP as the pollutant mod-
els. The efficiency of the photocatalytic degradation was
measured according to the MG/ PNP solution absorbance
via the UV-Vis spectrometer from 0 to 120 minutes on the
surface of the catalyst. Fig. 10 (I) and Fig. 11 (I) demon-
strate the photocatalytic degradation related to the MG and
PNP dye solutions with the irradiation time (a) without cat-
alyst, (b) ZnO, (c) Ag-Ce-ZnO, (d) Ag-Ce-ZnO/PANI, and
(e) Ag-Ce-ZnO/rGO, respectively. Remarkably, as shown,
Ag-Ce-ZnO/rGO exhibited superior catalytic efficiencies in
comparison to other structures in terms of degrading MG
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Figure 9. Nitrogen adsorption-desorption data for (a) ZnO, (b) Ag-Ce-ZnO/PANI and (c) Ag-Ce ZnO/rGO.
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Figure 10. (I) Photocatalytic activity and (II) kinetics study of MG degradation (a) without catalyst, (b) ZnO, (c) Ag-Ce-ZnO,

(d) Ag-Ce-ZnO/PANI and (e) Ag-Ce-ZnO/rGO.
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and PNP. Under visible light illumination, without a photo-
catalyst, some negligible degradation was observed and the
pure ZnO photocatalyst could decompose 18% of MG and
22% of PNP following the 120 min irradiation time. Behind
the 120 min irradiation time, 34%/ 38.2%, 83%/ 89%, and
92%/ 98% of MG/ PNP were decomposed for the samples
Ag-Ce-ZnO, Ag-Ce-ZnO/PANI and Ag-Ce-ZnO/rGO, re-
spectively. It should be included that the co-doping of the
Ag and Ce to the nanocomposites improved the results ob-
tained from the refined degradation.

As can be seen in Fig. 10 (I) and Fig. 11 (II), the MG
and PNP photocatalytic degradation kinetics under visible
irradiation were according to the pseudo-first-order kinetic
model; this is represented as [38] (Equation 5):

Co
In <C> = ll[)]?[

The photodegradation rate consistent, kg, which refers to
the slope found by the linear fit of In (Cy/C) vs the irradia-
tion time graph of the kinetic plot, gives some qualitative
general appraisal of how viably a dye could be degraded
when visible light is present and the use is made of an as-
sisted photocatalyst.

To make a comparison, rate constants (k,p), regression
coefficient (R?), and degradation efficiencies (X) of ZnO,
Ag-Ce-ZnO, Ag-Ce-ZnO/PANI, and Ag-Ce-ZnO/rGO for
degrading MG and PNP can be seen in Table 2. According
to the collected results in Table 2, the larger values of rate
constant for Ag-Ce-ZnO/rGO could affirm their superior
photocatalytic activity; therefore, Ag-Ce-ZnO/rGO could
be regarded as the finest photocatalyst in the degradation of
the MG and PNP. The presence of rGO in the synthesized
nanocomposite will improve the electron transfer between
the catalyst and the pollutants. The maximum photocat-
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alytic activity of the Ag-Ce-ZnO/rGO nanocomposite could
be explained by the improved charge separation and greater
specific surface area, as well as more active sites for pho-
tocatalysis. Also, the Ag-Ce-ZnO/PANI sample possesses
higher photocatalytic capability in comparison to ZnO and
Ag-Ce-ZnO, contributing to considerable conductivity, spe-
cial optical and electrical properties, and the composite
small particles.

3.6 Scavenger test

The primary reactive oxygen species (ROS) in the photo-
catalytic degradation of toxic dyes were monitored using
radical trapping studies to comprehend the photocatalytic
mechanism [39]. Distinct scavengers, isopropanol (IPA),
1,4 benzoquinone (BQ) [40] , and Ethylene Diamine Tetra
Acetic Acid (EDTA) [41] as yielding scavengers for hy-
droxyl radical (OH*®), superoxide radical (O3 ), and hole
(h™) employed in photocatalytic study for both dyes. Ac-
cording to the results obtained from fig. 12, it can be seen
that all three active species play an important role in the
activity of photocatalytic degradation. also conducted a
control experiment without any radical scavengers to rule
out the potential of color deterioration caused by radical
scavengers. absence of any scavenger shows no obvious
change occurred during the degradation experiment process
[42].

3.7 Mechanism of photocatalytic degradation

To probe the mechanism of photocatalytic degradation, we
initiated the determination of the position of the conductivity
bands and the capacity of zinc oxide. The valence band (VB)
and conduction band (CB) potential of a semiconductor can
be theoretically calculated using Mulliken electronegativity
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Figure 11. (I) Photocatalytic activity and (II) kinetics study of PNP degradation (a) without catalyst, (b) ZnO, (c) Ag-Ce-

Zn0, (d) Ag-Ce-ZnO/PANI and (e) Ag-Ce-ZnO/rGO.

Table 2. Photocatalytic degradation results of MG and PNP 120 min of visible light irradiation.

photocatalyst Kqpp (min~1) R? degradation efficiencies
MG PNP MG PNP MG PNP

without catalyst 0.0002 0.0003 0.9816 0.9869 5 6

ZnO 0.0036  0.0038 0.9766 0.9516 18 22

Ag-Ce-ZnO 0.0126 0.0138 0.9829 0.9887 48 53

Ag-Ce-ZnO/PANI  0.0196  0.0207 0.993 0.9807 83 89

Ag-Ce-ZnO/rGO 0.0265 0.0289 0.9802 0.9803 92 98
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and the bandgap of a semiconductor by the following:
Eyp=x—E.+ O.SEg (6)

Ecp=Eyp—E, @)

where Eyp and Ecp are the top of the valence band and the
bottom of the conduction band of the semiconductor, E,
is the band gap energy, and E, is the energy of free elec-
trons on the hydrogen scale with a fixed value of 4.5 eV vs.
NHE, and y is the geometric mean of the Mulliken elec-
tronegativity of the constituent atoms in the semiconductor.
The Mulliken electronegativity of an atom is the arithmetic
mean of the first ionization energy and the first electron
affinity. The detailed calculation steps for obtaining the
Valence band and Conduction band of ZnO were illustrated
as follows:

The first ionization energy of silver element (Zn): I; = 906.4

kj.mol~!
The first electron affinity of silver element (Zn): E; = - 60
kj.mol~!
The Mulliken electronegativity of silver element (Zn):
1 1 ) 1
x= E(Il—i—El) = 5(906.4—60) =423.2 kj.mol ®)

Because: 1 eV =1.6022x10712 Cx1V =1.6022x 1071 J.
And the Avogadro constant (NA) = 6.022 x 1023 mol .
Thus, the Mulliken electronegativity of a zinc atom (Zn)
can be calculated as follows:

Xag = 423.2 x 10°J.mol !
+(6.022 x 10%mol 1)

)
<+ (1.6022 x 10~197)

=4.386
For oxygen (O):
I; = 1313.9 kj.mol !
E; = 141 kj.mol !,
1 1
x==(L+E)==(1313.9+141)

2 2 (10)
=727.45 kj.mol !

100
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Figure 12. Effects of different scavengers on the photodegra-
dation of MG and PNP.
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Thus, the Mulliken electronegativity of an iodine atom (O)
is calculated as follows:

2o = 727.45 x 10°J.mol ™!
+(6.022 x 10%mol )
<+ (1.6022 x 10717)
=7.539

(In

The geometric mean of the Mulliken electronegativity for
ZnO () is calculated as follows:

X = \/Zzndo = V4386 x7.539 =5.75

The bandgap (Eg) of ZnO was obtained by the UV-visible
diffuse reflectance measurement and was determined to be
3.3 eV (Fig. 12), Therefore, The Valence band of ZnO is
calculated as follows:

12)

Eyp=X—-E,+0.5E,=5.75-45+05%x33=29V

(13)

The conduction band of ZnO is calculated as follows:
Ecp =Eyp—E;=29-33=-04V (14)

[44], based on the experimental results we proposed a
charge transfer mechanism forAg-CeZnO-rGO heterojunc-
tion as described schematically in Fig. 13 The work function
of bulk Ag and Ce are 4.26 [47] and 2.9 eV [48], respec-
tively. At the same time, the work function of ZnO single
crystal is near 4.7 eV [48]. The n-type doping of ZnO NPs
with the number of defects on the surface leads the Fermi
level to move towards CB. Therefore, an Ohmic contact
between ZnO with Ag and Ce would be formed After con-
tacting, the Fermi level of metal NPs will be equal to that
of ZnO The ohmic contact will lead to the band bent down-
wards, giving rise to a barrier-less electron transfer from
ZnO phase to the metals phase. Moreover, it drives the
photogenerated holes migrating into the bulk of ZnO, thus
the charge separation efficiency is enhanced It should also
be mentioned that graphene helps to increase the efficiency
of photocatalytic degradation by facilitating the electron
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Figure 13. Schematic illustration of the probable photocat-
alytic mechanism of Ag-Ce-ZnO/rGO nanocomposite.
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Table 3. Comparison of different ZnO-based photocatalysts.

photocatalyst light dye degradation% time (min) ref
Ag-Cu-ZnO vis MB 95 180 [43]
WO3/NiO/ZnO sun ~ MB 45.87 105 [44]
(CoFep04)0.5/Ag2S-ZnO  vis MB 99 240 [45]
Zn0/ZnFe;04/TiO, vis MO 96.32 150 [46]

. MG 89 .
Ag-Ce-ZnO/PANI VIS pNp 33 120 this work

. MG 98 .
Ag-Ce-ZnO/rGO Vi pNp 9 120 this work

transfer path [40, 48].

In addition, a comparison study based on different ZnO-
based photocatalysts is given in Table. 3.

Recovery and reuse of photocatalyst are imperative from
economic aspects. The reusability of the synthesized com-
posites is detailed in Fig. 14, representing cycling runs
within the photocatalytic degradation of MG and PNP in
the presence of Ag-Ce-ZnO/rGO beneath the visible light
irradiation. As it is evident, amid the 120 min, the pho-
todegradation rate of MG/ PNP was picked up to be 99.8/
99.2,98.9/98.5,98.1/97.7, 97.6/ 97.2 and 96.4/ 95.8 % for
the primary, moment, third, fourth and fifth cycles, respec-
tively. The slight decrease in photoactivity observed after
reusing the Ag-Ce-ZnO/PANI and rGO samples may be
due to factors such as material degradation, surface contam-
ination, structural changes, loss of active sites, and particle
aggregation. These factors could collectively contribute to
the deviation in photocatalytic performance.

4. Conclusion

To conclude, ZnO, Ag-Ce-ZnO, Ag-Ce-ZnO/PANI, and
Ag-Ce-ZnO/rGO samples were effectively manufactured
through precipitation and polymerized during in-situ
polymerization. The prepared samples’ properties were

% Polutants degradation

characterized by different strategies. The photocatalytic
activity of the samples was studied through degrading MG
and PNP dye under visible light irradiation. According
to the obtained findings, there was a drastic improvement
in the photocatalytic activity of the Ag-Ce-ZnO/rGO
nanocomposite. this improved photodegradation was
majorly due to the increased specific surface area of this
novel nanocomposite which helped with absorbing more
contaminants. Of course, the delayed rate of the charge
recombination, extraordinary adsorption of dyes, stronger
visible light absorption, and quick transfer processes were
effective as well. This synthesized nanocomposite had the
capability to be reused for five progressive runs without
significant change in its photodegradation ability which
is an advantage regarding its environmentally friendly
behavior.
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