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ABSTRACT: This study demonstrated the effectiveness of poly
meta-aminophenol (PmAP) as a solid electron mediator in the Z-
scheme photocatalytic system for organic pollutants (viz. bisphenol-
A and reactive dyes) mineralization and also illustrated how PmAP
transported the photogenerated electrons from an O2-emitting
photocatalyst (Ag3PO4) to a H2-emitting photocatalyst (CoFe2O4)
enabling enhanced photocatalytic activity under visible light
irradiation. The PmAP/Ag3PO4−CoFe2O4 (PAC-10), was prepared
by a two-step process and characterized by various analytical
methods to assess the impact of PmAP on optical, photocatalytic,
and electrochemical characteristics of the CoFe2O4 (CFO)/Ag3PO4
composite. The morphological investigation revealed that the
PmAP sheet was nicely decorated with evenly distributed Ag3PO4
and CoFe2O4 particles. The M−S plot and impedance analyses were used to assess the electrochemical capabilities of the catalyst. Z-
scheme charge transfer pathways were well supported by the radical trapping experiment and HRTEM analysis of Pt photodeposited
PAC-10 photocatalysts during the photoreaction. Because of its magnetic nature and ease of synthesis, the PAC-10 offers an easily
recyclable Z-scheme photocatalytic system that has the potential for purifying wastewater with high concentrations (up to 100 mg/
L) of organic pollutants within 30 min of visible light exposition.

■ INTRODUCTION
Most durable plastics that people routinely use contain a
chemical compound known as bisphenol A (BPA). Higher
BPA dosages have been associated with adverse consequences
like infertility, some cancer kinds, and various other health
issues.1 Prenatal BPA exposure may have a long-lasting effect
on the development of cancer in specific organs. Hormone-
related malignancies could also arise as a result of regular
exposure to high-content BPA.1 Consumers are routinely
exposed to this extensively used chemical through food,
beverages, and water sources, as minute levels may seep out or
leach out from the food packaging.2,3 Organic dyes are another
class of commonly occurring pollutants in wastewater due to
their excessive use in a wide range of products. To get rid of
these kinds of organic contaminants from water bodies,
photocatalysis has been proven to be a simple, effective, and
inexpensive process that uses photocatalysts and light sources
only.4−6 Development of visible light active multicomponent
heterostructure catalytic system with superior performance
over single component catalysts like TiO2, ZnO, Ag3PO4, CdS,
WO3, etc. in terms of efficacy, stability, and facile regeneration
is desirable.7−9 Very often, these heterostructure systems have

cumbersome synthetic procedures and lack adequate activity
for the removal of these organic contaminants at higher
concentrations.
It has already been established that Z-scheme photocatalytic

systems have better charge carrier separation and more
efficiency as compared to other conventional heterostructures
due to the perfect band alignments and higher redox potential
ability of the system. For a perfect Z-scheme heterostructure,
two photocatalysts viz. one H2-producing (having negative
ECB) and the other O2 (having positive ECB) were commonly
employed and often with the assistance of an electron
shuttle.10 Tada et al. recommended the all-solid-state Z-
scheme photocatalyst11 for the first time to widen the practical
scope of the liquid-phase Z-scheme process. In these systems, a
solid such as noble metal Au, Ag, or conductive carbonaceous
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material substitutes for the original liquid electron shuttle.12,13

Amal and co-workers14 used the reduced graphene oxide as a
solid electron mediator for water splitting under visible light.
Poly meta-aminophenol (PmAP), a derivative of polyaniline

(PANI) with two potentially active functional groups (−NH2
and −OH) possesses good adsorption capacity in comparison
to PANI with relatively good conductivity, electrochemical
recurrence, and stability in water-based solutions.12,15 Many
studies have been published on the use of polyaniline in
photocatalysis,16−21 but there is no report available to date on
the use of PmAP in a photocatalytic system as far as we are
aware. In this work, the PmAP was introduced in a Z-scheme
catalytic system with H2 evolving (CoFe2O4) and O2 evolving

(Ag3PO4) cocatalysts. CoFe2O4 (CFO), being a magnetic iron-
based semiconductor oxide with high chemical stability, low
toxicity, and high coercivity, has garnered significant interest in
the field of photocatalysis.20 Many review articles have been
published focusing on its augmented activity in wastewater
treatment and H2 production from water.

20−22 The potential of
CoFe2O4 in H2 evolution reactions via water splitting,
superconductivity, photocatalysis, and lithium-ion batteries
has been explored.23,24 Use of the CoFe2O4, neat or in
association with a cocatalyst/noble metals for H2 production
has been reported by several workers.25−27 In contrast, Ag3PO4
is a superior visible light active catalyst that has 90% quantum
efficiency in oxygen evolution reactions.28−30 It has dozens of

Scheme 1. Schematic Representation of Synthesis Methods for Ag3PO4, CFO, and PAC-10 Catalysts
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times more potential than the commercial TiO2 and BiVO4
catalysts in terms of dye degradation reactions.28−30 The
combination of both CFO and Ag3PO4 showed exceptional

photoactivity in dye removal applications but failed with highly
concentrated dye solutions and recyclability points.31−33 Many
authors designed the Z-scheme catalyst based on Ag3PO4/

Figure 1. SEM image of the Ag3PO4, CFO, and PAC-10 Z-scheme heterojunction system. AFM images depicting 2D topography (left) and their
height distribution in nanometers (right) for the PAC-10 composite.
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CoFe2O4 with and without a mediator or electron shuttle.
31−35

Herein for the first time, PmAP was used in this heterojunction
as a mediator to yield a Z-scheme heterojunction with
augmented activity for remediation of highly concentrated
aquatic pollutants within minutes under visible light illumina-
tion. Establishing a dynamic equilibrium among the mediator’s
electron-donating and electron-accepting capabilities is the
difficult part of creating a solid-state electron mediator as it
keeps the mediator mostly unaltered during the process.14,50

An ongoing electron flow between the source and target
photocatalysts is also dependent upon the photocatalyst
mediator photocatalyst contact interface.
Keeping these points in mind, the PmAP was designed and

employed as the solid-state electron mediator that has excellent
electrical conductivity, stable chemical structure under ambient
circumstances, and π-conjugate long-chain polymeric structure
with an easy synthetic procedure. Furthermore, the desire for
clean water with a simple effective recovery process of the used
photocatalyst after the reaction led to the selection of the
PmAP/Ag3PO4/CoFe2O4 magnetic composite system.

■ EXPERIMENTAL SECTION
Synthesis of PmAP. PmAP was synthesized via a chemical

polymerization method36,37 utilizing ammonium persulfate as
the oxidant. To initiate the synthesis, 0.03 mol of m-amino
phenol was combined with 50 mL of aqueous hydrochloric
acid (1.8 M) in a double-necked round-bottom flask.
Subsequently, a solution containing 0.045 mol of ammonium
persulfate, dissolved in 25 mL of water, was added dropwise to
the monomer solution over the duration of 1.0 h under
constant stirring. Following the completion of the addition, the
entire content in the flask was subjected to heating at 80 °C
with continuous stirring for a period of 10−12 h. This thermal
treatment resulted in the formation of a deep brown precipitate
of PmAP. The precipitate, separated through filtration, was
subjected to washing with 4 M hydrochloric acid several times
to eliminate any residual unreacted monomer or oligomers and
then with distilled water until the filtrate achieved neutrality.
Finally, the purified PmAP was dried at 70 ± 2 °C in a vacuum
oven for 12 h.
Synthesis of Cobalt Ferrite. Cobalt ferrite nanoparticles

were successfully synthesized by a hydrothermal method. A
precursor solution was prepared by dissolving FeCl3·6H2O
(13.51 g, 2 mol) and CoCl2·6H2O (5.94 g, 1 mol) separately in
30 mL of distilled water. The two solutions were then
combined under continuous stirring, and glycerol (0.078 M)
was slowly introduced. The pH of the resulting solution was
carefully maintained at ∼12.0 through the controlled addition
of dilute sodium hydroxide. Following the formation of a
brown precipitate, the entire mixture was further stirred for 30
min before being transferred to a Teflon-lined autoclave. The
autoclave was sealed and subjected to hydrothermal treatment
in an oven set at 180 °C for a duration of 6 h. After the mixture
cooled, the black precipitate was separated through centrifu-
gation, subjected to multiple washes with distilled water to
eliminate chloride ions, and subsequently dried at 80 °C
overnight. The resulting dried materials were securely stored in
airtight containers for future utilization.
Synthesis of Silver Phosphate. For the synthesis of silver

phosphate, solutions of AgNO3 (0.3 M, 1.27 g) and
(NH4)2H2PO4 (0.45 M, 1.29 g) were prepared in separate
beakers. The controlled addition of (NH4)2H2PO4 solution
into the solution of AgNO3 under constant stirring at a

temperature of 45 °C over a period of 4 h resulted in the
formation of a discernible yellow precipitate. The separated
silver phosphate was thoroughly rinsed with a solution of
ethanol/water (65/35 v/v %) to eliminate impurities. The
washed product was finally dried overnight at 80 °C.
Construction of Visible-Light-Driven PmAP/Ag3PO4−

CoFe2O4 Z-Scheme Heterojunction (PAC-10) Systems.
In the pursuit of developing efficient hybrid composites for dye
mineralization applications, a two-step process was employed
to prepare the PmAP/Ag3PO4−CoFe2O4 Z-scheme hetero-
junction system. Initially, stochiometric amounts (10 wt %) of
the prepared Ag3PO4 and CoFe2O4 (80 wt %) were
ultrasonically homogenized in 20 mL of distilled water for
30 min. Simultaneously, PmAP (10 wt %) was synthesized via
the chemical polymerization method as described above to
which the suspension of CoFe2O4 and Ag3PO4 was added. The
whole reaction mixture was heated at 80 °C with continuous
stirring for 10−12 h, resulting in the formation of a solid
PmAP/Ag3PO4−CoFe2O4 Z-scheme heterojunction (PAC-
10). The ensuing solid composite material was vacuum
filtrated, thoroughly washed with ethanol/water (65/35 v/v
%), and dried at 70 °C overnight.
The schematic representations of all of the synthesis

processes are shown in Scheme 1.

■ RESULTS AND DISCUSSION
Morphological Analysis. The as-prepared photocatalyst

materials were examined by using scanning electron micros-
copy (SEM) to investigate their morphological structure and
interfacial features. The morphological observations of
Ag3PO4, CFO, and PAC-10 heterojunctions are depicted in
Figure 1. The analysis reveals that pure Ag3PO4 has practically
spherical shapes with diameters in the 100−400 nm range. In
the case of pristine CFO, agglomerated clusters with unclear
morphology and the size of the particles are observed.
Interestingly, the SEM image of PAC-10 heterojunction
shows that the big CFO particles (1−2 μm) and the small
Ag3PO4 particles (300−400 nm) are effectively combined
indicating an excellent connection among the CFO and
Ag3PO4 components owing to the presence of conducting
PmAP layers. This observation also indicates the successful
synthesis of the Z-scheme PAC-10 heterojunction system
through an easy hydrothermal process that helped the growth
of the structures on the continuous layers of the PmAP.
However, the intergranular aggregation of nanoparticles
obscures the clear morphological view in the PAC-10
nanocomposite through the SEM analysis.34,35 This agglom-
eration might be due to the presence of interfacial grain
reactivity owing to the magneto statics interaction and the
exchange dipole moment of particles having wide surface active
sites in the PAC-10 heterojunction system.38−40 The PAC-10
AFM top view analysis also confirms the similar rough
topology and morphology with agglomerated particles, as
depicted in Figure 1. It shows (2-D) AFM images as well as the
height variations and roughness of the sample. As can be seen
in the figure, for PAC-10, the size distribution is quite narrow.
The representative AFM image and particle size distribution
histograms for PAC-10 with a mean height value of 594.00 nm
are shown in Figure 1.
To get more insight into the interfacial connection between

the particles of CFO, Ag3PO4 on the PmAP layers, TEM
analysis was employed for the PAC-10 photocatalytic system.
The close integration of the CFO and Ag3PO4 particles with
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the PmAP sheet is evident from Figure 2a,b. The obtained
images demonstrated the fact that the PmAP structure consists
of several layers exposing more edges. It also supports the well-
decorated ornamentation of PmAP polymer layers with the
large CFO and tiny Ag3PO4 particles. Unlike SEM, in TEM
analysis, the individual semiconductor catalysts are noted very
clearly. Particle aggregation in the SEM data made it
impossible to compute the precise particle sizes of individual
catalysts. TEM also shows that the CFO is in contact with the
PmAP layers that have sizes within 100−300 nm. While the
Ag3PO4 nanoparticles are found to be 10−30 nm in size and
evenly spread over the polymeric layers. In the AFM of PAC-
10 (Figure 2c), the observed 3-D surface topography is also
uneven/rough. This implies that the sample consists of many
sheetlike structures that create a layered object along with the

Ag3PO4−CoFe2O4 nanocomposites, which are attached on the
layered surface evenly.
Additional evidence of the existence of the PmAP surface

tailored with CFO and Ag3PO4 particles is provided by the
high-resolution TEM (HRTEM) images of the PAC-10
heterojunction system presented in Figure 3. Using HRTEM
images, the confirmation of synthesis and internal structure of
the CoFe2O4 and Ag3PO4 nanoparticles on the PmAP layers
were examined and are shown in Figure 3a. Based on HRTEM
images (Figure 3a), the interplanar spacings of the cubic spinel
crystals of CoFe2O4 and Ag3PO4 were calculated. The layer
spacing of 0.297 nm can be ascribed to the (220) crystal plane
of CFO, while that of 0.23 nm to the (210) crystal plane of
Ag3PO4

40 further confirms the successful design of the PAC-10
composite. The corresponding chemical constituents of PAC-

Figure 2. TEM analysis of the PAC-10 composite catalyst (a, b). (c) 3-D AFM images height map of the PAC-10 composite catalyst.

Figure 3. (a) HRTEM analysis, (b) EDS spectrum, and (c) elemental mapping of the PAC-10 nanocomposite.
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10 heterojunction were verified by EDS analysis, which shows
the presence of Ag, P, O, Co, Fe, C, and N elements in the
PAC-10 (Figure 3b). To make sure the elements were
distributed uniformly, EDS elemental mapping was taken at
several places in the specimen which shows uniform
distributions of constituent elements throughout the nano-
composite. Uniform distributions of constituent elements over
the entire morphology without the presence of any unintended

elements corroborating the purity of the synthesized PAC-10
composites.
Structural Analysis. The results obtained from the

HRTEM analysis are found to be consistent with the XRD
data analysis, which can be verified in Figure 4. In the powder
XRD pattern of pristine PmAP, the characteristic peak at 2θ =
25.2° due to the (002) plane ascertains the formation of PmAP
(Figure 4a). The XRD pattern of pristine CFO nanoparticles
shows the existence of six clear distinctive peaks at 2θ = 30°,

Figure 4. (a) XRD of PmAP, (b) CFO, Ag3PO4, and PAC-10 catalysts, with corresponding HRTEM analysis and SAED pattern of PAC-10
depicting consistent results with XRD analysis.

Figure 5. (a) Full XPS survey of PmAP/Ag3PO4/CoFe2O4 (PAC-10) composite; (b) Co 2p, (c) Fe 2p (d) O 1s, (e) Ag 3d, (f) P 2p, (g) N 1s, and
(h) C 1s XPS scan spectra of PAC-10 composite.
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35.3°, 43.2°, 53.2°, 56.8°, and 62.5° which are characteristic of
the spinel ferrite structure and matched to the (220), (311),
(400), (422), (511), and (440) planes, respectively (JCPDS
standard data, Card No. 22-1086).40 The characteristic peak of
PmAP is not clearly observed in PAC-10 due to its relatively
lower intensity. The XRD pattern of Ag3PO4 corresponds to
the cubic crystal form (JCPDS code no. 06-0505).41 The
diffraction pattern of the PAC-10 composite shows similar
patterns of peaks including characteristic planes of Ag3PO4
(210), (110), (310), and (511) and CFO (220), (311), (320),
(440), etc. confirming the effective combination of the CFO
and Ag3PO4 in the composite catalyst. From the SAED array of
the PAC-10, the polycrystallinity of the heterostructure
nanocomposite could be recognized. The patterns of the
concentric rings of the PAC-10 composite are assigned to the
planes of both the semiconductors on the surface of polymeric
layers.42 This confirms the formation of the PAC-10 composite
effectively on the conducting PmAP layers. The XRD analysis
data were further matched with the microscopic structures of
CoFe2O4 and Ag3PO4, inspected through HRTEM with SAED
images, and depicted in Figure 4. The diffraction ring pattern
shows a light-dark pattern in a ring-like arrangement. The
diffraction rings are identified from inner to outer as the (210),
(211), (310), (511), and (440) planes, which provide evidence
of the presence of both semiconductor crystals. The SAED
images of PAC-10 samples show spotty ring (discontinuous
ring) patterns, revealing their crystalline spinel structure of
CFO and cubic crystal structure of Ag3PO4. Measured
interplanar spacing (dhkl) from SAED patterns are in good
agreement with the values in the standard data (JCPDS Card
No. 22-1086). The distances between the adjacent lattice
fringes were measured to be 0.29 and 0.23 nm, which
corresponded to the d-spacings of the (220) of CFO and

(210) of Ag3PO4 nanoparticle planes, respectively, showing
that the particles are deeply connected on the polymer surface.
Furthermore, the investigation presented above suggests that
the conductive PmAP structured layers facilitated the uniform
and efficient growth of the crystals, resulting in the formation
of a composite heterojunction system.
To obtain information about the elemental and oxidation

states on the surface and interface, an XPS analysis of PAC-10
was carried out. As seen from Figure 5a, the full XPS spectral
survey displayed all the elemental peaks present in the PAC-10
composite. No peaks for any other elements support the purity
of the sample. The spectrum of individual elements was
analyzed to know their chemical state. In Figure 5b, the Co 2p
spectrum with two main peaks at 873.33 and 855.71 eV
corresponds to binding energies of Co 2p1/2 and Co 2p3/2,
respectively, which indicates Co2+ ion presence. The other two
shoulder peaks observed are ascribed to the satellite peaks. The
peaks at 711.21 and 724.62 eV in the Fe 2p spectrum (Figure
5c) refer to binding energies of Fe 2p3/2 and Fe 2p1/2,
respectively, and the peak at 718.01 eV is related to the
shakeup satellite peak, confirming that Fe is mainly present as
Fe3+ state in PAC-10 composite.43,44 The O 1s spectrum
(Figure 5d) consisting of two peaks at 529.25 and 533.69 eV
corresponds to lattice oxygen and the surface hydroxyl groups
in the composite, respectively. The O 1s scan confirms the
presence of oxygen moiety in the composite abundantly in the
form of CoFe2O4, PmAP, and Ag3PO4. The Ag 3d spectrum of
PAC-10 is displayed in Figure 5e, and the peaks at 368.5 and
374.5 eV correspond to binding energies of Ag 3d5/2 and Ag
3d3/2, respectively, proving that the main valence of a silver
element is Ag+. The absence of any characteristic peaks of Ag0
suggests that metallic Ag has not been produced in the
preparation process of the composite, which is consistent with

Figure 6. (a) UV−vis DRS spectra, (b) PL spectra, (c) FTIR spectra of CoFe2O4, Ag3PO4, and PmAP/Ag3PO4/CoFe2O4 composites; and (d) the
plots of (αhν)2 vs hν for CoFe2O4, Ag3PO4, and PAC-10 composite, respectively.
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XRD results. The binding energy of P 2p at 134.18 eV is
assigned to the PO43− form of the P 2p scan (Figure 5f).
Furthermore, the N 1s spectrum is divided into three peaks at
399.5, 402.05, and 407.28 eV, which can be assigned to
−NH=, M−NH, and −N+=, respectively.45,46 In particular, the
presence of M−NH further proves that there is a chemical
interaction among the PmAP π-conjugated structure, Ag3PO4,
and CoFe2O4, which is also consistent with XRD and HRTEM
results. The C 1s signal shows two major peaks at 285.5 and
289.6 eV. The lower binding energy feature is clearly related to
aromatic carbons, whereas that at 289.6 eV reveals the
presence of aromatic carbons bound to nitrogen or oxygen
as shown in Figure 5h.47

Optical Analysis and Band Gap Determination. The
optical absorption characteristics of the CoFe2O4, Ag3PO4, and
PAC-10 samples were analyzed through UV−Vis DRS spectra.
As observed in Figure 6a, the pristine CoFe2O4 and Ag3PO4
exhibit absorption bands having edges of 500 and 450 nm,
respectively. After combining PmAP, Ag3PO4, and CoFe2O4,
the final heterostructure photocatalyst exhibited improved light
absorption capability along with broad absorption peaks in the
entire solar light (200−800 nm) range, as compared to pure
Ag3PO4 and CoFe2O4. Additionally, the initial absorption
bands of PAC-10 composite between 238 and 389 nm
correspond to the π−π* transition caused by the benzenoid
ring and the conjugated polymeric chains of PmAP. The
absorption bands at around 589 and 650 nm might be due to
the n−π* transition, which corresponds to heteroatoms like
nitrogen and oxygen going through nonbonding lone pair
electron transitions.48 Overall, the incorporation of PmAP in
the ternary composite, PmAP/Ag3PO4/CoFe2O4, helps in the
absorption of a wider range of visible/solar lights, which in
turn improves the photocatalytic efficiency of the material.
The photoactive efficacy and the fate of the charge carriers

upon illumination of photon were analyzed from the
photoluminescence (PL) spectra of the synthesized materials
(Figure 6b) recorded after excitation at 410 nm. The figure
depicts a significant reduction of PL intensity in PAC-10 as
compared to the individual components, suggesting that the
e−/h+ separation is enhanced in the ternary composite. In
other words, the recombination of charged species is lowest in
the case of PAC-10 composite owing to the migration of
electrons through the Z-scheme transfer path. The employ-
ment of PmAP as an electron mediator created a conducting
charge-transferring channel that improved the interfacial
electron migration across the Ag3PO4 and CFO particles,
ultimately strengthening the separation efficiency of electron−
hole pairs.
The FTIR spectra of different catalysts are depicted in

Figure 6c. The FTIR of PmAP shows two distinct absorption
bands at 1585 and 1494 cm−1 due to the C=C stretching
vibrations of the quinoid and benzenoid rings, respectively.
Stretching vibrations (C−N) of conjugated aromatic rings and
stretching of the polaron (C−N−C) are responsible for the
peak at about 1298 cm−1 and the weak shoulder at 1240 cm−1,
respectively. The stretching vibration of N−Q−N (where Q
stands for quinoid ring) causes the strong band at 1110 cm−1.
The C−H bond bending vibrations are represented by the
peaks at 830 and 516 cm−1. The strong broadband, appearing
at 594 cm−1, in the FTIR spectrum of CFO, is caused by the
intrinsic Co−O stretching vibration of spinel ferrite. The peaks
at around 1015 and 1162 cm−1 can be attributed to the Fe−Co
alloy system. The distinctive peaks for pure Ag3PO4 appeared

at 1009 and 553 cm−1, respectively, and they represent the
bending vibrations of the −=P−O groups and the asymmetric
stretching vibrations of the P−O−P groups. The entire above
signature peaks of individual materials are seen in the spectrum
of the PAC-10 heterojunction system signifying the successful
synthesis of the hybrid catalysts with the desired structures and
functional groups.
The band gap energy (Eg) of Ag3PO4, CoFe2O4, and PmAP/

Ag3PO4/CoFe2O4, estimated by extending the linear portion of
the (αhν)n vs hν plots,43,47 are found to be 2.43, 1.72, and 1.58
eV, respectively (Figure 6d). The observed band gap values of
CFO and Ag3PO4 are similar to the previously reported
values.43 The addition of PmAP significantly affects the band
gap value of the resulting heterojunction system (PAC-10). As
seen in Figure 6d, the PAC-10 composite exhibits a band gap
value lowered by 0.85 units from Ag3PO4 and 0.14 units from
CFO. The decreased band gap energy indicates improved
electrical and optical properties of the hybrid material after the
incorporation of PmAP acting as an electron shuttle.49−51 It
could be related to the uniform dispersion of Ag3PO4 and CFO
particles on the PmAP sheets, as evident from the
morphological analysis, which creates conductive networks
throughout the matrix.49−51 Furthermore, the decrease in the
band gap value after the formation of the Z-scheme
heterojunction system implies the electronic coupling between
the semiconductor CFO and Ag3PO4, owing to the unique
conducting surface of the polymer.
Electrochemical Analysis. The as-synthesized materials

were first examined using Mott−Schottky (M−S) plots to
identify the flat-band potentials and nature (n- or p-type)
semiconducting materials. A simple M−S analysis is detailed in
Figure S1a,b for CFO and PmAP (ESI). The slope of the curve
indicates the semiconductor charge carrier density, whereas the
intercept on the x-axis signifies the flat-band potential. From
the figure, the M−S plots for both CFO and PmAP display p-
type behavior. On extrapolation of positive slope to the x-axis,
the estimated flat band values vs RHE are +1.1 and +1.32 V,
respectively. Again, Figure S1c demonstrates the semicircular
Nyquist plots of the Z-scheme PAC-10 composite. In general,
a smaller arc radius indicates a reduced barrier to charge
transfer, which causes electrons to migrate over the contact
more quickly.43,52 Herein, a small arc radius of the PAC-10
composite expresses swift electron migration within the
heterojunction of the catalysts.
VSM and BET Surface Area Analyses. The magnetic

properties of pure CFO and the PAC-10 composite were
investigated with a vibrating sample magnetometer (VSM) at
room temperature, and magnetization curves are presented in
Figure S2 (ESI) which represents the magnetic behavior of the
samples. As evident, the saturation magnetization (Ms) of CFO
(42.63 emu/g) is decreased in the case of PAC-10 (29.58
emu/g) due to the addition of nonmagnetic components in the
composite but is still sufficient enough for effective separation
by use of an external magnet (inset Figure S2).
Furthermore, to know the effect of the PmAP on the

composite, the surface area of the catalysts was analyzed and
the BET results show that the specific surface area of neat CFO
(25.8 m2/g) is relatively lower than the previously reported
value primarily due to higher agglomeration of nanoparticles in
the present case.53 On the addition of PmAP, the surface area
is increased by about 25% (32.4 m2/g) due to the
incorporation of layered PmAP and Ag3PO4 nanoparticles
onto CFO in the PAC-10 heterojunction system.
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High Concentrated Contaminant Removal Analysis.
The photoactivity of the as-synthesized Ag3PO4, CFO, PmAP,
and PAC-10 was investigated by taking 100 mg/L reactive dyes
(RB 19, RR 35) and 70 mg/L of BPA solutions. A comparative
study of the ability to degrade the highly concentrated
colored/colorless organics with and without light irradiation
is illustrated in Figure S3 (ESI). All dark and visible light
reactions were consistently performed under identical con-
ditions to assess the adsorption and degradation capabilities of
the studied samples. The percentage of RB-19 adsorption by
PmAP, CFO, Ag3PO4, and PAC-10, are found to be 22.3, 13.5,
8.5, and 28.4%, respectively. This adsorptive ability of PmAP is
primarily due to the strong lone pair electrons present in
−NH2/OH functional groups that provide efficient adsorption
ability. CFO exhibits good adsorption to contaminants owing
to the positively charged surface of the catalyst. In comparison,
PAC-10 exhibits greater adsorption ability for both BPA and
reactive dyes than the individual catalysts. Concurrently, the
visible light adsorption/degradation of RB 19 yielded 33.7,
32.4, 90.3, and 99%, respectively demonstrating the effective-
ness of the samples in degrading the dye under visible light
irradiation. Similarly, RR 35 adsorption under dark conditions

shows the removal of 23.4, 13.5, 8.5, and 28.4% in the presence
of PmAP, CFO, Ag3PO4, and PAC-10, respectively. Notably,
visible light reactions of PmAP, CFO, Ag3PO4, and PAC-10
resulted in adsorption/degradation of 33.5, 35.5, 92, and
99.3%, respectively. In the case of BPA, the percentages of
adsorption using PmAP, CFO, Ag3PO4, and PAC-10 are 28.3,
10.5, 15.4, and 20.4%, respectively, whereas visible light
adsorption/degradation results are 36.4, 25.2, 64, and 99%,
respectively.
The details of photoactivity of PAC-10 toward varying

concentrations of BPA, RB 19, and RR 35 under visible light
illumination are summarized in Figure 7. After agitation of
BPA/dye solution with a catalyst for 30 min in the dark, the
reactant solution was irradiated with visible light. Figure 7a−c
exhibits repetitive UV−visible spectral scans of reactive dyes
(100 mg/L) and BPA (70 mg/L) over the reaction period. It is
seen that almost 100% of BPA is degraded within 60 min while
complete degradation of reactive dyes is archived in about 30
min of irradiation. The fast degradation of highly concentrated
reactive dyes/BPA using a small amount (0.33 g/L) of PAC-10
is worth noting. It may be noted that there is no shift in the
absorbance band in the degradation process of reactive dyes or

Figure 7. Photocatalytic activity of PAC-10 composites (catalyst dosage: 0.05 g) for (a) BPA (70 mg/L), (b) RB 19, and (c) RR 35 (100 mg/L)
pollutants degradation under visible light irradiation. (d, e) Photocatalytic activity of the PAC-10 composite with different initial reactive dye
concentrations, (f) Recyclability tests up to 5th run over the PAC-10 catalyst with RB 19 dye (catalyst, 0.05 g; concentration, 100 mg/L). (g−i)
Linear fitting of the visible light degradation profiles to the first-order kinetic model of RR 35 (20 mg/L), RB 19 (20 mg/L), and BPA (20 mg/L)
in the presence of the PAC-10 catalyst.
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BPA, indicating their mineralization to smaller products like
CO2 and H2O rather than fragmentation of organics into their
smaller organic byproducts.52 The recyclability test for five
consecutive cycles using RB 19 dye (100 mg/L) shows a
marginal decrease in activity indicating the stability and
efficiency of PAC-10. The experimental degradation data
were well-fitted to the first-order kinetic model (eq 1) with
high correlation coefficient (R2) values.

C
C Ktln 0 = (1)

where C and C0 are the final and initial concentrations of dyes/
BPA degraded at time t, respectively, and k is the observed rate
constant (time−1). The results were treated as first-order
kinetics by plotting ln(C0/C) versus t.
Since durability represents an essential feature of a viable

photocatalyst, comparative recycling studies using RR 35 were
also carried out in the presence of pure CFO, Ag3PO4, and
PAC-10 composite under identical conditions, and results are
presented in Figure S3g. In comparison, the PAC-10 showed a
significantly higher reusability feature than individual catalysts.
Pure Ag3PO4 is found to have a high rate of surface
corrosion,54,55 which degraded 60−80% of RB-19 and RR 35
dyes (100 ppm) and has essentially little capacity for recycling.
Many researchers tried to prevent the self-corrosion property
of Ag3PO4 with surface modifications and doping such as Zr
doping, La, Zr codoped, and facet engineering of Ag3PO4.

54,55

This work successfully demonstrated the prevention of
corrosion of Ag3PO4 structure in PAC-10 heterojunction
with increased recycling ability of the catalyst. To confirm the
intactness of the sample, the filtrates were collected after the
fourth cycle of the photoreaction and analyzed through the
ICP-OES method to detect the amount of leached metallic
ions from the PAC-10 catalyst. Interestingly, no metallic ions
are detected in the filtrate, indicating that the Z-scheme
catalyst is stable, recyclable, and effective for the photo-
degradation of organic contaminants.
Mineralization Study through TOC Analysis. Total

organic carbon (TOC) analyses at different time intervals
during the photodegradation of BPA, RB 19, and RR 35 under
optimized conditions were performed to monitor the loss of
organic carbon due to mineralization (Figure 8a−c). From the
figure, it is evident that the TOC removal due to photo-
mineralization of BPA, RB-19, and RR-35 is 93.7, 97.1, and
97.7%, respectively. It is worth noting that for a particular dye
or BPA, the degradation efficiency (%) is higher than the
percentage of TOC removed under the same testing

conditions, presumably due to the absorption of some free
radicals by the pollutants along with other products emerging
from degradation. From the above observations, it can be
concluded that almost complete removal of these organic
pollutants can be achieved from synthetic wastewater using
PAC-10 under visible light irradiation. Moreover, the reactant
solutions became practically colorless after the photocatalytic
treatment.
Mechanistic Analysis. Through the PAC-10 catalyst, we

have concluded swift mineralization of highly concentrated
organic molecules. Pristine Ag3PO4 and CFO did not show
much efficacy in activity and recyclability in high-concentration
dye removal experiments, while PAC-10 showed almost
quadrupled activity with good stability compared to the
individual catalysts presumably due to maneuvering of the Z-
scheme transfer path of photogenerated electrons and holes
rather than conventional heterostructures. Furthermore, the
conducting PmAP polymer has intriguing characteristics that
make it a viable option to be used as a solid-state electron
mediator in the Z-scheme design. The amino and other
functional groups present in PmAP may favor its binding with
other substances perfectly and as such, the PmAP-based
composites will have more active sites for greater capability of
interaction with the contaminants for the reaction. Owing to
the special π-conjugated frameworks, PmAP has excellent
environmental stability, higher electrical and proton trans-
mission in acidic environments, as well as unique redox
properties.56 In addition, the PmAP has a thin π-conjugated
structure with a relatively higher surface area that can provide
better support to develop a solid interaction between the
semiconductor materials.57 From the above discussion, it may
be concluded that the PmAP having a π-conjugated structure,
unique electrochemical properties, the presence of distinctive
functional groups, and conductive nature helps in the proper
electron transfer mechanism in the Z-scheme heterojunction
system.
The process of photocatalysis for the removal of pollutants

involves the initial excitation of electrons from the valence
band (VB) to the conduction band (CB) by using photons
with enough energy. The availability and separation of electron
and hole pairs are the cornerstones of this procedure.
Generally, superoxide (·O2−) and hydroxyl (·OH) radicals
are produced on the semiconductor surface having appropriate
band edge alignments. Both reactive species can break down
the organic contaminants into less harmful compounds like
H2O, CO2, etc. Superoxide anion radical formation requires
the CB to be higher (more −ve) than the oxygen-reducing

Figure 8. TOC of the irradiated (a) BPA, (b) RB 19, and (c) RR 35 using the PAC-10 heterojunction.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09943
ACS Omega 2024, 9, 19968−19981

19977

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09943/suppl_file/ao3c09943_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09943?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09943?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09943?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09943?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09943?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


potential (−0.33 V) while hydroxyl radical generation requires
the VB to be lower (more +ve) than the potential for water
oxidation (2.33 V).58,59 In the case of the CFO semiconductor,
the formation of hydroxyl radicals is less likely as its VB
position lies above the potential of water oxidation (+2.17 V).
On the other hand, the Ag3PO4 has a deep VB that can easily
produce hydroxyl radicals but not superoxide radicals owing to
the positive CB position (+0.45 V). Due to the lack of potency
of the individual catalyst band structure, the type-II charge
transfer pathway is not possible to produce the desired radicals.
Hence, a tenable mechanism is constructed for the PAC-10
photocatalytic behavior through the Z-scheme charge transfer
pathway and explained further.14

A feasible mechanism for the action of PmAP as a solid-state
electron mediator in the present photocatalytic system using
the Z-scheme is depicted in Figure 9. As shown in the figure,

Ag3PO4 (O2 photocatalyst) and CFO (H2 photocatalyst)
adhered to one another on the surface of the PmAP
conducting polymer. Electrons in the VB of Ag3PO4 and the
CFO are photoexcited to move into the CB with exposure to
visible light. The lack of an absorption edge for PmAP suggests
that the PmAP in the current system does not have an energy
gap, based on the UV−vis spectra10,42 of PmAP/CFO (Figure

S4). These facts suggest that PmAP does not participate in the
production of electrons and holes through the absorption of
visible light. Alternatively, PmAP used in this study exhibits the
characteristics of an electron conductor. Hence the photo-
generated electrons available in the CB of Ag3PO4 quickly get
transferred to the VB of CFO since the CFO and Ag3PO4
particles are strongly connected with the conductive PmAP
layer. A full cycle for removing organic pollutants is achieved
when the holes in the VB of Ag3PO4 oxidize water to ·OH and
the electrons in the CB of CFO reduce O2 to ·O2−

simultaneously. Previous findings14,61 reported this direction
of electron flow efficiently. In this work, the PmAP conducting
polymer creates paths that allow electrons created in the O2-
developing photocatalyst to travel to the H2-developing
photocatalyst, which, in turn, uses the Z-scheme pathway for
the destruction of organics. Unlike the type-II system, which
drives the flow of electrons from the upper CB to the lower
CB, in the current Z-scheme system, the electrons flow from
the CB of Ag3PO4 to recombine with the VB of CFO through
the conducting PmAP and produce the desired active species
for the reactions. For this, a quenching study and terephthalic
probing experiment were conducted to determine the sorts of
free radicals developed during the photoreaction to verify the
Z-scheme mechanism was explained henceforth.
Verification of the Z-Scheme Charge Transfer Path-

way. To gain information on the Z-scheme charge transfer
pathway, the terephthalic acid fluorescence probe technique
was used, to trap the ·OH radical formation upon illumination
of light energy.60,61 Terephthalic acid is one of the most
appropriate ·OH probe compounds for the elucidation of the
photocatalytic catalytic mechanism. This acid reacts to ·OH,
present in the environment, to form a highly fluorescent
product viz. 2-hydroxy terephthalic acid that shows an
emission at 426 nm. For this, 0.05 g of PAC-10, Ag3PO4,
CoFe2O4, and PmAP catalysts were added to a terephthalic
acid solution. After the solution was exposed to light, the
fluorescence of the clear supernatant was measured. Figure 10a
illustrates a noticeable increase in the PL spectral intensity for
the heterostructure and Ag3PO4. Hence it validates that a
larger quantity of ·OH is forming on the PAC-10 photocatalyst
hybrid surface, which was mostly dependent on Z-scheme
transfer pathways. Interestingly, Ag3PO4 is showing a good

Figure 9. Mechanism of photoactivity in a Z-scheme photocatalysis
system consisting of CoFe2O4/PmAP/Ag3PO4 under visible-light
irradiation.

Figure 10. (a) Fluorescence spectra analyzed with 4 × 10−3 M NaOH solution of terephthalic acid (excitation at 315 nm) in the presence of
catalysts. (b) Effect of scavenging agents presence during 120 mg/L of RR 35 dye degradation.
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amount of ·OH formation, due to its deeper VB position. In
contrast, no fluorescent peak at 426 nm is observed in the cases
of pristine CFO and PmAP implying no ·OH radical formation
on the surface of the PmAP and CFO. To further appraise the
participating active species in the photodegradation of a
reactive dye (RR 35) with the exposure of light, different
quenchers were added to a solution containing RR 35 (120
mg/L) and PAC-10 catalyst (0.05 g). From the analysis of the
degradation of dye in the presence of different quenchers, a
drastic reduction in the photodegradation percentage is
observed in the cases of benzoquinone and 2-propanol (Figure
10b). This further indicates the greater contribution of ·OH
and ·O2− radicals in the degradation of the organics. Also,
some percentage of degradation was decreased in the presence
of e− and h+ scavengers such as K2Cr2O7 and Na2EDTA,
respectively, indicating their contribution to a lesser extent in
the degradation process. From the above, it is clear that
superoxide and hydroxyl radicals are primarily responsible for
the photodegradation process of PAC-10.
Furthermore, to authenticate the Z-scheme transfer pathway

of PAC-10, an in situ reduction of platinum (Pt4+) to Pt0

experiment was performed on the surface of the catalyst. For
this, photo deposition of platinum using stoichiometric
H2PtCl6·6H2O (1.0 wt % of PAC-10) over PAC-10 was
observed in the presence of visible light. Before the experiment,
the catalyst suspension was purged with N2 and then treated
with light illumination for 30 min. The catalyst sample,
collected after proper washing with distilled water until the
removal of chloride, was dried at 70 °C. The dried sample was
tested under HRTEM analysis to verify the metallic Pt
deposition area. In the HRTEM image of Pt-PAC-10 (Figure
S5, ESI), the estimated d-spacing is found to be 0.22, which is
indexed to the (111) reflection of face-centered cubic atomic
planes of the Pt particles on the CFO particles and nearby its
surface. This further confirms that the deposition of Pt0 takes
place on the surface of CFO rather than other surfaces. In
addition, there is no overlapping of lattice fringes of Pt0 and
Ag3PO4, which further supports that platinum was reduced
mostly on the surface of the CFO, and there may be some on
PmAP (during the e-shuttle process). This experiment
confirms that the transfer of charge carriers through the Z-
scheme pathway and the electrons are available on the surface
of CFO.61

■ CONCLUSIONS
In summary, we have shown that PmAP, which is readily
synthesized, may be utilized in a Z-scheme photocatalytic
setup as a solid-state electron mediator. PmAP, in contrast to
other conducting polymers, effectively transfers photoexcited
electrons from the positive conduction band containing
photocatalyst to the negative conduction band containing
photocatalyst, thereby greatly enhancing the activity with a
higher redox ability. Finding a balance between the particle
morphologies on the PmAP layers is crucial for effective
electron transport in a Z-scheme system. The current work has
opened up new avenues for the efficient and innovative
construction of highly concentrated organic contaminants
mineralization photo systems by using the polyaniline
derivative.
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