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A B S T R A C T

Herein, we report the Ohmic and Schottky junction (O-S scheme) Ag-r-GO-CuFe2O4-Fe3O4 nanocomposite (Ag-r-
GO-CFO-FO NCs) for effective photocatalytic activity against organic pollutants. Herein the O-S scheme mecha-
nism is achieved by the formation of Ohmic and Schottky junctions. The two interfacial charge carriers for accel-
erated phono formation and mass transfer and thus increase in the light-harvesting with electron traps for the
gerenation of reactive oxygen species (ROS). The photocatalytic activity of the constructed Ag-r-GO-CFO-FO NCs
was tested against organic dyes (red RB, orange 2R and black B) and the degradation efficiency was calculated to
be 99.8, 99.3 and 99.8% respectively. The radical quenching shows the formation of •OH and O2•- which plays
major role in the mineralization of organic pollutants. Total organic carbon (TOC) after the degradation of red
RB, orange 2R and black B by Ag-r-GO-CFO-FO NCs was 2.1%, 1.6% and 1.9% respectively, which shows the
complete mineralization of the pollutants. In addition, the real-time application of the photocatalytic efficiency
of NCs was performed against the effluent collected from dying industrial (which is a combination of red RB, or-
ange 2R and black B) and the degradation efficiency was 98.2%. Toxicity of the NCs was performed against
maize plants, the results show that the NCs are non-toxicity towards plants and can be used for real-time applica-
tion. The efforts provide evidence of the combination of two interfacial charge carriers (O-S scheme) to boost the
catalytic activity of the catalyst for water treatment.

© 20XX

Introduction

In the past few decades, environmental water contamination signifi-
cantly increased on modernization and industrialization which has de-
teriorated effect on environmental water bodies [1–4]. Freshwater con-
tamination is one the major crises in the world and the contamination
are categorized into industrial and municipal contaminants. The direct
discharge of non-treated wastewater causes hazardous effects to the
eco-system because of the stable and toxic organic pollutants like dye,
antibiotics, dissolved salts etc [5–7]. Several methods were employed

for the effective water treatment such as photolysis (with UV and
H2O2), osmosis, adsorption, active carbon, ozonation, advanced oxida-
tion process and photocatalysis. Among the available methods, photo-
catalysis is one of the most effective methods for the removal of organic
contaminants by using solar energy [8–12]. An ideal photocatalytic
process is to harvest the solar energy and rapidly produce e-/h+ pair for
the timely surface redox reaction on the mineralization of the pollutant
[13–16]. On the other hand, the realization of an effective photocata-
lyst has a major concern on the efficiency of mineralization of contami-
nants. The recent invention in the coupling effect of catalyst on the for-

⁎ Corresponding author.
E-mail address: sudheerkhans.sdc@saveetha.com (S. Sudheer Khan).

https://doi.org/10.1016/j.jiec.2024.01.046
1226-086/© 20XX

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.

https://doi.org/10.1016/j.jiec.2024.01.046
https://doi.org/10.1016/j.jiec.2024.01.046
https://doi.org/10.1016/j.jiec.2024.01.046
https://doi.org/10.1016/j.jiec.2024.01.046
https://doi.org/10.1016/j.jiec.2024.01.046
https://doi.org/10.1016/j.jiec.2024.01.046
https://doi.org/10.1016/j.jiec.2024.01.046
https://doi.org/10.1016/j.jiec.2024.01.046
https://doi.org/10.1016/j.jiec.2024.01.046
https://www.sciencedirect.com/science/journal/1226086
https://www.elsevier.com/
mailto:sudheerkhans.sdc@saveetha.com
https://doi.org/10.1016/j.jiec.2024.01.046
https://doi.org/10.1016/j.jiec.2024.01.046


CO
RR

EC
TE

D
PR

OO
F

2 B. Senthilmurugan et al. / Journal of Industrial and Engineering Chemistry xxx (xxxx) 1–13

mation of heterojunction enhances the photocatalytic activity, which
indeed on the formation of type I, II and Z-scheme heterojunction
[17–21]. Nevertheless, the formation of nano-heterojunction to im-
prove the catalytic activity of NCs is still not reached a satisfactory de-
gree. It is indeed to develop a tool for the effective mineralization of or-
ganic pollutants.

Ferrate-based semiconductor CuFe2O4 (CFO) has been widely used
for the photocatalytic reduction of organic compounds, owing to its
narrow band gap in the range of 1.5 to 1.95 eV, where the positive con-
duction band potential fails in the photoconversion of oxygen [22].
However, the coupling of CFO with Fe3O4 (FO) enables the effective
photoreduction and photo-oxidation between photosystem I and photo-
system II. The Fe3O4 semiconductor with higher negative conduction
bands enhances the effective charge transfer. Over pristine photosys-
tem, the sluggish photocarrier separation is still not desired to a satis-
factory degree [23,24]. Graphite-based material has been extensively
used as a photovoltaic and photocatalytic due to its extensive electronic
structure [24]. A quadrant nano-heterojunction on the coupling of r-GO
and Ag was employed to increase the charge separation and the elec-
tronic transfer between the photosystems [24,25]. Silver-based nano-
material is widely used in several applications due to its extensive sur-
face plasmon resonance properties [26]. The 2D sheet of Ag and r-GO
act as an electron trap which enhances the photoexcitation and thereby
increases the catalytic activity of NCs [24,27–29]. Here, the coupling of
the high positive potential conduction band (CFO) with the high nega-
tive potential valance band (FO) intent on the formation of an interfa-
cial Schottky barrier (Schottky-like junction) to facilitate the charge
transfer between the photosystems [30]. Meanwhile, the coupling of
Ag-r-GO with the Schottky-like junction forms an ohmic contact be-
tween the heterojunction (Ohmic like junction). Ohmic junction acts as
an electron trap and pumps the electron from Ag-r-GO to the Schottky
junction (CFO-FO) which facilitates the effective photo-oxidation and
photo-reduction of O2 and OH–.

TiO2 is an evident, promising, and standard photocatalyst which is
been already marketed as the standard nanomaterial for catalysis [31,
32]. Nevertheless, it has its own disadvantages like wide band gap and
mass transfer, whereas it is essential to develop a different nanomater-
ial system to overcome shortcomings. Herein, a quadrant nanohetero-
junction Ag-r-GO-CFO-FO NCs on the formation of Ohmic-Schottky
junction was constructed by sono-chemical method, which enables the
lattice oxygen defect and point defect. The photocatalytic activity of
novel O-S charge transfers a nanoheterojunction was studied against
the standard dyeing organic chemical. Further, the photocatalytic ac-
tivity was tested against the effluent collected from a dying industry.
Besides the lattice mismatch on the formation of quadrant nanohetero-
junction on the Ohmic-Schottky junction, O-S charge transfer mecha-
nism on the nanoheterojunction provides the facile and newfangled
strategy for the environmental water treatment.

Experiment

Synthesis of Ag-rGO-CuFe2O4-Fe3O4

Synthesis of r-GO-CuFe2O4The r-GO nanosheets were prepared via the Hummers method [30].
Here, CuFe2O4 nano-spines were fabricated by chemical co-
precipitation followed by reflux [33]. Briefly, 0.4 g of r-GO was added
to a solution contains 30 mL of CuSO4 (0.1 M), and 30 mL of FeSO4(0.2 M), and dispersed under ultrasonication for 20 min. Then, 5 mL of
NaF (0.2 M) and 30 mL of urea (0.2 M) were added to the above mix-
ture and kept in a stirrer for 20 min to obtain a homogenous mixture.
Then, the solution was transferred to the double necked round bottom
flask and kept at 110 ℃ for 18 h. The prepared nanomaterial was col-
lected by centrifugation, washed twice with ethanol and water, dried at

80 ℃ for 60 min. Then the prepared nanomaterial was calcinated at
500 ℃ for 5 h. The pure CuFe2O4 was fabricated in absence of r-GO.

Synthesis of r-GO-CuFe2O4-Fe3O4r-GO-CuFe2O4-Fe3O4 (r-GO-CFO-FO) nanomaterial was fabricated
by sono-chemical method [34]. Firstly, 0.192 g of r-GO-CFO was dis-
persed in 100 mL for 20 min with ultrasonic pulse rate of 30 sec (on):
10 sec (off). Then, 8 mM of FeSO4 was added to the above mixture and
stirred for 20 min to obtain a homogenous solution. Thereafter, 100 mL
of NaOH (0.1 M) was injected to the above mixture under ultrasonica-
tion with 3 sec (on): 1 sec (off) pulse. The formed nanomaterial was col-
lected by centrifugation, washed twice with water and ethanol, dried at
80 ℃ for 80 min and named r-GO-CFO-FO-30. Similarly, 4 mM and
6 mM of FeSO4 were used for the fabrication of r-GO-CFO-FO-10, and r-
GO-CFO-FO-20 respectively, and the pure Fe3O4 nanoparticles (FO NPs)
was fabricated in the absence of r-GO-CFO.

Synthesis of Ag-rGO-CuFe2O4-Fe3O4 NCs
Ag decorated rGO-CuFe2O4-Fe3O4 nanocomposite (Ag-r-GO-CFO-FO

NCs) was fabricated by a simple chemical reduction method [35]. Here,
the fabricated rGO-CuFe2O4-Fe3O4 was dispersed for 15 min in 50 mL
of AgNO3 (5 mM) (Solution A). Then, 50 mL of ice-chilled NaBH4 was
prepared and added dropwise to the above solution and stirred for
20 min. The prepared nanomaterial was centrifuged at 10000 rpm and
washed twice with ethanol and water. Here, the prepared NCs were
dried at 80 ℃ for 60 min and named Ag-r-GO-CFO-FO-5. Similarly,
3 mM and 1 mM AgNO3 were used for the fabrication of Ag-r-GO-CFO-
FO-3 and Ag-r-GO-CFO-FO-1 respectively.

Photocatalytic experiment

The photocatalytic activity of Ag-r-GO-CFO-FO, r-GO, CFO and FO
nanomaterial was performed against Red RB, Orange 2R and Black B
under the irradiation of 1000 W Halogen lamp with a working distance
of 15 cm (difference in the height between light and reaction mix-
ture),1 where UV filter was used for the visible light irradiation [36,
37]. Briefly, NCs (20 mg/L) were added to the 20 mL of organic dye
(100 mg/L) at pH 7 and the reaction mixture was stirred for 30 min to
obtain the adsorption equilibrium. Then, the reaction mixture was irra-
diated under visible light and the UV–visible absorption spectroscopy
was recorded in the range of 200 to 700 nm until the complete degrada-
tion of the organic dye. Similarly, the similar experiment was per-
formed with pH (5 to 9), NCs dosage (5 to 25 mg/L) and dye concentra-
tion (25 to 150 mg/L). The real-time application on the photocatalytic
activity of the NCs was determined by using industrial dye effluent col-
lected from Sivasakthi Tex, Tirupur, Tamil Nadu, India and the degra-
dation efficiency was calculated.

Experimental setup greenhouse pot experiment

Seeds of Trifolium repens with healthy condition were cultivated in
pots (25 cm × 30 cm) filled with sterilized clay soil. The selection of
chemical dosage was based on a preliminary study encompassing vari-
ous concentrations (0–500 mg/L). The plants were subjected to treat-
ment with two dosages (10 and 100 mg/L) of each nanomaterial (r-GO,
CFO3, FO, and Ag-r-GO-CFO-FO NCs). Cultivation occurred in a con-
trolled environment within a growth room (21/18 °C, 16/8h day/night
cycle, 220 mM PAR 1/m2s, and 62 % humidity). The soil received wa-
tering twice daily. Assessment of Trifolium shoot biomass took place af-
ter 6 weeks of growth, and the harvested samples were stored at −80 °C
for subsequent investigations.
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Determination of photosynthesis

The infrared gas analyzer (PP Systems, Hitchin, UK) was utilized to
determine the photosynthesis as µM CO2 m2/s of treated and untreated
groups. The photosynthesis rates of Trifolium plants were calculated
from about 3.5 min of net exchange of CO2 measurements [38].

Determination of mineral contents

For the assessment of macro and micro element content, Trifolium
plant samples of each 200 mg underwent acidic digestion in a
HNO3/H2O solution (5:1 v/v) within an oven. The concentrations of
macro and trace elements were determined at 25 °C using inductively
coupled plasma mass spectrometry (Finnigan Element XR Scientific,
Germany). HNO3 at 1 % served as the standard [39].

Determination of total antioxidant capacity and antioxidant metabolites

The in vitro assessment of antioxidant capacity utilized the ferric re-
ducing antioxidant power (FRAP) method [40]. Trifolium sample of ap-
prox. 0.2 g was extracted with ethanol (80 %). Centrifugation of sam-
ples were run for 20 min at 14,000 rpm. The antioxidant capacity was
determined by combining diluted extract (0.1 mL) with FRAP reagent
(0.25 mL, a mixture of FeCl3 (20 mM) in acetate buffer (pH 3.6,
0.25 M)) at room temperature [41]. The absorbance at 517 nm was
recorded using a spectrophotometer. Flavonoids and polyphenols were
quantified by homogenizing freeze-dried plants (100 mg) in ethanol
(80 % v/v). Samples were centrifuged at 4 °C for 20 min and the super-
natant was employed to determine total flavonoid and phenolic con-
tents. The Folin–Ciocalteu assay with gallic acid as a standard was de-
ployed for phenolic content determination, while the modified alu-
minum chloride colorimetric method with quercetin as a standard was
applied for flavonoid content determination [42,43].

Determination of primary metabolites

Lemongrass sprouts or seeds (100 mg) were homogenized in aque-
ous ethanol (1 mL, 80 % v/v) to extract amino acids, with norvaline
serving as an internal standard. A Waters Acquity UPLC TQD device,
coupled to a BEH amide column, was utilized for amino acid estima-
tion. The amino acid determination involved using the supernatant ob-
tained after centrifugation (10 min, 8000 g) with 0.2 μm Millipore mi-
crofilters. For the analysis of organic acid levels, HPLC (C18 column;
Shimadzu SIL10-ADvp, 4.6 × 250 mm, 5 μm particle diameter,
Spherisorb ODS2, Waters) was employed following the method out-
lined by Shabbaj et al. (2021) [44]. In the determination of fatty acids,
LN-fine powdered plant leaves (0.5 g) were extracted in aqueous
methanol at 27 °C. The subsequent GC/MS analysis (Hewlett Packard
6890, MSD 5975 mass spectrometer, United States) was performed us-
ing an HP-5 MS column (30 m × 0.25 mm × 0.25 mm), and quantifi-
cation of fatty acids was carried out using analyte/internal standard ion
yield ratios [45].

Results and discussion

Characterization

Structural morphology
The morphological characteristic of the nanomaterial was deter-

mined by transmission electron microscopy (TEM) and scanning elec-
tron microscopy (SEM) analysis (Figs. 1 & 2). As shown in Fig. 2a & b,
SEM image of CFO NPs implies the formation of nano-spines where rods
were arranged in an array to form spines and SEM image of Fe3O4shows the formation of irregularly shaped Fe3O4 with an average parti-
cle size of 26 nm. Here, the SEM image of the composite implies the for-

mation of the cubic shape particles where 2D r-GO nanosheet acts as a
base sheet for the formation of cubic NCs (Fig. 2c). Elemental mapping
of Ag-r-GO-CFO-FO NCs shows the presence of Fe, Cu, O, C and Ag,
which further confirms the formation of Ag-R-GO-CFO-FO NCs (Fig.
2d). TEM image of Ag-r-GO-CFO-FO NCs confirms the formation of cu-
bic particles (Fig. 1a). The formation of nano heterojunction by r-GO,
CFO, FO and Ag NPs can be clearly seen in TEM image (Fig. 1b). Selec-
tive area electron diffraction was performed to determine the crys-
tallinity of the nanomaterial and the prepared Ag-r-GO-CFO-FO NCs im-
plies the formation of cubic phase nano heterojunction. Fig. 1d shows
the D spacing image of Ag-r-GO-CFO-FO NCs, where 0.12, 0.39 and
0.14 nm correspond to FO (4 0 0), CFO (2 2 0) and Ag (1 1 1) respec-
tively.

XRD
The structural and crystalline properties of r-GO, CFO, FO and Ag-r-

GO-CFO-FO NCs were determined by XRD analysis (Fig. 3a). XRD spec-
trum of CFO showed peaks with corresponding facets at 30.3° (2 0 0),
36° (2 1 1), 37.3° (2 0 2), 44° (2 2 0), 57.6° (3 2 1) and 62.8° (2 2 4)
which corresponds to JCPDS card no: 00–034-0425. Here, the XRD
peak 2θ at 30.1° (2 2 0), 35.4° (3 1 1), 37.1° (2 2 2), 43.2° (4 4 0), 53.6°
(4 2 2), 57.1° (5 1 1), 62.8° (4 4 0) and 71.3° (6 2 0) corresponds to the
FO (JCPDS card no: 00–065-0731). The XRD pattern of Ag-r-GO-CFO-
FO NCs showed higher peak intensity and sifts at 35.5° and 39° ensuring
the phase retention after the formation of nano-heterojunction. The ob-
served peak shift indicates the un-similarity of the pure CFO, FO and Ag
NPs. Besides the exhibition of CFO, FO and Ag NPs in NCs, the faint dif-
fraction peak of NCs at 24° indicates the formation of r-GO nanosheets
of (0 2 2) plane. The average crystalline size of the nanomaterial was
determined by Equ. 1 [46].

(1)

D represents the crystalline size, λ represents wavelength
(λ = 1.54 Å) and β represents the peak broadening at FWHM. The crys-
talline size of the CFO, FO and Ag-r-GO-CFO-FO NCs was calculated to
be 25.3 nm, 22.1 nm and 86.3 nm respectively. The increase in the size
of the nanomaterial was due to the formation of heterojunction, where
the decoration of Ag on r-GO-CFO-FO causes the change in the grain
size of the NCs [47]. In addition, the particle size of the NCs was deter-
mined by the Williamson-Hall formula [48]. According to WH formula,
the particle size of the CFO, FO and Ag-r-GO-CFO-FO NCs was calcu-
lated to be 25.9, 21.9 and 85.9 nm respectively. Here, the difference in
the particle between Scherrer and Williamson-Hall was negligible thus
indicating no strain. The dislocation density of the nanomaterial was
determined by Euq. 2.

(2)

D represents the crystalline size and δ represents the dislocation
density. Here, the density of dislocation of CFO, FO and Ag-r-GO-CFO-
FO NCs was calculated to be 40.2 lin.m−2, 38.6 lin.m−2 and 29.2 lin.m−2

respectively. The decrease in the dislocation density of NCs than the
pure nanoparticle was due to the higher in crystalline size [47]. Poros-
ity plays a major role in the photocatalytic degradation of organic pol-
lutants. The higher photocatalytic activity of NCs on the pollutant re-
moval was observed with the material of higher porosity. The porosity
% of the nanomaterial was determined by Equ. 3 [47,49].

(3)

In Equ. 3, Db and Dx represent the bulk density and X-ray density re-
spectively. The estimated porosity of CFO, FO and Ag-r-GO-CFO-FO
NCs was 15.3, 16.2 and 22.4 % respectively.
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Fig. 1. TEM image (a, b), SAED (c) and d-spacing (d) of Ag-r-GO-CFO-FO NCs.

Raman analysis
The point defect on the nanomaterial was further determined by the

Raman spectroscopy (Fig. 3b). Here, the spectrum at 683, 617, 563 and
471 cm−1 correspond to the tetrahedral plane of the CFO nanomaterial
[50]. The higher peak intensity at 969 cm−1 indicates the Ag decoration
for the formation of NCs [50]. The peak at 274, 388 and 585 cm−1 rep-
resent the crystalline phase of Fe3O4 nanoparticle [51]. The Raman
peaks at 1350, 1600 and ∼2885 cm−1 corresponds to G, D and 2D band.
The defect density of Ag-r-GO-CFO-FO NCs was determined by Equ. 4.

(4)

The defect density of Ag-r-GO-CFO-FO NCs was calculated to be
8.4 x 1010 cm−1 and the defect density of CFO, and FO was 6.2 x 1010

cm−1 and 2.3 x 1010 cm−1 respectively.

BET
BET adsorption and desorption isotherm of the CFO, FO and Ag-r-

GO-CFO-FO NCs follows Type IV isotherm with H3 loop
(Supplementary material Fig. S1a and b) [52]. Here, the surface area,
pore-size and pore-radius of CFO were 44.63 m3/g, 0.072 cc/g and

2.042 nm respectively, and for FO it was 94.94 m3/g, 0.161 cc/g and
1.48 nm respectively. The surface area, pore size and pore radius of Ag-
r-GO-CFO-FO NCs was 100.78 was 44.63 m3/g, 0.170 cc/g and
1.77 nm respectively. The higher the surface area of the NCs possesses
higher active site for the effective interaction with organic pollutant
which enhances the photocatalytic activity of the nanomaterial.

Uv–visible DRS
Kubelka Munk plot was used to determine the bandgap energy of

the prepared nanomaterials [53]. The bandgap energy of Ag-r-GO-CFO-
FO NCs, CFO and FO NPs were 2.48, 1.75 and 2.28 eV respectively
(Supplementary material Fig. S1c). The coupling of nanomaterial with
quandary heterojunction shifts the bandgap energy of the NCs towards
the visible range, which enhances the photocatalytic efficiency of the
NCs. In addition, Urbach energy of the fabricated nanomaterial was de-
termined by Equ. 5.

(5)

where Eu, E and α denoted the Urbach energy, energy of the photon
(hc / λ) and absorption coefficient respectively; α0 is 4πk/ λ (k is ab-
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Fig. 2. SEM image of CFO4 (a), FO (b), Ag-r-GO-CFO-FO NCs (c) and elemental mapping of Ag-r-GO-CFO-FO NCs (d).

sorbance and λ is wavelength). The Urbach energy of the CFO, FO and
Ag-r-GO-CFO-FO NCs was 0.28, 0.36 and 0.192 eV respectively. The
higher the Urbach energy of the NCs than the pure NPs which indicate
the point defect on Ag-r-GO-CFO-FO NCs up on heterojunction forma-
tion. Here, the electronic structure (conduction band (CB) and valance
band (VB)) was determined by Equ. 6 and 7 [54,55].

(6)
(7)

where, X is the electronegativity, Ec is the energy of the free electron
and Eg is the band gap energy of the nanomaterial. The valance band
(VB) and the conduction band (CB) of CFO are −0.69 and 1.15 eV, and
Fe3O4 are 0.25 and 2.26 eV respectively.

Photoluminescence (PL)
The rate of recombination of the nanomaterial was determined by

the photoluminescence spectroscopy (Fig. 3c). The lower in the PL in-
tensity was observed with Ag-r-GO-CFO-FO NCs than pure CFO and FO
NPs. The result shows the decreased recombination rate of NCs as com-
pared to the pure CFO and FO NPs. PL spectrum showed peaks at 532,
622 and 653 nm corresponds to O 1S of band energy (3 eV) [56]. The
surface defect of CeO2 nanomaterial showed an emission spectrum in
the range of 320 to 550 nm [56]. Similarly, Meng et al. 2019 deter-
mined the lattice defect of CeO2 by performing PL spectroscopy and
they observed that the electron mobilization of O 2p enables the effec-
tive photocatalytic performance [57]. In addition, they have observed
that the peak broadening in the range of 450 to 550 nm was due to the
defect state formation of the nanomaterial (lattice defect). The peak
broadening at 552 nm shows the formation of lattice defect on Ag-r-
GO-CFO-FO NCs [57].

Electrochemical impedance spectroscopy (EIS)
EIS of CFO, FO and Ag-r-GO-CFO-FO NCs are illustrated in Fig. 3d.

Here. The Nyquist plot and bode plot of the nanomaterials shows that
the higher the arc radius of pure CFO and FO NPs than Ag-r-GO-CFO-FO
NCs. The higher the arc radius indicates the lower the resistance of the
nanomaterial [58–60]. The higher the arc radius indicates the higher
the resistance of the nanomaterial and thus the rate of recombination of
the charge carrier is inversely proportional to the resistance of the

nanomaterial [61,62]. The results conclude that the rate of recombina-
tion of Ag-r-GO-CuFe2O4 NCs was lower than pure CuFe2O4 and Fe3O4NPs.

XPS
XPS analysis of the prepared Ag-r-GO-CFO-FO NCs is illustrated in

Fig. 4. The sharp peak at 710.11 and 723.52 3 V corresponds to Fe
which attribute to the electronic spin of 2p3/2 and 2p1/2 respectively
with the oxidation state of + 2 [50]. The sharp peak at 528.57, 530.31
and 532.15 eV correspond to O with the electron spin 1S represents the
metal–oxygen bond, surface oxygen and OH bond with oxidation state
of −2 [50]. Here, the peak at 367.01 and 372.91 eV corresponds to Ag
which attributes the electronic spin of 3d5/2 and 3d3/2 respectively [57].
The XPS spectrum of Cu showed sharp peaks at 933.77 and 953.86 eV
attributed to the electronic spin of 2p3/2 and 2p1/2 respectively. The
peaks at 942.02 and 961.63 eV were the satellite peaks of Cu [50]. The
peak at 283.48 eV corresponds to carbon (1S), which further confirms
the presence of r-GO [63]. Thus, the XPS spectra further confirm the
formation of Ag-r-GO-CFO-FO NCs.

Photocatalytic degradation of industrial dye

The photocatalytic degradation of red RB, orange 2R and black B
(100 mg/L) was augmented with 20 mg/L of nanomaterial and kept in
an orbital shaker for 30 min. The optical density of the reaction mixture
before the adsorption was measured to determine the adsorption effect
and it showed very negligible adsorption of pollutants on NCs
(Supplementary material Fig. S2). The results show that the degrada-
tion efficiency of red RB by r-GO-CFO-FO-10, r-GO-CFO-FO-20 and r-
GO-CFO-FO-30 was calculated to be 90.2, 71.1 and 55.1 % respec-
tively. The degradation efficiency of orange 2R by r-GO-CFO-FO-10, r-
GO-CFO-FO-20 and r-GO-CFO-FO-30 was calculated to be 90.7, 56.3
and 45.6 % respectively. The degradation efficiency of black B by r-GO-
CFO-FO-10, r-GO-CFO-FO-20 and r-GO-CFO-FO-30 was calculated to be
87.3, 58.8 and 42.5 % respectively in 120 min (Supplementary
material Fig. S3). The results show that the r-GO-CFO-FO-10 showed ef-
fective photocatalytic degradation of the organic dyes than CFO-FO-20
and r-GO-CFO-FO-30. Further, r-GO-CFO-FO-10 nanomaterial was dec-
orated by Ag NPs as Ag-r-GO-CFO-FO-1, Ag-r-GO-CFO-FO-3, Ag-r-GO-
CFO-FO-5 and the degradation efficiency was calculated. Here, the
degradation efficiency of red RB by Ag-r-GO-CFO-FO-1, Ag-r-GO-CFO-
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Fig. 3. XRD (a), Raman (b), photoluminescence (c) and electron impendence spectroscopy (d) of CFO, FO and Ag-r-GO-CFO-FO NCs.

FO-3 and Ag-r-GO-CFO-FO-5 was calculated to be 57.1, 57.7 and
99.8 % respectively. The degradation efficiency of orange 2R by Ag-r-
GO-CFO-FO-1, Ag-r-GO-CFO-FO-3 and Ag-r-GO-CFO-FO-5 was calcu-
lated to be 78.1, 85.5 and 99.3 % respectively. The degradation effi-
ciency of black B by Ag-r-GO-CFO-FO-1, Ag-r-GO-CFO-FO-3 and Ag-r-
GO-CFO-FO-5 was calculated to be 45.5, 51.6 and 99.8 % respectively
in 120 min. The results show that the photocatalytic degradation of the
organic dyes was effective by Ag-r-GO-CFO-FO-5. The higher the deco-
ration of Ag above 5 % decreases the efficiency which might be due to
the screening effect. The higher the decoration of Ag blocks the reactive
site of r-GO-CFO-FO which results in the lower interaction with the dye
and thus inhibits the degradation process (Fig. 5). In addition, the pho-
tocatalytic efficiency of pure r-GO, CFO, FO, Ag, r-GO-CFO and CFO-FO
NCs was studied and the degradation efficiency of red RB by r-GO, CFO,
FO, Ag, r-GO-CFO and CFO-FO NCs was calculated to be 51.0, 55.7,
49.1, 64.3, 68.2 and 62.6 % respectively. The degradation efficiency of
orange 2R by r-GO, CFO, FO, Ag, r-GO-CFO and CFO-FO NCs was 55.4,

52.9, 51.1, 69.4, 57.4 and 61.5 % respectively. The degradation effi-
ciency of Black B by r-GO, CFO, FO, Ag, r-GO-CFO and CFO-FO NCs was
52.0, 61.2, 61.4, 61.5, 63.6 and 69.8 % respectively (Fig. 5). The com-
plete mineralization of red RB, orange 2R and black B was determined
by estimating the total organic carbon (TOC). The TOC remaining after
the degradation of red RB, orange 2R and black B by Ag-r-GO-CFO-FO
NCs were 2.1, 1.6 and 1.9 % respectively, which shows the complete
mineralization of dye by Ag-r-GO-CFO-FO NCs under visible light irra-
diation. The rate kinetic reaction on the photocatalytic activity of nano-
material against red RB, orange 2R and black B was determined by Equ.
8.

(8)

where, K represent the rate constant, C and C0 represent the initial
and final concentration of the organic dye. The rate constant of Ag-r-
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Fig. 4. XPS spectrum of Ag-r-GO-CFO-FO NCs before and after irradiation.

GO-CFO-FO NCs was higher than the pure r-GO, CFO, FO and Ag NPs,
which further confirms the photocatalytic efficiency of NCs
(Supplementary material Table S1). The regression coefficient of the
photocatalytic degradation of the organic pollutants was higher than
0.95 and the reaction follows pseudo first-order reaction.

Similarly, the photocatalytic degradation of red RB, orange 2R and
black B by different concentrations of NCs from 5 to 25 mg/L was stud-
ied. The results show that photocatalytic degradation was higher at
25 mg/L concentration of NCs (Supplementary material Fig. S4). In ad-
dition, the photocatalytic degradation of NCs (20 mg/L) was studied at
different concentrations of red RB, orange 2R and black B from 50 to
150 mg/L (Supplementary material Fig. S5). The results show that the
photocatalytic activity of NCs was effective at 50 mg/L of organic pol-
lutants. According to the Langmuir-Hinshelwood (L-H) model, the in-
crease in the concertation of nanomaterial, changes the rate of the reac-
tion from pseudo first-order kinetic to zero-order kinetic. The change in
the rate kinetic occurs when there is excess reactive surface of the NCs
available with respect to dye. The study shows no change in the rate ki-
netics which indicates that photocatalytic degradation didn’t follow LH
model. Further, the degradation efficiency was studied by varying pH
from 4 to 9, and the results show that the degradation was higher at pH
7. Here, the pKa value of the red RB, orange 2R and black B dyes was
found to be 6.5, 8.26 and 6.9 respectively and the isoelectric point (IEP)
of the NCs was found to 7.1. The IEP of NCs falls closely to the pKa val-
ues of all three dyes which enables the effective interaction for the com-
plete degradation of organic dyes.

Real sample analysis

The real time application was studied by performing the photocat-
alytic activity of Ag-r-GO-CFO-FO NCs against industrial effluent (com-
bination of red RB, orange 2R and black B). Briefly industrial effluent
(100 mg/L) was augmented with 20 mg/L of nanomaterial and kept it
orbital shaker for 30 min. Then the solution was irradiated. Fig. 6a

shows the UV–visible absorption spectrum of the photocatalytic degra-
dation of industrial effluent against Ag-r-GO-CFO-FO NCs. The degrada-
tion efficiency of the industrial effluent by Ag-r-GO-CFO-FO NCs was
calculated to be 98.2 % with a rate constant of 0.40 min−1 and R2 was
higher than 0.95, which shows the reaction follows pseudo first-order
kinetics.

Reusability and scavenging

The reusability study was performed by six cycle test on the photo-
catalytic degradation of red RB, orange 2R and black B by Ag-r-GO-
CFO-FO NPs. The reusability efficiency was found to be 99, 99.5 and
99.4 % respectively (Fig. 6c). In addition, the photocorrosion of the
NCs was studied by performing XPS of NCs after irradiation (Fig. 4).
The XPS results show that there is no shift in the peak and no loss in the
peak intensity was observed indicate the stability of NCs after pho-
todegradation. Radical scavenging experiment was performed by the
addition of AgNO3, EDTA, BQ and IPA to the reaction mixture and the
results show that lower in degradation efficiency was observed on BQ
and IPA for all three organic pollutants (Fig. 6b). IPA and BQ captures
the formed •OH and O2•- respectively and thus inhibits the interaction
of the radical with dye [64,65]. The degradation efficiency of dye was
calculated in the scavenging experiment indicates that •OH and O2•-
plays a major role in the photocatalysis. In addition, electron spin reso-
nance spectroscopy was performed in the presence of 5,5,-
dimethylpyrroline-N-oxide (DMPO), 5-tertbutoxycarbonyl-5-methyl-1-
pyroline-N-oxide (BMPO) and 5-diethoxyphosphoryl-5-methyl-1-
pyrroline-N-oxide (DEPMPO) and they have been used as spin traps for
oxygen centered free radicals. The ESR spectrum of Ag-r-GO-CFO-FO
NCs was higher than the pure CFO and FO NPs, which conform to the
effective formation of •OH and • O2•- (Supplementary material Fig.
S6).
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Fig. 5. Plot on C/C0 and ln(C/C0) at different nanomaterial (r-GO, Ag, CFO, FO, Ag-rGO-CFO-FO NCs) against organic dye. Red RB (a1 & a2), orange 2R (b1 & b2) and
black B (c1 & c2) (NCs – 20 mg/L, pollutant – 100 mg/L at pH 7). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Photocatalytic mechanism of Ag-r-GO-CFO-FO NCs

The photocatalytic mechanism of Ag-r-GO-CFO-FO NCs against the
organic dye is illustrated in Fig. 7. The VB and CB of CFO is −0.69 and
1.15 eV, and FO is 0.25 and 2.26 eV respectively. The work function
(Φ) of Ag, r-GO, CFO and FO was 4.2, 4.1, 3.64 and 3.85 eV respec-
tively. Here, the work function of the r-GO was lower than the CFO, and
the electron transfers from electron-rich r-GO pumps to CFO which in
term forms the Ohmic junction. The investigation revealed that the in-
terfacial electric field plays a crucial role in propelling the photogener-
ated carriers across the Schottky barrier, thereby significantly enhanc-
ing the electron transfer rate at the interface of Ag-r-GO-CFO-FO NCs
[66–68]. Mott-Schottky plot of CFO and FO determines n and p type
semiconductor [69]. The result shows that flat-band potential (Ufb) of
CFO and FO were 0.97 and −0.26 V respectively which indicates the p-

type CFO and n-type FO semiconductor (Supplementary material Fig.
S1d). Here, the coupling of CFO and FO intends in the formation of an
interfacial Schottky barrier (Schottky-like junction) to facilitate the ef-
fective charge transfer between the photosystems. The charge down
flow in the NCs forms two interfacial charge separations on both Ohmic
junction and Schottky junction. Here, the conduction band potential is
higher than −0.18 eV (NHE O2 to O2•-) which enables the effective for-
mation of O2•- radical [70,71]. The higher the positive potential in VB
of FO (1.99 eV), which converts the OH– to •OH. The formation of O-S
chain mechanism of Ag-r-GO-CFO-FO NCs shows the effective forma-
tion of •OH and O2•- for the complete mineralization of the organic pol-
lutant.
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Fig. 6. UV–visible absorption spectra of photocatalytic degradation of industrial effluent against Ag-r-GO-CFO-FO NCs (a), radical quenching (b) and reusability
test in presence of red RB (c1), orange 2R (c2) and black B (c3) (NCs – 20 mg/L, Pollutant – 100 mg/L at pH 7). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Photocatalytic degradation pathway on the degradation of organic pollutant

The photocatalytic degradation mechanism on the mineralization of
organic pollutants (red RB, orange 2R and black B) was determined by
GC–MS analysis (Supplementary material Fig. S7, Fig. S8 & Fig. S9).
The electronic density on the coupling of Ag-r-GO, FO and CFO was
found to be higher in NCs than pure NPs. The nucleophilic and elec-
trophilic attack on the organic pollutant (red RB, orange 2R and black
B) breaks the bond and thus forms the intermediate product by Ag-r-
GO-CFO-FO NCs under visible light irradiation. Here, the radical attack
occurs on the N = N in the benzene ring of all three organic pollutants
and then cleaves the benzene ring leads to the formation of the interme-
diate compounds. Further, photo-oxidation and photo-reduction of or-
ganic pollutant leads to the formation of CO2, H2O and SO4.

Toxicity on plants

Nanocomposites improved the biomass accumulation and photosynthetic
rate of Trifolium seedlings

Form the data illustrated in Fig. 8, it is obvious that the treatment of
Trifolium plants with γ-GO, CuFe2O3, Fe3O4 separately either signifi-
cantly reduced the fresh and dry weights of plants, particularly at the
high concentrations (100 mg/L) or did not induce a significant effect
(Supplementary material Table S2). On the other hand, the application
of Ag-r-GO-CFO-FO NCs significantly improved the growth rate of Tri-
folium plants represented by fresh and dry weights. This improvement
was in direct proportion with the concentration of the nanocomposite.

The heightened chlorophyll levels concurrently influence photosyn-
thetic efficiency, showing an increase in Trifolium subjected to both in-
dividual NPs and NCs in both low and high dosages. The most notable
impact was observed in plants treated with the NCs (Supplementary

Material Fig. S10). In summary, our findings indicate that treatment
with individual nanomaterials (r-GO, CFO, and FO) did not result in a
substantial improvement in chlorophyll content. Conversely, the appli-
cation of Ag-rGO-CFO-FO NCs resulted in a significant enhancement in
chlorophyll content and, consequently, an improved photosynthesis
rate compared to untreated control plants.

Nanocomposites enhanced the total antioxidant capacity and accumulation
of antioxidants in Trifolium plants

Regarding the total antioxidant capacity and antioxidant metabo-
lites, it was noticeable from Supplementary material Fig. S10 that the
treatment with r-GO, FO, and Ag-r-GO-CFO-FO NCs significantly
boosted the antioxidant capacity of Trifolium plants, when compared to
untreated groups (p < 0.05), which reflects the oxidative stress effect
caused by these nanomaterials (Supplementary material Table S3).
However, there were no significant differences between the two con-
centrations of the same nanomaterial. On the contrary, the effect of
CFO, on the TAC was comparable to control groups. Concerning phenol
contents, there were no significant differences between r-GO and CFO
on one side and control group on the other side. Whereas, FO and Ag-r-
GO-CFO-FO NCs were significantly reduced the levels of polyphenols in
Trifolium plants (p < 0.05) in comparison with untreated and CFO-
treated groups. As regards flavonoids, CFO did not induce a noticeable
impact on their levels when compared to untreated samples. On the
other hand, r-GO, FO, and Ag-r-GO-CFO-FO NCs significantly boosted
the levels of flavonoids, Ag-r-GO-CFO-FO NCs had the greatest impact
(Supplementary material Fig. S10).



CO
RR

EC
TE

D
PR

OO
F

10 B. Senthilmurugan et al. / Journal of Industrial and Engineering Chemistry xxx (xxxx) 1–13

Fig. 7. Photocatalytic mechanism of Ag-r-GO-CuFe2O4-Fe3O4 NCs.

Ag-r-GO-CFO-FO NCs improved the accumulation of minerals in Trifolium
seedlings

Another important factor in the nutritional quality of plants is the
levels of mineral elements. Therefore, we, herein, determined the levels
of N, P, K, Fe, Zn, and Mg in r-GO, CFO, FO, and Ag-r-GO-CFO-FO NCs-
treated and untreated Trifolium plants. Apparently, r-GO showed the
most positive effect on the levels of minerals, as Trifolium plants treated
with r-GO had the highest values of N, P, K and mg, while the highest
concentrations of Fe and Zn were reported in CFO- treated groups. In
general, treatment with CFO, and FO, and Ag-r-GO-CFO-FO NCs had a
reducing effect on the accumulation of mineral elements in Trifolium
plants.

Conclusions

In summary, we report the Ohmic and Schottky junction (O-S
scheme) Ag-r-GO-CFO-FO NCs for effective photocatalytic activity
against organic pollutants. Here, the coupling of the high positive po-
tential conduction band (CuFe2O4) with the high negative potential
valance band (Fe3O4) intends in the formation of an interfacial Schottky
barrier (Schottky-like junction) to facilitate the effective charge transfer
between the photosystems. Meanwhile, the coupling of Ag-r-GO with

the Schottky-like junction is expected to form ohmic contact (Ohmic
like junction). Ohmic junction acts as an electron trap and pumps the
electron from Ag-r-GO to the Schottky junction (CFO-FO) which facili-
tates the effective photo-oxidation and photo-reduction of O2 and OH–.
The photocatalytic activity of the constructed Ag-r-GO-CFO-FO NCs
was tested against organic industrial pollutants (red RB, orange 2R and
black B) and the degradation efficiency was calculated to be 99.8, 99.3
and 99.8 %, where •OH and O2•- plays a major role in the reaction. The
reusability efficiency of the nanomaterial was found to be prominent
and stable after six consecutive cycles, which shows that the nanomate-
rial didn’t undergrow photo-corrosion. The new-fashioned O-S scheme
mechanism on the coupling photosystem boosts the charge transfer for
the effective photocatalytic activity of the nanomaterial.
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Fig. 8. Effect of r-GO, CFO, FO and Ag-r-GO-CFO-FO NCs nanomaterials at two concentrations (10 and 100 mg/L) on the biomass (fresh and dry weight) as well as
photosynthesis of Trifolium plants. Data are represented by the means of four independent replicates and error bars represent the standard error. Different letters on
each bar indicate significant difference (p < 0.05) between treatments.
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