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In this study, a simple thermal reduction process is used to synthesize a rGO-Ca,Fe,Os (rGO-CFO)
nanocomposite, with the morphological and optical characteristics of the CFO nanomaterial being
modified by the rGO incorporation. The interface between rGO nanosheets and CFO nanoparticles
facilitates efficient charge separation and resulting transfer of photogenerated charge carriers across
the rGO nanosheets, demonstrated from photoluminescence and Mott-Schottky tests. Compared to
CFO (2.1 eV), rGO-CFO has a reduced band gap energy of 1.9 eV. As synthesized nanocomposites
were initially optimized and utilized for photodegradation of organic effluent Methylene blue (MB). An
addition of 5 wt% rGO to the CFO demonstrated an improved photodegradation efficiency (97 %)
compared to bare CFO (72%). An active species trapping experiment was used to assess the MB
photodegradation mechanism. The results demonstrate that hydroxyl radicals and holes are the major
active species involved in photodegradation. The optimized composition (5rGO-CFO) was further
tested for degradation of Bisphenol-A and Tetracycline (antibiotic). Altogether, these investigations
show that the rGO-CFO is a highly efficient photocatalyst that can be used to remediate emerging

contaminants in sunlight.

A healthy ecosystem is dependent on access to clean water'. The rapid
expansion of industrial and agricultural activity over the past few decades
has raised severe environmental concerns regarding water pollution™’. The
biotic habitat and human health are negatively impacted by toxic organic
contaminants that have accumulated in water bodies, and it is quite chal-
lenging to remove these persistent pollutants*”. For example, organic dyes
(e.g. Methylene blue (MB), Methylene orange, Congo red, etc.), pesticides,
phenols, pharmaceuticals, and antibiotics and their metabolites have been
shown to be exceedingly harmful. Due to challenges like low biodegrad-
ability, and a protracted lifespan of deterioration in the ecosystem, the
resulting contaminants after the treatment are also considered
hazardous®™"".

Traditional wastewater treatment techniques, including filtration,
adsorption, chemical coagulation, biological treatment, flocculation, etc., are
typically ineffective at degrading aromatic and heterocyclic groups in their
molecular structure. For instance, filtration (such as membrane and depth
filtration) suffers from being clogged easily by foreign particles in the was-
tewater, and regular membrane replacement and filtration processes are

often expensive. Another efficient treatment method is adsorption, although
recovering the material after the pollutant adsorption is difficult and can
cause secondary contamination. The chemical coagulation process gen-
erates a large amount of sludge and is responsible for secondary pollution if
the produced sludge is not handled properly. Although the biological
treatment process is considered to be the most cost-effective and envir-
onmentally friendly treatment method, some complex contaminants are
difficult to break down because of their bio-persistence. Consequently, there
are drawbacks to the physical, chemical, and biological effluent treatment
methods now being in use'>".

The degradation and mineralization of organic pollutants into their
most stable oxidation state, such as water, carbon dioxide, and the oxidized
inorganic anions, or into less hazardous and easily degradable species,
should be taken into consideration during remediation'*". As a result,
considerable efforts have been made globally to create appropriate, effective,
and environmentally acceptable procedures for the removal of persistent
pollutants. However, some strategies are overlooked for their remediation.
Recent studies have concentrated on exploring the advanced oxidation
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process (AOP), which makes use of semiconductor nanoparticles like metal-
oxide-based semiconductors, e.g., TiO,, ZnO, SnO,, MnO,, Fe,;O;, SiO,,
AL O3, ZrO,, WO;, Cu,0, and V,0s, with suitable physical and chemical
characteristics to support the photocatalytic AOP. Yet, the wide bandgap
and the high electron-hole recombination in existing semiconductor
materials limit their practical application in photocatalytic wastewater
treatment'*"”. For example, even though TiO, is a very promising pho-
tocatalyst because of its chemical stability, non-toxicity, and low cost, the
wide bandgap (3.2 eV) of TiO, limits its optical light absorption to the UV
region only, which is just 5% of the entire solar spectrum. Therefore, the
photocatalytic performance in natural sunlight or visible light is not
effective’”’. Brownmillerite Ca,Fe,Os (CFO) has demonstrated excellent
photocatalytic activity for the degradation of organic pollutants owing to the
narrow band gap energy of 2.1eV and reasonable visible-light
harvesting’*”'. The multifunctional material is also promising for energy
and environmental applications, such as fuel cells, supercapacitors, batteries,
and for CO, capture, attributed mostly to its multifaceted properties like
those observed in catalysis and for mixed ionic electronic conduction
(MIEC)***. CFO with ordered oxygen vacancies and a smaller optical
bandgap is anticipated to be beneficial for photocatalytic applications.
Oxygen vacancies in these brownmillerites can act as photoinduced charge
traps to suppress the recombination of photogenerated charge carriers.
However, its application has been hampered due to the high recombination
rate of photogenerated electron-hole pairs in the CFO. In our previous work,
we investigated nitrogen-doped CFO and g-C;N, /CFO heterostructures
with the aim of improving the CFO photocatalytic performance by reduc-
tion of photogenerated electron-hole recombination and by increasing light
absorption””'. The rapid separation of the excited electrons and holes in the
conduction band is a key parameter that decreases the electron-hole
recombination rate. This can be achieved by doping other atoms in the CFO
microstructure and through the formation of CFO heterojunctions. Fur-
thermore, the combination of the CFO with carbonaceous materials that
have a high specific surface area is also considered a pragmatic avenue for
improving the photocatalytic activity of the CFO.

Two-dimensional (2D) materials with distinctive chemical and phy-
sical properties have been extensively explored in the area of
photocatalysis™ . The surface of the well-known 2D nanostructured
material graphene oxide (GO) comprises oxygen functional groups, which
allows it to disperse in water. Thermochemically reduced GO (rGO) has
improved electron mobility, which reduces electron-hole recombination
and raises the overall photocatalytic activity”’. A combination of rGO and
CFO may therefore provide a morphology that improves reactant diffusion.
Additionally, this may facilitate that the reactant molecules reach the pho-
tocatalyst surface’s active sites to boost the photocatalytic activity. Hence, the
potentially advantageous characteristics of rGO-CFO nanocomposites can
make them an appealing photocatalyst for industrial use, though this
materials combination is unexplored. Therefore, the objective of this study is
to synthesize the rGO-CFO photocatalyst by a thermal reduction method
and to characterize its structural, morphological, and optical properties.
Furthermore, the photocatalytic activity of the nanocomposite is studied for
the degradation of emerging pollutants in the form of methylene blue (MB),
Bisphenol-A (BPA), and tetracycline (TC) photodegradation under simu-
lated sunlight.

Methods

Preparation of CFO

Ca,Fe,0s5 (CFO) nanoparticles were synthesized using the chemical route
method”. Initially, high purity 2.04 g Ca(NO;),-4H,O (Sigma Aldrich,
99.99%) and 2.95 g Fe(NOs); - 9H,O (Sigma Aldrich, 99.95%) were dis-
solved in DI water and a proportionate amount (0.83 g) of citric acid (CA)
was added and stirred at room temperature. The pH of the solution was
maintained at ~6-7 using Ammonia solution. The temperature of the hot
plate was thereafter increased to 80 °C. Once the solution turned viscous,
ethylene glycol (EG) was added to the suspension by keeping the EG/CA
ratio at 1.2. Then the product was heated at 300 °C to obtain a dry mass,

which was calcined further at 700°C for 6h in a furnace to obtain
nanostructured CFO.

Preparation of GO

Graphene Oxide (GO) was prepared using a modified Hummer method™".
1 g of graphite flakes were added to a 9:1 mixture of concentrated H,SO4/
H;PO, (90:10 mL) at 0 °C, then 6 g of KMnO, was slowly added and stirred
for one hour at 0 °C. The solution was then heated to 50 °C and stirred for
12 h. The reaction was cooled to room temperature and poured into ice
water containing 5 mL of 30% H,0O,. The solid material was then washed in
succession with 200 mL of 1 M HCl and 200 mL of water. The resulting solid
dispersion was dialyzed extensively to remove residual metallic ions and
acids with distilled water for one week. The dialyzed solid dispersion was
sonicated for two hours, then centrifuged at 8000 rpm for one hour, and
finally, the solid GO was obtained by freeze-drying.

Preparation of rGO-CFO nanocomposite

GO was initially dispersed in 10 ml of DI water and ultrasonicated for
30 min. Once the GO flakes were completely dispersed in water, 100 mg of
CFO nanoparticles were dispersed in the same solution. The obtained
suspension was shaken using a shaker for 30 min, and was further cen-
trifuged to remove the water. After centrifugation, the GO-CFO samples
were dried at 80 °C in a vacuum oven for 15 h. In order to obtain reduced
GO-based composites (rGO-CFO), the GO-CFO samples were kept in the
furnace in a N, gas flow at 500 °C for 6 h with a heating rate of 1 °C/min.
rGO-CFO samples were prepared with different wt% of rGO in the CFO; 1
5, 10 and 15 wt%, these samples were labelled 1rGO-CFO, 5rGO-CFO,
10rGO-CFO, and 15rGO-CFO, respectively.

Characterization

The morphology and microstructure of the synthesized samples were
examined using scanning electron microscopy (SEM, Zeiss, Sigma 300) and
scanning transmission electron microscopy (STEM, Linkoping’s double-
corrected FEI Titan’ 60-300) imaging. The crystallographic and phase
analyses were performed using X-ray diffraction (XRD, Riagku X-ray dif-
fractometer, Cu Ka source, 26 = 10-80°). The presence of rGO in rGO-CFO
composites was confirmed by using a Raman spectrometer (LabRAM HR,
HORIBA). Raman spectra were recorded in the range of 100-3500 cm™ by
using a laser excitation wavelength of 532 nm. The valance states of con-
stituent elements were investigated through X-ray photoelectron spectro-
scopy (XPS, Kratos AXIS Ultra, UK). The peak fitting was carried out using
CasaXPS software. The optical absorption spectra of samples were recorded
using UV-visible spectroscopy (Shimadzu, UV2600i). Photoluminescence
(PL) spectra were recorded using the FLS1000 (Edinburgh Instruments)
with a Xenon arm lamp source excitation wavelength of 450 nm.

Mott-Schottky tests

The Mott-Schottky tests were conducted on a standard three-electrode
electrochemical system. To prepare the working electrode, 5 mg of catalyst,
250 pl of deionized water, 250 pl of ethanol, and 10 plL of 5 wt% Nafion®
were mixed and ultrasonicated for 30 min. Then, 5 pl ink was drop casted on
a glassy carbon electrode (diameter = 3 mm) as the working electrode, a
platinum wire served as the counter electrode and Ag/AgCl as the reference
electrode, evaluated at a 1 kHz frequency with 5 mV AC amplitude in 1 M
Na,SO, solution.

Photocatalytic experiments

The photocatalytic tests were carried out as follows: Initially, 10 ppm of
methylene blue (MB), bisphenol-A (BPA), and Tetracycline (TC) aqueous
solutions were prepared. 10 mg photocatalyst was dispersed into 50 ml of
effluent solution. The suspended solution was magnetically stirred in the
dark for 20 min to achieve an adsorption-desorption equilibrium. Then the
effluent-catalyst suspension was irradiated under simulated sunlight at
standard test conditions (STC) (300 W, Xe-lamp source with 100 mW/cm®
(1 sun) irradiation, AM1.5). At time intervals of 10 min, effluent solution
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was collected and centrifuged. The concentration of effluent was detected by
measuring the maximum absorbance of effluent solutions using UV-visible
absorption spectroscopy (Shimadzu, UV2600i). Liquid chromatography
through quadrupole time-of-flight mass spectrometry (LC QTOF-MS,
Agilent 1290 Infinity) was used to analyze the degraded by-products after
and during the photocatalytic degradation of effluents.

Results and discussion
The morphology of the CFO, rGO, and rGO-CFO samples are shown in Fig.
la—c. The spherical CFO nanoparticles (NPs) tend to join and agglomerate
owing to the magnetic dipolar interactions, and van der Waals forces™. The
average particle size of CFO for all samples is around ~80 nm. The average
crystallite size was found to be around 31 nm using XRD. Well-defined free-
standing rGO nanoflakes, shown in Fig. 1b, are developed by reducing GO.
In the rGO-CFO samples, CFO nanoparticles are homogenously distributed
on the rGO sheets. This may increase the distance between the rGO
nanosheets, which improves the active surface and thus enhances the
photocatalytic performance. The presence and distribution of CFO NPs on
rGO nanosheets are clearly resolved in the STEM image (Fig. 1d).

Structural characteristics of the as-prepared precursors and the
annealed samples were characterized by XRD analysis, as shown in Fig. 2a.
All XRD peaks of the as-prepared CFO precursor and the rGO-CFO
composites were well matched with the orthorhombic (pnma) phase
Ca,Fe,O5™**". Furthermore, all diffraction peaks of the composites were
well-matched with CFO, and the absence of additional peaks reveals the
high purity of the synthesized material. In the rGO-CFO composite, no rGO
peaks were observed, indicating the likely dispersion of the sheets of rGO
because of interleaved CFO nanoparticles, as observed in the SEM and TEM
analysis (Fig. 1c, d). Furthermore, the CFO and rGO-CFO were examined
by Raman spectroscopy to determine the surface functional groups, shown
in Fig. 2b. Raman peaks occurring at 231cm™, 260 cm™, 339cm ™,
676 cm™', and 707 cm™! correspond to an Ag mode and are attributed to
internal vibrations of the FeOg octahedra®. The difference in the scattered
light of the samples enhances the Ag modes, whereas a few other suppressed
peaks with lower intensity could be due to B, modes™, since the vibrational
modes are dependent on numerous factors, including crystal orientation,
bond strength, particle size, brownmillerite structure, and excitation energy.
G and D peaks of rGO were observed in all rGO-CFO composites, and for
increased rGO content, the peak intensity increased proportionally.

The oxidation states of constituent elements in CFO and 5rGO-CFO
were analyzed using XPS, see Fig. 3a-g. The XPS spectra of Ca 2p of CFO

and 5rGO-CFO, shown in Fig. 3a, d display two peaks arising from the spin-
orbit coupling of Ca 2ps/, and Ca 2p,,,”. In CFO, these peaks appear at
~346.2 eV and ~349.7 eV, respectively, with a binding energy difference of
~3.5eV. In the 5rGO-CFO sample, the Ca 2ps,, and Ca 2p,,, peaks appear
at ~347.1eV and ~350.7 eV, respectively, with an energy difference of
~3.6 eV. This implies that in both the CFO and 5rGO-CFO samples, Ca has
an oxidation state of 2 + . The XPS spectra of Fe 2p for CFO and 5rGO-CFO
are shown in Fig. 3b, e. The peaks arising due to spin-orbit coupling, namely
Fe 2ps/, and Fe 2p,), are further deconvoluted into two peaks, corre-
sponding to octahedral (FeOg) and tetrahedral (FeO,) coordination of Fe”.
In the CFO sample, Fe 2p;,, and Fe 2p; , peaks corresponding to octahedral
(FeOg) coordination appear at 710.3 eV and 723.9 eV, respectively. Tetra-
hedral (FeO,) coordination for Fe 2ps;, and Fe 2p;,, peaks appear at
712.3 eV and 726.5 eV, respectively. For the 5rGO-CFO sample, the cor-
responding octahedral peaks appear at 710.8 eV and 724.4 eV, respectively,
and the tetrahedral peaks appear at 712.3 eV and 726.5 eV, respectively. The
presence of octahedral and tetrahedral coordination of Fe is clear evidence of
ordered oxygen vacancies in brownmillerite Ca,Fe,Os”. The binding
energies correspond to Fe 2p, indicating Fe in a 3+ oxidation state in both
the CFO and 5rGO-CFO samples. The XPS spectra corresponding to O 1s
for both the CFO and 5rGO-CFO samples are deconvoluted into two peaks,
see Fig. 3¢, f, labeled OI and OII. The OI peak corresponding to oxygen in the
brownmillerite structure appears at 529.5 and 530.1 eV for the CFO and
5rGO-CFO samples, respectively”. The OII peaks appear at 531.3 eV and
532 eV, respectively, for both samples and are attributed to chemisorbed
oxygen species™. The XPS spectra corresponding to C 1s for the 5rGO-CFO
sample are shown in Fig. 3g. The C 1s spectrum is deconvoluted into four
peaks located at 284.6, 286.1, 287.3, and 289.4 eV, corresponding to C-C,
C-OH, C=0, and O-C =0, respectively. These characteristic peaks are
attributed to the presence of rGO™".

Figure 4a shows the optical absorption spectra of the CFO and 5rGO-
CFO composites. After rGO incorporation, the composites exhibit higher
optical absorption, which implies that the rGO-CFO samples can absorb
visible light better than pure CFO. The optical bandgap for CFO and 5rGO-
CFO,2.1and 1.9 eV, respectively, was found through the Tauc plot shown in
Fig. 4b.

Photoluminescence spectroscopy (PL) has been carried out to
examine the charge separation and recombination rate of photo-
generated charge carriers in the photocatalysts. Figure 5a shows the PL
spectra of the CFO and CFO/rGO nanocomposites. All samples have a
very similar broad PL emission peak at 705 nm, with different intensities.

Fig. 1 | SEM images of samples. a CFO, b rGO,
¢ 5rGO-CFO, and d STEM image of 5rGO-CFO.

npj Clean Water| (2024)7:41



https://doi.org/10.1038/s41545-024-00334-5 Article

Fig. 2 | XRD pattern and Raman spectra of CFO, [ (a) eoere (b) D-band G-band
GO, rGO, and rGO-CFO nanocomposites. a XRD M
patterns and b Raman spectra. a
1
Mu_
i
1
1
1

1 1 rGO

MWA cro

500 1000 1500 2000 2500 3000 3500

F A 5rGO-CFO

Intensity (arb. units)
Intensity (arb. units)

10 20 30 40 50 60

. -1
20 (Degree) Raman shift cm )
Ca2py, Ca2p Fe2ps, Fe 2p O1s
S[@ R E— [ o
= s 'S
: s = on
Z.’ :‘ Fe¥ (Oct) b
= = =
2 S S
= = Fe* (Tet) =
340 ] 3:15 350 355 700 710 720 730 740 525 530 35 540
Binding energy (eV) Binding energy (eV) Binding energy (eV)
Ca2py, Ca2 Fe2psn |
?(d) P 2 (e) ©2py;, Felpus Fe 2p 2 (f) ol O1s 2
s E Er g
£l £ = £
X & & &
S g 3 g
£ ! Ll =

40 345 350 355 700 710 720 730 740 525 30 3 540 280 285 0 295
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)

w

Fig. 3 | X-ray photoelectron spectra (deconvoluted) and corresponding fits for the CFO and 5rGO-CFO samples. a-c Ca 2p, Fe 2p, O 1s of CFO and d-g Ca 2p, Fe 2p, O
1s, and C 1s of 5rGO-CFO.
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In general, high PL intensity means a rapid charge carrier (e -h*) electrons. Consequently, the recombination rate of photoinduced charge
recombination rate, while a photocatalyst with low PL intensity refers to  carriers is hindered, which is promising for enhancing the photocatalytic
a low rate of recombination’*’. This means that the rGO-CFO com-  activity. The 5rGO-CFO sample has the lowest PL intensity, which
posites possess a lower electron-hole recombination rate compared to  implies that 5% of rGO in CFO is the optimal composition for superior
CFO. In the rGO-CFO composites, rGO acts as a trapping site for charge separation and enhanced photocatalytic activity.
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To understand the impact of rGO incorporation on the charge carrier
mobility, Mott-Schottky (M-S) tests were performed, shown in Fig. 5b for
the CFO and 5rGO-CFO samples. The slope of the M-S curve for 5rGO-
CFO is significantly lower than that for the CFO. This means that the charge
carrier density of the composite is significantly increased (double) after the
incorporation of rGO, which is consistent with previous reports for other
metal oxides***. This is primarily because photogenerated electrons tend to
transport through the rGO nanosheets which mitigate charge recombina-
tion, thus intensifying available free charge carriers. The incorporation of
rGO into the CFO nanocomposite results in higher flat band potential and
sufficient band bending (see Fig. 5b), thus providing significant charge
separation. Also, the negative slope of the M-S curve for both the CFO and
5rGO-CFO nanocomposites is attributed to a p-type semiconductor.

Photocatalytic performance

The photocatalytic activity of CFO and rGO-CFO composites was explored
by degrading emerging pollutants like MB, BPA, and Tetracycline (TC)
under simulated sunlight at standard test conditions (STC) (300 W, Xe-
lamp source with 100 mW/cm’ (1 sun) irradiation). The initial

concentration of each effluent solution (MB, BPA, and TC) was fixed at 10
ppm. All the photocatalysts with a dosage of 0.2 g/l were tested with respect
to different wt% of rGO, to find the optimized rGO-CFO composition for
efficient photocatalysis. The degradation profile and the reaction kinetics of
the CFO and rGO-CFO composites are shown in Fig. 6a—d. The photo-
degradation efficiency and corresponding rate constants were calculated
using Egs. 1 and 2. Among all the samples, 5rGO-CFO showed the best
photocatalytic performance with degradation efficiency at about 97%
(k =0.0688 min™), compared to pure CFO (72%, 0.0240 min") and the
other composites 1rGO-CFO (93%, k= 0.0518 min™?), 10rGO-CFO (90%,
k =0.0446 min™), and 15rGO-CFO (86%, k = 0.0392 min™"). PL and Mott-
Schottky’s results showed that the 5rGO-CFO composite has a lower
recombination loss compared to the other samples, which implies that more
effective charge separation takes place. These photocatalytic degradation
results are consistent with PL and Mott-Schottky’s results.

To find the optimum 5rGO-CFO catalyst dosage, the MB was degra-
ded with different catalyst concentrations (0.1, 0.2,0.3, 0.4, and 0.5 g/1), and
the C/Cy and first-order reaction kinetics of the MB degradation is shown in
Fig. 7a—c. 0.2 g/l of 5rGO-CFO was found to be the optimum dosage with a
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degradation efficiency of 97%, see Fig. 7a, whereas other samples showed
91% (0.1 mg/ml), 94% (0.3 mg/ml), 88% (0.4 mg/ml) and 82% (0.5 mg/ml).
Without a catalyst, the MB degradation is almost negligible. An overdosage
of the catalyst can limit the light penetration into the dye-catalyst suspension
and in turn suppress the photocatalytic process. Before the photocatalytic
experiments, the suspension with catalyst was kept in the dark for 20 min to
achieve adsorption-desorption equilibrium.

Degradataion efficiency = {CO C_ C} x 100 (1)
0
and
C
In—2 =kt 2
n-= @

where C, and C are the concentrations of effluent at 0 min and at time
interval ‘¢’ respectively. k is the degradation rate constant.

The effect of pH on the catalytic reaction was investigated at different
pHs; 3,7, and 9. The pH of the effluent solution was adjusted using 0.05 M
HCland 0.05 M NaOH. The pH of the reaction system plays a major role for
the photocatalytic performance because it may prevent the production of

reactive radicals and reduce redox reactions on the surface of the
photocatalyst” ™. The degradation efficiency of 5rGO-CFO for degradation
of MB was analyzed in an acidic (pH 3) and basic (pH 9) reaction system,
while the original pH of the MB solution was neutral (pH 7). According to
the obtained results depicted in Fig. 7d, when the pH of the solution was
tuned from 7 to 9, the photocatalytic degradation efficiency of 5rGO-CFO
increased significantly from 92% to 98%. On the other hand, when the pH of
the solution was adjusted to 3, the degradation efficiency of 5rGO-CFO
dropped considerably from 92% (neutral) to 83%. This shows that the pH
value affects the photocatalytic activity considerably. The degradation
process occurred favorably in basic pH because of the augmented electro-
static interaction between 5rGO-CFO, MB cations, and readily available
hydroxyl (OHe) radicals, which improves the photocatalytic performance
(previously observed in other rGO and metal oxide systems).

Active species trapping tests. The photocatalytic mechanism and
reactive species involved in the degradation of the MB dye were further
studied using active species trapping experiments. For this, 0.5 mM of
AgNO;, Ethylenediaminetetraacetic acid (EDTA), Isopropyl alcohol
(IPA), and benzoquinone (BQ) were added to the solutions as scavengers
to quench electrons (e-), holes (h + ), hydroxyl (OHe) radicals, and
superoxide radicals (O,e ). The effect of the different scavengers on the
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Fig. 9 | Schematic of plausible photocatalytic
degradation mechanism of MB for rGO-CFO
nanocomposites.
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MB degradation efficiency of the 5rGO-CFO composite is illustrated in
Fig. 8a, b. The degradation efficiency for 5rGO-CFO was 97% without
scavengers. In the presence of EDTA and IPA, the degradation efficiency
decreased to 42% and 39%, respectively. This indicates that the OHe
radicals and h" are the major contributing species for MB degradation. By
adding AgNO; and BQ to the solution, the MB degradation efficiency
dropped to just 93% and 95%, respectively, which indicates that the
contribution of e” and O,e  species are insignificant for the photo-
degradation of MB. Based on free radical trapping experiments and the
valence and conduction band potentials of 5rGO-CFO, the photo-
catalytic mechanism of the MB degradation could be elucidated. By light

illumination, the photo-generated holes and electrons are generated in
the rGO-CFO valence and conduction bands, see Eq. (3), respectively.
The photogenerated electrons prefer to transfer from the CFO conduc-
tion band to the rGO surface in the presence of rGO nanosheets, which
renders it easier to separate the photogenerated electrons and holes in
Eq. (4). Besides breaking down the MB molecules, the holes created in the
valence band can also generate OHe radicals by interacting with the
surface hydroxyl groups in Eq. (5). This can be explained by the OH/OHe
redox potential (1.89 V)" being more negative than the rGO-CFO VB
hole potential (2.2 eV)*. Consequently, repeated reactions with holes and
hydroxyl radicals degrade the MB molecules, see Eq. (6). Therefore, it can
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be concluded that the highly oxidizing OHe radicals have a higher impact
for the decomposition of MB molecules compared to superoxide anion
radicals. The reason may be that the conduction band edge potential of
CFO (0.09 eV) is more positive than the redox potential of O,/ Oye~
(—0.33eV)*, and thus the formation of superoxide radicals is limited.
The MB degradation mechanism obtained by the rGO-CFO nano-
composite is illustrated in Fig. 9.

CFO + hv — ¢~ (CFO) + h*(CFO) 3)

e (CFO) 4+ rGO — e (rGO) (4)
ht(CFO) + OH™ — OHe (5)

OHe + h* + MB — Degradation products (6)

The degradation intermediates were identified by LC-QTOEF-MS.
Supplementary fig. 1 shows the LC-MS spectra recorded for solutions before
(0 min) and after 25 min and 50 min of photocatalytic reaction. The signal at
m/z =284.12 that was present before the photocatalytic reaction (0 min)
was assigned to the pure MB dye molecule’”. MB molecules were converted
into fragments with peaks at m/z = 212.14, 242.46, 292.05, and 316.54 after
25 min photocatalytic reaction. The peaks m/z =212.14 and 242.46 were
attributed to demethylation through possible N-Methyl ring-breaking
reactions. From the active species trapping experiments (above), hydroxyl
radicals were acknowledged as the major reactive species to degrade MB
molecules. The organics with m/z of 292.05 and 316.54 were determined by
LC-MS, resulting from hydroxylation reactions. An intermediate with
m/z = 316.54 could be formed through the addition of two OHe radicals per
MB dye molecule, or through the oxidation of methyl (- CH;) groups. In
addition, the signal at 292.05 is due to the formation of sulfoxide. After
50 min photocatalytic reaction, the LC-MS spectrum shows peaks at lower
m/z values, i.e. 111.27,122.36, 148.50, and 167.30. This confirms that the dye
molecule breaks up into smaller fragments upon degradation and indicates
that the discoloration of methylene blue solution (oxidation), catalyzed by
rGO-CFO, proceeded via dye degradation (ring rupture).

Bisphenol-A and tetracycline degradation

The 5rGO-CFO sample was further used to degrade the organic synthetic
compound Bisphenol-A (BPA) under simulated sunlight (300 W, Xe-lamp
source with 100 mW/cm® (1 sun) irradiation). After exposing a BPA-
catalyst suspension to light for 50 min, the BPA was degraded about 91% of
its initial concentration with a rate constant of k = 0.074 min™'. With CFO,
the BPA was degraded about 69% with a rate constant of 0.022 min™. The C/
C, ratio plots and first-order kinetics are shown in Fig. 10a, b. The 5rGO-
CFO composite was also used for degrading the antibiotic Tetracycline
(TC), which was degraded by 75% (k = 0.026 min™) and 98% (0.078 min™)
of its initial concentration using CFO and 5rGO-CFO, respectively. The
C/C,y ratio plots and first-order kinetics are shown in Fig. 10c, d.

The LC-MS chromatograms of the time-dependent photocatalytic
degradation of TC using 5rGO-CFO composite, measured after 0, 25, and
50 min light irradiation, are shown in Supplementary Fig. 2. Several peaks
were observed in the LC-MS spectrum of the untreated TC solution (at
0 min). After 25 min of irradiation, new peaks appear, suggesting that the
parent TC molecule has broken down and that intermediate products have
been formed. After 50 min of irradiation, with further progress of the
photocatalytic reactions, the intensity of the TC peaks has decreased sub-
stantially. This indicates that the TC molecule is largely degraded.

Various semiconductor metal-oxides and their composite systems
have been widely explored for photocatalytic wastewater treatment, such as
TiO,, ZnO, SnO,, MnO, and WO3, for the degradation of various organic
effluents***>. A comparison of the photodegradation efficiencies of the rGO-
CFO catalyst with other rGO-based composites for MB degradation is

tabulated in Supplementary table 1. The comparison shows the high
potential of the materials investigated in the present work. However, the
comparison of the photocatalytic performances with state-of-the-art
materials is challenging, as photocatalytic degradation experiments are
typically conducted under different reaction conditions, like different light
sources, catalyst loading, effluent type, effluent concentration, etc. In the
present work, we have explored simple and stable brownmillerite oxide and
rGO composites for the degradation of Methylene blue, Bisphenol-A, and
Tetracycline under simulated sunlight, at standard test conditions, and have
assessed their performance. CFO synthesis is simple, scalable, and cost-
effective. Processing of single-phase Ca,Fe,Os by solid-state reaction
requires relatively high temperatures, often above 1000 °C. In the present
work, we adopted a chemical route (which requires a low temperature of
700 °C and a low reaction time of 6 hr), through this we can achieve CFO
nanoparticles (~80 nm). This synthesis method requires less energy and
time to produce a larger quantity of CFO nanoparticles. rGO-CFO com-
posites are also prepared using a simple thermal reduction method. All the
photocatalytic experiments were conducted under simulated sunlight to
replicate the natural sunlight-driven photocatalytic water treatment process.
The results from sunlight-driven photocatalytic emergent pollutant treat-
ment using low-cost rGO-CFO nanocomposites point towards a greener,
comparatively economical, and sustainable treatment method for industrial
effluents.

In summary, in this study, a rGO-CFO nanocomposite was prepared
by a thermal reduction method. The structural, morphological, and optical
properties of the rGO-CFO samples were characterized and studied sys-
tematically. Both characteristic bands of the CFO nanoparticles and the rGO
nanosheets appeared in the Raman plots, which confirmed the formation of
a nanocomposite, further supported by XRD, SEM and STEM results,
indicating that spherical CFO nanoparticles were interleaved between rGO
nanosheets. The band gap of the rGO-CFO was reduced to 1.9 ¢V from
2.1 eV (for CFO only). The Mott-Schottky analysis indicated a higher charge
carrier density with higher mobility and higher flat band potential after the
incorporation of rGO with CFO. The photocatalytic performance of the
rGO-CFO composite was optimized for the degradation of effluents under
simulated sunlight irradiation. Among the prepared photocatalysts (1, 5, 10,
and 15 wt% of rGO), the rGO-CFO composite with 5wt% rGO had the
highest photocatalytic activity. For the optimal catalyst dosage (0.2 g/1), MB
was degraded up to 97% in just 50 min. Through scavenger tests, it was
further established that holes and OHe radicals are the essential reactive
species in the breakdown of MB. By increasing the initial pH of the MB
solution, the degradation efficiency of rGO-CFO increased to 98%. 5rGO-
CFO was further used to degrade emerging pollutants like Bisphenol-A and
Tetracycline, which were degraded over 90% of their initial concentration
under light irradiation. Altogether, rGO-CFO nanocomposites show
potential as catalyst materials for the photocatalytic degradation of harmful
pollutants.

Data availability
The data sets generated during and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Code availability
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