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Morphologically tuned one-dimensional (1D) nickel ferrite (NiFe,O4) nanorod (NFNR) was synthesized
through co-precipitation and hydrothermal methods. The NFNR was combined with two-dimensional
(2D) reduced graphene oxide (rGO) derived from battery waste and designated as NFNR/rGO. The 1D-
2D nanohybrid was used as a UV-light-harvesting photocatalyst for the degradation of berberine
hydrochloride (BH), a hazardous water contaminant. Using NFNR/rGO, 97.61% of BH was degraded in
60 min upon exposure to UV light along with 83.87% of mineralization following the first-order kinetics.
The present analysis showed that NFNR/rGO exhibited 4.8 times higher photocatalytic activity than the
bare NFNR owing to increased surface area, reduced indirect band gap, more active sites and low
charge recombination rate. The photocatalytic degradation mechanism of BH was investigated and
examined with the help of trapping experiments and photoluminescence (PL) spectroscopy. The
experimental evidences demonstrated that OH® (hydroxyl) and O, (superoxide) radicals played
dominant roles in the photodegradation procedure. The various probable intermediates involved during

the reaction were investigated through liquid chromatography-mass spectrometry (LCMS). The
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delivered strong activity towards the photodegradation of BH during recycling. The photodegradation

DOI: 10.1039/d4su00638k process of BH was also studied using three other catalysts having variable molar ratios of Ni to Fe, and it

rsc.li/rscsus was found that NFNR/rGO with Ni: Fe = 1: 2 exhibited a superior activity.

Sustainability spotlight

In today's world, which is suffering from environmental pollution, climate change and global warming, “sustainability” is under threat, and realizing
a sustainable world is challenging unless necessary steps are taken to have control over causes that are hampering the global environment. One such cause is the
berberine hydrochloride (BH) antibiotic, a pharmaceutical waste considered to be toxic to water bodies. According to published research, every ton of antibiotics
generated will yield 500-6500 m® of wastewater, which includes significantly more organic pollutants than domestic sewage. BH is a frequently released
antibiotic to the aquatic system and has significant potential hazards and negative effects on the ecosystem and human health. However, photocatalysis is an
energy-efficient, green process that utilizes light to drive chemical reactions, contributing to sustainability by enabling pollution reduction and production of
renewable energy. In this work, we designed a 1D-2D nanohybrid photocatalyst of nickel ferrite (NiFe,0,) and reduced graphene oxide (rGO) that can effectively
degrade BH within 60 min under UV light irradiation. The 1D NiFe,0, nanorod composite with 2D rGO nanosheets can remove BH effectively up to 250 ppm
with ~84% of mineralization. Hence, we believe that the designed catalyst can be explored for practical applications to degrade BH as its toxicity has become
a major concern.
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1. Introduction

Light-harvesting semiconducting materials have become
promising photocatalysts for energy production as well as to
remove water pollutants." However, the property of such mate-
rials depends on various factors like size, shape and dimension.
They may have dimensions ranging from zero to three, each
having unique properties. The one-dimensional (1D) nano-
materials can be synthesized as nanorods, nanotubes or as
wires and belts.> Due to good surface area and formation of
a desirable number of active sites on their surface, the 1D
nanomaterials can facilitate different photocatalytic reactions.’
The main advantages of these types of nanomaterials are that
they form sites for the adsorption of reactant molecules.* At the
same time, the surface active sites can significantly perform
charge separation and thereby accelerate the reactions at the
interface.® The 1D material with nanorod or nanotube struc-
tures can further be beneficial in photocatalytic reactions as
their photo adsorption, light scattering, and charge transport
ability (electrons and holes) can be modulated by tuning their
length and diameter.® Due to such benefits and high prospects
of 1D nanomaterials in the field of energy and environment,
a good number of research work have been devoted towards
large-scale synthesis of 1D photocatalysts.”®

The 1D photocatalysts pave a new path in the field of clean
energy, environment and sustainability.” However, the fast
recombination rate of electrons and holes makes them less
productive and selective in photocatalytic reactions.® Therefore,
to overcome these problems, the 1D materials are combined with
other materials such as 2D nanomaterials to lower the charge
recombination rate.’ The 1D nanostructure of metal oxides such
as TiO,, ZnO, Fe;0,, V,05, and WO; is well explored for different
photocatalytic and photodegradation processes.'*** The activities
of these metal oxides are found to be significantly altered
through the construction of their heterojunctions or by creating
some defect sites or by doping of metals having surface plasmon
effects.’>'® In this regard, nickel ferrites (NiFe,0,) are one such
mixed metal oxides that have been extensively studied as pho-
tocatalysts for different applications such as photocatalytic water
splitting reaction and water purification.'”*® The spinel NiFe,O,
of different dimensions and morphologies is recognized to have
better magnetic, electrical and thermochemical properties, and
investigated as magnetically separable nanophotocatalysts.*

The photocatalytic activity of NiFe,O, has been improvised
via various modifications such as heterojunction formation,
doping with other elements, and composite material forma-
tion.>*** For example, He et al. synthesized a nanocomposite of
NiFe,O, and Bi,4O3;Brj, by a hydrothermal method for the
degradation of crystal violet dye under visible light illumina-
tion,?* Xia et al. combined SrTiO; spheroidal nanoparticles with
NiFe,O, polyhedra for the photodegradation of RhB.*® Dhar-
maraja et al. demonstrated the effectiveness of porous ZnS/
NiFe,0, nanocomposites towards the breakdown of dyes under
solar radiation.' Taj and his co-workers demonstrated the
efficacy of NiFe,0, towards the removal of two water pollutants,
namely, ciprofloxacin and Congo red.* Recently, an N-doped
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nickel ferrite was created by Patar et al. to aid in the photo-
degradation of LEV and CIP antibiotics.”® Additionally, supports
such as graphene oxide or such conducting materials facilitate
the photocatalytic degradation process by providing good
surface area, improving electron mobility and surface adsorp-
tion sites, and enhancing the stability.>

Berberine hydrochloride (BH) is one of the frequently used
isoquinoline alkaloids well known for wide-spectrum antibiotics
in human medicine. The contamination of BH in the aquatic
environment affects the water quality, making it unfit for direct
human consumption.”” Moreover, BH is reported to have the
ability to disrupt the life cycle of microorganisms and prevent
them from reproduction.”® As the biological treatment of the BH
wastewater is not acceptable, there is a demand for the devel-
opment of an energy-efficient and environmentally friendly
process with a high BH elimination potency. A number of tech-
niques including ozonation,* physical adsorption,** microwave
reduction,* flocculation,® Fenton process,”® photo-Fenton
process,* and piezocatalysis®**®” are known for the removal of
different organic pollutants. However, each of these processes
has certain limitations, and some processes require external
chemicals and energy. Therefore, currently, the photo-
degradation of dye contaminants, antibiotics and such organic
pollutants in water bodies using light-harvesting semiconducting
materials and nanocomposites appears to be an energy-efficient,
environmentally benign and greener technique.®**° Nevertheless,
using conventional water treatment methods to totally decom-
pose BH is still a challenge. In this regard, the photodegradation
of these organic contaminants using semiconductors is recog-
nized to be one of the green protocols. For example, Yu et al.
constructed a TiO,/Si0,/g-C3;N, heterostructure for the adsorp-
tion and photocatalytic degradation of berberine under visible
light.?” Rabé et al. used cathodic WO; and anodic g-C3N,4/Fe’/TiO,
for the breakdown of berberine chloride under visible light.**

Although a good number of studies have been conducted on
similar systems, to the best of our knowledge, the 1D nano-
structure of NiFe,O, has not yet been reported for the photo-
degradation of antibiotic pharmaceutical pollutants such as
berberine hydrochloride (BH). Therefore, considering the
ability of NiFe,O, as a photocatalyst and the toxicity and adverse
impact of BH on water bodies, in this work, we constructed
a heterojunction by combining a 1D NiFe,O, nanostructure
with 2D reduced graphene oxide nanosheets derived from
battery and tea wastes. The current study not only focuses on
lowering the electron-hole recombination rate at the NiFe,O,
nanorod surface but also emphasizes on waste management,
whereby waste batteries and tea waste leaves are converted into
useful charge carriers and promoters.

2. Experimental section

2.1. Chemicals

Iron chloride anhydrous (FeCl;, pure =98%), nickel sulphate
heptahydrate (NiSO,- 7H,0, pure, 98%), hydrochloric acid (HCI),
sulfuric acid (H,SO,4) (95.0-98%) and nitric acid (HNO;) were
purchased from E-Merck. Berberine hydrochloride (pure, >98%),
potassium nitrate (KNOs, pure, >99%), sodium lauryl sulfate
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(CH;(CH,);,0S0;3;Na, =97%) and Mohr's salt [Fe(NH,),(SO4),-
-6H,0] were provided by TCI. From E-Merck, the terephthalic
acid (98%), sodium hydroxide (NaOH, pure, >99%), ascorbic acid
(99.0-100.5%), ethanol (>99% pure), tartaric acid (99.7-100.5%),
potassium iodide (KI, pure 99%), silver nitrate (AgNO;, 99%),
potassium ferricyanide (99%), dimethylglyoxime (DMG, =99%),
and 5,5-dimethyl-1-pyrroline N-oxide (DMPO, =97%) were
obtained.

2.2. Synthesis of nickel ferrite nanorods (NFNRs)

The nickel ferrite nanorods designated as NFNRs were prepared
by stirring a mixture of 1 mol NiSO,-7H,0 and 2 mol FeCl;
dissolved in 100 mL of distilled water (Scheme 1a). A specified
quantity of sodium lauryl sulfate (SLS) (1 mmol, 288.38 mg in
a little amount of water) was added as the surfactant, followed
by further stirring. After that, the aforementioned salt solution
was agitated for one hour at around 80 °C and then 1 M NaOH
solution was slowly added dropwise till its pH raised to about
13. Through centrifugation, brown coloured precipitates were
obtained and washed thoroughly to eliminate extra surfactants
and undesired contaminants, and the solid residue was oven-
dried for 1 h at around 90 °C. At last, the product was sub-
jected for calcination at 700 °C for 3 h to get the nanorod
structure of nickel ferrite.

2.3. Synthesis of carbon materials from battery and tea
wastes

For the modification of the above-synthesized NFNRs, in this
work we used two different carbon materials: one derived from
battery wastes and the other derived from waste tea leaves, as
described in our previous work.*>** Both these materials were
obtained by the modified Hummer's approach. The battery
waste-derived carbon material was recognized to be reduced
graphene oxide (rGO) and that obtained from tea waste was
designated as Carbon Tea Waste (CTW).

1 M NaOH (pH~13)

_
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2.4. Synthesis of photocatalysts

In order to synthesize NFNR/rGO composites, a stable suspen-
sion of rGO was prepared by dispersing 0.1 g of dry rGO in
distilled water (100 mL) and then ultrasonicated for 30 min.
After that rGO suspension was mixed with NFNR and subse-
quently subjected to hydrothermal treatment at 80 °C for 2 h
(Scheme 1b). The residue obtained after filtration was washed
with distilled water, and then vacuum dried at 80 °C for 1 h.

Following a similar procedure, three other materials,
namely, NFNR-1/rGO, NFNR-2/rGO, and NFNR/CTW were
synthesized by varying the metal concentration and the carbon
matrix. The molar ratios of Ni and Fe salts in NFNR-1/rGO and
NFNR-2/rGO were maintained at 1:1 and 2:1, respectively
during the synthesis. The NFNR/CTW material was prepared by
using Ni and Fe salts in 1: 2 molar ratio and replacing rGO with
CTW. For a comparative study, nickel oxide (NiO) and iron oxide
(Fe,0O3) were prepared by following the reported procedures
(provided in the ESIT).*#*

2.5. Procedure for the photodegradation of berberine
hydrochloride (BH) antibiotics

The degradation of BH under UV-visible light (450 W Hg lamp, A
= 254 nm) was measured using 12 mg of the synthesized pho-
tocatalyst in 20 mL of 50 ppm aqueous BH solution at pH = 2.
The detail of the photoreactor is provided in our previous
work.*® The mixture was kept in the darkness for 30 min to
achieve equilibrium between the NFNR/rGO (photocatalyst) and
BH. A certain volume of the reaction mixture was collected at
a certain time interval throughout the photocatalytic reaction.
The UV-visible spectroscopy was employed to assess the
concentration of BH in the solution, measuring absorbance at
a distinctive wavelength of 354 nm. The photocatalytic effi-
ciency of the catalyst was measured by calculating the C,/C,
value using eqn (1):**

%Reduction/degradation = 1 — % x 100

o

(1)

where C, = initial concentration, C, = concentration at different
time periods.

% ?rFO Filtered, washed
:1\ O and dried
—_——
‘b Calcined, 700 °C (3 h)

a) 1 h Stirring, 80 °C d)é g
) FeCl3.6H,0 Lons trapped in Nanorod formation NFNR
@ NiSO,.7H,0 micelle formed by SLS begins with nucleation
O sLs
Hummer's
treatment Autoclaved, 80 °C (2 h)
—_—m
b) Filtered and Dried
Grinding (1 h)
¢
Waste battery NFNR + rGO Suspension NFNR/rGO

Scheme 1 Synthesis of (a) NFNR and (b) NFNR/rGO composites.
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The organic matter present in the antibiotic sample was
calculated using the Walkley and Black titration method as re-
ported before using the following formula:*®

0.003gx 4 x (B— C) x 100
w(g)

Total organic carbon, TOC(%) =

(2)

A = molarity of Fe (NH,),(SO,), solution, B = blank titration
value, C = titration value of sample, W = sample weight in
gram.

2.6. Computational details

A model cluster considering three nickel (Ni) centres, three iron
(Fe) centres and two oxygen (O) centres embedded on a small
unit of rGO was constructed for the theoretical study. The
model was fully optimized at the M06-2X/def2-TZVP level*” and
found to be a true minimum on the potential energy surface. All
these calculations were performed using the Gaussian 16 suite
of program.** The charge density difference and projected
density of states (PDOS) were calculated using the Multiwfn
program code.*®

3. Results and discussions

The PXRD patterns of spinel nickel ferrite (NiFe,0,) nanorods
(NFNRs) and the composite of NFNRs loaded with rGO (NFNR/
rGO) are compared in Fig. 1a. In the PXRD pattern of rGO

a)
—— NFNR/rGO
——— NFNR
¢ Fe,0, a —rGO
BT
. 13 A o
3 A A
Cl PR
2z .
7] Gl .
c oo .
3] : : :
= . s .
NiFe,0, N
JCPDS: & s, ¢ 8 I .
s sudal] l i | | l L]
U T U T J
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20 (in degree)

c)
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Fig. 1
(red) and rGO (black).
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(Fig. 1a, black line), a broad peak at a 26 value of 24.20° was
observed due to the (002) plane.** A less prominent peak at 26 =
42.9° with a (001) orientation appeared for the imperfect
graphite crystal.** Additionally, a diffraction peak at 26.4°
indicated the presence of small impurities of graphite. In the
synthesized NFNR material, the diffraction peak at 30.3°, 35.5°,
37.1°, 43.3°, 53.9°, 57.4°, 62.9°and 74.8° matched well with the
crystalline planes of NiFe,O, at (220), (311), (222), (400), (422),
(511), (440) and (566), respectively, as shown in Fig. 1a (red line,
JCPDS No. 00-003-0875). The NFNR sample showed a very less
intensity peak at 33.05°, implying small amounts of impurities
of Fe,0; in the synthesized material (JCPDS no. 00-024-0072).
The PXRD pattern of the NFNR/rGO compound showed the
diffraction peaks of both NFNR and rGO, indicating the
formation of the desired material.

The Raman lines of the NFNR, rGO and NFNR/rGO
composite are depicted in Fig. 1b. The rGO (black line) mate-
rial showed two significant peaks of graphitic materials: D band
at 1353 cm™ " and G band at 1598 cm™'.** NFNR showed a band
at 704 cm™' consistent with the A;, symmetry (Fig. 1b, red
line).** The peak at 323 cm ™' correlated with the E, mode and
other three T, modes were obtained at 195 cm ™', 484 cm ™' and
574 cm™~'.%2 The presence of all the rGO and NFNR characteristic
peaks in the composite material (Fig. 1b, blue line) demon-
strated the well mixing of NFNR and rGO forming the NFNR/
rGO composite.

b)
—— NFNRIFrGO
< Dband g pand ——NFNR
4 —rGO
3
8
2
‘@
c
]
£
T T T T T (3 U
400 800 1200 1600 2000 2400 2800
Raman shift (cm'1)
d)
N
£
E

1.0 15 20 25 30 3.5
Energy (hv)

(a) PXRD patterns, (b) Raman spectra, (c) UV visible spectra of rGO (black), NFNR (red) and NFNR/rGO (blue), and (d) Tauc plot of NFNR
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The UV-visible DRS (Diffuse Reflectance Spectra) of NFNR/
rGO, NFNR and rGO are displayed in Fig. 1c. The peaks at
221 nm and 297 nm were characteristic peaks of rGO (black
line), assigned to the m—m* transition of C=C bonds and n-m*
transition of C=0 bonds respectively.*® Two broad absorption
peaks were present at 228 nm and 291 nm in the NFNR. In
comparison to pure NFNR, a noticeable red shift at the
absorption edge in NFNR/rGO indicated that the incorporation
of rGO has reduced the band gap of the NFNR.** The broad
peaks at 690 nm in the NFNR and at 700 nm in NFNR/rGO were
assigned to d-d transition in metal oxides. The band gap energy
was calculated using the Kubelka-Munk equation:*

(ahw)" = k(hv — Ey) (3)

where k = proportionality constant, E, = optical band gap
energy, v = frequency of light, n = nature of electronic transi-
tion, @ = absorption coefficient.

The indirect band gap (E,) was calculated from the extended
linear portion of the curve plotted between (ar)"? and hv to the
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energy axis considering n = 1/2. The E, value of the NFNR and
rGO was determined to be 2.76 eV and 1.8 eV, respectively
(Fig. 1d). The band gap values were found to be close to those
reported ones.”>* Therefore, based on the measured E, value,
the synthesized materials were used as photocatalysts.
Additionally, we performed a theoretical analysis to predict
the charge densities and the density of states (DOS), consid-
ering a small model system of nickel ferrites (three nickel (Ni)
centres, three iron (Fe) centres and two oxygen (O) centres). We
performed the Density Functional Theory (DFT) calculation and
optimized the local minimum geometry of the model complex,
as shown in Fig. 2a. The nickel ferrite system was held tightly by
the oxygen atom of the ~-OH functional group of rGO (Fig. 2a).
From the charge density calculation, it was found that the
charges lost at the Ni centre got accumulated in the Fe centre
(Fig. 2b). The density of state calculation was performed for
rGO, nickel ferrite system and nickel ferrite system embedded
on rGO. The Fermi level of the bare rGO lay at —3.5 eV (Fig. 2c),
while the bare Nickel ferrite system lay at —3.7 eV (Fig. 2d),

Density-of-states

-13.0 -11.0 -9.0 -7.0 -5.0 -3.0 -1.0 1.0 3.0 5.0

Fig. 2

Energy (eV)

(a) Optimized local minimum geometry of the model complex, (b) charge density difference plot of the model complex (yellow = charge

increment, green = charge depletion) and (c) projected density of states (PDOS) of bare rGO, (d) bare Nickel ferrite system and (e) PDOS of the
Nickel ferrite system embedded in rGO. The dotted line represents the Fermi level.
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which shifted towards right (—3.0 eV) in the Nickel ferrite
system embedded in rGO (Fig. 2e). This implied that the pres-
ence of rGO can shift the Fermi level of the Nickel ferrite system,
thereby influencing the photocatalytic activity.

The Fourier Transform Infrared Spectroscopy (FTIR) spectra
of the synthesized materials are depicted in Fig. S1:f rGO
(black), NFNR (red) and NFNR/rGO (blue). In rGO, the peaks at
2926 cm™ ' and 2849 cm ! are responsible for the asymmetric
v,5(-CH,) and symmetric v5(-CH,) stretching vibrations of rGO
(Fig. S1t (black line)).*” The smaller intensity peaks at
1642 cm ™! and 1585 cm ™! were assigned to the C-OH, COOH
and C-O groups on the rGO matrix.*” The FTIR spectrum of the
synthesized NFNR sample displayed two bands at 595 cm™*
associated with Ni-O stretching with tetrahedral coordination
and at 420 cm ' assigned to the vibration of the octahedrally
coordinated Fe-O bond. Furthermore, the band at 1112 cm ™!
and 3443 cm ' was linked to the vibration modes of the C-O
group and the symmetric vibration of the -OH group, respec-
tively, Fig. S1t (red line).*® These vibrational bands were well
retained in the composite material, confirming the combina-
tion of the rGO matrix with NFNR (Fig. S1, blue line).

Thermogravimetric analysis (TGA) was implemented to
know the thermal stability of the prepared samples (Fig. S27).
The TGA spectra of NFNR (Fig. S2a, red line) showed an initial
sharp weight loss of 3% followed by a slow decomposition of
2.5% up to 350 °C due to moisture evaporation.® After that,
a major weight loss occurs at 400-600 °C. After combination
with rGO, the material obtained high stability as the TGA profile
represented only a slight loss in the weight percentage (Fig.-
S2a,t blue line). The enhancement in such thermal stability was
attributed to the impact of rGO as rGO itself has good thermal
stability, as predicted from the TGA profile as shown in

Time 126128

- 1000KX
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Fig. S2b.t The N, adsorption-desorption isotherm of NFNR/
rGO is shown in Fig. S3.7 From the Brunauer-Emmett-Teller
(BET) analysis, the surface area of NFNR/rGO was found to be
120.01 m* g~ .

The morphology and the structural integrity of the materials
were analyzed by electron microscopy imaging techniques,
namely, Scanning Electron Microscopy (SEM) and Trans-
mission Electron Microscopy (TEM). The elemental composi-
tions were determined by Energy-Dispersive X-ray Spectroscopy
(EDX) analysis. The SEM images revealed the formation of
nanorod structures of NiFe,O, (Fig. 3a-d), and also their proper
combination with the rGO matrix, as shown in Fig. 3e and f. The
nanorods were clearly visible in the TEM images along with
their connection with the rGO matrix (Fig. 4a-d). Fig. 4c and
d show the distinct structure of NFNR nanorods that were
evenly distributed on the rGO surface. The nanorods were
formed within a length of 70-90 nm and a diameter of 10-20 nm
(Fig. 4b). The fringes of the NFNR/rGO nanocomposite are
shown in Fig. 4e and f. The lattice spacing determined from
these HRTEM (High Resolution Transmission Electron
Microscopy) images were 0.29, 0.461, and 0.262 nm, corre-
sponding to the (220), (111), and (311) planes of NiFe,O,.
Furthermore, a lattice spacing of 0.25 nm (Fig. 4f) was in
agreement with the (311) plane of NiFe,O,. The existence of all
the characteristic elements Fe, Ni, O was ascertained from the
EDX-spectra. The Cu appeared from the Cu-grid used during the
analysis. Fig. 4g and h demonstrate the weight percentages of
the elements present in the material. It was found that Fe has
higher atomic % than Ni in the catalyst surface. From Induc-
tively Coupled Plasma Optical Emission Spectrophotometer
(ICP-OES) analysis, the ratio of Ni (149.1 pug L") and Fe (344.2
pg L") in NFNR/rGO was found to be ~1:2.

Fig. 3

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a and d) SEM images of NFNR; (b and c) zoom image of (a and d), and (e and f) SEM images of NFNR/rGO.
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Fig.4 TEMimage of (a and b) NFNR, (c and d) NFNR/rGO showing the nanorod structure distributed on the rGO surface, (e and f) fringe pattern
of NFNR/rGO obtained from HRTEM analysis, (g) EDX spectra and (h) average elemental distribution in the NFNR/rGO material.

The Mott-Schottky (MS) plots were analyzed to ascertain the
flat band potentials (Vg,) and type of semiconductors, based on
the impedance measurement, as shown in Fig. 5a. Both the
NFNR and rGO showed a positive slope, indicating the n-type
semiconductor characteristics of the materials.®® Additionally,
after projecting the graph to C 2 = 0, the Vy, values for the
NFNR and rGO were calculated from the x-axis intercept. The
calculated Vy, values for the NFNR and rGO were —1.16 V and
—0.55 Vvs. RHE (Fig. 5a). Usually, the Vg, values are observed to
be 0.1 V above the conduction band potential (V¢p) for n-type
semiconductor materials.** Therefore, the Vg values of the
NFNR and rGO materials were estimated to be —1.26 V and
—0.65 V (vs. RHE), respectively. Using band gap values from DRS
analysis and Vg, the valence band potentials (Vy) of NFNR and
rGO were calculated to be 1.5 V and 1.15 V vs. RHE, respectively
(Fig. 5b).

The charge movement, exchange, and recombination rate of
the photo-induced electron-hole pairs in the composite can be
explained by examining the photoluminescence (PL) patterns. A
lower PL intensity is often associated with a lower electron-hole
recombination rate leading to a greater photocatalytic activity.
The PL spectra of NFNR, rGO and NFNR/rGO at an excitation
wavelength of 425 nm are displayed in Fig. 5¢.* All the materials
showed an emission peak at 582 nm. The intensity of PL signal
for NFNR/rGO was lower; suggesting that the rate of electron-

516 | RSC Sustainability, 2025, 3, 510-525

hole recombination for NFNR/rGO was effectively inhibited. To
check the electron-hole separation capacity, the photocurrent
measurement was performed (Fig. 5d). The analysis indicated
that NFNR/rGO showed the highest photocurrent response
compared to the bare NFNR and rGO, indicating a higher
degree of charge separation. Fig. S4t displays the Nyquist plots
of the electrochemical impedance spectroscopy (EIS) data for
the NFNR (red line), rGO (black line) and NFNR/rGO nano-
composite (blue line). According to the Nyquist plot, charge-
separation rate of the working electrode improves with
a lower arc radius.®® The NFNR/rGO sample had a smaller
circular radius than that of the pure NFNR and rGO, indicating
lower resistance and higher charge separation. Therefore, EIS
results indicated that the NFNR/rGO nanocomposite was
superior to the NFNR in terms of charge transfer efficiency.
X-ray photoelectron spectroscopy (XPS) spectra of the NFNR
and NFNR/rGO composite material were examined to deter-
mine the elemental oxidation states. Based on the XPS spectra
displayed in Fig. 6a and b, Fe and Ni were found in the +3 and +2
oxidation states, respectively. The detailed description of all the
binding energy (B. E.) values is given in Table 1. In the case of
the O 1s spectra, the peak at 533.4 eV represented the M-O-M
bond, whereas the remaining two peaks were associated with
the functional groups of rGO (Fig. 6¢). The XPS spectra of C 1s
showed three distinct peaks in NFNR/rGO, characteristic of C=

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00638k

Open Access Article. Published on 16 December 2024. Downloaded on 11/30/2025 7:52:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
“
£
o
)
'S
e
&
(&)
A5 1.0 0.5 0.0 0.5 1.0
Potential (V vs. RHE)
c)
70000
60000 -
——NFNR/FGO
50000 - ——NFNR
> —rGO
‘®
£ 40000
2
£
= 30000+
o
20000 4
o e
560 570 580 590 600 610 620
Emmision wavelength (nm)
Fig. 5

(=
~

Potential (V vs. RHE)

View Article Online

RSC Sustainability

NFNR
d)
12
—— NFNR/rGO
on  off —— NFNR
_ —rGo
5 [
<
= 8
>
.
c
3 6.
€
(4
5
L)
20 40 60 80 100 120 140 160
Timels

(a) Mott—Schottky plot for the flat band potential (V) of the NFNR (red line) and rGO (back line), (b) band edge structure showing the CB

and VB potential of the NFNR and rGO, (c) PL spectra and (d) photocurrent responses of rGO (black line), NFNR (red line) and NFNR/rGO (blue

line).

a) Fe 2p b) Ni 2p c)O1s d)C1s
(i) NFNR (i) NFNR 853.7 (i) NENR (i) NFNR/rGO
Ni2py, 530.3
711.8 -
725.1 Fe2py; w709 Satelite
Fe2p Ni2p,,

733.8
Satellite

2 7184
\ Satellite

877
Satellite

Counts/s

(ii) NENRIFGO

7125

726
Fe2p,,

Fe 2py,

Counts/s

853.8

(i) NFNR/FrGO
Ni2py,

859.8
Satellite

871.2

877 Ni2p,,

Satellite

Counts/s

(ii) NFNR/rGO

532.8

Counts/s

530.5

289.1 /

(ii) 284.8

730 720 710
Binding energy (eV)

740

80 870 860 850
Binding energy (eV)

700

536 532
Binding energy (eV)

540

T T T
291 288 285
Binding energy (eV)

528 204

T
282

Fig. 6 XPS spectra of (a) Fe 2p, (b) Ni 2p, and (c) O 1s present in (i) NFNR and (ii) NFNR/rGO, and (d) (i) C 1s present in NFNR/rGO and (ii) C 1s XPS

spectra taken as reference.

C/C~C (284.7 eV), C-O (286.7 eV) and O-C-0/O-C=O0 (288.6 eV)
(Fig. 6d(i)). All the XPS peaks are fitted with respect to C 1s, as

shown in Fig. 6d(ii).

© 2025 The Author(s). Published by the Royal Society of Chemistry

4. Photocatalytic activity study

The photocatalytic activity of the synthesized materials was
evaluated for the degradation of BH under UV light exposure.
For the photodegradation process, 20 mL of a 50 ppm aqueous
BH solution was taken. Considering 2 mg of each NFNR and
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Table 1 Comparative XPS analysis data of NFNR/rGO with the NFNR
Ametal Ametal
Element Peak NFNR (eV) (2p1/2-2P3/2) NFNR/rGO (eV) (2P1/2-2P3/2) Assignment Ref.
Fe Fe2p  Fe2p;,  711.8 13.3 eV 712.5 13.5 eV Fe(m) 64
Fe 2py) 725.1 726 Fe(u)
Satellite 718.4, 733.8
Ni Ni2p  Ni2ps,  853.7 17.2 eV 853.8 17.4 eV Ni(m) 65 and 66
Ni2p;, 8709 871.2 Ni(u)
Satellite  859.8, 877 859.8, 877
(¢} O1s 530.3 530.5 Functional groups of rGO 64
532.1 532.8
533.4 M-O-M
C C1s 284.7 (c=c/c-C) 64
286.7 (c-0)
288.6 (0-C-0/0-C=0)

NFNR/rGO catalyst at pH = 2, the photo-irradiation was done
for 90 min in individual cases. Under this condition, the NFNR
showed 15.15% degradation of BH, while NFNR/rGO led to 40%
degradation (Fig. S5a and bf). As mentioned in the introduc-
tion, the 1D nanostructure has a faster charge recombination
rate. Therefore, probably in the NFNR, without the rGO matrix,
the electron-hole separation tendency is less and thereby leads
to poor photodegradation ability. Therefore, further studies
were conducted with the NFNR/rGO photocatalyst.

Initially, a blank experiment was conducted in the presence
of light without any photocatalyst. However, after 2 h of UV light
exposure, no decolorization of the BH sample or alteration of
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UV spectra was seen. Additional investigations were carried out
at room light and dark conditions in the presence of 2 mg of
NFNR/rGO (pH = 2), and the results are shown in Fig. S6a.f
Under this condition, only 9.85% and 18.8% degradation of BH
occurred in the darkness and room light, respectively
(Fig. Sebt). It was thus established from the aforementioned
findings that UV light and the photocatalyst were both crucial
for the degrading process of BH. Keeping all other conditions to
be the same (20 mL 50 ppm BH solution, 2 mg catalyst and pH =
2), the impact of irradiation time was monitored. For this, the
photocatalytic degradation of BH was studied in a time window
of 15-90 min, and the optimized irradiation time was estimated
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Fig. 7 UV spectra and bar diagram illustrated the effect of (a and b) irradiation time and (c and d) catalyst amount on the photodegradation of

20 mL 50 ppm BH solution at pH = 2 with NFNR/rGO.
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to be 60 min (Fig. 7a and b). Similarly, upon changing the
catalyst amount, 12 mg of the catalyst provided better results at
pH = 2 under UV light irradiation for 60 min (Fig. 7c and d).

One significant variable that affects photocatalytic activity is
the pH of the reaction system. The pH variations can modify the
charge on the surface of the catalysts and the existing form of
antibiotics, which can impact the BH breakdown. A compara-
tive BH degradation study with the NFNR/rGO catalyst was
performed in order to look into the consequences of pH by
varying the pH of the initial reaction medium. Moreover, to
study the impact of surface charge of the catalyst, the point of
zero charge (pHpyc) was calculated by the batch equilibrium
method and was found to be 7.74 (Fig. S71).*” It was concluded
that when the pH of the initial BH solution was above 7.74, the
surface of the catalyst acquired a negative (—ve) charge, whereas
the catalyst gains a net positive (+ve) charge on its surface when
PH < pHpzc. At low pH, the negatively charged BH ions thereby
got strongly attracted to the catalyst surface by the electrostatic
force of attraction, increasing the adsorption and degradation
efficiency of BH into smaller molecules.®® Therefore, with all
other factors remaining constant, the BH removal effectiveness
of the catalyst was 97.61% at pH = 2 and 53.8% at pH = 12
(Fig. S8a and bt). Hence, pH = 2 was determined to be the ideal
pH value and applied in the subsequent study.

The methodical assessment of the degradation capacity of
NFNR/rGO for BH at varying concentrations is crucial in iden-
tifying the highest saturation capacity of the material. This was
achieved by examining concentrations ranging from 50 ppm to
around 250 ppm keeping other parameters fixed, and the
findings are depicted in Fig. S9a.t The degradation potency was
observed to decrease when the BH solution concentration was
increased (Fig. S9b¥). It might be because at larger concentra-
tions, there was more BH adsorption on the catalyst's surface.
Moreover, Fig. S9ct illustrates the fitting relation between the
concentration of BH and absorbance. The BH degradation
process was shown to follow a linear relationship with the
increase in BH concentration following the Beer-Lambert law
with a correlation coefficient (R*) value of 0.98.

The BH degradation rate was monitored at a predetermined
time span of 10 min to evaluate the reaction kinetics. The
degradation process proceeded according to the first-order
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Fig. 8
60 min of irradiation time and pH = 2).
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kinetics (eqn (4)), as shown in Fig. 8a. Furthermore, the loga-
rithm form, as depicted in Fig. 8b, is expressed as follows (k =
rate constant):*

In(C/Cy) = kt (4)

The negative slope of the plot on In(C,/C,) vs. time graph also
indicated first-order kinetics for the BH photodegradation
reaction with R? and k values of 0.98296 and 0.0652 min ?,
respectively.

Under optimized conditions, rGO and NFNR showed only
11.34% and 54.11% degradation (Fig. S10a and bt), indicating
limited photocatalytic degradation activity. However, the cata-
Iytic activity of NFNR/rGO was greater than that of NFNR and
rGO when exposed to UV light due to the synergistic impact
between them. Further, these catalysts were examined to
understand the dynamic behaviours of BH degradation. The
appropriate fitting results and the graphs of In(C,/C;) vs. time
are displayed in Fig. S10c and d.t The highest rate constant
value was found for NFNR/rGO (k = 0.0652 min~'), about 4.8
times and 28 times higher than that of NFNR (0.0134 min ")
and rGO (0.0023 min '), respectively (Fig. S10et). For better
understanding the photocatalytic activity of the NFNR/rGO
composite, a comparison was made with a similar composite
material that was prepared by physical mixing of NFNR + rGO. It
was characterized again by PXRD and Raman analysis, as
provided in ESI (Fig. S11a and b).t Although the characteristic
signals in the PXRD and Raman were similar to that of NFNR/
rGO synthesized by a hydrothermal method, the activities of
these materials were significantly different. As shown in
Fig. S11c and d,} the physical mixture of NFNR and rGO showed
only 58.7% degradation efficiency. This indicated that the
hydrothermally synthesized NFNR/rGO composite was better in
the BH photodegradation process. The total decolorization of
the BH solution did not prove that the pollutant had fully
mineralized into CO,, H,O, and NO; . As a result, it was
essential to evaluate the catalyst's mineralization efficiency,
which was accomplished by determining the total organic
content (TOC) before and after photocatalysis.” The minerali-
zation efficiency of the catalyst at different time intervals was

b) .

1 m(crcy) =0.0652t - 0.2771
R’ = 0.98296

2] k=0.0652 min”

In (C,IC)

0 10 20 30 40 50 60
Time (min)

(a) UV absorption spectra and (b) In(Co/Cy) vs. time graph for BH degradation with NFNR/rGO under optimized conditions (12 mg catalyst,
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evaluated by the Walkley and Black titration method, using eqn
(2).7* 1t was found that, within 30 min of reaction time, only
7.22%, 27.38% and 63.7% of mineralization was observed
under darkness, room light and UV light irradiation conditions
respectively (Fig. S121). However, with the increasing UV light
irradiation time up to 60 min, almost 83.87% of mineralization
had occurred with the NFNR/rGO composite, as shown in
Fig. S12.7 This finding demonstrated that although the colour
of the BH solution was totally bleached under photocatalytic
conditions, only 83.87% of BH got mineralized. The remaining
16.13% of BH molecules might have transferred to some other
organic species.

In order to understand the possible pathways of degradation
of BH under UV light irradiation in the presence of NFNR/rGO
catalyst, LCMS and FTIR analysis was performed. The mass
spectra recorded before light irradiation showed a sharp signal
at an m/z value of 336 corresponding to BH (Fig. 9a). The mass
spectra recorded after 20, 40 and 60 min of UV light irradiation
in the presence of catalyst are depicted in Fig. 9b-d. It predicted
the formation of intermediates A, B, C, E and F. The FTIR
spectra were also recorded before and after 60 min of UV light
irradiation in the presence of catalyst (Fig. 9¢). The FTIR spectra
before light irradiation showed a signal at 1035 cm ™" due to the
C-0-C stretching vibration, 1738 cm ™" for the C-O stretching
vibration of the five-membered ring, 1365 cm™ " and 1442 cm ™"
for the C-H bending vibrations, and 2983 cm ™" and 2915 cm ™"
assigned to the C-H stretching vibration. However, the FTIR
spectra of the bleach solution showed very weak signals,
implying the degradation of BH antibiotics. As from the TOC
analysis, it was evident that the catalyst can mineralize ~84%.
Therefore, the presence of organic contents in the mass spectra

a) b)

700000 16.100 21000
| pn
oo G A 336.1

5500001

500000
2 450000 2
g 400000 g
E 350000 E

337100
24.04%

ey 38100
& 38300 (35200
154%

View Article Online

Paper

as well as in the low-intense FTIR signal appeared due to the
remaining non-degraded organic content. Based on this
experimental evidence, we propose the degradation pathway as
shown in Fig. 9f. Two plausible pathways are shown: in Pathway
1, the intermediate having an m/z value of 295.2 (A, Fig. 9b) was
formed by the ring opening of the ~-OCH,O group and the loss of
the methyl (-CHj3) group. Furthermore, the intermediate with
an m/z value of 267.2 [B (265) + 2H'] (Fig. 9b) was formed as
a result of the ring-opening reaction and the loss of a hydroxyl
group.”” Following this, as the photodegradation process
preceded, the intermediates with an m/z value of 97.1 [C (94) +
3H'] (Fig. 9c) eventually appeared due to the ring-breaking
reactions and the disappearance of functional groups. In
Pathway 2, a species with an m/z value of 307 was probably
produced, because of the elimination of the methoxy methyl
radical. After that, the product with an m/z value of 307 got
converted to the other intermediate by eliminating the methyl
radicals and CO. Over the course of the reaction, an open-ring
reaction and release of functional groups yielded the interme-
diates: m/z = 139.1 [E (135) + 4H"] and m/z = 130.2 [F (129) + H']
(Fig. 9d).””

5. Recyclability test

The photostability and reusability are two essential parameters
of a photocatalyst. The synthesized NFNR/rGO photocatalyst
was magnetically separable, as shown in Fig. 10a. Using the
magnetic separation approach, the catalyst and reaction
mixture were readily separable. The cycle degradation studies of
BH were conducted for five times with the NFNR/rGO hetero-

junction (Fig. 10b). After each photocatalytic reaction,
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Fig.9 Mass spectra showing an m/z value of (a) BH, (b) intermediates Aand B, (c) C and (d) E and F, (e) FTIR spectra of the reaction mixture before
and after UV light irradiation, and (f) proposed degradation pathways of BH over NFNR/rGO.
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powdered catalysts were recovered and utilized again for the
subsequent photocatalytic reactions under the same conditions
to examine the photostability and recyclability of the composite.
It was found that the NFNR/rGO composite exhibited high
stability and photocatalytic activity throughout the reaction
cycles (Fig. 10b). The ability of the NFNR/rGO catalyst to
degrade the BH molecules retained well up to the second cycle
with 95.02% efficiency. However, the catalyst's ability to degrade
BH decreased in each subsequent cycle, reaching a maximum of
85.6% in the 5th cycle. The cause for the drop in degradation
efficiency was attributed to a certain quantity of catalyst being
lost during the magnetic separation procedure. Further the
leaching of Fe and Ni was tested by potassium ferricyanide and
dimethyl glyoxime (DMG) tests, respectively. Both the tests were
found to be negative as shown in Fig. S13,T indicating that the
NFNR/rGO catalyst was quite stable under strong acidic condi-
tions (pH = 2).

The recyclable catalyst was further characterized by PXRD,
Raman, TEM and XPS analyses. The PXRD spectra showed all
the characteristic peaks of NFNR/rGO along with two additional
peaks at 260 = 44.3° and 51.7° assigned to metallic Ni (JCPDS
no.: 00-001-1258) (Fig. 10c). The Stokes lines in the Raman
spectra resembled with the fresh catalyst (Fig. 10d). However,
Ip/Ig = 0.91 in the recycled NFNR/rGO composite was found to
decrease in comparison to the fresh catalyst, for which Ip/Ig =
0.98 (Fig. 1b), indicating the decrease in the degree of disorder

© 2025 The Author(s). Published by the Royal Society of Chemistry

in rGO.” TEM analysis of the recycled NFNR/rGO composite
displayed some structural deformation, as shown in Fig. 10e
and f. The leaching of nickel content as metallic nickel and re-
adsorption on the catalyst, the deformation of the carbon
matrix as well as the loss of small content of the catalyst during
magnetic separation might probably cause a decrease in the
photodegradation ability of the recycled catalyst. However, it is
to be noted that the retention of the PXRD and Raman signals
along with the structural morphology suggested that the cata-
lyst was quite stable to prolonged exposure to UV light
(~300 min for 5 cycles, each cycle of 60 min). In the XPS spectra
of the recycled catalyst, the BE values were found to be
approximately similar to that of the fresh catalyst (Fig. 10g-i).
The presence of Ni(0) in the Ni 2p spectra was in accordance
with the PXRD analysis further confirming the leaching of
nickel as metallic nickel (Fig. 10h).

6. Mechanistic study

To determine the impact of reactive groups and comprehend
the photodegradation mechanism for BH degradation by the
NFNR/rGO catalyst, several scavenging agents for e, h" and free
radicals were added to the reaction medium. Herein, 1 mM of
silver nitrate (AgNO3) was utilized for quenching e™, potassium
iodide (KI) was for h" scavenger, while ascorbic acid and iso-
propanol were utilized as radical scavengers for the O, " and
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OH’ radicals, respectively.” The outcomes demonstrated that
there was a minimal effect on the photodegradation of BH with
the addition of KI and AgNO;. However, adding ascorbic acid
and isopropanol to the reaction medium dramatically reduced
the photocatalytic activity of NFNR/rGO (Fig. S141). Therefore,
during the photocatalytic degradation of BH by NFNR/rGO
nanocomposites under the influence of UV light, the two
primary active species that should be involved were O, " and
OH’ radicals. The Electron Spin Resonance (EPR) spectrum
recorded before and after addition of the free radical trapping
agent 5,5-dimethyl-1-pyrroline N-oxide (DMPO) is shown in
Fig. S15a and b.f The EPR spectrum displayed in Fig. S15at
shows a sharp signal with ¢, and g| values of 2.0048 and 2.0089,
respectively in the magnetic field region of 320-350 mT for
a free radical species, which may be for O, " or OH" radicals.
After the addition of DMPO, a sextet hyperfine structure was
observed as characteristic of DMPO-O, " adduct (Fig. S15b¥).”
The EPR analysis thus confirmed the generation of active free
radicals in the photodegradation process.

The terephthalic acid (TA) test further established the
production of OH" radicals.”® A TA solution was prepared by
adding 1 mmol of TA in 0.1 M NaOH solution. Subsequently,
20 mL of reaction mixture (BH + catalyst) was mixed with the TA
solution by magnetic stirring and subjected to irradiation.
When TA interacted with OH" radicals, fluorescent hydroxyl
terephthalic acid (HTA) was generated. As depicted in Fig. 11a,
the production of HTA during the photodegradation process

a) HO___O HO_ 0O
= OH
o TA
z (PL inactive) 433 nm HTA
; (PL active)
3 HO” o 0o
3
=
420 430 440 450

Emmision wavelength (nm)

Fig. 11
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was verified by the development of a PL emission peak at about
433 nm at an excitation wavelength of 315 nm.

Based on the results obtained from the Mott-Schottky
analysis and various scavenging agent tests, a plausible mech-
anism for the photocatalytic degradation of BH using the NFNR/
rGO composite is illustrated in Fig. 11c. At first, owing to the
presence of different functional groups in rGO, the BH mole-
cules got adsorbed onto the rGO nanosheets. Besides, the BH
molecules interacted with the 2D matrix through m-7 interac-
tions (Fig. 11b). Upon irradiation of UV light on the material
surface, electrons from the VB of the NFNR got excited to the
CB, leaving the positively charged holes in the VB of the NFNR.
The Fe,0; impurity present in the material might have helped
in facilitating the separation of photogenerated electrons in the
CB from the holes in the VB by shuttling their oxidation state
between Fe'™ and Fe". Additionally, electrons from the CB of the
NFNR may get transferred to the rGO surface aided by the Fe™/
Fe" couple, as shown in Fig. 11c, thereby increasing the electron
density in the CB of rGO. From the theoretical calculation, it was
found that the Fermi levels in the rGO, NFNR and NFNR/rGO lie
at —3.5 eV, —3.7 eV and —3.0 eV, respectively. Since the Fermi
level of the NFNR and rGO was found to be comparable, which
might also have facilitated the generation of internal electric
field (IEF) and favoured the electron transfer from the NFNR to
rGO. The electrons at the rGO surface reacted with O, to
produce the active superoxide radical anion (O, ). This was
possible as the Vg of rGO (—0.65 V) was found to be more
negative than 0,/0, '(Eo, 0, = —0.18 V vs. RHE).”” In an

b)

/0
7,
J

Q

[ PR
I

// B

(a) PL spectra indicated the formation of hydroxyl terephthalic acid (HTA), (b) BH-rGO mt—m interactions and (c) plausible mechanism for

the photocatalytic degradation of BH on the NFNR/rGO surface under UV light irradiation.
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Table 2 First-order rate constants for the photocatalytic BH degradation

Materials % Degradation Correlation coefficient value (R?) k for BH degradation (min ")
NiO/rGO 8.45 0.99 0.0015
Fe,05/r1GO 16.9 0.92 0.0031
NFNR-1/rGO 53.52 0.92 0.0111
NFNR-2/r1GO 61.97 0.98 0.0153
NFNR/CTW 78.87 0.91 0.0235
NFNR/rGO 97.61 0.95 0.0652

aqueous environment, these superactive O, radicals took part
in the degradation of BH molecules into smaller molecules such
as CO,, H,0, and NO;~ through some intermediates, as pre-
dicted in Fig. 9b-f.

7. Comparative study

The photodegradation reaction of BH was also studied by using
other synthesized catalysts, namely NFNR-1/rGO, NFNR-2/rGO
and NFNR/CTW. All the synthesized materials were analyzed
by PXRD, Raman, FTIR spectroscopy, TGA and SEM EDX anal-
ysis, and the results are provided in the ESI.{ The PXRD pattern
of NFNR-1/rGO showed the presence of both Fe,O; and
NiFe,0,. Similarly, NFNR-2/rGO contained NiO components
along with NiFe,0,, as confirmed from the JCPDS data of NiO
(Fig. S16a and bt). The Raman spectra of the materials showed
the presence of D and G bands for carbon materials and all
other peaks are shown in Fig. S17 and Table S1.7 The FTIR
spectra are provided in Fig. S18,1 and the peak assignments are
summarized in Table S2.f The TGA spectra depicted the
thermal stability of the materials (Fig. S1971). The presence of all
the elements in NFNR-1/rGO, NFNR-2/rGO and NFNR/CTW was
confirmed by SEM-EDX analysis, as shown in Fig. S20.t

The photodegradation reaction for the BH molecule was
carried out with all these synthesized materials, and the find-
ings are given in Fig. S21a-e.{ It was found that the NFNR/rGO
composite showed the maximum degradation rate under the
optimized conditions. The rate of the reaction drops to
0.0235 min~" when the rGO support was substituted by CTW
(carbon material derived from tea leaf wastes). Similarly, the
rate of the reaction with other materials decreased in the order
of NFNR/rGO > NFNR/CTW > NFNR-1/rGO > NFNR-2/rGO >
Fe,03; > NiO. It further revealed that a higher Ni content and
NiO as impurity lower the activity of the catalyst. Table 2
provides the % degradation of BH, k and R* values for each
material. The kinetic variables for all the six synthesized cata-
lysts for BH degradation are displayed in Fig. S21c and d.}

The activity of our synthesized catalyst was also compared
with the other reported results, as given in Table S3.1 For
example, the NiFe,0, composite with Ag and gC;N, degraded
tetracycline within 120 min of visible light irradiation (Table
S3,1 entry no 4). Similarly, NiFe,0,-degraded Pharmaceutical
SSX up to 74% within 120 min under visible light (Table S3,}
entry no 6). The high photodegradation ability and good
mineralization efficiency of the present material can be

© 2025 The Author(s). Published by the Royal Society of Chemistry

attributed to the one-dimensional nanorod combined with two-
dimensional rGO. Since the charge carrying ability of 1D-2D
nanohybrids is better, in the present material, the combination
of such nanomatrixes might have significantly improved the
photodegradation process.”> In comparison to the literature
reports provided in Table S3,f it can be said that by tuning the
morphology of NiFe,0,, the charge carrier matrix can yield an
affordable photocatalyst for the degradation of BH in a short
irradiation time.

8. Conclusion

In summary, it can be said that an NFNR with a 1D nanorod
structure with an average diameter of 10-20 nm and an average
length of 70-90 nm was found to be a good photocatalyst for the
degradation of BH. The activity of the material was found to
profoundly improve upon combination with 2D rGO nano-
sheets derived from waste battery materials. The rate constant
value for BH degradation over NFNR/rGO was 0.0652 min ',
which was 4.8 times and 28 times higher than that of NFNR and
rGO, respectively. The mass spectrometric investigation allowed
us to conclude that the hybrid composite can degrade BH to
CO,, H,0, and NO;™ through the formation of various inter-
mediate compounds. The BH mineralization of 83.87% sug-
gested the high efficacy of the material in the degradation
process. The mechanistic pathway of the photocatalytic degra-
dation process revealed that the primary active species were
O, " radicals and OH" radicals. More significantly, the band
edge potential supported the entire photochemical process and
was sufficient to facilitate H,O oxidation. The degradation
activity of the material decreased when rGO was replaced with
CTW and also with the variation of Ni and Fe ratio. Leaching of
nickel, decrease in disorder in rGO and deformation of nano-
rods influenced the photodegradation capacity in the recycled
catalyst. Further, from the comparison with other synthesized
catalysts, it was evident that a high nickel content or Ni as
impurity lowers the activity of the catalyst.

Data availability

Data will be provided upon request.
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