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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Industrial dye effluents such as methylene blue (MB) resist biodegradation, generate carcinogenic intermediates
and bioaccumulate in ecosystems, demanding advanced remediation strategies. Photocatalysis utilizing

Keywords: semiconductor-based materials as photocatalysts offers a sustainable route. Nickel oxide (NiO), a p-type semi-

S-scheme conductor, exhibits excellent hole mobility, however suffers from wide bandgap, limited to UV-light activity and

NiO-FeWO, heterojunction
Photodegradation
Visible-light

rapid charge recombination. In this study, coupling NiO with a narrow bandgap n-type semiconductor, iron (II)
tungstate (FeWOy4) has successfully extended its light absorption and enhances charge separation, improving the
photocatalytic activity of NiOnps. An S-scheme NiO-FeWO, heterojunction nanocomposite was fabricated via
PEG-200 binder-assisted physical coupling technique, using Cassava leaves extract (CMLE) as a natural reducing
and stabilising agent. FTIR analysis confirms the coupling of NiOnps and FeWO4nps through vibrational modes of
Ni-O, Fe-O, W-O and O-WO bonds. XRD analysis shows an enhanced crystallinity of NiO-FeWO,4 heterojunction
nanocomposite (88.73 %) compared to pristine NiOnps (75.14 %) and FeWO4nps (66.54 %). FESEM and HRTEM
images of NiO-FeWO, depict a clear interfacial contact of granular FeWO4nps onto rod-like NiOnps, with narrow
PDI values indicating the feasibility of CMLE to maintain size uniformity. The p-n heterojunction formation
significantly reduced the bandgap energy from 2.82 eV to 2.10 eV, suppressed PL intensity, depleted charge
transfer resistance and enhanced photocurrent response. Hence, NiO-40FeWO,4 nanocomposite demonstrates
outstanding photocatalytic performance under visible light irradiation towards MB (10 ppm) degradation (96.72
%) with a rate constant of 0.04996 min’l, far surpassing pristine NiOnps (21.90 %, 0.0035 min’l) and FeW-
04nps (60.45 %, 0.0023 min~1). This work presents a synergistic strategy that integrates biogenic synthesis and
capability of binder-assisted coupling technique to design heterojunction formation, yielding a robust photo-
catalyst with enhanced structural, electronic and optical properties for sustainable wastewater remediation.

1. Introduction food chains [4]. Cationic methylene blue (MB) is a widely used thiazine
dye that can form intermediate carcinogenic compounds and toxic ar-

Industrial dye effluents remain a persistent threat to water security. omatic amines, such as benzidine and 2-naphthylamine if not decom-
Synthetic dyes used in textile processing are designed for chemical sta- posed completely [4]. These intermediates persist in environment for
bility [1] and resist biodegradation [2] where they impair photosyn- years, bioaccumulate in tissues of aquatic organisms and contaminate
thesis of microalgae [3], disrupt microbial balance and infiltrate human human food chain, posing risks such as bladder cancer, dermatitis and
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pulmonary disorder [5]. Therefore, urgent development of effective
water-treatment technologies is essential to mitigate the adverse effects
of dye residues on the environment, human health and aquatic
ecosystems.

Over the decades, several techniques have been developed to treat
dye-contaminated water, such as biological treatment [6], adsorption
[7]1, membrane filtration and advanced oxidation processes (AOPs) [8].
Amongst, AOPs are proven to be an effective way to eliminate dyes from
water environment, which relies on in-situ generation of highly reactive
oxygen species like hydroxyl (-OH) and superoxide radicals (-O3), to
decompose complex organic compounds [9]. This includes ozonation,
electrolysis, Fenton reaction and photocatalysis [10]. Photocatalysis
stands out due to its ability to break down complex compounds,
requiring only light irradiation to activate photocatalytic reaction,
making the process more sustainable, cost-effective and pollution-free,
without the use of toxic and hazardous chemical reagents [11].

Metal oxides semiconductor such as zinc oxide (ZnO) [12-15], tin
(IV) oxide (SnO3) [16-18], copper oxide (CuO) [19,20] and titanium
dioxide (TiO2) [21-23] have been extensively studied as photocatalysts
for environmental remediation owing to their high photocatalytic effi-
ciency [12,16,20,24]. However, their wide bandgap energies restrict the
excitation of electrons to only ultraviolet (UV) light region (<400 nm)
[25]. Moreover, single metal oxides typically suffer from rapid
electron-hole recombination, which limits charge carrier availability for
redox reactions essential for efficient photocatalysis [26]. Nickel oxide
(NiO), a p-type semiconductor with a wide bandgap (~3.6 eV), also
suffers from limited visible-light absorption and rapid electron-hole
recombination. Nonetheless, NiO offers excellent chemical and ther-
mal stability, strong oxidation capacity, non-toxic, low-cost, outstanding
hole mobility and high theoretical specific capacitance, making it a
valuable material in diverse applications, such as gas sensing [27],
dye-sensitized solar cells and supercapacitors [28].

To tackle this problem and leverage the excellent properties of NiO,
this study presents a synergistic approach to design a heterostructure
photocatalyst, by coupling two semiconductors to enhance charge sep-
aration, reduce bandgap and extend light absorption into visible region,
thereby requiring lower energy compared to UV-light to excite electrons.
Formation of p-n heterojunction with n-type semiconductor has been an
ideal solution in many research [28-32]. However, ensuring low charge
recombination rate and efficient charge transfer without compromising
strong redox potential as suggested in S-scheme pathway, requires
careful selection of the n-type semiconductor. This considers factors
including bandgap energy, band alignment and work function [33].
Given this requirement, tungstate-based materials, specifically iron (II)
tungstate (FeWO,) offer assuring compatibility with NiO. FeWO4 pos-
sesses narrow bandgap (2.0-2.8 eV), well-matched conduction and
valence band positions to NiO and lower work function (4.32 eV) than
NiO (5.20 eV), enabling visible light absorption. FeWO, exhibits stable
band structures and has great durability in extreme conditions for in-
dustrial applications [34].

Heterojunction nanocomposites can be fabricated by several ap-
proaches such as physical mixing and in-situ growth methods, each with
distinct advantages and limitations. Conventional physical mixing of
pre-synthesised semiconductors offers simplicity, low-cost, scalability
and flexible composition control, but often suffers from poor interfacial
contact, which hinder efficient charge transfer [35]. In contrast, in-situ
growth methods via hydrothermal and co-precipitation, where one
semiconductor is grown directly on the surface of another, provide a
proper lattice orientation, resulting in intimate interfacial contact, thus
more effective charge separation [36]. However, this method requires
longer reaction time, higher energy consumption and specific conditions
[35]. To address these trade-offs, this work explores a modified physical
mixing strategy, called binder-assisted physical coupling method, where
a polymer-based binder, polyethylene glycol 200 (PEG-200), was
employed as a non-covalent bridging agent to promote interfacial con-
tact between NiO and FeWO4 nanoparticles. PEG-200, owing to its ether
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linkages and terminal hydroxyl groups, is commonly used as a
structure-directing agent and chelating agents capable of binding
through multiple coordinate interactions to form stable complexes
[37-39]. Its low molecular weight (190-200 g/mol) facilitates better
dispersion and faster adsorption onto nanoparticle surfaces [40].

Various methods have been explored to synthesise nanoparticles,
such as hydrothermal [41], sol-gel [42] and chemical precipitation [11].
However, these methods often require reaction time of over 20 h
[43-45] and long gelation and drying time, which induces gel shrinkage
and cracking [25,46]. Chemical precipitation method is favoured due to
its low operating cost, mild reaction conditions and ability to produce
high yields of nanoparticles [47], however its reliance on chemical re-
agents (e.g., ascorbate, sodium borohydride, Tollen’s reagent, ammo-
nium hydroxide, surfactants) remain a notable challenge [47,48]. In
contrast, biogenic route utilizing plant extracts as natural reducing and
stabilising agent offers a facile, sustainable and non-toxic alternative.
This green approach is biodegradable, reduces the need of high-energy
equipment, can be performed under mild conditions and generates
minimal to no hazardous wastes [49]. Several plant extracts have been
studied for nanoparticles synthesis including Sapindus mukorossi [50],
fruit peel waste (e.g., tangerine, banana) [51-53], Averrhoa carambola
fruit [54], Dimocarpus longan fruit [55], Stevia rebaudiana leaves [56]
and Artemisia vulgaris leaves [57]. However, their potential practical
application in large-scale production are hindered by seasonal time
constraint, region-specific availability and reproducibility issues arising
from batch-to-batch variability, particularly in the case of fruit peel
wastes [58].

In this context, the NiO and FeWO4 nanoparticles were synthesised
via a biogenic route employing Cassava (Manihot esculenta Crantz) leaves
extract as the reducing and stabilising agent. Cassava plant is a woody
shrub native to South America and now cultivated globally as a staple
food crop. It grows well in marginal soils, with its starchy tubers har-
vested as a major carbohydrate source, while the leaves are discarded
and treated as agricultural waste or used for animal feed [59-61],
leaving a large surplus biomass suitable for valorisation. The Cassava
leaves are rich in phytochemicals such as flavonoids, alkaloids, poly-
phenols, and phenolic acids [62], which contain abundant hydroxyl
groups (-OH) and carboxylic acid groups (-COOH), to facilitate metal ion
reduction [63]. A phytochemical profiling of Cassava leaves by GC-MS
and HPLC revealed a high flavonoid content (35.19 %; isoginkgetin,
retinal, scutellarein tetramethyl ether and isolongifolol), phenolic acids
(30.06 %; gallic acid, ferulic acid, chlorogenic acid, caffeic acid, ellagic
acid, coumaric acid and cinnamic acid) and moderate quantities
(0.46-2.0 %) of tannins and saponins [62], highlighting its potential in
sustainable nanoparticle synthesis. There are limited literatures re-
ported on the use of Cassava leaves extract, despite its high phyto-
chemical content.

Therefore, this study aimed to explore the feasibility of Cassava
leaves extract (CMLE) as reducing and stabilising agent in the synthesis
of NiOnps and FeWO4nps and PEG-200 as binder in NiO-FeWO, heter-
ojunction fabrication. The NiOnps, FeWO4nps and PEG-200-assisted
NiO-FeWO, heterojunction nanocomposites were characterised to
elucidate their structural, optical, morphological and colloidal proper-
ties. Photocatalytic performance of NiO-FeWO, heterojunction nano-
composite as a novel photocatalysts was evaluated through
photodegradation of MB under visible light irradiation. This sustainable
synthesis strategy not only aims to enhance photocatalytic performance
but also aligns with environmental and economic objectives: low-cost
operation, energy saving, non-toxic conditions and support the United
Nations Sustainable Development Goals - SDG 6 and SDG 12. Ultimately,
this work contributes to the advancement of green nanotechnology for
wastewater remediation.
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2. Methodology
2.1. Chemicals and reagents

Cassava (Manihot Esculenta Crantz) leaves were purchased from local
market in Serdang, Selangor, Malaysia. Nickel (II) nitrate (Ni(NOs) -
6H50) (SYSTERM), iron (II) sulphate (FeSO4 - 7H20), sodium tungstate
(NagWO4 - 2H50) and polyethylene glycol 200 (PEG-200) (R&M
Chemicals, UK). Distilled water, methanol, n-hexane and ethanol were
used as solvents. Methylene blue (R&M Chemicals, UK) was used as
model dye pollutant to evaluate the photocatalytic activity of syn-
thesised nanocomposite. Details on the materials are provided in the
Supporting Information (Text S1).

2.2. Extraction of Cassava (Manihot esculenta Crantz) leaves

The extraction of Cassava leaves was carried out via maceration
technique using methanol and n-hexane as the solvents. The fresh leaves
were dried in the oven at 50 °C overnight after being thoroughly washed
with distilled water. The dried leaves were ground into powder and
macerated in methanol (1:10 w/v) for 3 days, with 20 min stirring each
day. The mixture was filtered and the filtrate (crude extracts) was sub-
jected to liquid-liquid extraction in n-hexane (1:1 v/v). Two layer of
aqueous phase (methanol fraction) and organic phase (hexane fraction)
were observed. The aqueous phase (bottom layer) was collected on glass
Petri dish and concentrated using hot air oven at 50 °C. The obtained
solid residue are labelled as CMLE, and kept at —4 °C to preserve the
bioactive compounds. Prior to synthesis of nanoparticles, CMLE was
dissolved in distilled water to obtain aqueous extract solution.

2.3. Synthesis of NiO nanoparticles

0.1 M of Ni(NOg3)s - 6H50 solution was prepared in distilled water.
An appropriate amount of CMLE was added dropwise into the solution
under constant stirring of 270 rpm at 60 °C, for 3 h 0.1 M NaOH was
added until pH 9 is achieved, to induce precipitation of Ni(OH);,. The
colloidal solution was then aged at room temperature (27.0 °C) over-
night. The precipitate formed was filtered and dried at 120 °C for 5 h,
then rinsed with ethanol/water (1:1 v/v) mixture several times and re-
dried under the same condition. The powder obtained was calcined in
tube furnace at 500 °C with heating rate of 5 °C/min for 3 h to obtain
NiO nanoparticles (NiOnps).

2.4. Synthesis of FeWO,4 nanoparticles

0.1 M of NagWOy4 - 2H20 and FeSO4 - 7H,0 solutions were prepared
separately in two beakers by dissolving the precursors in distilled water
and sonicated for 10 min. The solutions were mixed and stirred at 270
rpm, followed by heating at 80 °C for 4 h. Concurrently, CMLE was
added dropwise to the solution. The pH of the solution was adjusted to
pH 11 using 0.1 M NaOH. The colloidal solution was aged overnight,
followed by the filtration of the precipitate formed, oven-dried at 120 °C
for 5 h, rinsed with ethanol/water mixture and re-dried. The powder
obtained was calcined at 500 °C for 3 h, to obtain FeWO4 nanoparticles
(FeWO4nps).

2.5. Fabrication of NiO-FeWO heterojunction nanocomposite using PEG-
200

NiO-FeWO4 nanocomposites was prepared using the synthesised
NiOnps and FeWO4nps, with different weight fraction of FeWO4nps (20
%, 30 %, 40 %, 50 % and 60 %). The NiOnps was dispersed in 50 mL
ethanol and ultrasonicated for 10 min. PEG-200, at a mass ratio 1:2
(total mass: PEG-200) was added to the suspension, followed by FeW-
O4nps and sonicated for another 10 min. The mixture was stirred at 200
rpm for 1 h at room temperature. The suspension was centrifuged (4000
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rpm, 5 min), filtered and rinsed using ethanol/water (1:1 v/v) mixture
several times. The product was dried at 80 °C overnight and annealed at
300 °C for 2 h. The photocatalysts were then labelled as NiO-20FeWOy4,
NiO-30FeWQ4, NiO-40FeWO4, NiO-50FeW0O,4 and NiO-60FeWQy,, cor-
responds to FeWO4nps content.

2.6. Characterisation

The synthesised NiOnps, FeWO4nps and NiO-FeWO4 nano-
composites were characterised through several techniques. The fourier-
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), dynamic light scattering (DLS)
analysis, zeta potential, field emission scanning electron microscopy
(FESEM) with energy-dispersive X-ray (EDX) analysis, transmission
electron microscopy (TEM), UV-Vis diffuse reflectance spectroscopy
(DRS), photoluminescence (PL) spectroscopy, Brunauer-Emmett-Teller
(BET) analysis and electron impedance spectroscopy (EIS), transient
photocurrent response and Mott-Schottky (M — S) analysis. The fabri-
cation procedure of working electrode using FTO glass substrate is
explained in the Supporting Information (Text S2). The details on the
conditions of the characterisation are provided in Text S3.

2.7. Adsorption equilibrium and photocatalytic experimental

The photocatalytic activity of NiOnps, FeWO4nps and NiO-FeWO4
nanocomposites were evaluated by dispersing 40 mg of the photo-
catalyst into 100 mL of 10 ppm methylene blue (MB) solution (pH =
7.11). Prior to that, adsorption equilibrium was established. The mixture
was stirred at 120 rpm in the dark. Samples (3 mL) of the MB solution
were collected at regular intervals until adsorption equilibrium was
reached. As shown in Fig. 7(a), the adsorption equilibrium of MB
reached after 60 min. Photocatalytic degradation was carried out under
visible light irradiation (A > 420 nm, 100 W LED lamp) at room tem-
perature (25.0 °C). Upon irradiation, the mixture was stirred in the dark
for 60 min to establish of adsorption equilibrium. During the photo-
catalytic reaction, a 3 mL aliquot of MB solution was withdrawn and
filtered using 0.22 y m Millipore syringe filter at regular time intervals
until equilibrium was reached. The filtered aliquot was analysed using
UV spectrophotometer (Dynamica HALODB) at A = 663 nm. The
photolysis of MB was also carried out. The adsorption and degradation
efficiency of MB removal was calculated using Equation (1) [64]:

. . Co B Ct
Removal Efficiency (%) == x 100% 1)

0

where C refers to the initial concentration of MB solution and C; refers
to the concentration of MB solution at any time interval.

3. Results and discussion
3.1. Structural properties: FTIR, XRD and XPS analysis

Fig. 1(a) displays the FTIR spectra of CMLE, NiOnps, FeWO4nps,
NiO-20FeWO4, NiO-30FeWO,, NiO-40FeWO,, NiO-50FeWO, and NiO-
60FeW0O4 nanocomposites. The enlarged spectrum of CMLE in Fig. 1(b)
shows 6 absorption bands attributed to the presence of flavonoids,
phenolic acids, tannins and saponins. Flavonoids are a group of com-
pounds containing abundant -OH groups bonded to aromatic rings and
cyclic ether (-C-O-C), while phenolic acids contain -COOH groups. The
presence of these bioactive compounds were indicated by sharp ab-
sorption band at 1629 cm ™! representing -C=C and —CH of aromatic
ring, -C-O of cyclic ether at 1048 cm ™!, -CH; of cyclohexane ring at 962
cm ™!, -OH stretching and bending vibrations at 3314 cm™! and 1351
ecm™!, and 656 cm ™! absorption band representing —CH bending of ar-
omatic rings. The absorption band at 2101 cm ™! was ascribed to -C =N
of linamarin compound in CMLE.
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Fig. 1. (a) FTIR spectra of CMLE, NiOnps, FeWO4nps, NiO-20FeWO,, NiO-30FeWO,, NiO-40FeWO,, NiO-50FeWO, and NiO-60FeWO, nanocomposites and (b)

enlarged FTIR spectrum of CMLE in the 2500-500 cm region.

As shown in the spectrum of NiOnps, the absorption band at around
590 cm ™! to 400 cm ™! was attributed to Ni-O bond. For FeWO4nps, the
absorption bands at 942 cm ™!, 819 em ™! and 509 cm ™! were assigned to
the stretching vibrations of O-W-O, W-O and Fe-O, respectively. The
spectra of all NiO-FeWO4 nanocomposites have similar appearance of
absorption bands as NiO and FeWOy, indicating the presence of Ni-O, O-
W-0O, W-O and Fe-O bonds. However, the absorption of Fe-O, W-O and
Fe-O were not significantly observed in NiO-20FeWO4 spectrum, which
might be due to low content of FeWO,4 (20 wt%). The stretching vibra-
tion at 2101 cm ™! and 1629 cm ™! were still detected, indicating the
presence of CMLE residue left on NiOnps, FeWO4nps and NiO-FeWO4
post-calcination. The appearance of absorption band at 1101 ¢cm ™ for
all NiO-FeWO,4 nanocomposites might be attributed to C-O-C stretching
vibration of PEG-200 residue [65].

The crystalline phase structures of NiOnps, FeWO4nps NiO-
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20FeWO04, NiO-30FeWO4, NiO-40FeWO4, NiO-50FeWO4 and NiO-
60FeW0O4 nanocomposites were evaluated by XRD analysis. Fig. 2(a)
shows the diffraction peaks of NiOnps at 37.05°, 43.15°, 62.87°, 75.56°
and 79.41° were well-matched to JCPDS No. 47-1049, which deter-
mined a cubic crystalline structure (FCC) and a space group of Fm-3m.
These peaks were indexed to the miller indices of (1 1 1), (2 0 0), (2 2
0), (31 1) and (2 2 2) crystal planes, respectively. The diffraction peaks
of FeWO4nps is well-matched with JCPDS No. 71-2390. The observed
peaks at 23.70°, 30.36°, 36.23°, 41,24°, 53.57°, 61.45° and 64.70°,
representing the plane of (01 1), (111),(021),(121),(202),(113)
and (1 3 2), respectively. This pattern is well indexed into monoclinic
wolframite of FeWO,4 and a space group of P2/c. These findings are
consistent with those reported in the literatures [25,66,67]. In Fig. 2(b),
the diffraction patterns of all NiO-FeWQ4 nanocomposites show com-
bined characteristic peaks of both NiO and FeWO,, indicating a

(b)
NiO-50FeWO, \ = " .

JL/\ A

20 30 40 50 60 70 80
26 (deg)

> PP

Intensity (a.u.)

NiOnps

Fig. 2. (a) XRD patterns and standard patterns of NiOnps and FeWO,nps and (b) XRD patterns of NiOnps, FeWO4nps and all NiO-FeWO, nanocomposites.
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successful coupling of NiOnps with FeWO4nps.

The crystallite size, crystallinity and microstrain of NiOnps, FeW-
O4nps, NiO-FeWO,4 nanocomposites were calculated using Equations
(2)-(4) [68,69], respectively:

K\
Debye — Scherer equation : Crystallite size, D (nm) = bcos 0 (2)
L. Area of crystalline peaks
11 %) = 100%
Crystallinity (%) Area of total peaks x 100% 3
Micro — strain, € = p 4
' 4-tan 0

where K is Debye-Scherer constant (0.9), A is the wavelength of CuK,
radiation, B is the FWHM (radians) of XRD peak at the diffraction angle
and 0 is the peak position (radians). Table 1 presents the average crys-
tallite size, crystallinity and micro-strain of NiOnps, FeWO4nps and all
NiO-FeWO4 nanocomposites. NiOnps has the smallest crystallite size
(6.82 nm), while FeWO4nps has the largest crystallite size (8.83 nm),
which suggests that FeWOy crystallise in larger domains. The crystallite
sizes of NiO-FeWO, decreases slightly as FeWO4 content increases. The
sharp and intense diffraction peaks of NiOnps indicate good crystallinity
(75.0 %) and more well-ordered atomic planes while FeWO4nps with
low-intensity peaks usually ascribed to amorphous region [63], shows
lower crystallinity (66.54 %), which possibly has more defects in the
lattice planes [70]. Interestingly, NiO-20FeWO,4, NiO-30FeWO4 and
NiO-40FeWO4 nanocomposites exhibit better crystallinity than pristine
NiOnps and FeWOgynps. This indicates that the formation of hetero-
junction via PEG-200-assisted coupling technique promotes a more or-
dered atomic arrangement and reduces internal stress. However, the
crystallinity drops for NiO-50FeWO4; and NiO-60FeWO4 nano-
composites, which could be due to excessive FeWO4 loading that in-
troduces more amorphous phase, resulting in defect-induced
recombination. Micro-strain is closely related to lattice distortion from
defects and internal stress [71]. NiOnps has the lowest micro-strain
(1.10 x 1072 suggesting a low-defect lattice, while FeWO,nps has
slightly higher micro-strain (1.65 x 10~2) which is due to its more
complex structure. The NiO-20FeWO,4, NiO-30FeWO, and NiO-40-
FeWO,4 nanocomposites have similar micro-strain as FeWOj4. This shows
that heterojunction formation not only improved the atomic order but
also preserved lattice stability, without introducing additional lattice
stress into the crystal. However, NiO-50FeWO,4 and NiO-60FeWO4
shows significant increase, which could be due to mismatch of inter-
planar planes when FeWO4nps dominates and agglomerates around
NiOnps, consequently explains their low crystallinity.

The XPS analysis was carried out to determine the elemental
composition and oxidation states of the elements present in the samples.
As elucidated in Fig. 3(a), the XPS survey spectrum of NiOnps, FeW-
O4nps and NiO-40FeWO4 nanocomposite confirm the presence of Ni, Fe,

Table 1
Crystallite size, crystallinity and micro-strain of NiOnps, FeWO4nps and NiO-
FeWO,4 nanocomposites.

Sample Average Crystallite Size Crystallinity (%)  Micro-strain,
(nm) €

NiOnps 6.82 75.14 1.10 x 1072

FeWO4nps 8.83 66.54 1.65 x 1072

NiO- 7.18 88.03 1.63 x 1072
20FeWO,

NiO- 7.07 80.36 1.66 x 1072
30FeWO,

NiO- 6.94 77.26 1.65 x 102
40FeWO,

NiO- 5.23 59.91 2.68 x 1072
50FeWO,4

NiO- 7.42 54.89 2.06 x 1072
60FeWO,
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W and O elements in pristine NiOnps and FeWOynps, and the co-
existence of the elements in NiO-40FeWO4 nanocomposite. Interfacial
charge transfer can be indicated by the shifting of binding energies,
where reduction in binding energy reflects increased electron density
around the atom, and vice versa [72]. Fig. 3(b) displays the Ni 2p spectra
of NiOnps and NiO-40FeWO,4 nanocomposite, where pristine NiOnps
shows peaks at 879.38 eV and 871.73 eV correspond to Ni 2p; 5 (Ni1),
and peaks at 853.63 eV and 855.85 eV, correspond to Ni 2pg/ of Ni2*
and Ni®* [72], respectively. The peak at 861.01 eV (Ni2+) is the satellite
peak. For NiO-40FeWO4 nanocomposite, reduction by 0.23-0.74 eV of
the peaks to lower binding energies were observed, suggesting interfa-
cial charge transfer from n-type FeWO4nps to p-type NiOnps, leading to
an increase in electron density around Ni [73]. The O 1s spectra (Fig. 3
(c)) shows peaks at 529.10, 530.31 and 529.31 eV for NiOnps, FeW-
O4nps and NiO-40FeWO,, respectively, assigned to lattice oxygen
(metal-oxygen bond) [74]. Pristine FeWO4nps exhibits broader peaks
and at slightly higher binding energy, due to mixed Fe-O and W-O bonds
dominating the FeWO4nps system. Furthermore, the peaks observed at
530.88 eV (NiOnps) and 530.76 eV (NiO-40FeWOQ,) were associated to
oxygen vacancies [75]. However, pristine FeWO4nps does not show a
distinct peak at similar binding energy due to its stoichiometrically
stable wolframite structure and accommodates charge mainly via
Fe?t/Fe3" redox flexibility rather than oxygen loss. Hence, coupling
NiOnps with FeWO4nps induces interfacial charge redistribution and
introduces new oxygen vacancy states that is more pronounce in
NiO-40FeWO,4. The peak at 532.28 eV (NiO-40FeWO,) corresponds to
surface adsorbed hydroxyl groups [76]. From Fig. 3(d), the Fe 2p
spectrum of FeWO,nps exhibits peaks at 723.80 eV (Fe 2p1 /5, Fe?),
710.93 eV (Fe 2ps3/2, Fe?*) [771, 726.27 eV, (Fe 2p1/2, Fe*™) and a
satellite peak at 714.74 eV (Fe*h) [78]. In NiO-40FeWOy, these peaks
were shifted to higher binding energy, consistent with electrons redis-
tribution and Fermi level realignment at the heterojunction interface
[79] as Fe loses electron density to NiOnps. Fig. 3(d) presents the W 4f
spectrum with binding energy peaks of FeWOunps at 37.89 eV and
35.75 eV represent W 4fs » and W 4f; 5, relative to WO, NiO-40FeWO,
also exhibits peaks at similar binding energies (37.87 eV (W 4f5,3) and
35.74 eV (W 4f;,5)), indicating a stable oxidation of wot upon hetero-
junction formation.

3.2. Optical and electrochemical properties: UV-vis DRS,
photoluminescence (PL), EIS analysis and transient photocurrent response

The UV-Vis absorption spectra in Fig. 4(a) reveal that NiO-FeWQO4
nanocomposites show broad visible-light absorption, as FeWO4nps
loading increases, signifying that the heterojunction formation effec-
tively extends the light-harvesting capability of NiOnps, rendering it
photoactive within the visible light region. As expected, NiOnps exhibit
strong absorption only in UV-light region, while FeWO4nps shows broad
absorption across the visible light region. Evidently, two absorption
peaks (around 315 nm and 525 nm) were observed, which was assigned
to NiOnps and FeWOunps, respectively. The estimated optical bandgap
energy of NiOnps, FeWO4nps and all NiO-FeWO4 nanocomposites were
calculated using the following Kubelka-Munk equation (5) [80]:

[SIE}

ahw = A(hv — Ey) (5)
where a refers to the absorption coefficient, h is Planck’s constant, v is
the light frequency, A is a constant, Eg is the bandgap energy and n refers
to the electronic transition (n = 1 for direct and n = 4 for indirect
bandgap). The E; value was obtained by extrapolating the linear region

of (ahy)% against hv to (ahuﬁ = 0. Fig. 4(b) and (c) shows the Tauc plots
of NiOnps, FeWO4nps and NiO-FeWO,4 nanocomposites, whereas their
respective bandgap values are tabulated in Table 2. The bandgap energy
of NiOnps and FeWO4nps were 2.82 eV and 2.04 eV, respectively. The
bandgap of NiOnps was narrower than values commonly reported in
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Fig. 3. (a) XPS survey spectra and high-resolution XPS spectra of (b) Ni 2p, (c) O 1s, (d) Fe 2p and (e) W 4f.

literatures, which were ~3.0-3.6 eV [81-84]. This can be attributed to
the plant-mediated synthesis using CMLE, which often leaves residual
organics on the surface of nanoparticles, introducing mid-gap defect
states, resulting in reduction of the apparent bandgaps. This finding is
consistent with several reported literatures, involving known wide
bandgap metal oxides such as SrTiOs, TiO, and NiO [83,85,86]. The
bandgap energy of NiO-FeWO, nanocomposites decreases with
increasing FeWO,4 content up until NiO-40FeWO4 and a slight increase
was observed for NiO-50FeWO4 and NiO-60FeWOy4. This trend indicates

that the heterojunction formation has successfully reduced the bandgap
of NiOnps, from 2.82 eV to 2.10 eV, with 40 wt% of FeWO4nps may be
the optimal loading for an effective band-edge realignment between
NiOnps and FeWO4nps [87]. This also signifies that NiO-40FeWO4
nanocomposite requires the lowest energy to excite electrons from
valence band to conduction band compared to NiOnps alone, requiring
the highest energy.

PL characterisation was employed to investigate the charge carrier

recombination rate of NiOnps, FeWO4nps and NiO-FeWO4
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Fig. 4. (a) UV-vis diffuse reflectance spectra, (b)-(c) Tauc plots, (d) photoluminescence (PL) spectra, (e) photocurrent responses and (f) EIS Nyquist plot of NiOnps,

FeWO4nps and NiO-FeWO,4 nanocomposite.

Table 2

Bandgap energies of NiOnps, FeWO4nps and NiO-FeWO,

nanocomposites.
Samples Bandgap, E; (eV)
NiOnps 2.82
FeWO4nps 2.04
NiO-20FeWO4 2.32
NiO-30FeWO,4 2.14
NiO-40FeWO, 2.10
NiO-50FeWO,4 2.14
NiO-60FeWO4 2.23

nanocomposites. As shown in Fig. 4(d), the excitation wavelengths were
observed at 380 and 421 nm. The PL emission spectra of NiO-FeWO4
nanocomposites shows that the incorporation of FeWO4nps onto the
surface of NiOnps has significantly suppressed the intensity of NiOnps
emission, as the content of FeWOy4nps increases. The reduced PL in-
tensity was attributed to lower recombination rate of photogenerated
charge carriers due to the synergistic formation of p-n heterojunction.
However, NiO-60FeWO,4 shows higher PL intensity than NiOnps. This
unusual observation might be caused by interfacial defects. This may
happen when FeWO4nps, with higher intrinsic oxygen defects dominate
the system, thus charge carriers recombine more radiatively instead of
being separated, leading to charge trapping and higher PL emission
[88]. Similar trend was reported in the construction of AgsPO4/NiO
heterostructure composites, where the author explained that the
enhancement was attributed to NiO acting as a charge carrier donor,
thus electrons and holes settle within AgsPOy, increasing the probability
to recombine radiatively (Type I straddling gap) [88]. While NiO-40-
FeWO,4 and NiO-50FeWO, exhibit lower PL intensity than FeWO4nps,
suggesting the optimal composition of FeWO4nps.

Transient photocurrent responses (I-t) were conducted to further
evaluate the charge carrier recombination rate. As depicted in Fig. 4(e),

the I-t curves of four on/off cycles reveal that NiOnps exhibits the
weakest photocurrent response, attributed to its high electron-hole
recombination rate [89]. Pristine FeWO4nps shows a stronger
response, owing to its narrower bandgap and lower charge carrier
recombination rate. Notably, the NiO-FeWO,4 nanocomposites demon-
strate an enhanced photocurrent response, with NiO-40FeWO, exhibit-
ing the highest response. This indicates that the heterojunction
formation significantly promotes charge carrier separation and migra-
tion efficiency [90].

Electron impedance spectroscopy (EIS) was employed to evaluate the
interfacial charge transfer resistance [91]. Fig. 4(f) presents the Nyquist
plots of NiOnps, FeWO4nps and NiO-FeWO,4 nanocomposites. A smaller
arc radius signifies higher rate of separation and lower charge transfer
resistance, whereas a larger arc radius corresponds to higher resistance
[92]. NiOnps exhibit the smallest arc radius, consistent with its high
hole mobility [27], while FeWO4nps display a large arc radius, indi-
cating poor conductivity and high resistance. The NiO-FeWO4 nano-
composites show that the arc radius was smaller than FeWO4nps,
implying that coupling FeWO4nps with NiOnps improves interfacial
charge transport compared to FeWO4nps alone. Amongst, NiO-40FeWO4
shows the smallest arc radius. The combined PL and EIS results imply
that heterojunction formation significantly improves charge-carrier
separation in NiOnps while mitigating the charge-transfer resistance of
FeWOunps, thereby addressing the inherent drawbacks of the individual
pristine semiconductors.

3.3. Colloidal properties: DLS and zeta potential analysis

The particle size and polydispersity index (PDI) of NiOnps, FeW-
O4nps, NiO-20FeWO4, NiO-30FeWO4, NiO-40FeWO4, NiO-50FeWO4
and NiO-60FeWO4 nanocomposites are presented in Table 3. The results
demonstrate the ability of CMLE as reducing agent to synthesise NiOnps
(18.85 nm) and FeWO4nps (9.60 nm) with smaller particle sizes
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Table 3

Particle size, polydispersity index (PDI) and zeta potential of NiOnps, FeW-
0.nps, NiO-20FeWO,, NiO-30FeWO,, NiO-40FeWO,, NiO-50FeWO, and NiO-
60FeWO, nanocomposites.

Sample Particle Size (nm) PDI Zeta Potential (mV)
NiOnps 18.85 + 0.6 0.294 +11.3

FeWOynps 9.60 + 0.9 0.382 -21.7
NiO-20FeWO, 13.37 £ 0.6 0.437 -19.2
NiO-30FeWO4 16.96 + 0.8 0.473

NiO-40FeWO4 17.53 + 0.4 0.422 -19.0
NiO-50FeWO4 20.02 + 0.6 0.382

NiO-60FeWO,4 25.66 + 0.8 0.492 —-13.4

compared to those reported using hydrothermal, sol-gel and chemical
precipitation methods [11,31,84,86,87]. As shown in Fig. 5, both
NiOnps and FeWOy4nps has a narrow particle size distribution. A PDI
value of less than 0.5 suggests that the nanoparticles are monodisperse
and has good colloidal stability against aggregation [93]. This obser-
vation may be attributed to flavonoids and phenolic compounds in
CMLE acting as capping agents during synthesis, stabilising the nucle-
ated NiOnps and FeWO4nps and maintain the size uniformity [91,94].
The particle size and PDI value of NiO-FeWO4 nanocomposites increases
as the content of FeWO4nps increases, which were expected in
binder-assisted coupling technique for two materials with distinct pha-
ses and size [95]. Zeta potential analysis provides insights on the surface
charge and colloidal stability of materials [96], where NiOnps has a
positive surface charge and FeWO4nps was negatively charged (Fig. S1).
With increasing deposition of FeWO4nps onto NiOnps, the zeta potential
shifted from +11.3 to —19.2, reflecting surface charge neutralization by
FeWOy4nps and results in enhanced suspension stability of the hetero-
junction nanocomposites. A comparison of particle size for NiO and
FeWO,4 nanoparticles synthesised using CMLE and other methods are
summarized in Table S1.

3.4. Surface properties: FESEM-EDX, TEM and BET analysis

The observation on physical appearance during the synthesis of
NiOnps, FeWO4nps and NiO-FeWO, nanocomposites, until final prod-
ucts were obtained, are as described in Text S4. Fig. 6 shows the
morphology of NiOnps, FeWO4nps, NiO-20FeWO,4, NiO-40FeWO,, and
NiO-60FeWO4 nanocomposites, observed using FESEM at various mag-
nifications. NiOnps exhibit a rod-like shape, which is more clearly
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Fig. 5. Particle size distributions of NiOnps, FeWO,nps, NiO-20FeWO,, NiO-
30FeWO,, NiO-40FeWO,, NiO-50FeWO, and NiO-60FeWO, nanocomposites.
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visualised in TEM image, in Fig. 7. FeWO4nps exhibit a granular
morphology composed of angular and spherical shape particles. The
NiO-FeWO4 nanocomposites reveal a heterogeneous surface
morphology composed of both fine and larger particles. It is evident that
tiny FeWO4nps were distributed on the surface of larger NiOnps, sug-
gesting that FeWO4nps was successfully deposited onto the surface of
NiOnps. This observation is consistent with the measured particle size,
tabulated in Table 4, where NiOnps exhibit larger average particle size
(18.71 nm) compared to FeWO4nps (9.75 nm). A clear interfacial con-
tact between NiOnps and FeWO4nps was visualised in HRTEM images.
Fig. 7(d)—(f) shows the interplanar spacing was measured to be 0.21 nm
and 0.22 nm, which attributed to (2 0 0) and (1 2 1) lattice planes of
NiOnps and FeWOunps, respectively.

Fig. S2 displays the EDX spectra of NiOnps, FeWO4nps and NiO-
FeWO,4 nanocomposites. The EDX analysis of NiO reveals the composi-
tion of nickel (42.73 %), oxygen (42.14 %) and carbon (15.13 %). The
presence of carbon might due to the residual organic matter from CMLE
decomposition post-calcination, whereas the Ni and O compositions
suggest stoichiometric Ni:O ratio, indicating complete oxidation of Ni
(OH);, to NiO. The EDX spectrum of FeWO4nps confirmed the presence
of Fe, W and O, with nearly stoichiometric Fe:W (6.62:4.31) atomic ratio
demonstrating high purity synthesis of FeWO4nps. The weight per-
centage of W (31.61 %) detected was higher than Fe (14.76 %) despite
its stoichiometric atomic ratio which is likely due to its larger atomic
weight (W: 183.84 amu, Fe: 55.84 amu), as heavier element produces
more continuum intensity [97]. The spectra of NiO-20FeWO4, NiO-40-
FeWO,4 and NiO-60FeWOQ,4 show a consistent increase in Fe and W
content with increasing FeWO4nps loading. However, the measured
weight percentages of Ni, Fe and W does not exactly reflect the actual
composition of NiOnps and FeWO4nps in the nanocomposites. This
discrepancy is likely due to peak overlaps arising from close X-ray en-
ergies of certain lines, such as between Ni L a (0.851 keV) and Fe L a
(0.705 keV), as well as Ni Ka line (7.47 keV) and W Ly1 (7.39 keV). Such
overlaps can influence element quantification, leading to slight over-
estimation or underestimation of the reported weight percentages [98].
Nonetheless, the presence of all expected elements were confirmed,
supporting the successful formation of the NiO-FeWQ4 nanocomposites.

The Ny adsorption-desorption isotherm of BET analysis reveals the
specific surface area, pore volume and pore size of NiOnps, FeWO4nps,
NiO-20FeWO4, NiO-40FeWO4, and NiO-60FeWO4 nanocomposites,
presented in Table 4. The results show that NiOnps possesses the
smallest surface area (54.15 mz/g), whereas FeWOynps exhibit the
largest surface area (126.18 mz/g). The deposition of FeWO4nps onto
NiOnps significantly enhances the surface area, providing more active
sites for diffusion and mass transfer of reactants [99,100]. The pore
volume of all samples ranged within 3.111 to 0.4019 cm®/g, and pore
size ranging from 7.826 nm to 15.58 nm, suggesting a mesoporous
material (pore size between 2 and 50 nm) [101]. As shown in Fig. S3, the
isotherm curves displayed a narrow hysteresis loop (H2), with gradual
filling at low P/Po followed by capillary condensation, where the
characteristic matched with Type IV adsorption-desorption isotherm
[102,103].

3.5. Photocatalytic degradation of methylene blue

3.5.1. Adsorption efficiency and kinetics

In photocatalysis, establishing adsorption equilibrium before light
irradiation is critical, such that to assess the influence of adsorption
during photocatalysis, provides a reliable baseline for kinetic calcula-
tions and ensures the MB molecules are optimally positioned near active
sites for efficient photodegradation. Based on comprehensive analysis of
the characterisation results, NiO-40FeWO4 nanocomposite demon-
strates optimal properties as photocatalyst for the photocatalytic
degradation of MB, owing to its, narrow bandgap, low charge recom-
bination rate, structural properties and favourable interfacial properties.
The kinetics of MB adsorption on NiOnps, FeWO4nps and NiO-40FeWO4
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Fig. 6. FESEM images of (a) NiOnps, (b) FeWO4nps, (c) NiO-20FeWOy,, (d) NiO-40FeWO,, (e) NiO-60FeWO4 nanocomposites with their particle size distributions.

nanocomposite were investigated using four kinetic models, as
expressed in Equations (6)-(9) [86], respectively: pseudo-first order
(PFO), pseudo-second order (PSO), Elovich and intra-particle diffusion
(ID) models.
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where g, (mg/g) and q; (mg/g) are the adsorption capacity at equilib-
rium and at time t (min), respectively. k; and ky (mg/g.min) are the rate
constants for PFO and PSO, respectively. @ (mg/g.min) is the initial
adsorption rate and 8 (g/mg) is the desorption constant. k; (mg/g.min'/
2) is the ID rate constant and C; (mg/g) is the intercept.

Fig. 8(a) shows the adsorption efficiencies of NiOnps, FeWO4nps and
NiO-40FeWO4 were 24.93 %, 31.79 % and 35.54, respectively, after
reaching equilibrium (80 min). The kinetic plots are as depicted in Fig. 8
(b)-(e) and summarized in Table 5. The adsorption of MB by NiOnps was
best described by ID model (R? = 0.9640), which suggests diffusion-
controlled mechanism. In this process, rapid adsorption occurs on the
surface, followed by gradual intraparticle diffusion permeating into the
inner pore of NiOnps [86]. The adsorption of MB onto FeWO4nps and
NiO-40FeWOQ4 follow the PSO model (R? = 0.9974 and 0.9940,
respectively), indicating chemisorption-controlled process. This might
be due to the electrostatic attraction between the negatively charged

surfaces of FeWO4nps and NiO-40FeWOy, and positively charged MB
molecules.

3.5.2. Degradation efficiency and kinetics

As presented in Fig. 9(a)-(c) and Table 6, the degradation kinetics
were investigated using pseudo-first order (PFO) model and pseudo-
second order (PSO) model, as expressed in Equations (10) and (11)
[84,104], respectively:

C,
lnc—;: — Ikt (10)
1 1
a:a+k2t an

where C; and C, refer to MB concentration at any time, t (min) interval
and initial MB concentration, respectively. ky (min~1) and ko (min’l)
are rate constants for PFO and PSO, respectively.

The photodegradation of MB by NiOnps and NiO-40FeWO4 nano-
composite were best described by PFO model, which indicates that the
degradation of MB is driven by photogenerated electrons, holes and
reactive radicals, while FeWO4nps follows PSO model, implying that the
degradation was governed by active-site interactions with MB mole-
cules. Furthermore, the reaction rate constants (k) were 0.0035 min?,
0.0023 min~! and 0.0496 min~' for NiOnps, FeWO4nps and NiO-
40FeWOy,, respectively, demonstrating an efficient breakdown of MB
molecules by NiO-40FeWO,. This could be explained by the significant
degradation of MB (0-20 min), upon visible light irradiation (81.3 %)
compared to NiOnps (10.8 %) and FeWOynps (37.6 %). The rapid
degradation might be due to the abundant photogenerated charge car-
riers and reactive oxygen species generated upon irradiation, which
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Fig. 7. (a)-(c) TEM images and (d)-(f) HRTEM images of NiOnps, FeWO4nps and NiO-40FeWO,4 nanocomposite, respectively.

Table 4
Particle size measured using ImageJ, surface area, pore volume and pore size of

NiO, FeWO4nps, NiO-20FeWO,, NiO-40FeWO4, and NiO-60FeWO,
nanocomposites.
Sample Average Particle Surface Area Pore Volume Pore Size
Size (nm) (m%/g) (em®/g) (nm)
NiOnps 18.71 £ 2.7 54.15 0.3111 15.58
FeWO4nps 9.75 £ 1.0 126.18 0.4019 8.767
NiO- 12,92 £ 1.5 111.86 0.3191 7.826
20FeWO0,
NiO- 20.47 £ 2.9 102.62 0.3413 8.392
40FeWO4
NiO- 24.60 + 3.2 111.64 0.3334 8.902
60FeWO4

readily react with the high local MB molecules adsorbed on the surface
of NiO-40FeWO4. As MB concentration decreases, fewer MB molecules
remain in the solution and near the surface, leading to slower degra-
dation rate (20-60 min). The NiO-40FeWO4 nanocomposite reached
equilibrium after 60 min of irradiation with 96.73 % MB degradation,
while NiOnps and FeWO4nps only show 21.90 % and 60.45 % degra-
dation, respectively. This result shows that NiO-40FeWO4 has
outstanding photodegradation ability under visible light irradiation,
owing to its outstanding optical properties after heterojunction
formation.

The reusability of a photocatalyst is very important to evaluate its
stability in practical application. Fig. 9(d) presents the reusability of
NiO-40FeWO4 nanocomposite over 4 cycles of MB photodegradation. It

was observed that there was 9.13 % reduction in its efficiency, from
96.24 % to 87.11 %. This suggests that NiO-40FeWO4 nanocomposite is
a stable photocatalyst. Fig. 10 provides a clear comparison of the
adsorption and photodegradation efficiencies of the photocatalysts in
the removal of MB.

3.6. Proposed mechanism

To clarify the mechanism for the photodegradation of MB by the
heterostructure of NiO-40FeWO4 nanocomposite, the energy band po-
sitions of NiOnps and FeWO4nps were calculated. The valence and
conduction band edge potentials (Eyg and Ecp) were determined using
Equations (12) and (13) [105]:

Eyp =X — E. + 0.5E, 12
ECB = EVB - Eg (13)

where X is the absolute electronegativity (NiO = 5.04 eV, FeWO4 = 5.94
eV), E is the energy of free electrons on the hydrogen scale (4.5 eV) and
E, is the bandgap energy obtained from Tauc plot. The calculated Eyg
and Ecp for NiOnps were +1.95 eV and —0.87 eV, respectively, while
those for FeWO4nps were +2.45 eV and +0.44 eV.

Mott-Schottky (M — S) analysis was conducted to determine the
semiconductor type and flat band potential (vs. Ag/AgCl) (Erp, ag/agcl)
of NiOnps, FeWO4nps and NiO-40FeWO,4 nanocomposite. As shown in
M — S plots (Fig. 11), NiOnps exhibits a negative slope, confirming its p-
type semiconductor behavior, while FeWO4nps shows a positive slope,
indicative of an n-type semiconductor [99,106]. From the interception
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Table 5
Kinetic parameters of MB adsorption on NiO, FeWO4nps and NiO-40FeWO,
nanocomposite.

Kinetic Models Parameters Samples
NiOnps FeWO4nps NiO-40FeWO,
PFO R? 0.9045  0.9818 0.957
k; (min1) 0.0703  0.0425 0.0434
Qear (Ng/g) 11.1716  8.0393 9.2387
Qexp (Mg/g) 0.0848  8.2645 12.085
PSO R? 0.7304  0.9974 0.9940
k, (g/mg.min) 0.0204  0.1001 0.0744
Qear (Ng/g) 49.1302  9.9932 13.4386
Qexp (Mg/g) 0.0848  8.2645 12.085
Elovich R? 0.9296  0.9797 0.9856
a (mg/g - min) 0.4525  0.1516 1.1973
S (g/mg) 0.4365  1.1436 0.9425
Intra-particle R? 0.9640  0.9618 0.8867
Diffusion (ID)  k; (mg/g.min'/?) 0.5230  0.8744 1.061
C; (mg/g) 0.9926  0.7382 3.0766

at x-axis, the Epp, ag/agci Of NiOnps and FeWO4nps were +1.42 eV and
+0.72 eV, respectively. The Epp ag/agc values were converted to Ep,
~NHE Uusing derived Nernst equation (Equation (14)) [107,108];.

ErpnuE = Erp ag/agal + 0.24 14

Thus, the Epg nue of NiOnps and FeWO4nps were +1.66 eV and
+0.96 eV, respectively. According to semiconductor energy principles,
the Epp for an n-type semiconductor lies ~0.2 eV below the Ecg and
~0.2 eV above the Eyjp for a p-type semiconductor [106,109]. Therefore,
the Eyp of NiOnps was determined to be +1.86 eV and Ecg of FeWO4nps
was +0.76 eV. The corresponding Ecp of NiOnps (—0.96 eV) and Eyp of
FeWO4nps (42.86 eV) was calculated using Equation (13). The band
edge potentials derived from M — S analysis were consistent with those
calculated using empirical formula, with only minor deviations (<0.4

eV). From XPS valence band (XPS-VB) analysis (Fig. 11), the valence
band potential (Eyp, xps) are +1.94 eV and +2.95 eV for NiOnps and
FeWOynps, respectively. The Eyp relative to NHE (Eyp, nyg) are deter-
mined using Equation (15) [92];

EvenuE = @ + Evp xps —4.44 (15)
where ¢ is the instrumental work function (4.47 eV). Accordingly, the
Eyg, nug for NiOnps and FeWOg4nps are +1.97 eV and 2.98 eV, respec-
tively. Subsequently, the corresponding Ecp are —0.85 eV and +0.88 eV.
The band edge potentials are close with the values obtained from M — S
analysis.

Fig. 12 shows the schematic illustration of energy band positions
before and after junction formation. As NiOnps and FeWO4nps were
brought into contact, a p-n heterojunction is formed. Electrons (e™)
migrate from FeWO4nps to NiOnps, while holes (h™) migrate in the
opposite direction. This bidirectional charge movement induces an in-
ternal electric field at the interface [82]. Due to the mismatch in Fermi
levels (Ep), band bending occurs at the interface until Eg equilibrates,
where the energy bands of NiOnps bend upwards and energy bands of
FeWO4nps bend downwards. Upon light irradiation, e” from the valence
band (VB) are excited to its conduction band (CB), creating h* in the VB.
The formation of internal electric field enables the recombination of
only low-energy photogenerated carriers [83], which means the e™ in
the CB of FeWO4nps recombine with h™ in the VB of NiOnps, leaving
behind e~ in the CB of NiOnps (—0.87 eV) and h" in the VB of FeWO4nps
(+2.45 eV), both of which possess strong redox potentials for photo-
catalytic reactions. The e in CB of NiOnps then react with dissolved O5
molecules in the MB solution, reducing them to superoxide radicals (-
03), while the h' in the VB of FeWO,nps oxidise H,O to produce hy-
droxyl radicals (- OH) [110]. These reactive oxygen species subsequently
attack the complex structure of MB, breaking it down into CO, and
water. The standard redox potential for the O,/ - O3 pairis —0.33 eV and
+2.34 eV for H,O/ - OH pair. Therefore, the conduction band electrons
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Table 6
Kinetic parameters of MB photodegradation by NiOnps, FeWO4nps and NiO-
40FeWO, nanocomposite.

Kinetic Models Parameters Samples
NiOnps FeWO,nps NiO-40FeWO,

PFO R? 0.9767 0.9313 0.9654

k; (min™') 0.0035 0.0136 0.0496
PSO R? 0.9468 0.9538 0.9642

ko (min~!) 0.0003 0.0023 0.0417

[ Adsorption
100 ] Photodegradation 96.73

80
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3

N
o
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20
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Samples

Fig. 10. Removal efficiency of MB by NiOnps, FeWO4nps and NiO-40FeWO,
nanocomposite through adsorption and photodegradation.

must possess a more negative potential than —0.33 eV to effectively
reduce Oy and more positive potential than +2.34 eV to oxidise H,O
[33]. In the NiO-40FeWO4 heterojunction system, the CB of NiOnps and
VB of FeWO4nps potentials satisfy the requirements, enabling the gen-
eration of both superoxide and hydroxyl radicals. This strongly supports
the operation of an S-scheme charge transfer pathway, where charge
separation was enhanced while maintaining high redox capability [43,
111].

Radical scavenger experiments (Fig. 13) further validate the pro-
posed S-scheme mechanism, as the addition of IPA (- OH scavenger) and
1,4-BON (- O3 scavenger) significantly quenched the degradation effi-
ciency of MB by NiO-40FeWOy, from 96.73 % to 40.41 % and 18.66 %,
respectively, indicating active participation of both - OH and - O3 in the
process. This aligns with the substantial decrease upon the addition of
AgNO3 (e~ scavenger) (23.34 %) and EDTA (h* scavenger) (32.08 %) as
both disrupts the redox reactions and hinder radical generation.
Consistent with several reports on S-scheme heterojunctions, this charge
transfer pathway efficiently promotes charge separation while preser-
ving strong redox capability, leading to outstanding photocatalytic
performance [43,92,112-114]. The following chemical equations
demonstrate the proposed mechanism involved in the photodegradation
of MB by NiO-40FeWO4:

NiO-FeWO, +hv — ecg + h™ g

h* yg + HyO - -OH + h"

ecg + O2 —» O3

*OH + MB — Degradation Products
*Oz + MB — Degradation Products

The degradation of MB molecules occurred when the highly oxida-
tive - OH radicals attack the aromatic rings and heteroaromatic nitrogen
sites of MB, initiating hydrogen abstraction and hydroxyl addition re-
actions that destabilise the z-conjugated system. Concurrently, - Oz
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radicals undergo nucleophilic attack on the cationic MB molecules,
further weakening the chromophoric C=N bonds within the phenothi-
azine ring structure [94]. The disruption of these bonds leads to rapid
decolorization due to the breakdown of the conjugated system. Subse-
quent oxidative steps involve demethylation of the N-CHj3 groups and

ring cleavage generating smaller aromatic intermediates, for instance 4,
4-bis(dimethylamino) benzophenone, N,N-dimethylaniline, 4-dimethy-
laminobenzoic acid and phenol, which were further oxidized into
shorter chain of carboxylic acids and mineralized into CO5, H20 and
inorganic ions such as NHZ and SO%’ [115].
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80 min (under visible light irradiation), room temperature. Scavengers (con-
centration, volume): IPA (2 mL), 1,4-BON (1 mM, 5 mL), AgNO3 (5 mM, 5 mL)
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4. Conclusions

An S-scheme NiO-FeWO, heterojunction nanocomposite, was suc-
cessfully fabricated using CMLE and PEG-200 as the molecular binder,
resulting in improved structural, optical and electronic properties than
pristine NiOnps and FeWOy4nps. The biogenic synthesis using CMLE
produced rod-like NiOnps and granular FeWO4nps. DLS analysis reveals
the particle size of NiOnps (18.85 + 0.6 nm) and FeWO4nps (9.60 + 0.9
nm), with low PDI values (0.382 and 0.294, respectively), validating the
feasibility of CMLE as stabilising agent. Among NiO-FeWO4 nano-
composites, NiO-40FeWO, exhibited the most favourable properties.
The NiO-40FeWO4 nanocomposite reduced the optical bandgap energy
of NiOnps from 2.82 eV to 2.10 eV, suppressed PL emission of NiOnps,
depleted charge transfer resistance of FeWO4nps and enhanced photo-
current response of both NiOnps and FeWO4nps. The coupling of NiOnps
and FeWOy4nps successfully established an S-scheme charge transfer
pathway, as evidenced by the superior photocatalytic performance of
NiO-40FeWO4 nanocomposite (96.73 % MB degradation within 80 min,
under visible-light irradiation), alignment of NiOnps and FeWO4nps
band edge potentials and the quenching of photogenerated reactive
species. Moreover, the kinetics of MB degradation with a rate constant of
0.0496 min "}, far surpassing pristine NiOnps and FeWO4nps. This work
also demonstrates that binder-assisted physical coupling technique is
capable of designing a high-performance heterojunction nano-
composite, offering a pathway for designing sustainable nanomaterials
for effective wastewater remediation.
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