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posite ZnO rods@mixed metal
oxides derived from Zn–Fe-LDHs for the
photocatalytic degradation of methylene blue

Nguyen Thi Mai Tho, *a Minh An Tran Nguyen, a Huynh Tu Khanh,a

T. V. M. Sreekanth b and Nguyen Thi Hong Anhc

ZnO rods/mixed metal oxides, derived from a layered double hydroxide (ZO@ZFO), were effectively

synthesised using a simple and efficient coprecipitation method. XRD, FT-IR, SEM, XPS, DRS and EDX

were used to investigate the synthesised materials. ZFO consists of two phases, ZnO and ZnFe2O4,

uniformly distributed on ZnO rods. The photocatalytic efficacy of ZO@ZFO was assessed by

decomposing methylene blue (MB) under visible-light conditions. The ZO@ZFO heterojunction, with

a ZnO/ZFO mass ratio of 10%, achieved a MB removal efficiency of 95.8%, markedly surpassing those of

ZO (54.73%) and ZFO (77.48%) under identical conditions: a catalyst loading of 1.0 g L−1, 40 ppm of MB

concentration, pH of 8, and 150 minutes of halogen lamp irradiation. The first-order kinetic simulation

for the photocatalytic process yielded optimal results with k1 = 0.01854 min−1 and r1
2 = 0.94314–

0.9977. The effectiveness of photodegradation was evaluated under various conditions, including catalyst

loading, initial MB concentration, and pH. The traditional type II mechanism for degrading MB via the

ZO@ZFO heterojunction was presented. These findings underscore the significant potential of LDH-

derived mixed-oxide heterojunctions for photocatalysis.
1. Introduction

The textile industry ranks as the second-largest industry glob-
ally, releasing the majority of its effluent, which contains dyes,
either untreated or inadequately treated.1,2 Consequently,
removing harmful dyes from textile effluent to maintain an
environmentally sustainable condition is a signicant
problem.3 Photocatalysis is a promising method within
advanced oxidation processes (AOPs) for the remediation of
persistent organic pollutants.3–5 The photocatalytic process
utilises diverse semiconductor materials that absorb light to
produce electron–hole pairs and reactive oxygen species (cOH
and cO2

−), which subsequently break down organic contami-
nants.2,6,7 Consequently, it is imperative to synthesise semi-
conductor materials that full criteria including cost-
effectiveness, ease of synthesis, efficient decomposition of
pollutant chemicals, and enduring photocatalytic stability.8,9

Recently, mixed metal oxides (MMOs) derived from LDHs
have attracted wide attention as potential photocatalysts due to
their large specic surface area and facile synthesis methods.10
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the Royal Society of Chemistry
LDH, a type of anionic clay characterised by a two-dimensional
layered structure, has the general formula
[M2+

1−aM
3+

a(OH)2]
a+$[An−

a/n]$mH2O, where M2+, M3+, and An−

indicate divalent metal ions, trivalent metal ions, and anions,
respectively. The hydroxide layer [M2+

1−aM
3+

a(OH)2]
a+ has

a positive charge, whereas the interlayer [An−
x/n]$mH2O repre-

sents anions that neutralise the positive charge of the hydroxide
layers. The change in ionic composition with varying molar
ratios enables LDH to adjust its structure adeptly.6,11 A distinc-
tive characteristic of LDH is that calcination at moderate
temperatures (300–600 °C) results in the formation of highly
active, non-stoichiometric mixed metal oxides with substantial
specic surface areas, which can enhance photocatalytic activity
by generating numerous active sites.12–14 Based on the afore-
mentioned facts, MMOs have demonstrated signicant poten-
tial across various applications, particularly in photocatalysis.
However, MMOs have some limitations, such as rapid electron–
hole recombination and low quantum efficiency under light.6

To address this issue, various improvement methods have been
implemented, including doping and combination with
different semiconductor materials.8,10,15,16 Feipeng Jiao
compared the photocatalytic performance of three materials,
namely, ZnCo-LDH, MMO derived from LDH (ZnCo-cLDH), and
combined BiOI/ZnCo-cLDH composites with BiOI/ZnCo-cLDH
mass ratios of 1, 3, 5, 7, and 10%, respectively, to treat tetracy-
cline hydrochloride (TCH). Under the same photocatalytic
conditions, the results indicated that ZnCo-cLDH had a TCH
RSC Adv., 2026, 16, 9155–9166 | 9155
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decomposition efficiency of 45.9%, which was higher than that
of ZnCo-LDH (41.29%). The hybrid photocatalyst BiOI/ZnCo-
cLDH, with a mass ratio of 5% (BiOI/cLDH-3), exhibited the
best TCH decomposition efficiency (86.6%).17 Furthermore,
several investigations have effectively synthesised hybrid
materials using cLDHs, including Cu-doped ZnO/calcined
CoFe-LDH composites,6 Cnt@calcined Zn–Co-LDH,18 and
gC3N4/MgZnAl MMOs derived from LDH.19

Zinc oxide (ZnO) is a semiconductor that exists in many
different forms, including nanostrips, nanosheets, nanodots,
nanotubes, nanorods, and microspheres.20–22 ZnO rods with
a one-dimensional (1D) structure have been extensively studied
in the eld of photocatalysis.21 ZnO has a large band gap energy
(3.1–3.37 eV), which restricts its absorption to the UV region
exclusively.20,21 Consequently, multiple methods have been
employed to enhance the visible-light absorption capacity of
ZnO. This study proposes the synthesis of ZO/ZFO derived from
ZnFe-LDH composite rods as photocatalytic materials for
treating textile wastewater. Initially, ZnO rods are synthesised,
followed by the dispersion of CoFe-LDH on the surface of ZnO
rods using the coprecipitation method. ZnO rods/MMOs were
formed from ZnO rods/ZnFe-LDH by calcination.
2. Experimental
2.1 Synthesis of ZnO rods

Zn(NO3)2 0.5 M solution (100 mL) was introduced at a ow rate
of 2 mL min−1 into a beaker containing 100 mL of NaOH 0.5 M
solution, which is located in an ultrasonic bath. The reaction
yielded a white precipitate and maintained a pH value of 11
throughout the process. Upon completion of the reaction,
ultrasonication of the white precipitate was sustained for an
extra 2 hours to stabilise the structure. The precipitate was then
ltered and rinsed with distilled water until the wash water
reached pH 7.23 The sample was dried at 105 °C and then heated
to 500 °C for 4 hours; the resultant white product was labelled
ZO.
2.2 Synthesis of ZnO rods@mixed metal oxide derived from
Zn–Fe-LDH

ZnO (m (g)) was evenly dispersed in 100 mL of NaOH 0.5 M
solution, referred to as mixture A. Solution B comprised 50 mL
of Zn(NO3)2 0.3 M and 50mL of Fe(NO3)3 0.1 M, yielding amolar
ratio of Zn2+/Fe3+ = 3/1. Solution B was slowly added to solution
A at a rate of 2 mL min−1, and the pH was stabilised to 10 with
NaOH solution, with constant stirring during the reaction. The
resultant suspension was transferred to a 500 mL ask, there-
aer agitated, and reuxed for 2 hours at 100 °C. The resultant
precipitate was subjected to centrifugation, repeatedly rinsed
with deionised water, and thereaer dried at 100 °C for 4 hours.
The yellow item was heated to 600 °C for 4 hours. The mass
ratios of ZO/ZFO were 0%, 5%, 10%, and 15%, with the samples
designated as ZFO, 5ZO@ZFO, 10ZO@ZFO, and 15ZO@ZFO,
respectively. Especially with sample ZFO, the synthesis proce-
dure was similar to that of ZO@ZFO; nevertheless, solution A
lacked ZO.
9156 | RSC Adv., 2026, 16, 9155–9166
The synthesised ZO, ZFO, and ZO@ZFO samples were
characterised using X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FT-IR), transmission electron micros-
copy (TEM), scanning electron microscopy (SEM), X-ray photo-
electron spectroscopy (XPS), UV-visible diffuse reectance
spectroscopy (DRS), and energy-dispersive X-ray spectroscopy
(EDX).
2.3 Preparation of the photocatalysts

The photocatalytic efficiency of the as-synthesised materials
was evaluated by studies on MB dye degradation under visible
light. This study employed visible-light simulation using
a halogen lamp (Osram, Germany, model 64640 HLX 150 W, 24
V) without a lter to direct irradiate the catalytic system. The
catalyst system has two glass layers; the inner layer contains
0.1 g of ZO@ZFO uniformly distributed in 100 mL of MB at an
initial concentration of 40 ppm, while the outer layer circulates
water to maintain temperature stability throughout the photo-
catalytic process. The catalytic process has two phases: (i) light-
off, which enables the catalytic material to attain adsorption–
desorption equilibrium within 60 minutes. Subsequently, 3 mL
of the appropriate solution was ltered through a 0.22 mm lter
to remove particles, and the MB content was assessed. (ii) Light
on: The apparatus was lit for 150 minutes to execute the pho-
tocatalytic process. At 30 minutes intervals, 3 mL of the
suspension was extracted, and the MB concentration was
quantied. MB concentration is measured using a UV-vis
spectrophotometer at 665 nm.

Factors affecting the photocatalytic activity of ZO@ZFO were
also investigated, including the ZO/ZFO mass ratio, catalyst
loading, initial MB concentration, and pH.
3. Results and discussion
3.1 Phase composition and morphology

The crystal structures of the ZO, ZFO, 5ZO@ZFO, 10ZO@ZFO,
and 15ZO@ZFO samples were elucidated using X-ray diffraction
(Fig. 1A). The ZO sample exhibited peaks at 2q values of 31.4°
(100), 34.4° (002), 36.2° (101), 47.6° (102), 56.6° (110), 62.7°
(200), 67.93° (112) and 69.1° (004), which are indicative of ZnO
(JCPDS no. 36-145).24 ZFO had diffraction peaks at the positions
of 29.9°, 35.3°, 42.8°, 53.2° and 62.24°, corresponding to the
planes of (220), (311), (400), (422) and (440), respectively, of
spinel ZnFe2O4 (JCPDS card no. 22-1012).25 In addition, the
principal peaks indicative of the ZnO phase were present, but
with lower intensity than pure ZnO. The ndings indicated that
ZFO has two phases, ZnFe2O4 and ZnO, consistent with prior
research on these composites. The ZFO sample was synthesised
with a molar ratio of Zn2+/Fe3+ = 3/1, characteristic of LDH.
Following calcination at 600 °C, the LDH disintegrated, result-
ing in the formation of the corresponding MMOs: ZnFe2O4 and
ZnO. Fig. 1B shows that the diffraction peaks at 2q angles of
31.4° (100), 33.1° (002), and 36.8° (101) in the ZFO sample,
associated with ZnO, exhibit a minor shi relative to pure ZnO.
This alteration is attributable to the interaction between
ZnFe2O4 and ZnO during LDH calcination, resulting in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) and (B) XRD patterns; (C) FT-IR spectra and (D) UV-vis DRS spectra of ZO, ZFO, and ZO@ZFO samples. (E) and (F) Energy band gaps of
ZO and ZFO determined using the Tauc equation and (G) and (H) valence band XPS spectra of ZO and ZFO.
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properties distinct from those of pure ZnO. ZFO precipitates on
the surface of ZO, with mass ratios of ZO/ZFO at 5%, 10%, and
15%, respectively. The XRD results for these samples indicated
© 2026 The Author(s). Published by the Royal Society of Chemistry
that, in addition to the typical peaks of the two phases, ZnFe2O4

and ZnO, no anomalous peaks were observed, conrming the
high purity and minimal contamination of the composites.
RSC Adv., 2026, 16, 9155–9166 | 9157
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Furthermore, Fig. 1B illustrates a pronounced red shi of the
characteristic peaks of ZnO in the ZO@ZFO sample relative to
pure ZnO.

The FT-IR spectra of the synthesised samples are shown in
Fig. 1C. The observable absorption bands at around 1600 cm−1

and 3300–3500 cm−1 correspond to the bending and stretching
vibrations of water, respectively. The ZO sample has an absorp-
tion peak at 564 cm−1, corresponding to the stretching vibration
of the Zn–O bond. The ZFO sample exhibits absorption at
564 cm−1 and 430 cm−1, corresponding to the vibrations of Zn–O
and Fe–O, respectively.26 The 5ZO@ZFO and 10ZO@ZFO samples
exhibit absorption peaks similar to those of ZFO; however, the
peak intensities increase with increasing ZnO concentration in
the ZO@ZFO samples. The XRD and FTIR data indicate a chem-
ical interaction between the phases in ZO@ZFO.

The UV-vis DRS spectra assess the capacity to absorb photons
and facilitate electron transport from a low-energy state to a high-
energy state while providing comprehensive insights into the
energy band gap (Eg) in semiconductor materials. Fig. 1D illus-
trates the UV-vis DRS ndings of the synthesised samples. ZO has
a pronounced absorption edge at 408 nm within the UV spec-
trum, a characteristic feature of ZnO. ZFO has an absorption edge
at 575 nmwithin the visible spectrum. A previous study indicated
that pure ZnFe2O4 exhibited signicant absorption in the 650–
700 nm region.27 The XRD results shown in Fig. 1A demonstrate
that ZFO comprises two phases, ZnO and ZnFe2O4, which are
produced aer the thermal treatment of Zn–Fe-LDH. Therefore,
the interaction between these two phases changes the absorption
spectrum of the ZFO sample compared with pure ZnO and pure
ZnFe2O4.10,15 The combination of ZFO and ZO in varying ratios
results in a blue shi in the absorption wavelength relative to
ZFO and a red shi relative to ZO; the shi intensity increases
with increasing ZnO loading. The deposition of ZFO nano-
particles on ZnO enhances the composite's visible-light absorp-
tion, improving the ZO@ZFO heterojunction's photocatalytic
effectiveness.28 The Eg is calculated using the Tauc equation from
the material's maximum absorption wavelength. As shown in
Fig. 1E and F, the Eg of ZO and ZFO was 3.1 eV and 2.43 eV,
respectively. Fig. 1G and H displays the XPS valence band spectra
of ZnO and ZFO. By establishing the cut-off point between the
leading edges of the linearly extrapolated background valence
band, the valence band maximum (VBM) location was deter-
mined.29,30 The VBM values for ZnO and ZFO were 3.2, 2.2, and
0.2 eV, respectively.

The SEM images of the samples are shown in Fig. 2A–D. The
SEM images were obtained at a magnication of ×60.0k and
a scale of 500 nm, revealing that the ZFO l surface is spherical
and exhibits a porous, entirely heterogeneous nanostructure,
with dimensions ranging from 20 to 60 nm. ZnO has a unique
elongated rod shape with a rough surface, a diameter of about
80–150 nm, and a length of several hundred nanometers. The
ZO@ZFO samples indicate that the ZFO particles are irregularly
distributed across the ZnO surface, resulting in a dense contact
network between the two phases. The extensive contact area
enhances the separation and transfer efficiency of electrons and
holes at the ZFO–ZnO interface. An increase in ZO content
within the ZO@ZFO samples correlates with a decrease in ZFO
9158 | RSC Adv., 2026, 16, 9155–9166
coverage density. The TEM images of ZO@ZFO (Fig. 2E) vividly
reveal the heterogeneous composite's unique morphological
structure. A signicant contrast between bright and dark areas
is evident in the ZnO rods; the darker spots along the rods
indicate the presence of ZFO nanoparticles. This conrms the
successful formation of the ZO@ZFO heterogeneous structure,
in which ZFO is directly bonded to the ZnO surface, thereby
establishing a strong interfacial connection between the two
components. EDX analysis of the 10ZO@ZFO sample (Fig. 2F)
revealed the presence of O (17.15 wt%), Zn (58.11 wt%), and Fe
(24.33 wt%), while EDX mapping veries the homogeneous
distribution of these elements.

XPS spectrum to determine the composition and oxidation
state of elements on the surface of ZFO; 10ZO@ZFO samples
were used.31 Fig. 3 presents the XPS survey spectrum of ZFO and
ZO@ZFO samples, together with the associated high-resolution
spectra for Fe 2p, O 1s, and Zn 2p. The full-spectrum analysis of
the ZFO and 10ZO@ZFO samples revealed the presence of Zn,
Fe, and O, with no extraneous elements identied, indicating
that the synthesized materials exhibit great purity and are free
from impurities (Fig. 3A). The percentage contents of the Zn, Fe,
and O elements in the two samples differ; concurrently, the
high-resolution spectrum of Zn 2p, Fe 2p, and O 1s changes
variations in binding energy, detailed as follows:

The high-resolution XPS spectra of Zn 2p (Fig. 3B), including
two peaks at energy levels of 1021.4 eV and 1044.43 eV, attrib-
uted to Zn 2p3/2 and Zn 2p1/2, respectively, validated the exis-
tence of Zn2+ in the ZFO. The binding energies of Zn 2p3/2 and
Zn 2p1/2 in the 10ZnO@ZFO sample exhibited positive shis of
0.67 eV and 0.84 eV, respectively, in comparison with the ZFO
sample. The peaks in the Fe 2p spectrum (Fig. 3C) with binding
energies of 710.48 eV and 724.36 eV correspond to the 2p3/2 and
2p1/2 states, respectively. The deconvolution of these two peaks
indicates that the peaks at energy levels of 710.48 and 723.66 eV
correspond to Fe3+, whereas the peaks at 712.2 and 725.35 eV
correspond to Fe2+. Furthermore, the presence of iron ions in
a multivalent state is indicated by two satellites at 720 eV and
733 eV within the ZFO.32,33 The Fe 2p spectrum of 10ZO@ZFO
displays peaks similar to those of ZFO, although with a positive
shi relative to ZFO. The O 1s spectrum (Fig. 3D) shows two
distinct peaks at 529.3 eV and 531.3 eV, respectively. The former
peak represents the typical value of crystalline oxygen (M–O) on
the composite material's surface, while the latter peak arises
from defect sites in the spinels. Analysis of high-resolution XPS
spectra revealed that the binding energies of Zn 2p, Fe 2p, and O
1s of ZO@ZFO vary from those of ZFO, signifying alterations in
the electron cloud density around Zn, Fe, and O. This results
from the redistribution of interface charges and the Fermi-level
equilibrium between the ZO and ZFO phases, thereby di-
minishing the recombination of light-generated electrons and
holes. This enhancement improves the photocatalytic degra-
dation efficiency of ZO@ZFO.33,34
3.2 Photodegradation evaluation

3.2.1 Effect of catalyst type. The photocatalytic efficacy of
the synthesised materials was assessed by measuring the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of (A) ZFO, (B) 5ZO@ZFO, (C) 10ZO@ZFO, and (D) 15ZO@ZFO; (E) TEM images of ZO@ZFO; and (F) EDX elemental mapping
images and EDS spectrum of 10ZO@ZFO.
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degradation of MB under visible light using the following
parameters: catalyst loading, 1.0 g L−1; MB concentration,
40 ppm; adsorption duration, 60 minutes; and photocatalytic
duration, 150 minutes (Fig. 4A and B). The experimental results
indicated that, aer 60 minutes of adsorption, the materials
reached equilibrium and desorbed in around 45 minutes, pro-
cessing a maximum of about 27% of MB. The photocatalytic
© 2026 The Author(s). Published by the Royal Society of Chemistry
activity changed signicantly aer 150 minutes of light expo-
sure. The results indicated that ZO and ZFO processed just
48.94% and 79.5% of the MB, respectively. The UV-vis spectral
analysis revealed that ZnO has a high band gap energy,
absorbing only in the ultraviolet spectrum, whereas ZFO can
absorb in the visible spectrum, leading to a comparatively
higher efficiency. However, ZO and ZFO combined in different
RSC Adv., 2026, 16, 9155–9166 | 9159
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Fig. 3 XPS survey spectra of (A) ZFO and 10ZO@ZFO; high-resolution spectra of (B) Zn 2p, (C) Fe 2p, and (D) O 1s.
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mass ratios showed a signicant improvement in the photo-
catalytic efficiency of MB breakdown, increasing by 89.94%,
95.8%, and 92.74% for 5ZO@ZFO, 10ZO@ZFO, and
15ZO@ZFO, respectively. Furthermore, the surface area of
ZO@ZFO also enhances its light absorption, thereby improving
its efficacy in decomposing MB; therefore, optimising the ZFO/
ZO ratio is crucial. If ZnO is extensive, it obstructs light from
reaching the ZFO surface, diminishing the effectiveness of MB
breakdown.26,30 This investigation showed the MB-degrading
efficacy of the synthesised photocatalyst under visible light,
ranked as follows: ZO < ZFO < 5ZO@ZFO < 15ZO@ZFO <
10ZO@ZFO. The 10ZO@ZFO sample with a ZO/ZFO mass
combination ratio of 10% was conrmed to be the most effec-
tive for MB degradation.

The XRD and XPS spectra demonstrate chemical interaction
between ZO and ZFO, leading to the formation of interphase
heterojunctions, establishing charge–exchange interfaces and
increasing the production of reactive oxygen species (ROS),
thereby improving MB degradation.25,35 The surface area of
9160 | RSC Adv., 2026, 16, 9155–9166
ZO@ZFO also enhances its light absorption, thereby improving
its efficacy in decomposing MB; therefore, optimising the ZFO-
to-ZO ratio is crucial. If ZnO is extensive, it obstructs light from
reaching the ZFO surface, diminishing the effectiveness of MB
breakdown.36,37 This investigation showed the MB-degrading
efficacy of the synthesised photocatalyst under visible light,
ranked as follows: ZO < ZFO < 5ZO@ZFO < 15ZO@ZFO <
10ZO@ZFO. The 10ZO@ZFO sample with a ZO/ZFO mass
combination ratio of 10% was conrmed to be the most effec-
tive for MB degradation.

The change in MB concentration (Ct) over time (t) during
photocatalysis was recorded. The pseudo-zero-, rst-, and
second-order kinetic equations for the MB degradation process
of the synthesised materials are presented in Fig. 4, C, D, E and
Table 1. In this context, k0, k1, and k2 are the apparent kinetic
rate constants for zero-, rst-, and second-order reaction
kinetics, respectively.38 The correlation coefficient values (r2) for
the zero-, rst-, and second-order kinetic equations are as
follows: r0

2 = 0.92808–0.94904; r1
2 = 0.94314–0.9977; r2

2 =
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) and (B) Photocatalytic efficiency of the synthesised materials in decomposing MB, (C) zero-order kinetics plots, (D) first-order kinetics
plots, and (E) second-order kinetics plots. (F) and (G) Photocatalytic efficiencies of the synthesised materials in decomposing phenol.
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0.83975–0.99463. These results indicate that the pseudo-rst-
order model is the most accurate representation of the photo-
catalytic process for MB compared with the zero- and second-
order models. The MB degradation rate of 10ZO@ZFO
reached 0.01854 min−1, which was double that of pure ZFO (k1
= 0.00963 min−1).

MB is a visible-light-responsive dye that functions as a pho-
tosensitiser by absorbing photons; therefore, it is crucial to
distinguish between dye-sensitised degradation and the
intrinsic photocatalysis of ZO@ZFO. Phenol was proposed as
© 2026 The Author(s). Published by the Royal Society of Chemistry
a non-photosensitising probemolecule to address this problem.
In contrast to MB, phenol does not absorb visible light and
exhibits only an absorption edge in the UV region (∼270 nm).39

The photocatalytic degradation of phenol in ZO, ZFO, and
10ZO@ZFO under visible light was evaluated using a catalyst
dosage of 1.0 g L−1, an initial phenol concentration of 10 ppm,
a dark adsorption period of 60 min, and an irradiation duration
of 150 min (Fig. 4F and G). Phenol showed very little deterio-
ration (∼6%) under visible light in the absence of a catalyst,
indicating that it does not directly photolyse or degrade via self-
RSC Adv., 2026, 16, 9155–9166 | 9161
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Table 1 Correlation coefficient and rate constant values of the kinetic models for the degradation of MB in ZO, ZFO, and ZO@ZFO

Samples

Zero order First order Second order

Ct − Co = kot ln
�
Co

Ct

�
¼ k1t

1

Ct

� 1

Co
¼ k2t

r0
2 ko (mg L−1 min−1) r1

2 k1 (min−1) r2
2 k2 (L mg−1 min−1)

ZO 0.92808 0.09351 0.94314 0.00346 0.95715 0.00539
ZFO 0.95953 0.18376 0.98996 0.00963 0.99463 0.02365
5ZO@ZFO 0.96799 0.294 0.99754 0.01336 0.09589 0.0475
10ZO@ZFO 0.94077 0.23446 0.99636 0.01854 0.83975 0.10545
15ZO@ZFO 0.94904 0.21996 0.9977 0.0184 0.94333 0.06859
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sensitisation in the visible spectrum. The incorporation of
photocatalysts gave degradation efficiencies of 14.15%, 40.19%,
and 49.19% for ZO, ZFO, and 10ZO@ZFO, respectively. The
enhanced performance of 10ZO@ZFO is attributed to the
formation of a heterojunction between ZO and ZFO, in which
ZFO acts as the primary visible-light absorber, while the UV of
Fig. 5 (A) Effects of catalyst dosage (dosage of 10ZO@ZFO: 0.5–1.5
concentration (initial MB concentration: 30–60 ppm; dosage of 10ZO@Z
40 ppm; dosage of 10ZO@ZFO: 1.0 g L−1). (D) Trapping experiments (the
EDTA).

9162 | RSC Adv., 2026, 16, 9155–9166
the light source can additionally photoexcite ZO and serve as an
efficient electron-acceptor and charge-transport component.
This synergistic heterostructure enhances interfacial charge
transfer, inhibits electron–hole recombination, and increases
reactive oxygen species production, thereby promoting phenol
oxidation.35 Because of its non-photosensitising properties,
g L−1; initial MB concentration: 40 ppm; pH 8). (B) Effect of initial
FO: 1.0 g L; pH 8). (C) Effect of pH (pH: 4–10; initial MB concentration:
“trapping” of free radicals cOH, −Oc2

−, and h+ using ethanol, p-BQ, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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chemical stability, and lack of visible-light absorption, phenol
degrades less effectively thanMB. Thus, the phenol degradation
of 10ZO@ZFO depends solely on ROS generated by photo-
catalysis, rather than on dye sensitisation. The effective break-
down of phenol under visible light unequivocally demonstrates
that 10ZO@ZFO has an authentic photocatalytic activity.

3.2.2 Effect of catalyst loading. Different loadings of
10ZO@ZFO affect the degradation of MB (Fig. 5A). The photo-
catalytic efficiency improved from 81.43% to 95.8% at loading
varying between 0.75 and 1.0 mg L−1. Nonetheless, a further
increase in catalyst loading to 1.5 g L−1 resulted in a minor
reduction of photocatalytic effectiveness to 93.12%. As the
catalyst loading increased, the number of active sites on the
photocatalytic centre increased, leading to greater ROS
production and improved degradation efficiency. However, this
tendency was diminished aer the addition of excessive cata-
lyst, as excessive catalyst can create a suspension with an
elevated concentration of contaminants, thereby impacting the
material's light absorption capacity.40,41

3.2.3 Effect of the initial concentration of MB. Fig. 5B
depicts the relationship between the initial concentration of MB
and the MB breakdown efficiency of the 10ZO@ZFO. The nd-
ings demonstrate that increased MB concentration correlates
with decreased MB photocatalytic decomposition efficiency. At
a concentration of 30 ppm, 10ZO@ZFO destroyed MB within 150
minutes of exposure to light. The breakdown efficiencies were
95.8%, 86.91%, 85%, and 78.3% for starting MB concentrations
of 40 ppm, 50 ppm, and 60 ppm, respectively. As the initial
concentration of pollutants increases, more MB molecules are
adsorbed onto the photocatalyst surface. The adsorption of O2

and H2O on the catalyst surface decreases when an increasing
number of active sites are occupied by MB molecules, thereby
decreasing the generation of free radicals.15 As the concentration
of MB rises, an excess of MB molecules obstructs light trans-
mission, resulting in incomplete activation of the catalytic
centres and a reduction in MB breakdown efficiency.26

3.2.4 Effect of pH. Fig. 5C illustrates that the pH of the MB
solution inuenced the breakdown rate of MB of the 10ZO@ZFO.
Fig. 6 (A) Cycle experiments of MB degradation of 10ZO@ZFO and (B)

© 2026 The Author(s). Published by the Royal Society of Chemistry
In acidic environments with pH 4 and 6, the degradation effi-
ciency was comparatively low, achieving 70.91% and 86.99%
removal of MB, respectively. The rationale was clearly elucidated
by the electrostatic adsorption model, which shows that MB,
a cationic dye, preferentially adsorbs to negative sites on
10ZO@ZFO. The experimental ndings indicated that the zero
charge point (pHpzc) of 10ZO@ZFO was 7.8. At pH 4 and 6
<pHpzc, the positively charged surface of the 10ZO@ZFO catalyst
exhibited limited adsorption of cationicMB owing to electrostatic
repulsion, resulting in a reduction in photocatalytic degradation.
Conversely, this catalyst exhibited enhanced efficacy in an alka-
line environment; at pH 8 and pH 10, the photocatalytic effi-
ciencies for MB treatment were 95.8% (k = 0.01854 min−1) and
90.37% (k = 0.01352 min−1), respectively. Currently, 10ZO@ZFO
has a negative charge and efficiently adsorbs MB cations, leading
to improved photocatalytic degradation efficiency.42 Experi-
mental ndings unequivocally demonstrate that the degradation
efficiency of MB at pH 8 surpasses that at pH 10, as a strong
alkaline environment leads to the accumulation of negatively
charged OH− ions on the surface of the 10ZO@ZFO catalyst,
which impedes the antagonism with MB molecules and dimin-
ishes the dye degradation rate.40
3.3 Stability and reusability

Durability and reusability are crucial factors in evaluating the
photocatalytic efficacy of materials.43 This investigation
included the continuous MB photocatalytic degradation
process on the 10ZO@ZFO composite sample for 150 minutes
over four cycles. Following the rst cycle, the 10ZO@ZFO
sample was washed with distilled water, dried at 100 °C, and
reused under identical photocatalytic conditions as in the rst
cycle. Fig. 6A displays the photocatalytic efficiency aer the
fourth cycle. The adsorption capacity and photocatalytic efficacy
of 10ZO@ZFO decreased over the course of the cycles. The
elimination efficiencies of MB aer four cycles were 95.8%,
92.1%, 87.7%, and 81.5%, respectively. The XRD patterns
(Fig. 6B) show the characteristic diffraction peaks of the
XRD patterns of 10ZO@ZFO before and after the 4th cycle.

RSC Adv., 2026, 16, 9155–9166 | 9163
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Fig. 7 Mechanism of degradation of MB by ZO@ZFO.
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10ZO@ZFO sample and the sample aer the 4th cycle. The
primary diffraction peaks associated with the 10ZO@ZFO phase
remain discernible, with no signicant widening or shiing,
indicating that the composite material's crystal structure is
preserved aer four cycles. The results indicate that 10ZO@ZFO
is both reusable and very stable.28 Nevertheless, the diffraction
peaks for 10ZO@ZFO in the fourth cycle were weaker than in the
initial state, likely due to the accumulation of by-products on
the material's surface during the four successive cycles.
3.4 Photodegradation mechanism

To determine the primary active species produced by the
10ZO@ZFO material during the MB degradation process, an
active radical trapping was introduced into the reaction
system.44 The trapping experiment was conducted using the
same photocatalytic process shown in Fig. 5D. Experimental
results indicated that the degradation efficiency of MB in the
reaction system with the addition of p-BQ (1.0 mM) and EDTA
(0.5 mM) signicantly declined to 44.26% and 51.64%, respec-
tively, compared with 95.8% in the absence of trapping.
Conversely, upon the introduction of ethanol (0.5 mM), the
efficiency of MB removal decreased signicantly. Consequently,
the trapping experiment indicated that in the photocatalytic
degradation of MB, h+ and Oc2

− were the primary contributors,
whereas cOH provided assistance. The efficacy of ROS in the
degradation of MB was ranked as follows: Oc2

− > h+ > cOH.
Based on the trap and reduction potential test results for the

VB and CB of ZO and ZFO, determined in Section 3.1, it is ex-
pected that the photocatalytic degradation of MB by ZO@ZFO
will follow a type II mechanism (Fig. 7). In the presence of light,
the electrons in the VB of the semiconductors ZO and ZFO absorb
photons and transition to their CB, resulting in the formation of
photogenerated electron–hole pairs (e−/h+).26 In CB, the reduc-
tion potentials of ZO and ZFO are more negative than the
reduction potential of O2/Oc2

− (E = −0.33 eV), enabling these
electrons to combine with O2 adsorbed on the material surface to
9164 | RSC Adv., 2026, 16, 9155–9166
create Oc2
− for the decomposition of MB. However, because the

reduction potential of ZFO (ECB = −0.52 eV) is more negative
than that of ZO (ECB = −0.36 eV), the electrons of ZFO also move
to ZO to carry out the O2 reduction process, forming Oc2

− to
decompose the MB.30,36 In VB, the reduction potential of ZO (EVB
= 2.84 eV) is higher than the reduction potential of ZFO (EVB =

1.91 eV) and the standard reduction potential of H2O/cOH (EH2-

O/cOH = 2.4 eV), so the h+ in ZOmoves to ZFO, combines with the
h+ of ZFO to directly decompose MB, or potentially oxidize H2O
to create cOH so as to decompose MB.17,30 However, the photog-
enerated holes in ZFO cannot oxidise H2O to create cOH, so the
reduction potential is smaller than the standard reduction
potential of H2O/cOH. The heterojunction between ZO and ZFO
enhances the production of active oxygen species in these pho-
tocatalytic materials by facilitating photogenerated electron
transfer across the demonstrated heterojunction and preventing
recombination with holes via inherent electric-eld effects.
4. Conclusions

Co-precipitation was used to successfully prepare Zn/Fe-LDHs,
which were then calcined to form MMOs and dispersed at
different mass ratios on ZnO nanosheet rods. A photocatalytic
study revealed that the ZO@ZFO sample exhibited exceptional
performance at a ZO/ZFO mass ratio of 10%, resulting in nearly
complete MB breakdown (95.8%, k1 = 0.01854 min−1) aer 150
minutes of illumination. The results indicated a chemical
interaction between ZO and ZFO, which modied the compos-
ite's light absorption. The ZO@ZFO composite's large surface
area and strong photon absorption capabilities improved its
photocatalytic effectiveness, ascribed to the synergistic effects
that signicantly reduced recombination. The photocatalytic
degradation mechanism of MB by ZO@ZFO is elucidated as
a conventional type II heterojunction, with h+ and Oc2

− identi-
ed as the primary contributors to the catalytic process. The
photocatalytic degradation efficiency of ZO@ZFO reached
© 2026 The Author(s). Published by the Royal Society of Chemistry
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81.5% aer 4 cycles, demonstrating its considerable potential
for treating polluted water.

Author contributions

Nguyen Thi Mai Tho participated in methodology, validation,
and project administration. Huynh Tu Khanh conducted
a study of photocatalyst activity. Minh An Tran Nguyen
contributed to the writing, reviewing, and editing of the dra
manuscript. T. V. M. Sreekanth and Nguyen Thi Hong Anh
participated in the editing of the dra manuscript.

Conflicts of interest

The authors declare that they have no known competing inter-
ests that could affect the research described in this publication.

Data availability

Data availability statement is available at https://doi.org/
10.6084/m9.gshare.30817034.

Acknowledgements

This work is supported by the Industrial University of Ho Chi
Minh City (IUH), Ho Chi Minh, Vietnam.

References

1 T. Jamil, Desalin. Water Treat., 2024, 318, 100387.
2 D. M. Osorio-Aguilar, H. A. Saldarriaga-Noreña,
M. A. Murillo-Tovar, J. Vergara-Sánchez, J. Ramı́rez-
Aparicio, L. Magallón-Cacho and M. L. Garćıa-Betancourt,
Catalysts, 2023, 13(12), 1480.

3 D. Pan, S. Ge, J. Zhao, Q. Shao, L. Guo, X. Zhang, J. Lin, G. Xu
and Z. Guo, Dalton Trans., 2018, 47, 9765–9778.

4 M. Cheng, G. Zeng, D. Huang, C. Lai, P. Xu, C. Zhang and
Y. Liu, Chem. Eng. J., 2016, 284, 582–598.

5 B. Weng, M. Zhang, Y. Lin, J. Yang, J. Lv, N. Han, J. Xie, H. Jia,
B.-L. Su, M. Roeffaers, J. Hoens, Y. Zhu, S. Wang, W. Choi
and Y.-M. Zheng, Nat. Rev. Clean Technol., 2025, 1, 201–215.

6 J. Shen, A. Shi, J. Lu, X. Lu, H. Zhang and Z. Jiang, Environ.
Pollut., 2023, 323, 121186.

7 Y. Ai, S. A. C. Carabineiro, X. Xiong, H. Zhu, Q. Wang,
B. Weng and M. Q. Yang, Chin. J. Catal., 2025, 75, 147–163.

8 S. Soni, A. Kumari, A. Sharma, A. Sharma, V. Sheel,
S. K. Bhatia and A. K. Sharma, J. Indian Chem. Soc., 2025,
102, 102198.

9 J. Guo, C. Luo, P. Li, M. Ye, Z. Qiao, Y. Wu, H. Hu, X. Luo,
L. Yang, Y. Cai, P. Li, K. Zhu, C. Fu, B. Yu, Y. Chen,
S. Wang, T. Wang, C. Qi, Z. Liu, D. Huang, Z. Wei, F. Mao,
Y. Wei, C. Wen, C. Han, B. Weng, H. Feng, J. Hong, J. Wu,
Y. Xiao, G. Liu, L. Song, R. Ren, Z. Wang, L. Kong,
H. Shang, L. Wang, Y. Chen, C. Ou, H. Yang, X. Liu, J. Yi,
S. Li, C. Yu, Y. Cao, Z. Wu, Y. Deng, W. Hu, J. Zhong,
X. Zhang, Y. Ma and J. Ma, Chin. Chem. Lett., 2026, 37,
112116.
© 2026 The Author(s). Published by the Royal Society of Chemistry
10 D. Peng and Y. Zhang, Appl. Catal., A, 2023, 653, 119067.
11 A. F. Denti, J. L. Bernardi, B. M. S. Puton, G. M. Bruel,

A. Junges, J. Steffens and R. M. Dallago, J. Photochem.
Photobiol., A, 2025, 459, 116068.

12 Y. Zhu, P. Wu, S. Yang, Y. Lu, W. Li, N. Zhu, Z. Dang and
Z. Huang, RSC Adv., 2016, 6, 37689–37700.

13 S. Bin Lee, E. H. Ko, J. Y. Park and J. M. Oh, Nanomaterials,
2021, 11, 1153.

14 F. J. A. G. Coumans, S. Mitchell, J. Schütz, J. Medlock and
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