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Abstract- Dye-contaminated wastewater presents
urgent environmental challenges requiring efficient
treatment methods. This study reports a novel
Cu0/Zn0/ZnAl layered double hydroxide (LDH)
photocatalyst synthesized via a one-pot modified co-
precipitation and hydrothermal method optimized at
100 °C for 1 hour to preserve the LDH layered structure
and enhance adsorption. Partial substitution of Zn?* by
20 mol% Cu®" formed CuO/ZnO heterojunctions,
significantly improving light absorption by narrowing
the bandgap from 3.06 to 2.46 eV and suppressing
charge recombination. Under optimized conditions
(0.125 g/L catalyst, 60 mg/L dye, pH 9), the catalyst
achieved over 90% methyl orange degradation under
both UV and visible light, with superoxide radicals as the
dominant reactive species and excellent stability over
three reuse cycles. These results demonstrate the
synergistic effect of CuO and ZnO within the LDH matrix,
providing a facile, effective approach for wastewater
remediation  through  enhanced photocatalytic
performance.
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1. Introduction

The increasing demand for clean water has
intensified research into sustainable nanomaterials[1] to
remove persistent organic dyes from wastewater, such
as methyl orange (MO), being a prevalent and
challenging azo dye pollutant in industrial effluents [2].
Various treatment methods, including adsorption,
membrane filtration, coagulation, advanced oxidation
processes, microbial degradation, bio-electrochemical
methods, and photocatalysis have been applied to
address dye contamination [3-5]. Among these methods,
photocatalysis stands out as a green and effective
approach, utilizing semiconductor materials and solar
energy to degrade pollutants under mild conditions [6].

Metal oxides such as ZnO and TiO, have been
extensively studied for their photocatalytic capabilities
[31, [7], [8], [9], owing to their ability to generate charge
carriers upon light absorption that drive oxidation-
reduction reactions [10]. However, their practical
application is hindered by limitations including low
surface area, rapid electron-hole recombination due to
wide bandgap, and poor visible-light responsiveness
[11]. To overcome these challenges, heterojunction
photocatalysts integrating CuO with ZnO have been
developed, extending light absorption into the visible
spectrum and enhancing charge separation [7], [12].
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Layered double hydroxides (LDHs) serve as
effective hosts for metal oxides [13], offering high
surface area, tunable compositions, anion exchange
capacity, and environmental compatibility [14-16]. LDH
nanomaterial possess a brucite-like layered structure
expressed by the general formula
[M2+;_,M3+,(OH);] (A" )x/n-mH20], where M?* and M3*
represent divalent and trivalent metal cations,
respectively, and A" denotes charge-balancing
interlayer anions [17]. The charge density of the layers,
controlled by the molar ratio of M3* to total metals,
influences its structural and functional properties [18].

ZnAl layered double hydroxides (LDHs) exhibit

photocatalytic activity under UV irradiation, primarily
due to the formation of ZnO and ZnAl,0,4 phases upon
calcination [18], [19]. Incorporating Cu®* into ZnAl LDH
enables the synthesis of CuxO-containing LDHs, which
extend light absorption into the visible region due to
CuO’s narrower bandgap and enhance charge separation
efficiency [20], [21]. Despite these benefits, conventional
synthesis methods often result in structural collapse
caused by calcination above 450 °C, which declines
adsorption performance [22], [23].
To address this, CuO/Zn0O-based LDH heterojunctions
have been developed to preserve the LDH layered
framework while enhancing visible-light absorption and
photocatalytic efficiency, offering a promising strategy
for sustainable environmental remediation.

2. Related Works

Jiangfu Zheng et al. synthesized Cu,0/ZnAl LDH
composites through reconstitution of ZnAl layered
double oxides with preformed Cu,0 nanoparticles,
achieving visible-light-driven degradation of
nitenpyram  which  demonstrate an I-scheme
heterojunction mechanism [20]. Among their samples,
20% Cu,0 doping displayed superior performance.
Eweis et al., employed a green synthesis technique to
deposit CuO nanoparticles on ZnAl LDH templates,
resulting in enhanced antimicrobial activity due to
synergistic effects between CuO and the LDH support
[24]. Zhang et al., reported an in-situ reduction method
producing ultrathin Cu,0 on LDHs for visible light-
driven nitrogen reduction [21], while Berede et al,
developed biogenic CuO-decorated MgAl LDH catalysts
that exhibited high surface area, uniform Cu distribution,
and reduced electron-hole recombination, leading to
improved methylene blue degradation [25].

These previous studies predominantly used
reduction processes to deposit CuxO on LDHs, avoiding

calcination to prevent structural damage. In contrast,
calcination of Cu®* containing LDH results in the
formation of mixed metal oxides of CuO/Zn0O/Al;0O3
nanomaterial, mostly used in water-gas shift and steam
reforming of methanol and ethanol [26], [27]. A major
drawback is the low dispersion of CuO.

In this study, we report a modified co-precipitation
synthesis of a CuO/Zn0O/ZnAl LDH nanocomposite that
preserves the LDH layered structure even after
calcination, as confirmed by FTIR analysis showing
characteristic carbonate (CO5?7) and hydroxide (OH")
peak intensities. This nanocomposite exhibits superior
adsorption capacity and efficient photocatalytic
degradation of methyl orange under both UV and visible
light due to efficient charge seperation, attributed to the
synergistic effect of the CuO/Zn0O heterojunction within
the stable LDH framework.

3. Materials and Methodology
3.1 Materials

The chemicals used in this research are of
analytical grade and were used without further
purification. These include: zinc (II) nitrate hexahydrate
(297.51 g/mol, 98 %) HmbG, copper (II) nitrate
trihydrate (241.60 g/mol, assay > 99.0 %) Hayashi,
aluminium (III) nitrate nonahydrate (375.13 g/mol, 98
%) Fluka, sodium hydroxide (40 g/mol, 99 %) R & M
chemicals, ethanol (46.07 g/mol, assay > 99.9 %) Merck,
EDTA disodium salt dihydrate (372.24 g/mol, assay >
99.0 %) BDH, ascorbic acid (176.13 g/mol, assay - 99.0
%) Fluka, UV light (9 W), halogen lamp (23 W) and
cellulose nitrate filter (0.45 um).

3.2 Methodology

A mixed aqueous solution of zinc nitrate
[Zn(NO3),] and aluminum nitrate [Al(NO3)3] salts, with a
concentration of 0.4 M and a Zn:Al molar ratio of 4:1, was
prepared as the precursor for synthesizing Zn0O/ZnAl
layered double hydroxide (LDH). Specifically, 2.375 g of
Zn(NO3), and 0.75 g of AI(NO3)s; were dissolved in 25 mL
of deionized water. The salt solution was co-precipitated
by the simultaneous dropwise addition of 0.35 M sodium
hydroxide (NaOH) solution and the metal ion solution
into a reaction vessel containing 25 ml deionized water
at 65 °C, under constant stirring, maintaining the pH at
10 throughout the reaction. After complete precipitation,
the slurry was continuously stirred for an additional 1
hour to ensure full reaction and homogeneity.

Subsequently, the resulting mixture was subjected
to hydrothermal treatment in a Teflon-lined stainless-



steel autoclave at an optimized temperature of 100 °C for
1 hour to enhance crystallinity and phase purity. The
obtained solid product was then thoroughly washed
with deionized water multiple times to remove residual
ions, followed by drying at 65 °C until a constant mass
was achieved. Finally, the dried material was calcined in
air at 550 °C for 2 hours to obtain the desired ZnO/ZnAl
LDH phase.

Using the same synthesis procedure, partial
substitution of Zn** ions by Cu?* ions was performed to
prepare CuO/Zn0/ZnAl LDH samples with varying Cu
loading levels from 5 to 30 mol%. The resulting samples
were denoted as Cu-x LDH, where x represents the Cu
content (5, 10, 20 and 30%).

The general reaction mechanism for the co-precipitation
and hydrothermal synthesis can be represented as
follows:

(4 — X)Zn?* + xCu?*t+AI3* + OH™ - CuOdoped Zn0/
ZnAl LDH 1)

3.3 Photodegradation and Kinetics Study

Photodegradation of methyl orange (MO) was
conducted using a 400 mL beaker containing 250 mL of
MO solution at an initial concentration of 20 mg/L. The
experiment was performed in a custom-fabricated
closed reactor under stirring conditions to ensure
homogeneity. Triplicate runs were conducted for each
test, and the mean values are reported.

Approximately 0.005 g of the catalyst was
dispersed into the MO solution and allowed for 30
minutes in the dark under stirring to establish
adsorption-desorption equilibrium. Subsequently, the
solution was exposed to ultraviolet (UV) light irradiation
for 2 hours. The absorbance of MO was monitored at a
wavelength of 463.1 nm wusing a UV-1100
spectrophotometer, and concentrations (C;) were
derived from a previously established calibration curve
with a correlation coefficient (R?) of 0.996.

The photodegradation efficiency was evaluated by
plotting the relative concentration ratio (Ci/C,) against
time, where C, is the initial MO concentration. Kinetic
analysis was carried out by fitting the data to a pseudo-
first-order kinetic model according to Eq. 2 below.

Co

I = kyppt (2)

Where kg, is the apparent rate constant (min™)
and t is the irradiation time (minutes).

The effects of operational parameters on
degradation  performance  were  systematically
investigated, including catalyst dosage (0.0125-0.125
g/L), initial dye concentration (20-60 mg/L), and
solution pH (3-11).

3.4 Photocatalyst Evaluation

Reactive oxygen species (ROS) involvement in the
photocatalytic process was assessed via scavenger tests
under UV irradiation. Disodium EDTA, ascorbic acid, and
ethanol were used to selectively quench; h* (holes), «0,~
(superoxide radicals) and ¢OH (hydroxyl radicals)
respectively [8].

Catalyst reusability and stability were examined
over multiple cycles. After each cycle, the spent catalyst
was recovered by filtration, washed thoroughly with
deionized water, dried at 105 °C for 3 hours, and
subsequently reused. Photodegradation performance
during reuse was monitored by plotting C./C, versus
time for each cycle.

3.5 Characterization

Phase identification and crystallographic analysis
were performed using X-ray diffraction (XRD) with a
Philips PW 3040/60 diffractometer. The average
crystallite size (D) was calculated using the Scherrer
equation (Eq. 3), while the interlayer spacing (d) was
determined from Bragg’s law (Eq. 4):

0.9A
- BcosO (3)

nA = 2dsin 0 (4)

Where D is the average crystallite size (nm), Kis
the shape factor (typically 0.9), A=0.154 nmis the
wavelength of Cu K, radiation, f is the full width at half-
maximum (FWHM) of the diffraction peak (in
radians), 0 is the Bragg angle in degrees, and nis the
order of reflection (n = 1).

Fourier-transform infrared (FTIR) spectroscopy
was conducted using a Perkin Elmer Spectrum 100 to
identify functional groups present in the samples.
Optical properties, specifically the absorption edge, were
analyzed by UV-Visible diffuse reflectance spectroscopy
(UV-DRS) using a Shimadzu UV-3600 spectrometer and
the bandgap energy (Eg) values were calculated via Tauc
plots following Eq. 5:

(ahv)™ = B(hv — Ey) (5)



Where «a is the absorption coefficient, h is Planck’s
constant, vis the incident photon frequency, Bis the
proportionality constant, and n=2 for direct allowed
transitions.

Morphological investigations were performed via
field emission scanning electron microscopy (FESEM,
JEOL JSM 7600F) coupled with energy-dispersive X-ray
spectroscopy (EDX) mapping for elemental distribution,
the atomic weight percentage was calculated via Eq. 6.
Surface area and porosity characteristics, including
specific surface area and pore size distribution, were
examined using Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH) methods with a TriStar II
Plus surface analyzer.

w;/A;
Yv oy /Ay

Atomic weight (%; ) = x100 (6)

Where w; is weight % of a given metal and A; its
corresponding atomic mass. w, and A , are the total
weight percent and atomic masses of the elements.

4. Results and Discussion
4.1 Optimization of Synthesis Conditions for MO
Degradation

The synthesis of Zn0/ZnAl LDH was systematically
optimized by varying two key hydrothermal parameters:
temperature (100, 120, and 150 °C) and holding time (1
to 3 hours). The results demonstrated that lower
hydrothermal temperatures significantly enhanced the
degradation efficiency of methyl orange (MO), with the
optimal performance achieved at 100 °C. This trend is
illustrated in Figure 2a, where the catalytic degradation
of MO was most efficient under this condition. Similarly,
shorter hydrothermal holding times correlated with
higher degradation rates as seen in Figure 2b, indicating
that prolonged treatment may adversely affect catalytic
activity.

This enhancement at lower temperatures and
shorter durations can be attributed to the better
preservation of the layered double hydroxide (LDH)
structure. The preserved LDH framework facilitates
stronger interactions between intercalated anions (CO3?
and OH-) and dye molecules during the photocatalytic
process [3], [28] thereby improving adsorption and
subsequent degradation efficiency. This effect aligns
with literature reports on the crucial role of LDH
structural integrity in photocatalytic applications [20],
[25].

Figure 2c presents a comprehensive comparison
of the photocatalytic abilities of ZnO/ZnAl LDH catalysts
with varying Cu®* substitution (5-30 %). A distinct
relationship emerges between Cu content and
degradation efficiency.

Notably, all samples exhibit some adsorption in the
dark. The Cu-5 and Cu-10 LDH samples show greater
dark adsorption, suggesting more accessible active sites
or stronger surface interaction with MO. The sample
containing Cu-20, demonstrates the least adsorption and
highest MO degradation efficiency, achieving about 60%
removal after UV light exposure, using 0.02 g/L of the
catalyst. This improved performance is attributed to an
optimal balance in adsorption in the pre-irradiation
phase and heterojunction formation, which likely
facilitates efficient charge carrier separation and
minimizes recombination, as supported by previous
heterojunction studies [29]. Increasing the Cu content to
30 % resulted in a drop in the
degradation efficiency. This suggests that excessive Cu
incorporation may cause structural disruption or
introduce defects that hinder charge transfer, lowering
catalytic performance.

Figure 2d shows the corresponding pseudo-first-
order kinetic analysis for the degradation of MO using
Cu-substituted samples. The fastest rate constant was
depicted by Cu-20 LDH (0.0052min™"), followed by Cu-
10 LDH (0.0029min™") and progressively slower rates
for Cu-5 and 30 % content (0.002min""). The linearity of
the plots and corresponding rate constants confirm
superior kinetics at moderate doping, while high Cu
levels diminish activity.
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Figure 2: Effect of varying hydrothermal conditions on MO degradation; (a) temperature (0.05 g/L in 20
mg/L MO), (b) holding time (0.02 g/L in 20 mg/L MO), : (c) effect of Cu-substituted ZnO/ZnAl LDH on the

degradation of MO (0.02 g/L, 20 mg/L MO) and (d) corresponding degradation kinetics.

4.2 Optimization of Parameters and Kinetics Study
The effect of varying experimental conditions on
the degradation of MO using Cu-20 LDH is depicted in
Figures 3. Increasing the catalyst dose proportionately
enhances degradation efficiency by supplying more
reactive surface area for adsorption as shown in Figure
3a, conversely, higher MO concentrations (Figure 3b)
lead to decreased degradation efficiency, likely due to
active site saturation and light attenuation effects. Under
optimized conditions (0.125g/L of catalyst and 60mg/L
MO), the pH-dependence of the Cu-20 LDH is elucidated
in Figure 3c. Optimum MO removal is observed at pH 9
with over 60 % adsorption, attaining 88 % degradation
after 30 minutes of UV light irradiation, underscoring the
significance of alkaline conditions for surface charge and
pollutant-catalyst interactions. The catalyst maintains
high activity from pH 3-9, but performance drops
beyond pH 9, attributed to increased competition

between MO and excess hydroxide ions (OH™) for
adsorption sites [30].

Figure 3d highlights the superiority of Cu-20 LDH
in both UV and visible light photodegradation at
optimized conditions (0.125g/L, 60mg/L and pH 9). It
shows the kinetic analysis via apparent rate constants
which confirms enhanced catalytic activity, with Cu-20
LDH yielding a rate constant of 0.021min™*! (R*=0.9571)
under UV light and 0.018 min™ (R?=0.9883) under
visible light irradiation. This demonstrates the capacity
for effective visible-light activation, highlighting its
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Figure 3: Effect of varying parameters on the degradation of MO using Cu-20 LDH; (a) catalyst dose (20 mg/L
MO, pH 7), (b) MO concentration (0.125 g/L, pH 7), (c) varying pH (0.125 g/L and 60 mg/L MO) and (d) varying

light source (0.125 g/L, 60 mg/L MO and pH 9).

potential for solar-driven photocatalytic applications in
wastewater treatment.

4.3 Photocatalyst Evaluation

Superoxide radicals (¢0,”) played the dominant
role in MO dye degradation as illustrated in Figure 4a,
which is confirmed by the pronounced reduction in
photocatalytic activity upon quenching with ascorbic
acid. The reactive species contribution followed the
order: ¢0,” >h* > «OH.

The catalyst’s reusability, assessed over three
consecutive cycles (Figure 4b), retained over 80 %
degradation efficiency, indicating excellent stability. This
durability is likely due to the suppression of photo-
corrosion [31] through efficient charge carrier
separation during photocatalysis [29].
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Figure 4: Effect of scavenging radicals on MO degradation (a)
and reusability test (b), using Cu-20 LDH

4.4 Characterization of Photocatalyst

Figure 5a displays the PXRD patterns of
commercial ZnO as a reference sample and the
synthesized ZnO/ZnAl LDH samples synthesized at



different hydrothermal temperatures after calcination.
The diffraction peaks indexed at 20 values of
approximately 11.6° 23.3°, and 34.49° correspond to the
(003), (006), and (012) planes characteristic of the LDH
phase [24], [32]. Additionally, prominent ZnO reflections
at 31.88°, 34.65°, and 36.64° confirm the coexistence of
Zn0 within the ZnO/ZnAl LDH heterostructure,
indicating a successful synthesis [14], [33], [34]. Notably,
despite calcination at a relatively high temperature of
550 °C, partial preservation of the LDH crystal structure
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synthesized at 100 °C exhibits superior photocatalytic
degradation of methyl orange (MO), attributed to the
synergistic combination of a well-defined ZnAl LDH
framework and ZnO nanoparticles. This heterostructure
benefits from the high surface area of the LDH matrix and
the photocatalytic activity of ZnO. Consequently, the
facile hydrothermal synthesis at 100 °C effectively
preserves both ZnAl LDH and ZnO phases, establishing it
as the optimal synthesis condition for achieving
enhanced photocatalytic performance.
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Figure 5: PXRD plots of: ZnO/ZnAl LDH at varying hydrothermal temperatures (a) and Cu-substituted ZnO/ZnAl

LDH (b)

was observed. This behaviour deviates from the typical
LDH thermal decomposition threshold near 300 °C [22],
suggesting enhanced thermal stability in this system.
Such structural retention likely plays a critical role in
maintaining active sites essential for adsorption of
pollutants, potentially contributing to improved catalytic
efficiency [23], [31].

Increasing the hydrothermal temperature from
100 °C to 150 °C led to a significant decrease in the
intensity of LDH-related peaks alongside an increase in
Zn0 peak intensity. This trend implies reduced LDH
crystallinity and partial transformation of the ZnAl LDH
phase into ZnO. Rietveld refinement quantitatively
proved this phase evolution, revealing an increase in ZnO
content from 62.7% to 86.4% with hydrothermal
temperature from 100 °C to 150 °C respectively,
accompanied by a concomitant decline in the LDH phase
and associated interlayer anions, as evident from the
attenuation of LDH-specific reflections. Earlier
degradation test has demonstrated that ZnO/ZnAl LDH

The PXRD patterns of Cu-substituted ZnO/ZnAl
LDH (Figure 5b) confirm the formation of CuO, in
addition to ZnO and ZnAl LDH heterostructures,
evidenced by distinct diffraction peaks corresponding to
each phase. With 10 % Cu content, new reflection peaks
at 20 positions 36°, 38° and 48° begin to emerge, which
are characteristics of CuO [35]. Phase composition,
quantified via Rietveld refinement are summarized in
Table 1, which indicates the retention of the LDH
structure with low Cu incorporation.

The Rietveld refinement reveals a systematic
increase of the CuO phase fraction with CuO content 0.1,
14.1,21.4 and 27.7 % for 5, 10, 20, 30% Cu, respectively,
accompanied by a non-monotonic evolution of ZnO; 7.3,
70.1, 69.2 and 72.3 %, while the LDH phase peaks at 10
% Cu content before declining at 20 % Cu and becoming
negligible at 30 % Cu content. These trends indicate that
average Cu incorporation promotes intimate CuO
nucleation on ZnO/ZnAl LDH surfaces while higher
contents favour phase segregation into standalone CuO



and ZnO domains [12]. The lattice parameters a and d110
remain constant across 5 - 20 % Cu content, indicating a
stable metal-metal spacing, while the c parameter which
indicates the thickness of the film, confirms carbonate-
intercalated LDHs. The basal spacing (003) shows a
slight contraction from 7.54 to 7.42 A, for 5 to 20 % Cu,
which we ascribe to tighter interlayer binding with
increasing Cu content, consistent with literature [36].
The crystallite size varies non-monotonically. These
results are consistent with literature attributing
improved photocatalytic performance to built-in fields at
the CuO/ZnO interface [37, 38].

Table 1: Rietveld Refinement Composition of Heterostructure
Zn0/ZnAl LDH Varying Cu Content.

Crystallographic Amount of Cu-doping (%)
Parameters 5 10 20 30
a (A)° 3.076  3.076 3.076 -
c (&) 22.809 22.809 22.809 -
c! (A)° 7.603 7.603 7.603 -
(interlayer
thickness)

a 1.538 1.538 1.538 -
d, (@/2)
D (nm) 12.21 1541 1136 15.36
Basal spacing 7.54 7.45 7.42 -
(003) reflection=
Zn0 phase (%) 97.3 70.1 69.2 72.3
CuO phase (%) 0.1 14.1 214 27.7
LDH phase (%) 2.3 15.8 9.3 -

aLDH

To study the optical properties of Cu-substituted
LDHs, UV-Vis diffuse reflectance spectra were obtained.
The spectra (Figure 6a) exhibit a progressive red shift in
absorption edge with increasing Cu®* content (5-30%),
indicative of bandgap narrowing. The presence of M!l-O-
MI band structure within the LDH may induce new
energy levels, which can reduce the band gap energy and
consequently enhance visible light response of the
material [39]. As shown in Figure 6b the bandgap
decreased from 3.01 eV to 2.4 eV, thereby enhancing the
material’s response to visible light. The Photocatalytic
performance evaluation identified Cu-20 LDH as the
most efficient sample, achieving the highest degradation
efficiency, mainly due to its retained LDH structure and
proper heterostructure between the components. Hence,
further characterization focused exclusively on Cu-20
LDH composition.

FTIR spectra (Figure 6c) of ZnO/ZnAl LDH and Cu-
20 LDH reveal peaks corresponding to interlayer
species; hydroxyl groups and carbonate anions (OH™ and
C03%7) [40], with diminished intensity in the Cu-20 LDH,
consistent with a retained stacked LDH structure. It is
worth noting that ZnAl Layer Double Oxides (LDO) only
reveal metal oxide vibration peaks [5] resulting from the
loss of water molecules and interlayer anions.

BET surface area analysis of Cu-20 LDH shows a
typical type IV isotherm with H3-type hysteresis loops
(Figure 6d), confirming the presence of mesopores
structure. The measured surface area and average pore
diameter were 47.35m?/g and 8.2 nm, respectively.
These textural properties are characteristic of lamellar
LDH structures and contribute to the material’s high
adsorption capacity.

The extent of separation of photogenerated charge
carriers was investigated using the photoluminescence
spectra (PL) of ZnO/ZnAl LDH and Cu-20 LDH. The PL
spectra is depicted in Figure 6e, with an excitation
wavelength of 320 nm, a broad emission in ZnO/ZnAl
LDH was observed which is indicative of many
recombination channels. Peaks at 390 - 420 nm can be
ascribed to band-to-band recombination in ZnO [32]
while peaks around 440 - 520 nm are due to defect-
related emissions, from oxygen vacancies or surface
states. This reveals that the ZnO/ZnAl layered double
hydroxide (LDH) exhibits significantly high electron-
hole recombination. In contrast, Cu-20 LDH shows a
suppressed PL emission, indicating more efficient charge
separation. The reduction in recombination observed in
the Cu-20 LDH material can be attributed to the
formation of a p-n heterojunction by CuO and ZnO, which
facilitates directional charge transfer of electrons from
CuO to ZnO to ZnAl LDH, while holes in the opposite
direction [14], [41]. This directional charge transfer
minimizes radiative recombination losses, thereby
promoting the overall photocatalytic efficiency and
narrowing the bandgap slightly, which improves visible-
light absorption.
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corresponding bandgap energies (b), FTIR plot (c), Nitrogen
adsorption-desorption  isothermal plots (pore size
distribution- inset) (d) and photoluminescence spectrum of
Cu-20 LDH.

The FESEM images of as synthesized Zn0O/Zn-Al
LDH and Cu-20 LDH are revealed in Figures 7a and b
respectively, having distorted hexagonal plate-like
morphology in a lamellar structure, which is
characteristic of LDH materials [24] in the presence of
smaller metal oxide nanoparticles. The images reveal an
average lateral sizes of 27.5 and 13.4 nm for Zn0O/ZnAl
LDH and Cu-20 LDH respectively, while the
corresponding elemental mapping of Cu-20 LDH (Figure
7c) confirms a uniform distribution of composition,
which is characteristic of LDH [42].

The presence of C and O in the elemental analysis
confirm the existence of CO3% and OH- intercalation in
the Cu-20 LDH, which depict the stability of the material
having undergone calcination at 550 °C. EDX analysis of
the Cu-20 LDH sample (surface-sensitive) revealed Cu,
Zn and Al weight percent of 10.97, 47.84, and 3.09 wt%
respectively. The corresponding metals atomic

percentages, calculated from Eq. 6, yields 16.94, 71.82
and 11.24 for Cu, Zn and Al respectively.

o

g

iy
R N 3
CKal_2 0K

Figure 7: FESEM images of Zn0/ZnAl LDH (a) Cu-20 LDH (b)
and corresponding elemental mapping of Cu-20 LDH (c).
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The Cu fraction within the divalent sublattice,
Cu/(Cu+Zn) = 19.1%, closely matches the nominal 20%
substitution target. However, the divalent: trivalent ratio
inferred from EDX gives an approximately 7.9:1, which
deviates from the synthesis target (4:1). This may be
attributed to surface enrichment of Al-free ZnO/CuO
phases, limited Al detection by EDX, and carbon support
contributions.

Table 2: Elemental weight percent of Cu-20 LDH from EDX
analysis.

Elements = Weight Percent (%)
Cu 10.97

Zn 47.84

Al 3.09

C 25.36

0 12.74

The proposed photocatalytic mechanism for MO
degradation using Cu-20 LDH is depicted in Egs. 7 - 10,
derived from the heterostructure’s band alignment and
ROS evaluation, is illustrated as follows. Upon light
irradiation, CuO/ZnO/ZnAl LDH absorbs photons
energy, promoting electrons from the valence band (VB)



to the conduction band (CB) of each component, thereby
generating e™- h* pairs. Owing to the heterostructure’s
favourable band offsets and high electrical conductivity,
photogenerated electrons preferentially migrate to the
CB of ZnAl LDH, while holes accumulate in the VB of CuO
(Eq. 6), facilitating efficient charge separation.

The transferred electrons react with dissolved O,
to yield superoxide radicals (¢0,) (Eq. 6), whereas holes
oxidize surface-bound water to produce hydroxyl
radicals (¢OH) (Eq. 7) [43]. The synergistic action of «OH,
¢0,7, and h* enhance the mineralizes MO into CO, and
H,0 (Eq. 8 -10).

Cu0/Zn0/ZnAl + hv — CuO(h*) + ZnAl(e") (5)
ZnAl (€7) + Oy (ads)y = CuO/Zn0/ZnAl(e") + O3 (6)
CuO (h*) + H,0 — Cu0/Zn0/ZnAl(h*) + H* ++ OH (7)

¢ 0; + MO — degradation products (fast) (8)
¢ OH + MO - degradation products 9)
h* + MO — degradation products (10)

Table 3 presents a comparative investigation of
different CuO/Zn0 composites used as photocatalyst for
pollutant degradation and their corresponding
efficiencies.

Conclusion

In conclusion, a heterojunction nano-catalyst was
generated within the layered double hydroxide matrix,
the nano-catalyst CuO/Zn0O/ZnAl LDH benefited from
characteristics of the layered structure of ZnAl LDH and
heterojunction of CuO/ZnO enhancing the adsorption
and photodegradation properties respectively. CuO (p-
type) in contact with ZnO (n-type) forms p-n junctions
that enhance charge separation and visible light
response, with an optimal Cu loading of 20 %, Cu
maximizes junction density for charge separation,
consistent  with  literature linking improved
photocatalytic performance to built-in fields at the
CuO/ZnO interface. A preliminary study revealed the
nanomaterials’ exceptional photodegradation capacity
for the model pollutant methyl orange, depicting the
materials potential to be used for environmental
remediation.

Nevertheless, the present work is limited to a
model pollutant under controlled conditions, and long-
term stability, recyclability, and performance in real
wastewater systems remain to be investigated. Future
studies should focus on scaling up the synthesis,
exploring broader classes of organic and inorganic
contaminants, and employing in-situ characterization or
computational modeling to gain deeper mechanistic
insight. Such directions will be essential to translate the
promising laboratory performance of CuO/ZnO/ZnAl

Table 3: Summary of various CuO/Zn0 composite for pollutant degradation.

Cu0/Zn0O Composite Pollutant(s) Parameters Degradation References
Efficiency
Cu20/ZnAl-LDH Nitenpyram 20 mg/100 mL, 99% [20]
10 mg Lt
p-n Cu0/Zn0O Methyl orange 8g/L,5mg/L, 91% [38]
pH 4
Zn0/Cu0 n-n Acid Orange 7 0.1gL?t 5mglL? 80.5% [44]
heterojunction
Cu0@ZnO NPs Methylene Blue 30 mg/50 mL, 5 98% [3]
ppm
Zn0/Cu0/GO Rhodamine 35mg/50 mL, 10 99% [45]
Blue mg/L
Zn0/Cu0/rGO Rhodamine 0.1g/100 mL, 99% and [46]
Blue and 4- 5 ppm and pH 93%
chlorophenol 11
Cu20/CuZnAl-LDHs) Tetracycline 5mg /100 mL 94.1% [23]
50 mg/L
Cu0/Zn0/ZnAl (LDH) Methyl orange 0.125 g/L, 60 90 % This work

mg/L, and pH 9

10



LDH heterojunctions into practical water treatment
technologies.
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