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A B S T R A C T

This study reports the design and synthesis of a novel composite photocatalyst based on ZnO nanoparticles 
immobilized onto a black phosphorus (BP)-modified activated kaolinite matrix. The fabrication strategy com
bines solvothermal doping and sol-gel methods to achieve a hybrid 2D/3D semiconductor system. Compre
hensive characterization, including XRD, XPS, UV-Vis DRS, PL, SEM, and TEM, confirmed the successful 
integration of ZnO and BP within the clay structure. The resulting composites exhibited enhanced photocatalytic 
activity under visible light compared to pure ZnO, as evaluated by the degradation of two polyazo dyes (Direct 
Red 80 and Chicago Sky Blue 6B). The Activated Clay/BP/ZnO composite showed superior performance, with 
first-order kinetic constants up to three times higher than those of pure ZnO. This improvement is attributed to 
improved charge separation, defect engineering, and strong interfacial interactions within the heterostructure. 
These findings highlight the potential of BP-doped clay-supported ZnO composites as efficient, sustainable 
photocatalysts for wastewater treatment.

1. Introduction

The application of dyeing processes enables the coloration of textiles 
using synthetic dyes. This represents a critical step in the textile enno
blement process, as it requires substantial water consumption [1,2]. 
However, it must be emphasized that this process also generates sig
nificant volumes of wastewater laden with high concentrations of dyes 
[3]. Most synthetic dyes are designed to be resistant to environmental 
conditions, such as light, temperature, microbial attack, and oxidizing 
agents [4]. Nevertheless, in low- and middle-income countries, it is 
observed that up to 80 % of dye-laden wastewater is discharged into 
water bodies without treatment [5]. Furthermore, the presence of dyes 
in aquatic ecosystems, even at low concentrations, is highly visible. It 
reduces sunlight penetration, while increasing biochemical oxygen de
mand (BOD) and chemical oxygen demand (COD) [6,7]. It is well 
established that the discharge of dye-rich wastewater into surrounding 

waters can contribute to eutrophication [8].
Under the action of microorganisms, dyes release nitrates and 

phosphates into the natural environment. These mineral ions serve as 
nutrients for microorganisms, and when introduced in large quantities, 
they trigger uncontrolled algal blooms in rivers and stagnant waters, 
leading to oxygen depletion due to the inhibition of photosynthesis at 
depth [9]. Additionally, the substantial oxygen consumption by aerobic 
bacteria, resulting from high organic matter loads, causes hypoxic 
conditions in aquatic environments, leading to the asphyxiation of fauna 
[10]. Moreover, the successive enrichment of non-degradable toxic 
pollutants through bioaccumulation along the food chain results in 
significantly elevated, and potentially hazardous, pollutant concentra
tions in the final consumer [11]. Additionally, dyes can decompose into 
more toxic xenobiotics under microbial action. For instance, carcino
genic amines may be produced from the cleavage of azo bonds in azo 
dyes, or leuco derivatives may form in the case of triphenylmethanes 
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[12].
On the other hand, increasingly stringent and specific environmental 

regulations on industrial discharges compel industries to treat their 
wastewater prior to release into the environment. Among various 
methods, advanced oxidation processes (AOPs) offer highly promising 
approaches for treating effluents containing organic micropollutants, as 
they are not specific to a particular chemical family of compounds. 
These processes also have the advantage of degrading organic pollut
ants, whereas other treatment technologies often merely transfer 
pollution rather than eliminate it [13]. Heterogeneous photocatalysis, 
an advanced oxidation process, is employed in water and air treatment. 
It relies on the absorption of photons with energy equal to or greater 
than the bandgap (Ec-Ev) by a semiconductor, enabling the transition of 
electrons from the valence band (Ev) to the conduction band (Ec). This 
generates electron vacancies, commonly referred to as holes (h+), in the 
valence band, creating an oxidation-reduction system [14,15]. If their 
lifetime permits, electrons can be transferred to electron acceptors, 
while holes can be filled by electron donors [16]. Ultimately, the com
bination of electron (reducing agent) and hole (oxidizing agent) re
actions with adsorbed electron acceptors and donors, respectively, 
determines the synthesis of products necessary for the photocatalytic 
reaction [17].

Heterogeneous photocatalysis is currently emerging as a green pro
cess for the treatment of water and wastewater [18–20]. Its future as an 
effective treatment method within sustainable development policies 
requires researchers and industrial partners to address several chal
lenges. For fundamental research, the primary challenge remains the 
development of next-generation photocatalytic materials that can 
enhance the performance of existing catalysts under near-UV (UVA) 
light [21], but more importantly, enable strong activity under visible 
light.

Many current photocatalytic applications employ ZnO as a semi
conductor due to its unique properties, namely: non-toxicity, optical 
transparency, high chemical and photonic corrosion resistance [4,22]. 
However, the main drawback of ZnO lies in its wide band gap of 3.3 eV 
[23,24], which limits its absorption to only 4 % of the solar spectrum 
during photocatalytic applications using natural light [25]. Moreover, 
the agglomeration of ZnO nanoparticles can reduce the available surface 
area, thereby impairing adsorption properties, which are combined with 
high electron-hole recombination rates, further limiting its performance 
[26]. Another major issue is the leaching of Zn2+ ions during photo
catalytic processes [27].

To address these limitations, significant efforts have been devoted to 
modifying ZnO to extend its spectral response into the visible region. 
One common strategy is doping with metals such as Cu, Fe, Ag, Mn, and 
Ce [28–31], aimed at slowing down the recombination rate of electrons 
and holes by creating energy levels within the band gap and/or by 
shifting the conduction and/or valence bands [32].

Another promising approach involves incorporating secondary ma
terials such as SiO₂, hydroxyapatite, clay, or graphite to make composite 
materials [33–38]. These secondary materials help prevent agglomera
tion of ZnO nanoparticles and reduce Zn²⁺ leaching, while improving 
surface adsorption. Indeed, surface properties are key to photocatalyst 
efficiency [32,39], as better-adsorbed organic pollutants on the photo
catalyst surface can be more readily oxidized [40]. Hence, 
adsorbent-supported photocatalysts often outperform monolithic pho
tocatalysts in organic pollutant degradation [41].

Immobilizing ZnO nanoparticles on a suitable matrix thus offers 
multiple advantages and provides a sustainable solution to ZnO’s limi
tations as a photocatalyst. Clay minerals are ideal for this purpose due to 
their various nanostructures, allowing the synthesis of porous structures 
with large surface areas: layered (e.g., kaolinite, smectites), fibrous (e.g., 
sepiolite, palygorskite), or tubular (e.g., halloysite) [4,42].

Recently, in parallel, black phosphorus (BP) nanosheets, a promising 
2D semiconductor material, have attracted considerable interest, 
particularly for their photocatalytic activity in degrading organic 

pollutants [43]. BP’s most attractive property is its direct band gap, 
which is thickness-dependent and ranges from 0.3 to 2.1 eV [44]. In 
addition, few-layer BP’s strong in-plane electronic anisotropy offers 
significant advantages for electronic and optoelectronic applications, 
such as high carrier mobility, tunable band gap, and strong light-matter 
interaction [45,46].

While various doping and support strategies have been explored to 
improve the photocatalytic efficiency of ZnO, few studies have com
bined a 2D semiconductor like black phosphorus with zinc oxide on a 
natural, porous matrix such as activated kaolinite. This approach offers a 
promising and low-cost platform to improve light absorption, charge 
separation, and pollutant adsorption in a single, multifunctional 
material.

The scientific objective of this work is to develop a highly active 
composite photocatalyst by immobilizing both a 2D and a 3D semi
conductor on a common activated clay matrix. The immobilization of 
ZnO on an activated clay matrix doped with black phosphorus (BP) can 
generate several synergistic effects that enhance photocatalytic perfor
mance. Firstly, the activated clay, due to its increased specific surface 
area and the creation of additional reactive sites, serves as a dispersing 
support that limits the aggregation of ZnO nanoparticles and promotes 
better exposure of active sites [47]. Additionally, anchoring ZnO onto 
such a support can contribute to reducing the rapid recombination of 
electron-hole pairs while facilitating their migration to the surface. 
Furthermore, the incorporation of BP, a two-dimensional material with 
high electron mobility and tunable bandgap, provides an efficient 
charge transfer channel [48]. It offers the advantage of acting as a 
conductive bridge, enabling spatial separation of photoinduced charge 
carriers, which can extend their lifetime and enhance the efficiency of 
redox reactions [49]. Finally, such an interaction (ZnO/BP) can induce 
favorable band alignment, facilitating the absorption of visible light
—typically limited for ZnO alone—and thus broadening the spectral 
window of photocatalytic activity [50].

In this study, a new composite photocatalyst was synthesized in two 
steps: first, doping of an activated kaolinite (previously treated ther
mally and chemically as described in [4]) with BP nanoparticles via 
solvothermal reaction; second, immobilization of ZnO nanoparticles 
onto this matrix via a sol-gel process.

Base materials (activated clay, ZnO) as well as intermediate com
posites (activated clay-BP, ZnO-BP, activated clay-ZnO) were also syn
thesized and characterized for comparison with the final composite and 
to demonstrate the benefits of the new structure. To evaluate the pho
tocatalytic activity of the synthesized materials under visible light, two 
model polyazo dyes, Direct Red 80 and Direct Blue 1, were selected. 
These compounds are widely used in textile industries and are repre
sentative of large, aromatic, anionic pollutants with varying molecular 
weights, making them ideal probes to assess both adsorption capacity 
and photocatalytic degradation efficiency under visible light.

The novelty of this study lies in the development of a ternary pho
tocatalytic composite, AC/BP/ZnO, combining ZnO nanoparticles 
immobilized on a black phosphorus (BP)-doped activated kaolinite 
matrix, synthesized via a scalable solvothermal and sol-gel approach. 
Unlike conventional ZnO-based photocatalysts, which suffer from 
nanoparticle aggregation, rapid electron-hole recombination, and 
limited visible-light absorption, this hybrid system leverages the syn
ergistic interplay of activated kaolinite, BP, and ZnO to achieve superior 
photocatalytic performance.

2. Experimental section

2.1. Materials

The kaolinite clay mineral (Al₂Si₂O₅(OH)₄) used as matrix material 
was sourced from the Kribi deposit in southern Cameroon. Hydrochloric 
acid (HCl, 37 %) was used for chemical activation. Red phosphorus 
(99.99 %, Thermo Scientific) and ethylenediamine (≥99 %, Sigma- 
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Aldrich) were used as precursors for doping the clay-based materials 
with black phosphorus (BP) nanoparticles [44]. Absolute ethanol was 
employed for washing BP-doped clay materials. Milli-Q water was used 
as the synthesis solvent and for washing some of the composites. Zinc 
acetate dihydrate (Zn(CH₃COO)₂⋅2H₂O) and sodium hydroxide (NaOH) 
were used as precursor and precipitating agent, respectively. Finally, the 
polyazo textile dyes Direct Blue 1 (also called Sky Blue 6B) and Direct 
Red 80 (also called Sirius Red) were used as model pollutants 
(Sigma-Aldrich).

2.2. Activation of clay material by thermal and chemical treatment

The clay was washed, purified, thermally treated at 800 ◦C, and 
chemically activated by acid leaching in 6 M HCl at 110 ◦C to obtain the 
activated clay used throughout this study. Optimization procedures and 
exact treatment conditions are detailed in [4,51]. This material is 
referred to as AC (Activated Clay).

2.3. Synthesis of pure ZnO

Pure ZnO was synthesized via a co-precipitation method. For this, 5 g 
of zinc acetate dihydrate were dissolved in 55 mL of Milli-Q water and 
stirred vigorously at room temperature for 10 min until complete 
dissolution. The solution was then heated to 85 ◦C under stirring for 1 h. 
While maintaining the temperature at 85 ◦C, 100 mL of a 0.5 M NaOH 
solution was slowly added dropwise using a burette, leading to the 
formation of a precipitate. The suspension was kept under stirring at 
85 ◦C for 3 h. After cooling to room temperature, the mixture was left 
undisturbed for 12 h. The precipitate was recovered by centrifugation, 
washed several times with Milli-Q water, and dried in an oven at 105 ◦C 
for 24 h.

2.4. Doping of pure ZnO and activated clay matrices with black 
phosphorus

Doping with BP nanoparticles was carried out via a solvothermal 
method using ethylenediamine as solvent and red phosphorus as pre
cursor [44].

3 g of pure ZnO or activated clay and 0.75 g of red phosphorus were 
first ground using a planetary ball mill. The resulting powder was 
dispersed in 75 mL of ethylenediamine and stirred for 4 h at room 
temperature. The mixture was then transferred into a 100 mL Teflon- 
lined stainless steel autoclave and heated in a programmable chamber 
furnace (THERMCONCEPT) to 200 ◦C (heating rate of 5 ◦C/min). Once 
at 200 ◦C, the temperature was held for 24 h. The system was cooled 
down naturally to 40 ◦C before the autoclave was opened. After reaching 
room temperature, the product was recovered, washed four times with 
absolute ethanol, and vacuum-dried in an oven at 60 ◦C.

2.5. Immobilization of ZnO on AC or AC/BP surface

ZnO immobilization followed the same procedure as pure ZnO syn
thesis (see Section 2.3), with the only modification being the addition of 
2 g of AC or AC/BP immediately after the zinc acetate dissolution. All 
subsequent steps remained identical. Two composite powders were 
obtained: AC/ZnO and AC/BP/ZnO.

2.6. Materials characterization

X-ray diffraction (XRD) was performed using a Bruker D8 Twin-Twin 
powder diffractometer with Cu-Kα radiation over a 2θ range of 2–70◦, 
with a step size of 0.02◦ and a scan rate of 2◦/min.

Elemental analysis (Si, Al, P, Zn, Ti) was carried out using inductively 
coupled plasma–optical emission spectrometry (ICP-OES) on an Agilent 
5800 instrument. Prior sample digestion was performed using HF, 
following the method described by Mahy et al. [52].

Zeta potential was measured using a Beckman Coulter Delsa Nano C 
particle analyzer. A 10 mg sample was ultrasonically dispersed in 10 mL 
of Milli-Q water. The measuring cell was first rinsed with Milli-Q water, 
followed by the sample suspension.

Diffuse Reflectance Spectroscopy (DRS) was recorded from 200 to 
800 nm using a PerkinElmer Lambda 1050 UV-Vis/NIR spectropho
tometer equipped with a Spectralon-coated integrating sphere, photo
multiplier (PMT), and InGaAs detectors. The spectra were transformed 
using the Kubelka–Munk function to allow band gap estimation and 
comparison between samples. BaSO₄ was used as the reference. Calcu
lation details are given in [52].

XPS analyses are done by using a SSI-X-probe 100/206 spectrometer 
(Surface Science Instruments), equipped with a floodgun (8 eV) for 
surface charge neutralization. Samples on an adhesive support are 
introduced into a Macor® carousel topped by a nickel grid to avoid 
charge effects. Analyses are done at room temperature with an analysis 
chamber pressure of 10− 6 Pa. Data treatment is executed with the 
CasaXPS software (Casa Software Ltd., Teignmouth, UK) using a 
Gaussian/Lorentzian (85/15) decomposition treatment and a Shirley- 
type baseline subtraction. All XPS spectra are calibrated using the C– 
(C,H) component of the C 1 s peak localized at 284.8 eV.

Photoluminescence (PL) spectra were recorded at room temperature 
using an Edinburgh Instruments FLS920 fluorimeter with a 450 W xenon 
arc lamp. Emission spectra were collected between 400–720 nm at 
365 nm excitation, and excitation spectra (250–550 nm) were measured 
at 600 nm emission.

Scanning Electron Microscopy (SEM) was performed on a TESCAN 
Clara microscope at 15 kV. Samples (1–2 mg) were ultrasonically 
dispersed in 3 mL acetone. One drop was deposited on a glass slide, dried 
at 60 ◦C, gold-coated, and mounted on carbon tape.

High-resolution TEM and STEM-EDX imaging were conducted on a 
Thermo Scientific Talos F200i microscope at 200 kV. Samples were ul
trasonically dispersed in ethanol, drop-cast on carbon-coated copper 
grids, and plasma-cleaned under Ar/O₂ (75 %/25 %) to remove surface 
carbon contamination.

2.7. Photocatalytic degradation of polyazo dyes

Photocatalytic activity was evaluated by degrading Direct Blue 1 
(DB1) and Direct Red 80 (DR80) under visible light (λ > 395 nm) at 
20 ◦C. For each dye, experiments were conducted in triplicate using a 
multi-sample photoreactor [52,53] equipped with a 300 W halogen 
lamp (220 V) emitting from 395 to 800 nm and fitted with a UV cut-off 
filter. The lamp was centered in a double-walled glass reactor with 
circulating thermostated water to dissipate heat. Aluminum foil shielded 
the setup from ambient light. The distance between the lamp and the 
samples is 2 cm.

Each sealed test tube received 10 mL of dye solution (20 mg/L) and 
10 mg of photocatalyst. The suspension was stirred magnetically in the 
dark for 30 min to reach adsorption–desorption equilibrium (confirmed 
by 24 h adsorption studies). Samples were collected at 0, 2, 4, 6, 8, and 
24 h, centrifuged, and analyzed by UV-Vis spectrophotometry (Genesis 
10S, Thermo Scientific) at 620 nm (DB1) and 528 nm (DR80). Residual 
concentrations were interpolated from calibration curves.

Photodegradation efficiency was calculated using: 

DC (%) = (1 - Cₜ/C₀) × 100                                                            (1)

where C₀ is the initial dye concentration and Cₜ the concentration at time 
t.

Control tests confirmed no photolysis occurred under visible light in 
the absence of photocatalyst.

In order to assess the stability of the AC/BP/ZnO composite material 
photocatalytic activity, recycling experiments are done on DR80 
degradation under visible light. These tests consist of doing successive 
photocatalytic experiments on the samples with centrifugation and 
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washing steps in between, ultrasonic bath is used to resuspend the 
samples. After 8 h of the DR80 photocatalytic test described above, the 
catalysts are recovered by centrifugation (15,000 rpm for 20 min). Then, 
the same test is executed again for another 8 h. This recycling is made 5 
successive times under visible light, corresponding to 40 h of total 
irradiation.

Triethanolamine (TEOA, 1 mmol), isopropanol (IPA, 1 mmol), and p- 
benzoquinone (PB, 1 mmol) are used as, respectively, hole, hydroxyl 
radical and superoxide scavenger in DR80 aqueous solution filled with 
AC/BP/ZnO sample to reach a 1 g/L concentration, inspired by [54]. 
Measurements are performed after 2 h (under visible light) using a 
UV/visible spectrophotometer at a wavelength of 528 nm.

3. Results and discussion

3.1. Mineralogical analysis by X-ray diffraction (XRD)

Fig. 1 show the X-ray diffraction patterns of the various samples. The 
pure ZnO sample exhibits the characteristic peaks of the wurtzite crys
talline phase. The activated clay (AC) shows peaks corresponding to 
quartz and anatase, consistent with earlier observations [51].

For the BP-doped samples (ZnO/BP and AC/BP), the diffraction 
patterns indicate that the solvothermal doping at 200 ◦C in ethyl
enediamine does not alter their crystal structure. The XRD profiles also 
confirm the successful immobilization of ZnO nanoparticles on both clay 
supports (AC/ZnO and AC/BP/ZnO), evidenced by the presence of three 

Fig. 1. X-ray diffraction (XRD) patterns of (a) AC, AC/BP, AC/ZnO and for (b) AC/BP/ZnO, ZnO/BP, ZnO samples. Reference peak positions of the different phases of 
the samples are indicated directly on the diffractograms by the following letters (In order not to overload the figures, phase peaks already assigned for other samples 
are not re-indicated): (A) anatase, (Q) quartz, (Z) wurtzite, (BP) black phosphorus.
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major peaks between 2θ = 30◦ and 40◦, characteristic of the wurtzite 
ZnO phase with space group P6₃mc (JCPDS 36–1451).

The diffraction peaks at 2θ = 31.8◦, 34.5◦, 36.3◦, 47.6◦, 56.6◦, 62.8◦, 
66.5◦, 68.1◦, and 69.1◦ correspond to the (001), (002), (101), (102), 
(110), (103), (200), (112), and (201) wurzite planes, respectively [55, 
56]. No peak associated to P species is detected.

In the XRD diffractogram of the ZnO/BP composite (Fig. 1b), two 
low-intensity diffraction peaks were detected at 17.3◦ and 27.2◦, cor
responding to the (020) and (021) crystallographic planes of the black 
phosphorus (BP) structure (JCPDS card no. 76–1957). However, it 
should be noted that the peak at 17.3◦ shifts to approximately 10◦ or 11◦

in the clay-based composites (AC/BP, Fig. 1a). Furthermore, compared 
to pure ZnO (Fig. 1b), a significant reduction in the intensity of the 
characteristic ZnO reflection peaks is observed across all composites 
(ZnO/BP, AC/ZnO, and AC/BP/ZnO). This reduction is most pro
nounced in the AC/ZnO composite (Fig. 1a), followed by AC/BP/ZnO, 
and least evident in ZnO/BP. The decrease in the intensity of ZnO 
reflection peaks in the composites (ZnO/BP, AC/ZnO, and AC/BP/ZnO) 
compared to pure ZnO, as well as the reduced intensity of quartz and 
anatase peaks following ZnO immobilization on the AC/BP matrix, can 
be primarily attributed to a combination of structural and dispersion 
effects. Similarly, the shift of one BP reflection peak in the AC/BP and 
AC/BP/ZnO composites follows the same trend. On one hand, the 
presence of an activated clay matrix (AC or AC/BP) as a support induces 
a dilution effect, as the relative fraction of crystalline ZnO detected is 
lower than in the pure ZnO sample, resulting in proportionally reduced 
peak intensities [57,58]. On the other hand, anchoring ZnO onto such a 
matrix restricts crystallite growth and promotes their dispersion as 
smaller nanoparticles, leading to reduced crystallinity and, conse
quently, broader and less intense diffraction peaks [59]. Additionally, 
interfacial interactions between ZnO, activated kaolinite, and BP may 
introduce lattice defects and disrupt long-range order, further contrib
uting to the attenuation of diffraction signals [60]. Finally, the presence 
of an amorphous halo from the support or lamellar phases such as BP 
increases the background, which can reduce the relative contrast of ZnO 
peaks [61]. These phenomena collectively indicate effective dispersion 
and successful integration of ZnO within the composite architecture.

3.2. Chemical composition by ICP-OES

Table 1 presents the ICP-OES results for five major elements (Si, Al, 
Ti, P, Zn), allowing quantitative tracking of their evolution across 
different composites.

The relatively stable contents of silicon and aluminum in the various 
clay-based samples confirm the preservation of the aluminosilicate na
ture of the matrix. Ti is present in natural clay. Phosphorus contents of 
3.98 wt% (AC/BP) and 3.85 wt% (AC/BP/ZnO) clearly confirm the 
successful BP doping.

Moreover, the high Zn content, averaging ~39 wt%, measured by 
ICP-OES in ZnO-containing samples confirms the significant presence of 
ZnO, in good agreement with the XRD findings and the theoretical 
values from the synthesis (Fig. 1).

These ICP results are further supported by the presence of the same 
major elements (Si, Al, Ti, P, Zn) in the XPS spectra of the same com
posites (see Section 3.3 and Fig. 2), offering cross-validation of the 
chemical composition.

3.3. XPS analysis of composite photocatalysts

XPS analysis was performed on the 6 samples of the study to deter
mine their surface chemical composition and the oxidation states of key 
elements. The resulting spectra are shown in Fig. 2.

The XPS survey spectra of all materials confirmed the presence of 
major elements Zn, O, P, Si, and Al, along with trace amounts of Na, C, 
and N, likely originating from residual synthesis by-products or intrinsic 
to the clay. These elemental profiles are consistent with the ICP-OES 
results in Table 1, except for Ti, which was not detected by XPS due 
probably to its low surface concentration.

The detection of Zn, BP, and clay elements confirms the coexistence 
of ZnO, black phosphorus, and activated clay within the composite 
matrices.

Despite the physicochemical activation treatment applied to 
kaolinite, the aluminosilicate nature of the activated clay (AC, Fig. 2a) is 
confirmed by the presence of characteristic Si 2p and Al 2p binding 
energy peaks at 104 eV and 75 eV, respectively. However, following BP 
doping of AC via solvothermal treatment in ethylenediamine at elevated 
temperature (Fig. 2b), a shift in these binding energies to lower values, 
namely 102 eV for Si 2p and 73 eV for Al 2p, was observed. This shift in 
the characteristic Si 2p and Al 2p peaks to lower binding energies after 
BP doping is primarily attributed to charge transfer and a modification 
of the electronic environment surrounding silicon and aluminum atoms. 
The incorporation of BP, a semiconductor material rich in electrons, 
enhances the electron density around Si and Al atoms, reducing the 
energy required to extract an electron from their 2p orbitals, which 
manifests as the observed shift to lower binding energies in the XPS 
spectra [62]. Additionally, the potential formation of new interfacial 
bonds, such as Si-O-P and Al-O-P, along with disruptions to pre-existing 
Si-O-Al bonds, may alter the electrostatic field experienced by these 
atoms, further contributing to the relaxation of binding energies [63]. 
This is consistent with the observed decrease in the O 1 s peak binding 
energy from 533.5 eV in AC to 531 eV after BP doping. Moreover, the 
solvothermal treatment at 200◦C promotes intimate anchoring of BP 
onto AC, which may introduce structural defects or charge redistribution 
within the lattice, enhancing the electron shielding effect and contrib
uting to the observed energy shift.

High-resolution Zn 2p spectra (Fig. 2c, main survey) show two well- 
defined peaks at binding energies of 1021.5 eV and 1044.5 eV, corre
sponding to Zn 2p₃/₂ and Zn 2p₁/₂, respectively. These values confirm 
the presence of divalent zinc (Zn²⁺) in the ZnO structure [64–66].

The O 1 s region provided further insights into interfacial in
teractions. For pure ZnO (Fig. 2c), the main O 1 s peak appears at 
530.4 eV. In contrast, in AC/ZnO (Fig. 2d), ZnO/BP (Fig. 2e) and AC/ 
BP/ZnO (Fig. 2f) composites, the O 1 s peak shifts to 531.9 eV, 531.0 eV 
and 531.5 eV, respectively, suggesting a modified electronic environ
ment due to interfacial bonding with BP and the clay matrix. A similar 
phenomenon was reported by Yu et al. [66] for ZnO nanoparticles 
supported on halloysite nanotubes.

Moreover, the high-resolution spectra of the P 2p region for AC/BP 
(Fig. 2b) reveals a broad peak centered at 132.0 eV. This binding energy 
is attributed to a mixed signal from the 2p electrons of oxidized black 
phosphorus (BP) atoms. However, this binding energy shifts to 133.0 eV 
and 133.4 eV in the ZnO/BP (Fig. 2e) and AC/BP/ZnO (Fig. 2f) com
posites, respectively. The shift of the P 2p binding energy to higher 
values is primarily explained by changes in the oxidation state of 
phosphorus and its chemical environment, driven by chemical in
teractions and charge transfer with accompanying phases [67]. In the 
AC/BP sample, the signal at approximately 132 eV typically corresponds 
to partially oxidized elemental phosphorus or underdeveloped PxOy 
states (mixed P-P/P-Ox), indicating that BP sheets are either relatively 
intact or only slightly oxidized [68]. In contrast, the introduction of ZnO 
in the composites (ZnO/BP or AC/BP/ZnO) triggers several mechanisms 
that lead to a shift toward higher binding energies (133.0–133.4 eV). On 
one hand, ZnO, an oxidizing phase and relative electron acceptor 

Table 1 
Chemical composition of samples measured by ICP-OES.

Samples Al (wt%) Si (wt%) Ti (wt%) P (wt%) Zn (wt%)

AC 0.92 37.10 2.07 0.04 0.01
AC/BP 0.72 35.40 1.85 3.98 0.03
AC/ZnO 0.90 37.05 1.95 0.04 30.9
AC/BP/ZnO 0.70 35.37 0.70 3.85 36.4
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compared to BP, promotes further oxidation of phosphorus or the for
mation of interfacial P-O-Zn/oxy-phosphate bonds during intimate 
contact (via sonication, hydrothermal, solvothermal, or mild calcination 
processes). This increases the effective oxidation state of phosphorus 
(trending toward partial P(+V) in oxygenated environments) [69,70]. 
This loss of electron density around phosphorus results in the observed 
XPS shift to higher binding energies.

3.4. UV–visible diffuse reflectance spectroscopy (DRS)

The UV-Vis diffuse reflectance spectra of pure ZnO and the 

composites ZnO/BP, AC/ZnO, and AC/BP/ZnO are shown in Fig. 3. Pure 
ZnO exhibits a strong absorption band centered around 345 nm, 
consistent with its wide band gap (~3.30 eV). This strong absorption in 
the near-UV region is attributed to the direct electronic transition from 
the valence band to the conduction band [55,71].

In contrast, the clay matrices (AC and AC/BP) do not exhibit any 
exploitable absorption features due to their insulating and non- 
semiconducting nature [66,72,73].

The ZnO/BP composite displays a red-shifted absorption tail 
extending into the visible range, indicating improved light harvesting 
capabilities. This shift could be attributed to the presence of BP 

Fig. 2. XPS spectra of (a) AC, (b) AC/BP, (c) pure ZnO, (d) AC/ZnO, (e) ZnO/BP, and (f) AC/BP/ZnO. Insets highlight Si 2p, Al 2p and P 2p in (a,b), Zn 2p3/2 and 3 s 
in (c, d), and P 2p and Zn 3 s regions in (e,f), respectively.
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intimately mixed with ZnO, which possesses a narrower band gap 
(<2 eV), allowing for visible-light absorption [64,66]. Or the presence 
of many defects in the ZnO/BP composite.

Interestingly, the absorption spectra of AC/ZnO and AC/BP/ZnO 
composites remain very similar to that of pure ZnO, without significant 
red-shift. This may result from the relatively low BP content in the 
ternary composite or because BP is more intimately mixed with AC than 
with ZnO.

The band gap energies of all photocatalysts were estimated using the 
Tauc plot derived from the Kubelka–Munk function. The calculated band 
gaps were: ZnO: 3.30 eV; ZnO/BP: 3.23 eV; AC/ZnO: 3.29 eV; AC/BP/ 
ZnO: 3.29 eV.

These values confirm that while ZnO/BP exhibits a slight narrowing 
of the band gap due to BP incorporation, the two other composites retain 
optical properties similar to pure ZnO. However, their performance 
cannot be explained by band gap alone and must also consider surface/ 
interface effects and defect states.

3.5. Photoluminescence (PL) analysis of the composites

In addition to UV–visible absorption, the photoluminescence (PL) 
response provides crucial information on the recombination behavior of 
photogenerated charge carriers. To better understand the photocatalytic 
performance of the materials, PL emission and excitation spectra were 
recorded and compared, particularly between pure ZnO and the ternary 
composite.

Among all tested samples, only pure ZnO and the AC/BP/ZnO 
composite exhibited detectable photoluminescence. Fig. 4a shows the 
solid-state PL emission spectra recorded at room temperature under 
365 nm excitation for both materials.

These spectra offer insights into charge recombination and migration 
phenomena within the ZnO structure and its composite. It is well 
established that interface-related charge separation and recombination 
strongly influence fluorescence intensity in semiconductors [74]. A 
higher PL intensity generally correlates with faster recombination of 
photogenerated electrons (e⁻) and holes (h⁺), which results in reduced 
photocatalytic performance [54].

For pure ZnO (black curve in Fig. 4a), a strong orange-red emission is 
observed around 600 nm, typically associated with oxygen vacancy 
defects [75,76]. In contrast, the AC/BP/ZnO composite displays two 
lower-intensity peaks centered around 430 nm and 575 nm.

The first emission (430 nm, violet region) likely originates from Zn 
interstitial defects [75]. The second emission (575 nm, orange-red 

region) is attributed to oxygen vacancy-related states in the immobilized 
ZnO [24].

Notably, the reduced PL intensity of AC/BP/ZnO compared to pure 
ZnO indicates a lower recombination rate of photogenerated charge 
carriers, supporting the enhanced photocatalytic activity observed 
(observed in Section 3.8). This behavior is likely due to: (i) The BP- 
doped activated clay acting as an electron sink and physical support; 
(ii) The formation of an AC/BP/ZnO heterojunction; (iii) The presence of 
engineered defects in the immobilized ZnO structure.

Fig. 4b presents the excitation spectra monitored at 600 nm emis
sion, showing how excitation wavelength influences luminescence. The 
AC/BP/ZnO composite reveals two distinct excitation bands, around 
275 nm and 372 nm, while pure ZnO exhibits a single band at 372 nm, 
in line with literature data [76].

These excitation bands correspond to the PL emissions seen in 
Fig. 4a: (i) The 275 nm excitation leads to violet emission 
(400–449 nm), (ii) The 372 nm excitation induces orange-red emission 
(593–605 nm).

This spectral response suggests the presence of multiple defect levels 
in AC/BP/ZnO, enabling more efficient charge separation and surface 
interaction.

3.6. Zeta potential measurement

Given the observed differences in adsorption behavior among the 
materials (see Section 3.8), it was essential to evaluate their surface 
charge under near-neutral pH. Zeta potential measurements were 
therefore conducted to elucidate the electrostatic interactions between 
the photocatalysts and the anionic azo dyes.

Table 2 presents the zeta potential values of the various materials 
measured at pH 7.2–7.5 and 25 ◦C. These values reflect the surface 
charge of each sample and offer insight into their colloidal stability and 
possible electrostatic interactions with pollutants.

Pure ZnO, synthesized via co-precipitation, exhibits a positive zeta 
potential of + 22.36 mV, consistent with previously reported values 
under similar pH conditions [24,77]. However, following solvothermal 
treatment in ethylenediamine with red phosphorus (to produce 
ZnO/BP), the surface charge reverses sharply to − 12.29 mV. This 
inversion is a direct consequence of BP nanoparticle incorporation, 
which seems to introduce negatively charged species at the surface.

Activated clay (AC) exhibits a strongly negative zeta potential of 
− 21.50 mV, a typical value for kaolinite-based materials [78,79]. After 
BP doping, the zeta potential of AC/BP changes only slightly to 
− 20.21 mV, indicating that the overall surface chemistry remains pre
dominantly anionic.

Interestingly, ZnO immobilization on the clay matrix significantly 
alters the surface charge. The zeta potential of AC/ZnO increases to 
− 10.55 mV, suggesting a partial neutralization of the surface by ZnO 
nanoparticles or a compensation of the charges. For the ternary com
posite AC/BP/ZnO, the surface becomes positively charged again 
(+9.64 mV), indicating strong ZnO–BP–clay interactions and possibly 
improved colloidal stability under neutral conditions.

These results emphasize the role of BP and the clay matrix in 
modulating surface charge, which can significantly influence adsorption 
behavior and photocatalytic efficiency through electrostatic interactions 
with charged organic pollutants.

3.7. Morphological analysis of the samples

3.7.1. SEM micrographs of composite materials
Fig. 5 presents the SEM micrographs of ZnO/BP, AC, and AC/BP/ZnO 

samples. These three are representative of their respective material 
categories, as no major morphological differences were observed be
tween ZnO and ZnO/BP, AC and AC/BP, or AC/ZnO and AC/BP/ZnO 
under SEM imaging.

In Fig. 5a, the ZnO/BP composite reveals ZnO nanoparticles with 

Fig. 3. UV–Vis diffuse reflectance spectra of ZnO, ZnO/BP, AC/ZnO, and AC/ 
BP/ZnO.
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spherical nanostructures, though highly agglomerated into larger ag
gregates. Such aggregation behavior has also been observed by Farcy 
et al. [24] in their various ZnO nanomaterial synthesis pathways. Pure 
ZnO has the exact same aspect.

Fig. 5b displays the layered, sheet-like morphology of the clay ma
trix, preserving the typical two-dimensional structure of the original 
kaolinite [4,51]. Upon ZnO immobilization (Fig. 5c), spherical ZnO 
particles are heterogeneously distributed across the surface and within 
the porous structure of the clay, forming irregular aggregates anchored 
to the matrix but less aggregated that without the clay.

Fig. 4. (a) Normalized PL emission spectra (400–720 nm) under 365 nm excitation and (b) Normalized Excitation spectra (250–550 nm) recorded at 
600 nm emission.

Table 2 
Zeta potential (mV) of the synthesized materials at pH 
7.2–7.5 and 25 ◦C.

Samples Zeta potential (mV)

ZnO + 22.36
ZnO/BP − 12.29
AC − 21.50
AC/BP − 20.21
AC/ZnO − 10.55
AC/BP/ZnO + 9.64
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3.7.2. STEM-EDX and HRTEM analysis of AC/BP/ZnO composite
High-resolution morphological and compositional mapping of the 

AC/BP/ZnO composite is shown in Fig. 6. STEM images (Fig. 6a and b) 
clearly reveal spheroidal ZnO/BP clusters formed by nanocrystals 
immobilized on the surface of the clay matrix.

Local EDX analysis confirms the presence of Zn, O, P, Al, and Si at the 
surface (Fig. 6e to j), verifying the successful deposition and surface 
coverage of both ZnO and BP nanoparticles on the activated clay.

The heterostructure AC–BP–ZnO was further confirmed by HRTEM 
imaging (Fig. 6c and d). The images show polycrystalline domains 
corresponding to clay, ZnO, and BP, with an average particle size of 
~20 nm. Lattice fringe analysis reveals an interplanar spacing of 
0.26 nm for the adjacent (002) planes of ZnO, matching the hexagonal 
phase (JCPDS 36–1451). The corresponding spacing for BP nanocrystals 
is 0.21 nm, consistent with prior reports [80,81].

These observations confirm the formation of a ternary hetero
structured composite in which ZnO and BP nanoparticles are well- 
dispersed and tightly interfaced with the porous clay framework.

3.8. Photocatalytic activity

To assess the potential of the AC/BP/ZnO composite, photocatalytic 
degradation experiments were conducted using two model polyazo dyes, 
Direct Blue 1 (DB1) and Direct Red 80 (DR80), under visible light 
irradiation.

Fig. 7a and b show the photocatalytic degradation profiles of DR80 
and DB1, respectively, for all synthesized materials.

Control experiments confirmed that no photolysis occurred for either 
dye under visible light alone.

For pure ZnO and ZnO/BP, two catalyst concentrations were tested: 
1 g/L and 0.4 g/L. This was to fairly compare with the composites, 
which were tested at 1 g/L total mass, but contain only ~40 wt% ZnO 
(Table 1) i.e., an effective ZnO concentration of 0.4 g/L.

The activated clays (AC and AC/BP) exhibited no photocatalytic 
activity and only about 3 % adsorption of each dye after 24 h (adsorp
tion measurement performed for 24 h in the dark).

Before irradiation, adsorption equilibrium was evaluated for each 
sample. It was found to be reached after 30 min and remained un
changed over 24 h. This equilibrium point is indicated in Figs. 7a and 7b 
as the C/C₀ values after 30 min of dark stirring.

The materials showed varying degrees of adsorption:
For DR80, pure ZnO at 1 g/L adsorbed approximately 36 % of the 

dye, while this dropped to 15 % at 0.4 g/L. The AC/BP/ZnO composite 
adsorbed around 28 %, AC/ZnO 24 %, and ZnO/BP about 20 % at 1 g/L, 
falling to 8 % at 0.4 g/L.

For DB1, adsorption was generally stronger: pure ZnO at 1 g/L 
adsorbed ~40 %, decreasing to 15 % at 0.4 g/L. ZnO/BP adsorbed 
~34 % at 1 g/L and ~13 % at 0.4 g/L. The AC/ZnO and AC/BP/ZnO 
composites adsorbed ~36 % and ~40 %, respectively.

These results show that DB1 is better adsorbed than DR80, likely due 
to its lower molecular weight (992.8 g/mol) and smaller molecular size, 
which allow better diffusion into the porous clay matrix and also less 
steric hindrance at the catalyst surface. In contrast, DR80 (1373.07 g/ 
mol) is bulkier and so more difficult to access the porosity. Adsorption 
efficiency is thus influenced by both zeta potential (Table 2) and mo
lecular size, as also shown in previous studies [82,83].

The photodegradation kinetics (pseudo-first order) are summarized 
in Table 3. Pure ZnO outperformed ZnO/BP for both dyes and both 
concentrations, probably due to the highest recombination rate in ZnO/ 
BP. As expected, increasing the photocatalyst concentration from 0.4 g/ 
L to 1 g/L enhanced degradation performance.

The AC/ZnO composite, despite containing only 0.4 g/L ZnO, per
formed comparably to ZnO/BP at 1 g/L, demonstrating the benefit of 
dispersing ZnO nanoparticles on a porous clay support (as observed on 
Fig. 5).

The AC/BP/ZnO composite exhibited the highest photocatalytic ef
ficiency of all samples. This synergistic performance aligns with the 
reduced PL emission observed in Fig. 4a, indicating improved charge 
separation.

The enhanced activity is likely due to: (i) The formation of a heter
ostructure with ZnO nanocrystals containing oxygen and zinc vacancies 
(Fig. 4), (ii) Efficient immobilization and dispersion of ZnO on a BP- 
doped activated clay support, (iii) A spongy texture of the clay 
(Fig. 5), which improves surface contact and accessibility. These find
ings are consistent with those reported by Ye et al. [54] for hetero
junction ZnO/CeO₂ supported on tubular halloysite.

Based on kinetic constants, the degradation of DR80 and DB1 with 
AC/BP/ZnO is 2–3 times faster than with pure ZnO.

To assess the reusability and long-term stability of the AC/BP/ZnO 
composite, cyclic photocatalytic degradation experiments were per
formed using Direct Red 80 (DR80) degradation under visible light. The 

Fig. 5. SEM micrographs of (a) ZnO/BP, (b) activated clay (AC), and (c) AC/ 
BP/ZnO.
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composite was recovered after each cycle by centrifugation, washed 
with Milli-Q water, dried at 100◦C, and reused under identical condi
tions (1 g/L catalyst, 20 mg/L DR80, 8 h illumination per cycle). As 
shown in Fig. 8, the overall removal efficiency (adsorption + photo
degradation) remained consistently high, achieving 92 % after 8 h in the 
fifth cycle, nearly identical to the 93 % observed in the first cycle. This 
negligible variation in performance across five cycles demonstrates the 
exceptional durability and stability of the AC/BP/ZnO composite as a 
photocatalyst. The robust performance is attributed to the strong 
interfacial interactions between ZnO, BP, and the activated kaolinite 
matrix, which prevent nanoparticle aggregation and Zn²⁺ leaching, as 
confirmed by post-cycling ICP-OES analysis showing minimal Zn²⁺ 
release. The high surface area and adsorption capacity of the clay matrix 
further contribute to maintaining active site accessibility, ensuring 
sustained photocatalytic efficiency. These findings highlight the poten
tial of the AC/BP/ZnO composite as a sustainable, scalable photocatalyst 
for wastewater treatment, particularly for industrial applications 
leveraging low-cost, abundant kaolinite.

To elucidate the charge transfer mechanism and identify the primary 
reactive species involved in the photocatalytic degradation of Direct Red 
80 (DR80) by the AC/BP/ZnO composite, scavenger experiments were 
conducted using benzoquinone (BQ), isopropanol (IPA), and trietha
nolamine (TEOA) to selectively trap superoxide radicals (⋅O₂⁻), hydroxyl 
radicals (⋅OH), and photogenerated holes (h⁺), respectively [54]. The 
experiments were performed under visible light irradiation (1 g/L 
catalyst, 20 mg/L DR80, 2 h illumination), with scavenger concentra
tions (1 mmol) optimized to ensure selective quenching without altering 
the system’s pH or stability. As shown in Fig. 10, the addition of scav
engers led to a reduction in the DR80 degradation efficiency compared 
to the control experiment (65 % removal without scavengers). Specif
ically, the degradation efficiency decreased by 18 % with BQ, 7 % with 
IPA, and 10 % with TEOA, resulting in removal efficiencies of 47 %, 
58 %, and 55 %, respectively. These results indicate that superoxide 
radicals (⋅O₂⁻) play a predominant role in the photocatalytic degradation 
process, followed by hydroxyl radicals (⋅OH) and photogenerated holes 
(h⁺), the latter still contributing significantly to the reaction. The pro
nounced effect of BQ suggests that ⋅O₂⁻ radicals, generated via the 
reduction of dissolved oxygen by photogenerated electrons in the con
duction band of ZnO or BP, are the primary reactive species driving dye 
degradation. The moderate impact of TEOA highlights the role of h⁺ in 

direct oxidation or in generating additional reactive oxygen species 
(ROS) at the composite surface. The lesser influence of IPA indicates that 
⋅OH radicals, while active, are less critical in this system, possibly due to 
the preferential formation of ⋅O₂⁻ under visible light. These findings 
confirm an efficient charge separation in the AC/BP/ZnO hetero
structure, where the activated clay and BP facilitate electron transfer to 
oxygen molecules, while the ZnO/BP interface enhances hole migration 
to the surface for oxidation reactions [48]. The synergy between the 
high adsorption capacity of the clay matrix and the charge transfer 
properties of BP and ZnO underpins the composite’s superior photo
catalytic performance, as evidenced by the sustained activity of all 
reactive species.

A mechanistic scheme is proposed in Fig. 10 for dye degradation over 
AC/BP/ZnO.

Upon visible-light absorption, electrons (e⁻) are excited from the ZnO 
valence band (VB) to the conduction band (CB), leaving behind holes 
(h⁺) in the VB. The negatively charged AC/BP matrix, onto which ZnO is 
immobilized, facilitates hole migration by electrostatic attraction, 
enhancing charge separation due to surface passivation [84,85].

Photogenerated electrons on the ZnO surface reduce dissolved oxy
gen to generate reactive oxygen species (ROS), while h⁺ on AC/BP also 
contribute to ROS generation. These highly reactive radicals initiate 
oxidative degradation of azo dye molecules.

Additionally, the clay’s high adsorption capacity ensures close 
proximity between dyes and active sites, increasing the likelihood of 
ROS–pollutant interactions. This synergistic effect between adsorption 
and interfacial charge transfer accounts for the superior photocatalytic 
performance observed in PL and kinetic studies.

In line with recent advancements in ZnO-based heterostructured 
photocatalysts, the superior performance of the AC/BP/ZnO composite 
can be contextualized within broader trends in photocatalytic systems 
designed for pollutant degradation and H2 evolution. A comprehensive 
review in [86] highlights the progress in ZnO heterostructures, 
emphasizing the role of interfacial engineering in overcoming limita
tions such as rapid charge recombination and limited visible-light ab
sorption, which aligns with the enhanced charge separation observed in 
our BP-doped clay-supported ZnO system. Similarly, the S-scheme 
Nb2O5/La2O3 heterojunction reported in [87] achieves a 14.5-fold 
improvement in H2 production under simulated sunlight, attributed to 
preserved redox potentials and efficient electron transfer—principles 

Fig. 6. STEM-EDX and HRTEM images of AC/BP/ZnO composite: (a–b) STEM images, (c–d) HRTEM images, (e) EDX spectrum, (f to j) elemental mapping of O, Zn, P, 
Al, and Si.
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that mirror the synergistic effects in AC/BP/ZnO, where BP acts as a 
conductive bridge to extend charge carrier lifetimes. Furthermore, 
Sr-doped ZnO/CNTs nanocomposites, as demonstrated in [88], exhibit a 
33.7-fold increase in H2 evolution rate due to doping-induced defects 
and CNT-mediated charge transport, providing a comparative bench
mark for the stability and recyclability of our composite, which main
tains over 92 % efficiency after five cycles. Finally, the Cu-mediated 
Z-scheme ZnO–Cu–CdS system in [89] delivers multifunctional perfor
mance, including 97 % methylene blue degradation and 5579 µmol 
h⁻¹ g⁻¹ H2 evolution, underscoring the efficacy of metal-mediated het
erojunctions in promoting redox reactions, akin to the interfacial 

Fig. 7. Photodegradation curves of (a) DR80 and (b) DB1 under visible light.

Table 3 
First-order rate constants for visible-light degradation of DR80 and DB1.

Samples kDR80 (h− 1) kDB1 (h− 1)

ZnO (1 g/L) 0.147 0.028
ZnO (0.4 g/L) 0.031 0.009
ZnO/BP (1 g/L) 0.048 0.021
ZnO/BP (0.4 g/L) 0.017 0.008
AC/ZnO (1 g/L) 0.029 0.015
AC/BP/ZnO (1 g/L) 0.295 0.083
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interactions in AC/BP/ZnO that facilitate ROS generation and dye 
degradation. These studies collectively reinforce the potential of hybrid 
ZnO-based systems for scalable, sustainable photocatalysis, positioning 
our AC/BP/ZnO composite as a promising candidate for wastewater 
treatment and energy applications.

4. Conclusions

In this work, we successfully synthesized a novel ternary photo
catalyst based on black phosphorus-modified activated clay (AC/BP) 
decorated with ZnO nanoparticles, using a combination of solvothermal 
synthesis in ethylenediamine, co-precipitation, and the valorization of 
natural Cameroonian kaolinite. The wurtzite-phase ZnO nanoparticles 
were effectively immobilized on the BP-modified clay surface, resulting 
in a stable heterostructured composite.

Comprehensive characterization revealed that the microstructure, 
light absorption capacity, and photocatalytic performance of the com
posites varied depending on the material composition and the presence 
of BP. The introduction of black phosphorus and its interfacial interac
tion with both ZnO and the clay matrix played a key role in enhancing 
the material’s photoactivity.

Among all tested materials, the AC/BP/ZnO composite demonstrated 
the best photocatalytic performance, with degradation rates for the two 
model dyes, DR80 and DB1, being approximately 2 and 3 times faster, 
respectively, compared to pure ZnO under visible-light irradiation. This 
improvement is attributed to the synergistic interfacial effects arising 
from: (i) the controlled immobilization of ZnO nanocrystals bearing 
oxygen and zinc vacancy defects, and (ii) the use of a BP-doped activated 
clay matrix, which serves both as an adsorbent and an electron 
mediator.

These interfacial interactions promoted efficient charge separation, 
as evidenced by photoluminescence analysis, and enhanced both the 
adsorption of dye molecules and the photocatalytic degradation mech
anism. The results suggest that such clay-based heterostructures 
combining 2D BP and 3D ZnO offer a promising and sustainable plat
form for visible-light-driven photocatalysis in water treatment 
applications.

This work also highlights the potential of underutilized natural re
sources, such as Cameroonian kaolinite, as low-cost and abundant sup
ports for advanced photocatalysts. The synthesis strategy employed is 
compatible with scalable and environmentally friendly processes, 
paving the way for sustainable applications in water remediation.
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