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A B S T R A C T   

High-performance photocatalysts have considerable potential to address energy and environmental issues. In this 
study, dodecylbenzenesulfonate (DBS) modified ZnCuCo layered double hydroxide (DBS-ZnCuCo LDH) micro-
spheres were synthesized through the facile template-free hydrothermal method. Subsequently, ZnCuCo mixed- 
metal oxides (MMOs) with morphological features of the DBS modified LDH, enhanced surface area, increased 
light absorption and effective charge separation were prepared by the calcination of the as-synthesized LDH at 
650 ◦C. Structural, morphological, and photoelectrochemical properties of ZnCuCo and DBS-ZnCuCo LDHs and 
the corresponding MMOs (ZnCuCo MMO1 and ZnCuCo MMO2) were investigated. SEM and TEM images 
revealed that DBS-ZnCuCo LDH and ZnCuCo MMO2 possess 3D flower-like hierarchical morphologies with in-
terlaced petal-like nanosheets. Although ZnCuCo LDH was inactive for photocatalytic H2 production under 
visible light irradiation, ZnCuCo MMO2 exhibited a high H2 production rate (3700 μmol g− 1 h− 1), benefiting 
from the synergy of the ZnO, CuO, and Co3O4. Furthermore, 95% sulfamethazine (SMZ) degradation was ob-
tained after 60 min of photocatalysis, which is considerably higher than the degradation efficiency of ZnCuCo 
LDH (24%) and ZnCuCo MMO1 (58%). Based on the photoelectrochemical tests, Z-scheme and double charge 
transfer mechanisms were proposed to explain the enhanced photocatalytic H2 production and degradation of 
SMZ. Scavenging tests revealed that O•−

2 radicals were the main reactive species in the photodegradation of SMZ. 
A possible degradation pathway was proposed based on the detection of intermediate products.   

1. Introduction 

Climate change and environmental pollution have motivated scien-
tists to conduct extensive studies on the production of clean energy and 
environmental remediation (Kumar et al., 2021; Mostafa et al., 2022). 
Increasing energy consumption and consequent environmental concerns 
in addition to climate change make it essential to seek environmentally 
friendly and renewable alternative energy sources to fossil fuels. 
Hydrogen is known as one of the most promising candidates for the 
future energy supply due to its clean combustion product (H2O) and high 
gravimetric energy density. 

Antibiotics discharged from the effluents of pharmaceutical in-
dustries and wastewater treatment plants are the most important 
emerging aquatic environmental pollutants (Wang et al., 2020b). Most 
antibiotics are not completely metabolized in humans and animals, and 

approximately 50–90% of the consumed antibiotics are usually excreted 
through feces and urine as parent compounds, metabolites, or both (Liu 
et al., 2020). These compounds are not efficiently removed in traditional 
wastewater treatment plants owing to their recalcitrance to biological 
and physico-chemical treatment methods and antibacterial character-
istics (Kumar et al., 2021). Therefore, it is necessary to effectively treat 
aqueous solutions containing antibiotics. 

Photocatalysis has shown great potential for H2 evolution and photo- 
degradation of organic contaminants (Kumar et al., 2021). Several 
studies have investigated the characteristics and state-of-the-art of 
semiconductors as the core of photocatalytic technologies (Gao et al., 
2021; Shen et al., 2020; Zhu et al., 2018). Zinc oxide and titanium di-
oxide have been extensively used because of their high photocatalytic 
performance, environmentally friendly nature, stability, and low cost (Li 
et al., 2020; Liu et al., 2017). In particular, the unique characteristics of 
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ZnO effectively accelerate the photochemical processes on its surface. 
Nevertheless, the photocatalytic activity of ZnO is restricted due to its 
wide band-gap energy (approximately 3.3 eV), limited light absorption, 
and high recombination rate of photo-induced electron-hole pairs (Li 
et al., 2020; Zhang et al., 2020). Accordingly, different strategies have 
been attempted to address these problems, such as heteroatom doping, 
fabrication of novel heterojunction materials, and designing bi- and 
trimetallic oxides. Development of bi- and trimetallic oxides containing 
n-type ZnO and p-type semiconductors (such as CuO and Co3O4) is a 
promising method for band-gap engineering and effective separation of 
photogenerated charge carriers (Li et al., 2020; Zhang et al., 2020). 
However, trimetallic oxides fabricated by just physically mixing the 
precursors followed by thermal treatment do not possess a strong con-
tact between the components as needed for effective charge trans-
portation (Yang et al., 2019; Zhu et al., 2018). 

Layered double hydroxides (LDHs) can be utilized as precursors for 
photoactive mixed metal oxides (MMOs) with high surface area and 
porosity for various applications (Mostafa et al., 2022; Zhang et al., 
2021). LDHs are a class of layered materials that consist of positively 
charged layers and interlayers of exchangeable anions which balance 
the charge. They are generally expressed by the formula 
[M2+

1− xM3+
x (OH)2](An− )x/n⋅mH2O, where M2+ and M3+ are divalent and 

trivalent metal cations and An− is an interlayer anion (Mostafa et al., 
2022). Intercalation of anionic surfactants with long alkyl chains into 
the LDH interlayer galleries can enlarge the interlayers distance, 
resulting in enhancement of morphological and textural properties of 
LDH. 

To the best of our knowledge, there is no report on the fabrication of 
ZnCuCo trimetallic oxide microspheres for photocatalytic applications. 
The novelty of this study is in (i) incorporation of dodecylbenzenesul-
fonate (DBS) into the interlayer galleries of ZnCuCo LDH as a regulator 
for the growth of interconnected LDH nanolayers and an expander of the 
interlayer space, and (ii) preparation of flower-like hierarchical ZnCuCo 
MMO with increased surface area and morphological features of LDH. 
ZnCuCo MMOs with superior photocatalytic properties were synthesized 
by calcination of DBS modified ZnCuCo LDH microspheres. Constructing 
p-n junctions between ZnO, CuO, and Co3O4 with a layered structure not 
only improved harvesting of visible light but also enhanced electron 
transportation, decreased the rate of electron-hole recombination, and 
increased the effective contact between the photocatalyst and the 
pollutant molecules. The synthesis of ZnCuCo LDH, DBS-ZnCuCo LDH 
and corresponding MMOs (ZnCuCo MMO1 and ZnCuCo MMO2) was 
confirmed with structural, morphological, and photoelectrochemical 
characterization. H2 production and photodegradation of sulfametha-
zine (SMZ) were studied using the as-synthesized photocatalysts. 

2. Materials and methods 

2.1. Reagents 

Zinc nitrate hexahydrate (Zn(NO3)2)2⋅6H2O, 98%), copper(II) nitrate 
trihydrate (Cu(NO3)2⋅3H2O, 99%), cobalt (II) nitrate hexahydrate (Co 
(NO3)2⋅6H2O, 99%), benzoquinone (C6H4O2, ≥98%), sodium nitrate 
(NaNO3, 99%), disodium salt of ethylenediaminetetraacetic acid (Na2- 
EDTA, Na2C10H14N2O8, 99%), hydrogen peroxide (H2O2, 30%), iso-
propanol (C3H8O, 99%), and sodium dodecylbenzenesulfonate (SDBS, 
NaCH3(CH2)11C6H4SO3, ≥99%) were obtained from Sigma-Aldrich 
(Germany). Sulfuric acid (H2SO4, ≥98%(, sodium hydroxide (NaOH, ≥
98%(, ethanol (C2H5OH, 99%), and sulfamethazine (C12H14N4O2S, 
99%) were purchased from Merck (Germany). Glacial acetic acid 
(CH3CO2H, Analytical Reagent grade, ≥ 99.7%) and urea (CO(NH2)2, 
99.5%) were provided by Fisher Scientific (UK). Acetonitrile (C2H3N, 
LCMS grade) and methanol (LCMS grade, CH3OH) were supplied by 
Honeywell (USA). Fluorine-doped tin dioxide-coated (FTO) glass sub-
strates were purchased from SOLEMS. 

2.2. Synthesis of materials 

The synthesis of ZnCuCo LDH was conducted as follows: 1.25 mmol 
Zn(NO3)2⋅6H2O, 0.625 mmol Cu(NO3)2⋅3H2O, and 1.25 mmol Co 
(NO3)2⋅6H2O were added into 30 mL deionized water. Co2+ was 
oxidized to Co3+ by adding H2O2 solution (0.1 M). NaNO3 (1 mmol) was 
added to the solution to ensure sufficient concentration of NO−

3 as 
exchangeable interlayer anions of the well-ordered ZnCuCo LDH phase. 
The resulting mixture was stirred for 2 h to form a clear solution. Then, 
0.2222 g NH4F and 0.3 g CO(NH2)2 were added into the above solution 
and stirred for an additional 30 min. The obtained solution was poured 
into a 50-mL Teflon-lined stainless steel autoclave, which was main-
tained at 160 ◦C for 4 h. The precipitates were washed with deionized 
water and absolute ethanol three times. DBS-LDH microspheres were 
synthesized through the same procedure by adding 100 mg SDBS instead 
of NaNO3. ZnCuCo MMO1 and ZnCuCo MMO2 were prepared via 
calcination of ZnCuCo LDH and DBS-ZnCuCo LDH in the air for 4 h, 
respectively. The samples are denoted as MMO-450, MMO-550, MMO- 
650, and MMO-750 according to the calcination temperature. An iden-
tical approach was used to synthesize the binary metal oxides separately 
by adding Zn or Cu or Co precursors to the reaction mixture. 

2.3. Characterization 

X-ray diffraction (XRD) patterns were collected using a PANalytical 
X’Pert Pro MPD diffractometer with a Cu Kα X-ray source. Field emission 
scanning electron microscopy (FE-SEM, Hitachi S-4800, Japan) was 
used to study the sample morphology. Elemental mapping was per-
formed using energy-dispersive X-ray spectroscopy (EDS, Oxford INCA 
350, UK). Fourier transformation infrared (FTIR) spectra were recorded 
using an ALPHA II spectrometer (Bruker, Germany). Thermogravimetric 
analysis (TGA) was performed using a Toledo Stare system (Mettler 
Toledo, Switzerland) equipped with a TGA 850 thermobalance at a 
temperature range of 25–800 ◦C with a heating rate of 10 ◦C/min in air. 
Textural characteristics were evaluated by the N2 adsorption/desorption 
analyzer (Micromeritics 3Flex, USA) at 77 K. X-ray photoelectron 
spectroscopy (XPS) measurements were carried out using a PHI Quan-
tum (Physical Electronics Inc, USA) with an Al Kα X-ray radiation 
(1486.6 eV) source. 

2.4. Photoelectrochemical measurements 

Photoluminescence (PL) spectra of LDHs and MMOs were recorded 
using a PerkinElmer LS45 spectrometer (USA). A Shimadzu (UV–2600, 
Japan) spectrophotometer was used to collect UV–visible absorption 
spectra. To prepare photocatalyst-coated electrodes, 5 mg of as- 
synthesized photocatalyst was added to a solution containing 1000 μL 
of ethanol and 100 μL of Nafion. The resulting suspension was exposed 
to ultrasonic irradiation for 30 min. Then, 20 μL of the homogeneously 
dispersed photocatalyst suspension was cast onto the surface of the 
cleaned FTO substrate slide (1 × 1 cm2) and dried at 40 ◦C for 24 h. 
Linear sweep voltammetry (LSV) and transient photocurrent responses 
were measured using an Autolab PGSTAT20 potentiostat-galvanostat 
with a three-electrode system. The photocatalyst-coated FTO slide 
acted as the working electrode, and a cylindrical platinum net (r = 1.5 
cm, h = 3.7 cm) and an Ag/AgCl/KCl (3 M) electrode were utilized as the 
counter and reference electrodes, respectively. LSV curves were recor-
ded with a scan rate of 100 mV/s. Mott-Schottky data were collected at 
1000 Hz in the dark. Electrochemical impedance spectra (EIS) were 
recorded at 200 mV versus the normal hydrogen electrode (vs NHE) with 
5.0 mV amplitude in the Na2SO4 solution (0.5 M). 

2.5. Photocatalytic H2 evolution test 

In a typical photocatalytic test, 30 mg of photocatalyst was dispersed 
in 100 ml aqueous solution of Na2S (0.35 M) and Na2SO3 (0.25 M) with 
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ultrasonication (1 h). The suspension was sealed in a Pyrex flask and 
bubbled with nitrogen gas for 30 min to achieve an anaerobic condition. 
Then, the suspension was irradiated by 40 W Kessil LED lights (λ = 427 
nm) with magnetic stirring. A Honeywell MST Satellite PGD 4–20 mA/R 
detector was used to measure the evolved H2. 

2.6. Photocatalytic degradation test 

The photocatalytic performances of ZnCuCo MMO1-650, and 
ZnCuCo MMO2-650 microspheres were assessed through the photo-
degradation of SMZ (0.3–1.5 mM). A certain amount of the as-fabricated 
photocatalyst was added to 200 mL of SMZ aqueous solution. Before 
illumination with visible light, the suspension was stirred for 30 min in 
dark to achieve an adsorption-desorption equilibrium. Then, the SMZ 
solution was illuminated for 60 min by visible light (λ = 427, 525, and 
740 nm) as described in section 2.5. During the illumination, 4 mL of the 
solution was taken every 10 min and the decrease in the SMZ concen-
tration was determined using a UV–Vis spectrophotometer (Shimadzu 
UV–2600, Japan). An Agilent Technologies 1260 Infinity II series system 
with an Agilent Technologies 6120 Quadruple LC/MS detector and a 
C18 (4.6 × 100 mm, 4 μm) column was used to identify the in-
termediates produced during the SMZ degradation. 

3. Results and discussion 

3.1. Synthesis of ZnCuCo LDHs and MMOs 

LDHs were synthesized via the hydrothermal method described in 
section 2.2. Metal nitrates were dissolved at a stoichiometric ratio of 
Zn2+:Cu2+:Co2+ of 2:1:2. Co2+ was oxidized to Co3+ by the addition of 
H2O2. NaNO3 was added to ensure that there were sufficient NO−

3 ions 
for filling the interlayers in the ZnCuCo LDH phase. After ensuring full 
dissolution, urea and NH4F were added. NH4F acts as a structural- 
mediating agent to promote formation of nanosheets. When the solu-
tion was brought to hydrothermal conditions in an autoclave at 160 ◦C, 
urea was first hydrolyzed to NH4

+, CO2, and OH− (CO(NH2)2 + 3H2O → 
2NH4

+ + CO2↑ + 2OH− ), increasing the pH of the solution. Subsequently, 
LDH crystals were formed through the hydrolysis and aggregation of the 
metal ions (Zhu et al., 2019a). Woo et al. (2011) reported that a 
well-ordered Zn–Co-LDH–NO3 phase cannot be obtained without the 
addition of an excess amount of NaNO3. They highlighted the important 
role of excess nitrate ions in the formation of the nitrate form of 
Zn–Co-LDH. Kostić et al. (2022) also found that NO3

− anions could be 
incorporated into the LDH interlayer when NaNO3 and NaOH were used 
for the precipitation instead of Na2CO3 and NaOH. According to the 
literature, organic anions can be directly incorporated into the interlayer 
galleries of LDH (Lan et al., 2019; Li et al., 2021). In this study, the direct 
incorporation of the DBS anions into the LDH interlayer galleries 
allowed the DBS anions to serve as regulators for the growth of inter-
connected LDH interconnected nanolayers and expanders of the inter-
layer space. It is worth noting that the number of incorporated DBS 
anions could be larger than the anion exchange capacity of LDH, which 
could be due to (1) the intercalation of excess DBS via non-polar in-
teractions with the hydrophobic alkyl groups of exchanged DBS and (2) 
adsorption of DBS on external LDH surfaces (You et al., 2002). LDHs are 
converted to MMOs by calcination at temperatures ranging from 450 to 
750 ◦C, which causes the elimination of the interlayer water molecules 
and DBS anions (Akil et al., 2022). The flower-like morphology of LDH 
microspheres remained almost unchanged during the transformation to 
MMOs. Morphological, structural and photoelectrochemical properties 
of LDHs and MMOs will be discussed in more detail in section 3.2. 

3.2. Characterization of materials 

3.2.1. Morphological and structural characteristics 
SEM and TEM were employed to investigate the morphologies of 

LDHs and MMOs. ZnCuCo LDH consisted of 3D hierarchical micro-
spheres decorated with numerous interconnected nanolayers, which 
were almost perpendicular to the surface of the microspheres (Figs. S1a 
and b). The diameter of the microspheres was about 7 μm and the 
thickness of the nanolayers was about 50 nm. The SEM images of the 
DBS-modified LDH revealed flower-like microspheres with diameters 
similar to the nitrate form of the LDH. However, the thickness of the 
nanolayers decreased to about 20 nm, which may be related to the 
intercalation of DBS anions (Figs. S1e and f). The morphologies of 
MMO1-650 (Fig. 1a and b) and MMO2-650 (Fig. 1 e and f) remained 
almost unchanged when compared to the LDH and DBS-LDH, respec-
tively, after being calcined at 650 ◦C. Fig. S2 presents the SEM image of 
ZnCuCo MMO2-650, which reveals the formation of well-ordered mi-
crospheres with uniform size and morphology. The EDS maps and 
spectra show that the LDHs contain oxygen, cobalt, zinc, copper, and 
carbon (Fig. S1). Although EDS is not an accurate technique to quantify 
the light elements (e.g., carbon and oxygen), it can still detect these 
elements and compare their contents and distributions in the samples. 
The EDS maps demonstrate the homogenous distribution of all the ele-
ments in the photocatalysts. TEM images of the LDH (Fig. S3 a and b) 
further demonstrated the existence of the 3D hierarchical microsphere 
structure. MMO2-650 exhibited loosely assembled nanosheets over the 
surface of the microspheres (Fig. S3 c). Accordingly, a highly porous 
structure was developed. 

The XRD patterns of LDH and DBS-LDH are shown in Fig. S4 a. The 
diffraction peaks of ZnCuCo LDH match well with the characteristic 
peaks of hydrotalcite (JCPDS No. 15–0087). The first reflection in the 
LDH pattern was observed at 2θ = 11.6◦, which is in good agreement 
with the (003) plane of hydrotalcite with an interlayer distance (d003) of 
0.76 nm. For DBS-LDH, no peak was observed at this position and the 
first reflection shifted to 2θ = 4.1◦, which indicates the successful for-
mation of the DBS-LDH phase. The interlayer distance of DBS-LDH (2.15 
nm) was found to be approximately 2.5 times larger than that of LDH, 
which is in accordance with the previous studies (Lee et al., 2019; 
Quispe-Dominguez et al., 2019). The unit cell parameters a and c were 
calculated based on the formulae: а = 2d110 and с = 3d003 (Table S1). 
The parameter a is the average distance between two cations while the 
parameter c is related to the distance between the layers. The calculated 
lattice parameters a for LDH (3.06 nm) and DBS-LDH (3.03 nm) were 
consistent with the literature (Ruan et al., 2016). Possible presence of 
inorganic ions within the interlayer space along with the DBS ions has no 
effect on the interlayer distance, which is an important benefit of the 
one-step synthesis procedure in comparison to other methods, like 
regeneration and anion exchange. The XRD results revealed that the DBS 
ions were efficiently intercalated between the cationic layers of LDH 
(Akil et al., 2022; Sakr et al., 2018). 

XRD patterns of MMOs (Fig. 2) show the presence of monoclinic CuO 
(JCPDS No. 48–1548) and spinel MxCo3-xO4 (M = Zn and Cu; 0≤ x ≤ 1) 
phases in all the samples. No crystallized ZnO phase was formed upon 
calcination of ZnCuCo LDH at 450 ◦C. Increasing the temperature to 
550 ◦C resulted in the appearance of the ZnO phase (JCPDS No. 01-080- 
4199). These observations are in line with the previous studies showing 
that no complete dissolution of Cu and Zn into the Co3O4 occurs (Goda 
et al., 2020; Zhou et al., 2018). Further increase of the calcination 
temperature to 650 ◦C led to a growth of the intensity of all the re-
flections and especially those related to the ZnO phase indicating an 
improvement in the crystallinity of MMO. No considerable difference 
was observed between the XRD patterns of MMO1-650, MMO2-650, and 
MMO1-750. d-spacing values of the (311) plane for MMO1-650, 
MMO2-650, and MMO1-750 were found to be 2.44, 2.44, and 2.45 Å 
respectively, which are in accordance with the value reported for the 
spinel Co3O4 (2.44 Å; JCPDS No. 42–1467). The appearance of the CuO 
and ZnO peaks at calcination temperatures above 400 ◦C was similar to 
that previously reported (Park et al., 2016; Ye et al., 2022). Xiong et al. 
reported the synthesis of 2D ultrathin ZnO/Co3O4 nanomesh hetero-
structures by calcination of ZIF-8/ZIF-67 powder at 400 ◦C (Xiong et al., 
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2021). Ye et al. also reported the synthesis of hierarchical Co3O4–NiO 
hollow dodecahedra by calcination of CoNi-LDH at 450 ◦C (Ye et al., 
2022). Park et al. suggested that the calcination temperature should be 
maintained below 400 ◦C to obtain the spinel copper-cobalt oxide 
structure (Park et al., 2016). However, a part of Zn and Cu could be 
incorporated into the Co3O4 structure even upon calcination at 650 ◦C. 

XPS analysis was employed to determine the oxidation states and 
electronic properties of the different samples. The full XPS spectra of the 
LDHs and MMOs (Fig. 3a) show the peaks corresponding to C, O, Co, Cu, 
and Zn. The relative intensity of C 1s in the DBS-LDH spectrum is higher 
than in the spectrum of LDH, which is related to the presence of DBS in 
the interlayer galleries of the DBS-LDH. As expected, the carbon content 
decreases upon calcination of DBS-LDH due to the elimination of DBS. In 
Fig. 3b, all the photocatalysts exhibit photoelectron signals at 284.7 and 

289.4 eV, corresponding to C–C/C=C and O–C=O groups (Zhang et al., 
2017). Moreover, a weak peak is observed at 293.3 eV, which can be 
ascribed to the π-π* satellite (Zhu et al., 2019b). 

The carbon residues from the decomposition and combustion of DBS 
could potentially lead to carbon doping of MMO2 but no signs of this 
were observed with XPS. According to the literature, the substitution of 
metal cations by carbon cations would cause an appearance of new 
peaks in the C 1s high-resolution spectra of ZnO (286.1 eV) (Wang et al., 
2014), CuO (289.1 eV) (Wang et al., 2020a), and Co3O4 (288.4 eV) (Yan 
et al., 2016). On the other hand, new peaks should appear at lower 
binding energies (<283 eV) if carbon atoms were in the carbide form, 
indicating substitution of oxygen by carbon and formation of M–C bonds 
in the carbon-doped metal oxide structures (Cho et al., 2010; Hosseini 
et al., 2020). Comparison of the C 1s high-resolution spectra of 

Fig. 1. SEM images (a and b), EDS dot mapping (c), and EDS spectra (d) of MMO1-650; SEM images (e and f), EDS dot mapping (g), and EDS spectra (h) of 
MMO2-650. 
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MMO1-650 and MMO2-650 reveals no peaks referring to carbon doping 
of the oxides despite the incorporation and combustion of DBS in the 
LDH. 

The O 1s high-resolution spectra of LDH and DBS-LDH (Fig. 3c) show 
that oxygen is present in three forms of M–OH (530.8 eV, M: Zn, Cu, or 
Co), surface hydroxyl groups, and the coordinatively unsaturated oxy-
gen species (531.4 eV, denoted as OS) and water molecules (532.5 eV) 
(Chen et al., 2019; Hu et al., 2021). MMO1-650 and MMO2-650 exhibit 
an additional peak at 529.7 eV, corresponding to the M–O bond in the 
metal oxides, which confirms the formation of mixed metal oxide upon 
calcination of LDH (Chen et al., 2019; Tian et al., 2021). 

The Zn 2p peak for all the samples is located in the 1021.2–1021.8 eV 
range, verifying that Zn exists in the oxidation state of Zn2+ (Fig. 3d) (Hu 
et al., 2015; Zhou et al., 2018). The Cu 2p regions illustrate four peaks 
located in the range of 930–965 eV (Fig. 3e). According to the literature, 
the Cu 2p3/2 and Cu 2p1/2 peaks observed at binding energies of 933.9 
and 954.3 eV correspond to Cu2+ ions. Both peaks are accompanied by 
characteristic shake-up satellite peaks that appear in the 938–945 eV 
and 959–965 eV ranges, which are typical for the oxidation state of +2 
(Akil et al., 2022; Hosseini et al., 2020). No peaks assigned to the lower 
oxidation states of copper were observed in Cu 2p spectra. The Co 2p 
spectra (Fig. 3f) demonstrate the existence of Co in two oxidation states 
(Co2+ and Co3+) by deconvolution of the Co 2p3/2 and Co 2p1/2 peaks in 
the ranges of 777.0–787.0 eV and 794.0–802.0 eV, respectively. The 
shake-up satellite peaks also demonstrate that cobalt has only two 
oxidation states of +2 and +3, and there are no other species in the 
spectrum. For LDH and DBS-LDH, the peaks observed at 781.4 eV and 
796.9 eV are ascribed to the Co3+ species, while the peaks at 782.8 eV 
and 797.9 eV are corresponding to the Co2+ species (Zhao et al., 2018). 

Upon calcination to the MMO, the binding energies of Co 2p3/2 and Co 
2p1/2 shift to 780.1 eV and 795.2 eV, respectively, revealing the for-
mation of Co3O4. The decrease in the intensities of satellite peaks further 
proves the presence of Co3O4 that was also detected with XRD patterns 
(Lang et al., 2016). The unmodified LDH and MMO1-650 showed no 
signs of sulfur whereas the DBS-LDH and MMO2-650 exhibited the S 2p 
peak around 168.5 eV, which is ascribed to sulfonate and sulfate groups, 
respectively (Fig. S5). 

FTIR analysis was used to identify the functional groups on the un-
modified and modified LDH and MMO samples (Fig. 4a). The peaks 
below 1000 cm− 1 were attributed to the metal–oxygen (M–O) and 
metal–oxygen–metal (M–O–M) stretching within the LDH and MMO 
structures (Ashok et al., 2020; Keyikoglu et al., 2022). The bands located 
at 1181 and 3370 cm− 1 belong to the stretching mode of C–N bond and 
hydroxyl groups, respectively (Orooji et al., 2020; Shi et al., 2020). For 
DBS-LDH, the bands assigned to the in-plane vibration of C–H (1003 
cm− 1), stretching vibration of the carboxylate group (1438 cm− 1), C=C 
(aromatic ring) stretching vibrations (1450-1550 cm− 1), and the CH2 
stretching vibrations (2854 and 2924 cm− 1) show that DBS anions are 
incorporated into the LDH interlayer galleries (Hu et al., 2020; Jalili 
et al., 2020; Khataee et al., 2016; Miao et al., 2020; Rizzo et al., 2010; 
Valarmathi et al., 2020; Wang et al., 2019a). By comparing the FTIR 
spectra of DBS-LDH and MMO2-650, the peaks related to the stretching 
vibrations of the carboxylate group and C=C disappeared upon calci-
nation at 650 ◦C. Two additional peaks were observed for DBS-LDH and 
MMO2-650 at 1037 and 1139 cm− 1 which are attributed to the sym-
metric and asymmetric stretching vibration of S=O bonds (Patil et al., 
2021; Zhao et al., 2020). 

The thermal stability of DBS-LDH and MMO2-650 was investigated 
using thermogravimetry (Fig. 4b). Three steps were observed for the 
thermal decomposition of DBS-LDH in air. The first step was related to 
the loss of adsorbed and interlayer water molecules, which occurred at 
temperatures from 25 to 200 ◦C. The second step corresponds to the 
decomposition of DBS which occurred over the temperatures range of 
290–430 ◦C. The third step was attributed to the combustion of residuals 
of DBS which took place between 580 and 800 ◦C (Liu et al., 2015). The 
weight loss related to the removal of DBS from the modified LDH was 
found to be approximately 20%, which is in good accordance with the 
results of the EDS analysis. In contrast, MMO2-650 had good thermal 
stability and a minimal mass loss because water and DBS had been 
removed already during the calcination at 650 ◦C. 

The N2 adsorption-desorption isotherms of the photocatalysts are 
shown in Fig. 4c. All the samples show type IV isotherms, revealing 
mesoporous structures. H3-type hysteresis loops indicate that the pho-
tocatalysts may have wedge-shaped pores. Table S2 shows the pore 
structure parameters for the unmodified and modified LDH and MMO 
samples. The specific surface area values were determined using the 
Brunauer-Emmett-Teller (BET) method as 33 and 57 m2/g for LDH and 
DBS-LDH, respectively (Table S2). When the LDH samples were calcined 
to the MMOs, the BET specific surface areas considerably increased to 86 
and 179 m2/g for ZnCuCo MMO1-650 and ZnCuCo MMO2-650, 
respectively. The increase of the specific surface area was due to the 
formation of further mesopores in the structures of MMOs by the elim-
ination of volatile species and the combustion of DBS at a high tem-
perature, which also resulted in a growth of the pore volume (Kim et al., 
2018). The DBS-modified samples exhibited higher surface areas than 
the unmodified LDH and MMO. This can be related to the expansion of 
the interlayer distances by incorporating the larger DBS anions instead 
of nitrate anions (Deng et al., 2018).This structural feature was main-
tained even when DBS was removed upon calcination to MMO. 

3.2.2. Photoelectrochemical properties 
A series of optical and electrochemical analyses were performed to 

acquire further information on the light absorption ability of the pho-
tocatalysts and the transfer and separation of photoproduced charge 
carriers in the photocatalytic processes. Fig. 5a shows the absorption 

Fig. 2. XRD patterns of MMO1-450, MMO1-550, MMO1-650, MMO2-650, and 
MMO1-750; red, green, and orange colors indicate the lattice planes of ZnO, 
CuO, and Co3O4, respectively. 
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spectra of the photocatalysts. The absorption edges of LDH and DBS-LDH 
were observed mostly in the UV region. The calcination of LDHs resulted 
in a significant change in the optical characteristics of the 

photocatalysts. The absorption band edges red shifted to the higher 
wavelength regions (800 nm) after the conversion of LDHs to MMOs. 
Compared with the LDH samples, MMOs seemed to be superior 

Fig. 3. XPS full spectra (a), C 1s (b), O 1s (c), Zn 2p (d), Cu 2p (e), and Co 2p (f) high-resolution spectra of the samples.  

Fig. 4. FTIR spectra (a), TGA curves (b), and N2 adsorption-desorption isotherms (c) of the samples.  

P. Gholami et al.                                                                                                                                                                                                                                



Journal of Cleaner Production 366 (2022) 132761

7

photocatalysts as they exhibited much higher light absorption abilities 
in the region from 400 to 800 nm. As seen in Fig. 5b, an Eg of 3.7 eV was 
evaluated for the LDH using the Tauc plots (Zou et al., 2019). DBS-LDH 
exhibited a small shift towards lower Eg (about 3.1 eV), which may be 
due to the charge-transfer transition between DBS and LDH (Hu et al., 
2015). The lowest Eg values were observed for the MMO1-650 and 
MMO2-650 (2.5 eV). After calcination, DBS was completely removed 
from the interlayer galleries, which explains why both MMOs exhibited 
similar optical properties. These observations are in good agreement 
with the EDS and TGA results. 

PL spectroscopy can indicate the recombination of photoproduced 
charges. Decreased PL intensity indicates effective separation of 
electron-hole pairs. As seen in Fig. 5c, the PL intensities of MMOs are 
significantly lower than those of LDHs due to the separation of photo-
excited charge between ZnO, CuO, and Co3O4. The mechanism of the 
transportation and separation of electron-hole pairs will be discussed in 
more detail in section 3.2.1. 

EIS spectra of the samples were recorded to investigate the electron- 
transfer capacity of LDHs and MMOs. Variations in the electron-transfer 

ability can be evaluated by detecting changes in the electrochemical 
impedance. The Nyquist plots (Fig. 5d) of the samples include two main 
parts: (i) an arc at the high-frequency region, indicating the charge- 
transfer resistance (Rct), and (ii) a linear slope at the low-frequency 
zone, reflecting the ion-diffusion resistance. A smaller semicircle 
radius indicates smaller Rct at the charge-transfer zone, increased 
mobility, and effective separation of the charge carriers. Because the 
diffusion of charge carriers controls the mass-transfer resistance, a 
higher line slope indicates lower mass-transfer resistance (Mu et al., 
2021). The Nyquist plots were fit to an equivalent circuit displayed in 
the inset of Fig. 5d, where CPE is the constant-phase element, Zw is the 
Warburg impedance, and Rs denotes the total ohmic resistance resulting 
from the electrolyte resistance, current collector, internal resistance of 
the electrode, etc. Table S3 represents the Rs and Rct values that were 
deducted from the first intersecting point and the semicircle diameter, 
respectively. From Fig. 5d and Table S3, the Rs values of the samples are 
similar and are in the range 16–27 Ω. However, the Rct values of 
MMO1-650 and MMO2-650 were almost three times lower than those of 
LDH and DBS-LDH, which implies higher electric conductivities and 

Fig. 5. Absorption spectra (a), (αhυ)2-hυ plots (b), PL spectra (c), EIS Nyquist plots (d), transient photocurrent response spectra (e), and LSV curves (f) of the samples.  
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faster electron transfer abilities of the MMOs (Huang et al., 2015; Shen 
et al., 2020). It is well known that in the LDH structure, metal hydrox-
ides doped with other metal ions have positive charges that are balanced 
by the anions located between the layers. There are a small number of 
free electrons available in the LDH structure which results in poor 
conductivity. In previous studies, the conductivities of LDH materials 
have been reported to be lower than 10− 5 S cm− 1 (Huang et al., 2015; 
Pizzoferrato et al., 2018) After calcination, LDH is transformed into 
MMO containing ZnO, CuO, and Co3O4 species, with conductivities in 
the range of 10− 2 to 10− 4 S cm− 1 (Huang et al., 2015; Rakshit et al., 
2018; Youl Bae and Man Choi, 1999). Accordingly, the enhancement in 
conductivity can be related to the formation and uniform distribution of 
ZnO, CuO, and Co3O4 in MMO (Huang et al., 2015). 

The transient photocurrent responses of the LDHs and MMOs to on- 
off cycles of visible light irradiation at approximately 30-s intervals are 
presented in Fig. 5e. When the light was turned on, the photocurrent 
intensity increased quickly and remained constant until the end of the 
illumination. Then, the current returned as quickly to the low-current 
density region when the light was turned off. The photocurrent den-
sity values of all the samples were reproducible and almost stable during 
several successive on-off irradiation cycles. The photocurrent responses 
of MMOs were remarkably higher than those of LDHs, suggesting that in 
the MMOs the charge carrier recombination phenomenon was more 
effectively suppressed and the separation of electron-hole pairs 
improved remarkably. 

LSV curves of the materials are shown in Fig. 5f. MMO1-650 and 
ZnCuCo MMO2-650 show higher current densities than LDH and DBS- 
LDH, demonstrating more effective electron migration. The potential 
value generating 10 mA cm− 2 current density is considered as a vital 
parameter in evaluation of the electrochemical characteristics of semi-
conductors (Galani et al., 2020). The corresponding potential values 
were 0.30, 0.32, 0.47, and 0.51 V (vs Ag/AgCl) for MMO2-650, 
MMO1-650, DBS-LDH, and LDH, respectively. The depressed perfor-
mance of LDHs is mainly related to their intrinsic poor charge transfer 
ability (Yu et al., 2021). The superior performances of MMOs can be 
ascribed to the synergetic effect of transition metal oxides, which possess 
narrower bandgap energies, thus improving the electron transfer effi-
ciency (Sun et al., 2019; Wang et al., 2016). 

3.3. Photocatalytic performance 

3.3.1. Photocatalytic hydrogen evolution 
Photocatalytic H2 production rates of the as-synthesized photo-

catalysts were examined under visible light (427 nm) irradiation in the 
presence of Na2S and Na2SO3 as sacrificial reagents. The amount of 
photocatalyst used was 30 mg in all experiments. No hydrogen was 
detected in the absence of the photocatalyst or sacrificial reagents under 
visible light irradiation. The H2 production rates of MMO1-650 and 
MMO2-650 under 427-nm light irradiation were 2400 and 3700 μmol 
g− 1 h− 1 (Fig. 6a). Based on the results obtained from Mott-Schottky plots 

(Fig. S6) and the band gap energy values (Fig. S7), the most plausible 
mechanisms for the improved photocatalytic performance of MMO1- 
650 and MMO2-650 were suggested. The Mott-Schottky plot of ZnO 
exhibited a positive slope indicating its n-type nature, whereas CuO and 
Co3O4 displayed negative slopes in the Mott-Schottky plots which 
confirmed their p-type behavior (Fig. S6). As can be observed from the 
potential-axis intersection points and using the equation ENHE = EAg/AgCl 
+ 0.197 V, the flat-band potentials (Efb) of ZnO, CuO, and Co3O4 were 
− 0.30, 0.81, and 1.02 V (vs NHE), respectively. In general, the ECB of n- 
type semiconductors is considered to be more negative compared with 
the Efb by about − 0.2 V (Efb – 0.2 V), and the EVB of p-type semi-
conductors is more positive than Efb by about 0.2 V (Efb + 0.2 V) (Li 
et al., 2020; Zou et al., 2019). Therefore, the ECB value of ZnO was 
calculated to be − 0.50 V. Similarly, the EVB values of CuO and Co3O4 
were estimated to be 1.00 and 1.22 V, respectively. Considering the Eg 
values of the as-synthesized semiconductors (Fig. S7), the EVB position of 
ZnO and ECB positions of CuO and Co3O4 could be determined (Eg = EVB 
– ECB) as 2.6, − 0.9, and − 1.38 V, respectively. 

Fabrication of the MMO through the calcination of LDH allows close 
contact between ZnO, CuO, and Co3O4 with improved interfacial in-
teractions. The light illumination leads to the excitation of electrons 
from the VB of ZnO, CuO, and Co3O4 into their CBs and the consequent 
formation of electron-rich zones in the CBs and the hole-rich zones in the 
VBs. Considering the determined band-edge energies, Z-scheme transfer 
(Fig. 7a) and double-charge transfer (Fig. 7b) mechanisms are proposed 
for the photocatalytic hydrogen evolution using MMO2-650. In the Z- 
scheme mechanism, the holes and electrons with better oxidation and 
reduction abilities are preserved by the electron transfer from CB of ZnO 
to the VBs of CuO and Co3O4. In contrast, double charge transfer would 
include electron migration from the higher CBs to a relatively lower CB 
and hole migration from the lower VBs to a relatively higher VB. 
Eventually, the accumulated electrons in the CB of CuO and Co3O4 react 
with H+ to generate H2. Simultaneously, the photoproduced holes 
migrate to the surface of the photocatalyst to react with the sacrificial 
agents (SO3

2− and S2− ) in the solution (Huang et al., 2015). Regardless of 
which mechanism dominates, the combination of ZnO, CuO, and Co3O4 
not only improves the light-harvesting ability but also introduces addi-
tional active sites and inhibits the recombination of charge carriers 
(Wang et al., 2019b; Yaghoot-Nezhad et al., 2020). MMO2-650 exhibi-
ted a higher hydrogen production rate than MMO1-650, which can be 
ascribed to the higher specific surface area, the porous structure origi-
nating from the expanded interlayer distance in DBS-LDH, and the 
decomposition of DBS during calcination at 650 ◦C (Deng et al., 2018; 
Tao et al., 2018). The stability of MMO1-650 and MMO2-650 catalysts 
was examined via five consecutive cycles for 30 h. Only a minor decrease 
(<7%) in H2 production performance was observed over the five cycles 
(Fig. 6b). To further explore the stability of the MMOs, the XRD patterns 
were also analyzed after cycling (Fig. S8). No remarkable change 
occurred in the crystalline structure compared to the fresh photo-
catalysts; hence, the MMOs are reusable for the H2 production reaction. 

Fig. 6. Time course of H2 production and corresponding rate comparison (a) and cyclic stability (b) of MMO1-650 and MMO2-650; photocatalyst amount = 30 mg.  
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Table S4 compares the photocatalytic performances and stabilities of 
MMO2-650 and similar semiconductors reported in previous studies for 
H2 evolution. The presented comparison reveals that the hierarchical 
trimetallic oxide microspheres synthesized in this work possess superior 
photocatalytic performance and reusability when compared with the 
previously investigated nanostructures. 

3.3.2. Photocatalytic degradation of SMZ 
SMZ was selected as the target contaminant to investigate the pho-

tocatalytic activity of as-synthesized MMOs. Before illumination, the 
suspension was stirred for 30 min in dark to reach the adsorption- 
desorption equilibrium. A small fraction of SMZ molecules (<10%) 
could be adsorbed on the surface of the photocatalyst during the first 30 
min when the suspension was stirred in dark (Fig. 8). Furthermore, only 
minor degradation (4%) was observed in the absence of photocatalyst 
under visible light irradiation. The SMZ degradation efficiency was 
remarkably improved by adding MMO photocatalysts. The photo-
catalytic degradation of SMZ is based on the excitation of electrons by 
the absorption of light with photon energy above or equal to the band- 
gap energy of the photocatalyst. Electrons in the VB are excited and 
transferred to the CB and hence electron-hole pairs are produced. Then, 

the photoproduced charge carriers diffuse to the surface of the photo-
catalyst and react with H2O or O2 to generate •OH or O•−

2 radicals, 
respectively. After visible light irradiation for 60 min, 58% of SMZ was 
degraded by MMO1-650. Moreover, 95% degradation efficiency was 
achieved using MMO2-650, which can be ascribed to its larger surface 
area that resulted from the DBS modification followed by calcination at 
650 ◦C. By increasing the surface area of the photocatalyst, further 
active sites are provided for the photocatalytic reactions. Extensive in-
terfaces are introduced between different components of MMOs with a 
layered structure, which can efficiently improve the migration and 
separation of photoproduced charge carriers (Gao et al., 2021). Liu et al. 
(2017) found that sulfate species have a beneficial influence on the 
photocatalytic performance of Ce-doped TiO2, providing coordinatively 
unsaturated Lewis acid sites. Surface sulfate groups formed upon the 
calcination of DBS-LDH can receive electrons from the conduction band 
and thereby enhance the separation of photoproduced charge carriers 
and suppress their recombination. Niu et al. (2016) also reported that 
sulfated Rh–TiO2 photocatalysts showed higher photocatalytic perfor-
mance in the degradation of Methyl Orange dye when compared to 
unmodified Rh–TiO2. This improved photocatalytic activity was attrib-
uted to the enhanced surface acidity and larger specific surface area. 

Fig. 7. Z-scheme transfer (a) and double charge transfer (b) mechanisms for photocatalytic hydrogen production using MMO2-650.  
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The reusability of MMO2-650 was evaluated by five successive 
degradation experiments. After each experiment, the photocatalyst 
particles were collected by centrifugation, washed with water and dried 
for reuse. As seen in Fig. S9, no significant decline in SMZ degradation 
was observed during five cycles. This inferred that MMO2-650 showed 
excellent reusability in the degradation process. 

According to the suggested band gap structure of MMO2-650, the 
SMZ photodegradation can be explained by the following two mecha-
nisms. In the Z-scheme mechanism (Fig. S10 a), the photoproduced 
electrons in the CB of ZnO recombine with the photoproduced holes in 
the VBs of CuO and Co3O4. Then, the accumulated electrons in the CBs of 
CuO and Co3O4 react with O2 to form O•−

2 (− 0.046 V), and the holes in 
the VB of ZnO react with OH− to form •OH (− 1.99 V). In the double 
charge transfer mechanism (Fig. S10 b), the photoproduced electrons in 
the CBs of CuO and Co3O4 move to the CB of ZnO. At the same time, the 
photoproduced holes in the VBs of ZnO and Co3O4 migrate to the VB of 
CuO. The electrons moved into the CB of ZnO react with O2 to produce 
O•−

2 and the holes on the VB of CuO react with OH− to produce •OH. 
The effects of the main operational parameters, including the 

amount of MMO2-650, initial SMZ concentration, pH, light wavelength, 
and irradiation intensity, were investigated on the SMZ photo-
degradation. The amount of the photocatalyst required is significant for 
practical and economic considerations. Clearly, increasing the amount 
of the catalyst from 0.1 to 0.4 g/L led to increased decomposition of 
SMZ. However, further increase in the amount of MMO2-650 resulted in 
opacity due to light scattering by the particles and decreased light ab-
sorption (Fig. S11 a) (Huang et al., 2019). SMZ degradation declined as 
its initial concentration increased from 0.3 to 1.5 mM (Fig. S11 b). 

The solution pH is also a significant parameter due to the wide pH 
range of industrial sewage; thus, the effect of pH on the SMZ degradation 
was studied (Fig. S11 c). The maximum degradation efficiency was 
observed at pH 6.2. These results could be explained by considering the 
effect of pH on the charge of the MMO2-650 surface and SMZ. The point 
of zero charge (PZC) of MMO2-650 was 7.9 as measured by the salt 
addition method (Sabzroo et al., 2018); hence the photocatalyst was 
positively charged at pH < 7.9. Furthermore, according to the pKa values 
[pKa1 = 2.07 (aromatic amine), pKa2 = 7.49 (sulfonamide nitrogen)], 
SMZ exists in its neutral form at pH 6.2 (Zhao et al., 2021). Therefore, 
there was no repulsive interaction between the SMZ molecules and 
MMO2-650 at this pH. On the other hand, at higher and lower pH values 
the compound is predominantly anionic and cationic, respectively, and 

lower degradation efficiencies were attained in alkaline and acidic 
conditions because of the repulsive interactions between SMZ and 
MMO2-650 (Gholami et al., 2019). 

The effect of light wavelength on degradation is shown in Fig. S11 d. 
When the irradiation intensity was kept at 352 W cm− 2, increasing the 
wavelength from 427 to 525 and 740 nm led to a 12% and 35% decrease 
in the degradation efficiency, respectively. This is due to the various 
levels of photon energy. When photons have higher energy, the electrons 
excited from the VB gain more energy. Thereby, the probability of 
reaching the photocatalyst-water interface increases, facilitating the 
photocatalytic reaction and the separation of charge carriers (Ding and 
Hu, 2021). Fig. S11 e shows that the SMZ degradation efficiency 
expectedly decreased with decreasing light intensity. However, even at 
lower light intensities (down to 88 W cm− 2), a good SMZ degradation 
efficiency (69%) was achieved. 

Organic scavengers are known to prevent the photogenerated reac-
tive species from reacting with the target pollutant and consequently 
restrict the degradation efficiency. Hence, scavenging tests were con-
ducted to understand the mechanism of the photocatalytic degradation 
of SMZ using ZnCuCo MMO2-650 under visible light irradiation. Na2- 
EDTA, isopropanol (IPA), and 1,4-benzoquinone (BQ) were added to the 
solution as scavengers of h+, •OH, and O•−

2 , respectively. Changes in the 
degradation efficiency of SMZ are shown in Fig. S11 f. When Na2-EDTA 
and IPA were added to the suspension, the degradation of SMZ was 
slightly inhibited, illustrating that h+ and •OH contribute modestly to 
the reaction. However, the degradation efficiency decreased from 95% 
to 33% by adding BQ, indicating that the O•−

2 radicals are the main 
active species in the SMZ degradation process. 

3.3.3. Degradation pathway of SMZ 
LC-MS analysis was executed to identify intermediates produced 

during the photocatalytic degradation of SMZ. Fig. S12 presents the 
mass spectra of several intermediates in photodegradation using MMO2- 
650. Although the molecular weight of SMZ (P1) is 278 g mol− 1, it ap-
pears in the protonated form with an m/z of 279 at a retention time of 
3.459 min. Based on the detection of eight intermediates with various 
m/z ratios, a possible degradation pathway is proposed for the SMZ 
degradation (Fig. 9). The identified compounds indicate that SMZ is 
decomposed through two main pathways. In the early stages of the 
process, the reactive species can attack SMZ molecules by hydroxylation 
of the amine group attached to the benzene ring or by breaking the S–N 
bond. Regardless of which pathway dominates, the breakage of the S–N 
bond of SMZ causes the generation of intermediates P2 and P3. Then, P5 
is formed by the elimination of SO2 from P2. On the other hand, the 
oxidation of P3 leads to the formation of P6. Further oxidation of P5 and 
P6 can result in opening of the benzene and pyrimidine rings, forming 
aliphatic compounds (such as P7, P8 and P9). 

4. Conclusions 

This work demonstrated the ability of the ZnCuCo LDH host structure 
to incorporate DBS anions. DBS played a spacer role, enlarging the 
interlayer distance of the LDH nanolayers with flower-like morphology. 
LDH was converted to MMO through calcination at 650 ◦C, providing a 
close connection between the metal oxides with suitable positions of 
energy bands. The high surface area (179 m2/g) of the MMO photo-
catalyst provided extensive contact interfaces between the components 
for rapid transportation and effective separation of charge carriers for 
photocatalytic reactions. MMO2-650 exhibited superior textural and 
optical properties, resulting in enhanced photocatalytic performance in 
H2 evolution (3700 μmol g− 1 h− 1) and SMZ photodegradation (95%). Z- 
scheme and double charge transfer mechanisms were proposed for the 
charge carrier transfer in MMO2-650. Less than a 7% decrease in H2 
production rate was observed during five consecutive cycles, confirming 
that the MMO2-650 photocatalyst is reusable and stable. A plausible 
pathway for SMZ photodegradation was also proposed through the 

Fig. 8. Comparison of the photocatalytic performance of MMO1-650, and 
MMO2-650 in degradation of SMZ. Experimental conditions: [photocatalyst] =
0.4 g L− 1, [SMZ] = 0.3 mM and pH = 6.2 (natural pH), photo-excitation 
wavelength = 427 nm, and irradiation intensity = 352 W cm− 2. 
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Fig. 9. Proposed pathway for SMZ degradation using MMO2-650 photocatalyst.  
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detection of eight intermediates using LC-MS analysis. The MMO2-650 
photocatalyst has considerable potential in H2 production and SMZ 
degradation. 
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