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1. Introduction

Multifunctional MgAl LDH/Zn-MOF S-scheme
heterojunction: efficient hydrogen production,
methyl red removal, and CO, adsorptionf

lhsan Maseeh,#® Farheen Anwar,° Sadia Aroob,? Tariq Javed,® Ismat Bibi,?
Afaf Almasoudi,© Ahmad Raheel," Muhammad Arshad Javid,®
Sénia A. C. Carabineiro " and Muhammad Babar Taj (2 *®

Metal-organic frameworks (MOFs) and layered double hydroxides (LDHs) are undoubtedly promising
and valuable materials for developing advanced catalysts to achieve efficient hydrogen evolution. The
unique structures, environmentally friendly nature, and high redox activities of these materials make
them ideal for catalytic applications. In this study, a delicately constructed S-scheme heterojunction
photocatalyst, denoted as MgAl LDH/Zn-MOF, was designed and synthesized through the in situ
nucleation of Zn-MOF nanostructure on MgAl LDH nanosheets, based on their excellent electronic
properties and opposite surface potential. The MgAl LDH/Zn-MOF photocatalyst exhibited enhanced
photocatalytic hydrogen evolution activity (129 mmol g~!) compared to Zn-MOF and MgAl LDH alone.
This was mainly due to the formation of the MgAl LDH/Zn-MOF S-scheme heterojunction, which
effectively accelerated the recombination of several electrons (from the conduction band of Zn-MOF)
and holes (from the valence band of MgAl LDH), thus preventing the recombination of other electrons
(from the conduction band of MgAl LDH) and holes (from the valence band of Zn-MOF), which is a
critical requirement for efficient hydrogen evolution. Further, the MgAl LDH/Zn-MOF has a high
potential for methyl red removal (97% following the intraparticle diffusion model with a maximum R2
value of 0.996). The CO, adsorption isotherms of the MgAl LDH/Zn-MOF revealed a gravimetric CO,
uptake capacity of 129.7 mg g~* (at 298 K and 40 bar) and stable cyclic adsorption performance. These
findings demonstrate the potential of MOFs and LDHs for developing advanced catalysts for efficient
hydrogen evolution and highlight the importance of heterojunction design.

consequences for our planet." Along with this issue, we face
several other environmental challenges, such as pollution,

As our world continues to grow and develop, more people strive
for a better quality of life.' This is a positive trend, but
unfortunately, it has led to a significant increase in energy
consumption. This overconsumption can potentially lead
to a devastating energy crisis, which could have far-reaching
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ecological destruction, increased greenhouse gas emissions,
deforestation, and waste production. Our dependence on fossil
fuels worsens these challenges, and this is a significant obstacle we
must overcome to secure a sustainable future.” To address these
issues, we must focus on developing clean and sustainable energy
sources with the necessary adsorption capacity, selectivity, and
regeneration capacity. That can reduce our dependence on fossil
fuels and mitigate their negative environmental impact. It is a
challenging task, that we must take on in order to build a brighter
future for ourselves and generations to come.® Sunlight is the
most significant and abundant energy source, whether directly
or indirectly used. Nevertheless, the conversion and utilization
of solar energy have not yet reached optimal levels. However,
researchers have found a promising solution to this challenge -
the light-induced water-splitting process. It involves splitting
water molecules into hydrogen and oxygen with the help of
sunlight, resulting in the production of hydrogen. This gas is
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known for its high calorific value, environmental sustainability,
and exceptional conversion efficiency. It is a clean and efficient
energy source that holds immense potential to tackle the
environmental and energy-related issues we face today.* Hydro-
gen has been identified as a feasible replacement for fossil fuels
in electricity generation and transportation. The transition to a
“hydrogen economy” requires innovative techniques for produ-
cing H,, with photocatalytic water splitting and alcohol photo
reforming using sunlight being the most promising methods.

Currently, various types of semiconductors are being inves-
tigated, such as zinc oxide (ZnO), titanium dioxide (TiO,),
cadmium sulfide (CdS), graphitic carbon nitride (g-C3N,), and
copper oxide (CuO). Such materials can help us create better
and more efficient ways to use sunlight to generate energy.’
Other examples are the layered double hydroxides (LDHs).
These are inorganic compounds with distinct two-dimensional
layered structures that are attracting significant research interest
due to cost-effective and facile preparation, well-designed struc-
ture, biocompatibility, and their ability to accommodate various
guest species, such as organic and inorganic materials, nano-
particles, functional and polymers, thus being versatile for various
applications.® These materials are typically designed using diva-
lent and trivalent metal cations, although LDHs with monovalent
and tetravalent cations are also reported. The general representa-
tion of an LDH is [M; " M,*" (OH),]*" [A" ]yn, where M>*
represents divalent metal cations, like Cu®>", Mg**, Ni**, Zn*",
etc. M>" refers to trivalent metal cations, like AI**, Fe*", Ga**, Mn?",
etc. A" is an inorganic or organic anion that neutralizes the
charge, such as SO,>~, Cl™, NO,'", etc. LDHs are cost-effective,
abundant, and safe to use.” They are an exceptional class of
two-dimensional clay materials uniquely suited for various
applications,® such as energy storage, drug delivery, and photo-
catalysis, which uses sunlight to create chemical reactions.’
LDHs exhibit high stability and a basic surface, which is of
utmost importance in adsorption, making them incredibly
promising materials for CO, adsorption.'® However, LDHs have
some limitations, such as poor crystalline structure and low
electrical conductivity. The aggregation of irreversible exfo-
liated nanosheets in LDH unequivocally hinders the migration
of photo-excited electrons and holes, leading to the undeniable
suppression of photocatalytic reactions.'™'* Different routes
can be taken to improve LDHs performance by changing their
structure and combining them with other materials. The for-
mation of heterojunctions with other semiconductors is the
most promising strategy for overcoming the shortcomings
of the LDH photocatalyst in terms of charge separation and
transfer efficiency."?

Metal-organic frameworks (MOFs) are highly porous materials
with potential applications in catalysis, sensors, drug delivery, gas
separation, and storage.'* They are formed by arranging organic
ligands and metal atomic cluster structures.'® Different synthesis
methods have been developed for MOFs, including ultrasonic
synthesis and micro-emulsion technology.” Polycarboxylate
organic ligands are effective building blocks.'® In addition, MOFs
are a type of coordination polymers with a crystal structure that
offers potential porosity. This research field has rapidly developed
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in the past two decades."”” MOFs can immobilize active functional
materials and manufacture highly controllable nanostructures as
carriers, providing new materials for energy applications.'® A new
photocatalyst, MgAl LDH/Zn-MOF, successfully designed and
synthesized, is reported in this work. This material is a unique
combination of Zn-based terephthalate frameworks with LDH
(MgAl LDH), with excellent performance in photocatalytic hydro-
gen evolution due to its fast electron transfer. Moreover, it is also
efficient in removing methyl red dye from water and CO, from a
gas stream.

2. Material and methods

2.1. Materials

The adsorbents used in this study were prepared from high-
purity chemicals. The precursors used for the synthesis of the
adsorbents included magnesium nitrate (Mg(NO3),-6H,0, 99%
purity, Sigma Aldrich), aluminum nitrate (Al(NO3),-9H,0, 99%
purity, Sigma Aldrich), sodium hydroxide (NaOH, 98% purity,
Sigma Aldrich), zinc nitrate (Zn(NO3),-6H,0, 99% purity, Sigma
Aldrich), and benzene-1,4-dicarboxylic acid (CgHeO4, Sigma
Aldrich). The dye used for adsorption was methyl red
(C15H;15N30,, Sigma Aldrich). All chemicals were of high purity
and were used without further treatment. The salt solutions
were prepared using deionized water.

2.2. Synthesis of MgAl LDH

The synthesis of MgAl LDH (molar ratio 2: 1) was performed by
co-precipitation. Firstly, a 20 mmol solution of Mg(NO3),-6H,0
and a 10 mmol solution of Al(NOj3),-9H,0 were prepared in
separate beakers using 40 ml of deionized water each. In a
separate beaker, 10 mmol of benzene-1,4-dicarboxylic acid
(BDC) was dissolved in 70 ml of deionized water, and then
10 mmol of sodium hydroxide was added to the solution. The
aqueous solutions of Mg(NO3),-6H,0 and Al(NOj3),-9H,0 were
slowly added dropwise to the benzene-1,4-dicarboxylic acid
(BDC) solution under continuous stirring for 18 h. The pH of
the solution was maintained at 10 by adding NaOH solution
dropwise. The resulting white precipitate (BDC intercalated
MgAl LDHs) was filtered and washed with deionized water to
remove impurities. The precipitate was dried in a vacuum
desiccator at room temperature.

2.3. Synthesis of MgAl LDH supported Zn-MOF
nanocomposite

To obtain the MgAl-LDH/Zn-MOF nanocomposite (1:3), 3 g of
MgAl LDH was dispersed in 50 ml of dimethylformamide.
Then, a 8.99 mmol of Zn(NO;),-6H,0 solution was prepared
and added to the above solution. The mixture obtained was
refluxed at 120 °C for 1 hour. This led to the creation of highly
dispersed Zn-MOFs nanostructure through in situ nucleation
and growth on MgAl LDH nanosheets. The blue-colored
solution was then filtered, washed, and dried at room tempera-
ture in a vacuum desiccator. Zn-MOF was also prepared using
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BDC" according to the reported method for comparative study
of H, evolution.

2.4. Characterization

The synthesized samples were subjected to various charac-
terization techniques to determine their structural, surface,
and morphological properties. The techniques used include
X-ray diffraction (XRD), scanning electron microscopy (SEM),
UV-vis spectroscopy, fluorescence, Fourier transform infrared
spectroscopy (FTIR), N, adsorption at 77 K and zeta potential
(PZC). The crystalline structure and size of the adsorbents were
characterized by powder XRD on a Bruker D8 Advance instru-
ment, using Cu-Ko radiation with a wavelength of 1.541 A. The
vibrational frequencies of the prepared composites were deter-
mined using FTIR spectroscopy (Tensor 27 FTIR) in the range of
400 to 4000 cm ™~ *. The synthesis of MgAl LDH and MgAI-LDH/
Zn-MOF was confirmed using a Cecil 7500 UV-vis spectrophoto-
meter in the 200 to 800 nm range. The surface and morpholo-
gical features of the composites were analyzed using SEM
(MIRA-III TESCON). The pore size and specific surface area of
MgAI-LDH/Zn-MOF were calculated by using surface area ana-
lyzer Gemini 2375, Shimadzu. To test the stability and surface
charge of MgAl-LDH/Zn-MOF, a Zetasizer equipment (Nano-ZS,
Malvern Instruments, UK) was used. Impedance spectroscopy
(EIS) using electrochemical techniques was conducted by apply-
ing a 10 mV amplitude within a frequency range of 1 MHz to
1.0 Hz while keeping the potential constant at 200 mV (vs.
Ag/AgCl). The working electrolyte used in the analysis was 0.1 M
sodium sulfate dissolved in water. The electronic band structures
were analyzed using ultraviolet photoemission spectroscopy (UPS)
on a AXIS-Nova, Kratos Analytical Ltd; monochromatic (He I =
21.2 eV, Ag 3ds;, < 100 meV). The high-pressure CO, adsorption
performance was analyzed on an IsoSORP adsorption analyzer
(TA instruments, New Castle, DE, USA).

2.5. Hydrogen production method

Experiments were conducted with precision to produce hydrogen
through photocatalysis using a Pyrex reactor that was capable
of being degassed and sampled. (The procedure used was
similar to the one reported in the literature.’®*') The process
involved the addition of 10 mg of catalytic material, 20 mg of
Eosin Y (EY), and 20 ml (10% v/v) of triethanolamine (TEOA)
into the reactor. Before exposing the solution to visible light,
the excess gas was removed through vacuuming. The amount of
hydrogen evolved was then analyzed using a gas chromato-
graph (Tianmei GC7900, with N, as the carrier) at different time
intervals, using gas headspace samples (0.5 ml) injected into
the gas chromatograph. The H, produced was quantified
against an internal calibration curve. The rate of gas (H,) evo-
lution was measured in units of mmol g~ * and mmol g * h™ ' to
enable confident comparison between MgAl LDH, Zn-MOF, and
MgAl LDH/Zn-MOF photocatalysts under identical conditions.
The experiment was repeated at least three times for each
sample to ensure accuracy beyond doubt. The external quan-
tum efficiency (EQE) under identical photocatalytic reaction
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conditions, was calculated using the following eqn (1).

EQE = (Ru, x 2 x ¢ x h/I x . x A) x L x 100 (1)

where Ry, is the rate of H, produced (mol s '), ¢ is the speed
of light (3.8 x 10® m s 1), & is the Plank’s constant (6.62 x
107" J s71), I is the light intensity (5.95 W em 2 =] s ' em™?),
A is the wavelength of incident light, A is the illuminated area of
reactor (cm”), and L is the Avogadro’s constant (6.022 x
10** mol'). Based on the H, production rate and the area of
the reactor directly exposed to the sun (approximately 10 cm?),
the EQE was calculated to be 8.25%.

2.6. Methyl red adsorption studies

Studying dye adsorption under room temperature and atmo-
spheric pressure is of significant interest.>*>* A series of
adsorption experiments were conducted in dark conditions to
evaluate the effectiveness of the prepared adsorbents for remov-
ing methyl red (MR) dye. In each experiment, 25 mg of the
prepared adsorbent was added to 25 ml of 5 x 10> M MR dye
solution, and the mixture was stirred at 298 K for different
reaction times. At 20 min intervals, a small sample of the
mixture was removed for UV-visible analysis.

The adsorbent was separated from the mixture by centrifu-
gation, and the remaining solution was analyzed using an
ultraviolet-visible (UV-vis) spectrophotometer (Cecil 7500) to
determine the concentration of MR dye at equilibrium (C.) at
410 nm. After the adsorption reaction, the adsorbent was
washed, filtered, and dried in an oven at 343 K.

The removal efficiency (R) and adsorption capacity (g) of the
prepared adsorbents for MR dye can be calculated using the
following eqn (2) and (3):*°

Co=Cipo @)

q=(CofCe)x% (3)

where C, represents the initial concentration of MR in milli-
grams per liter, V is the volume of the dye solution in liters,
M is the mass of the adsorbent used in grams, and R represents
the removal efficiency expressed as a percentage. The adsorp-
tion capacity (q) is expressed as the amount of MR dye adsorbed
per unit weight of the adsorbent (mg g™ ).

To examine the rate at which adsorption occurs, we analyzed
experimental data using different models, such as pseudo-first-
order kinetics, pseudo-second-order kinetics, liquid-film diffu-
sion model, and intra-particle diffusion model. We also applied
various isothermal models to the data, including the Langmuir,
Freundlich, and Temkin models, to gain insight into the
mechanism of dye removal. Additionally, we calculated the
changes in Gibbs free energy (AG,, k] mol™"), entropy (AS,,
k] mol™' K'), and enthalpy (AH,, k] mol ). (see ESL
Section S1).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.7. CO, adsorption performance

Experiment was conducted to study the adsorption of CO,
using a previously reported procedure.”® The experiment
involved degassing 0.5 g of adsorbent at 383 K under high
vacuum for 4 h. The sample mass and volume were subse-
quently determined using a buoyancy test with He at 295 K. The
CO, adsorption-desorption isotherm of the MgAl LDH/Zn-MOF
composite was then measured by dosing CO, from a high
vacuum to 40 bar, followed by a high vacuum with an equili-
brium point every 10 bar. The equilibrium for each step was
maintained until the deviation of mass was less than 0.1 mg per
10 min. The results of this experiment provided valuable
insight into the adsorption behavior of CO, and its potential
applications in various industries.

3. Results and discussion

3.1. PXRD analysis

The phase structure and crystallinity of the synthesized nano-
composite were analyzed using XRD. Fig. 1(a) shows the MgAl
LDH and MgAI-LDH/Zn-MOF nanocomposite diffractograms.
The diffractogram of Zn-MOF (Fig. S2a, ESIT) shows 20 values at
8.20, 10.52, and 13.28, which are assigned to the lattice planes
of (200), (220), and (400), respectively, in agreement with the
literature.>”° The presence of BDC between the layer of LDH is
confirmed by the 20 shift of the characteristic peak (003)*° from
11.90° to 15.36° as shown in Fig. 1(a). This shifting could be
attributed to the replacement of BDC ions from the interlayer
region and coordinated to Zn(u) ions.*® Generally speaking, the
shifting of 26 is linked to the change in lattice parameters,
microstrain and crystal size.

The diffraction pattern of pure LDH exhibited characteristic
peaks at 11.90°, 23.40°, 35.13°, 39.78°, 46.97°, 60.95°, and
62.90°, representing the (003), (006), (012), (015), (018), (110),
and (113) crystal planes, respectively, which have been well
indexed using a typical hexagonal MgAI-LDH (JCPDF 22-
0452).3" Characteristic diffraction peaks representing the
LDH were evidently displayed in the XRD spectrum of MgAl-
LDH/Zn-MOF. Diffraction peaks at 20 = 6.59°, 9.81°, 15.36°,
26.59°, 35.78°, and 43.64° were observed for MgAl-LDH/Zn-
MOF, which were assigned to (200) (220), (003), (006), (012),
and (015) lattice planes. The presence of major diffraction
peaks of Zn-MOF at 6.59° and 9.81° are assigned to the lattice
planes of (200) and (220), respectively.'®?” Interestingly,
MgAI-LDH/Zn-MOF shows the shift in 20 value to a higher
angle, indicating the replacement of large BDC ions from the
interlayer region.>® The crystallite size of MgAl LDH and MgAl
LDH/Zn-MOF nanocomposite was estimated as 15 nm and
38.46 nm, respectively, using Debye-Scherrer’s eqn (4),* as
follows.

D=k i/fcos0 (4)

where D is the crystallite size, k is Scherer’s constant (0.98), / is
the wavelength (0.154 nm), f is the full width at half maximum

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(FWHM), and 0 is the Bragg’s angle. The d-line spacing was
calculated using the following eqn (5).

d=ni/2sin0 (5)

where d is the line spacing, and n is the reflection order.
The wavelength 4 used in this calculation is 0.154 nm.

3.2. N, adsorption analysis at 77 K

The effect of the increased surface area on the characteristics of
nanocomposites is an area of growing importance for under-
standing, developing, and improving materials for various
applications, especially in adsorption.>” The main objective of
catalytic reactions is to increase the reaction rate while main-
taining high product yield and selectivity.*® This goal can be
achieved by developing a composite that provides many active
sites for adsorption processes.

The surface area and pore volume were examined using the
multipoint Brunauer-Emmett-Teller (BET) method (Fig. 1(b))
to investigate the porosity of MgAl LDH/Zn-MOF. The average
pore size for the nanocomposite was determined by the Dubi-
nin-Astakhov (DA) plot, as shown in Fig. 1(b) (inset). The MgAl
LDH/Zn-MOF composite was found to have a pore volume and
an average pore radius of 0.045 cm® g~* and 20.7 A, respectively.

3.3. Morphology

The average grain size of the obtained MgAl LDH and MgAl
LDH/Zn-MOF was determined using SEM, as shown in Fig. 1(c)
and (d). The images reveal a flat, non-uniform, plate-like
structure of MgAl LDH sheets lying in layers, with Zn-MOF
particles organized as spherical aggregates and arranged on the
MgAl LDH sheet, with an average grain size of 34.2 nm. The
SEM image of Zn-MOF is given in Fig. S2¢ (ESIY). It is evident
from the EDS study (Fig. 1(e)) that the MgAI-LDH/Zn-MOF
structure contains significant amounts of Mg, Al, Zn, and O.
However, a notable presence of carbon is attributed to the BDC
anions.

3.4. FTIR spectral analysis

The FTIR spectra of the prepared samples, namely MgAl LDH
and MgAl LDH/Zn-MOF, are presented in the ESL,{ Fig. S1. The
broad peak observed at 3459 cm™ " and 3520 cm ' for MgAl
LDH and MgAl LDH/Zn-MOF, respectively, corresponds to
the stretching vibration of O-H due to the presence of water
molecules. The sharp, weak peaks at 1559 cm™" and 1572 cm ™!
are attributed to O-H bending vibration and aromatic ring
of BDC for MgAl LDH and MgAl LDH/Zn-MOF, respectively. The
peaks 1050 cm ™', 1097 cm ™', and 1117 cm™ ' presented the
-C-OH, -C=0, and C-H groups of BDC. In addition, the
vibrational peaks observed between 400 cm™' to 800 cm ™'
correspond to the stretching peaks of M-O-M and O-M-O
vibrations, representing the Mg-O-Mg and Al-O-Al layers.
The vibrational peak®® observed near 400 cm ' confirms
the presence of zinc in MgAl LDH/Zn-MOF, as shown in ESI{
(Fig. S1). The FTIR spectrum of Zn-MOF (Fig. S1, ESIt) confirms
the synthesis of this material.

Mater. Adv., 2024, 5, 5080-5095 | 5083
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(a) XRD diffractograms of the prepared MgAl LDH and MgAl LDH/Zn-MOF; (b) N, adsorption analysis at 77 K of MgAl LDH/Zn-MOF (pore size

distribution in inset); (c)-(d) SEM images of MgAl LDH and MgAl LDH/Zn-MOF; (e) EDS spectrum of MgAl-LDH/Zn-MOF.

3.5. Optical properties of the resulting samples

3.5.1. UV-vis absorption analysis. The UV-vis spectra of
MgAl LDH and MgAl LDH/Zn-MOF in the range of 200-
500 nm are displayed in ESIt (Fig. S1b). The spectrum of MgAl
LDH exhibits two distinct peaks at 230 nm and 259 nm, which

5084 | Mater. Adv., 2024, 5, 5080-5095

correspond to the n to ©* and n to n* transitions of the aromatic
C—C and C—0 bonds in the Zn-MOF. On the other hand, the
electronic transitions of MgAl LDH/Zn-MOF are observed at
higher wavelengths of 270 nm and 329 nm, which correspond
to the m to n* and n to n* transitions of the BDC ligand. This red

© 2024 The Author(s). Published by the Royal Society of Chemistry
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shift in the electronic transitions can be attributed to the
decreased © electron density of Zn metal. The weak absorbance
observed in the UV spectra of MgAl LDH/Zn-MOF can be
attributed to the irregular arrangement of BDC anions. More-
over, the weak transition of C=O0 observed in the spectrum of
MgAl LDH/Zn-MOF indicates the intercalation of BDC anions
into zinc metal.®® The presence of a peak at ~373 nm in
the UV-vis spectrum (Fig. S2b, ESIf) of Zn-MOF confirms its
synthesis.

3.5.2. UV-vis diffuse spectral analysis. When a semicon-
ductor is exposed to a sufficient amount of energy, it undergoes
electron transition, resulting in the generation of a photogen-
erated electron-hole pair. This pair exhibits strong reduction
and oxidation activity, triggering the photocatalytic reaction.’”
Thus, the semiconductor’s ability to absorb visible light plays a
crucial role in its application in photocatalysis. In the case of
MgAl LDH, its UV-vis diffuse reflectance spectroscopy demon-
strates a broad peak at 400-600 nm, which indicates that the
catalyst can effectively utilize visible light (Fig. 2(a)). Addition-
ally, the coupling of MgAl LDH into Zn-MOF in the form of
MgAl LDH/Zn-MOF (red shift) is believed to impact light
absorption positively. For the preparation of a good photocata-
lyst, a reasonable band gap is a prerequisite, and the band gap
value is one of the critical parameters of a semiconductor.
Based on the Kubelka-Munk (eqn (6)) method.?®

ochv = A(hw — Eg)"? (6)

(where o represents the absorption coefficient, sv is the photon
energy, and E, is the band gap energy). The energy band gap of
the aforementioned samples is demonstrated in Fig. 2(b). The
band gaps of 1.85 and 1.95 eV correspond to Zn-MOF and MgAl
LDH, respectively. Consequently, visible light can activate both
Zn-MOF and MgAl LDH to create photogenerated holes and
electrons, which exhibit strong oxidation and reducibility,
thereby promoting the photocatalytic reaction.”®*® Upon cou-
pling the Zn-MOF and MgAl LDH into MgAl LDH/Zn-MOF
results in a significant decrease the band gap (1.47 eV) which
is attributed to minimum interfacial resistance and maximum
yield of H, production.

3.6. Zeta potential and point of zero charge (PZC)

The stability of MgAl LDH/Zn-MOF was evaluated by measuring
its zeta potential, which is displayed in Fig. 2(c). The zeta
potential measures the electrostatic repulsion between parti-
cles and is indicative of their tendency to aggregate and overall
stability.*” The average zeta potential of MgAl LDH was approxi-
mately 14.92 mV, while Zn-MOF had an average zeta potential
of about —22.42 mV. On the other hand, the zeta potential of
MgAl LDH/Zn-MOF was around 3.35 mV, which is intermediate
between that of Zn-MOF and MgAl LDH. This phenomenon
occurs due to the presence of opposite surface potentials
between MgAl LDH and Zn-MOF, which strengthens the cou-
pling force between them. Zn-MOF, being larger in size and
having a negative surface zeta potential, indicating the for-
mation of a new catalyst distinct from either MgAl LDH or Zn-
MOF. This process enhances the proton absorption of MgAl

© 2024 The Author(s). Published by the Royal Society of Chemistry
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LDH/Zn-MOF and promotes the efficiency of hydrogen evolu-
tion under visible light.

The pH point of zero charges (pHpzc) is a measurement that
reveals the adsorption capacity of an adsorbent and the type of
its surface-active center. Essentially, the pHpzc value of an
adsorbent indicates the pH at which the adsorbent surface
has no net charge.*' When the number of positive and negative
charges are equal, an adsorbent’s surface reaches a zero point
of charge (PZC), meaning it has no preference for attracting
either positively or negatively charged substances. To deter-
mine the PZC, pH initial vs pH final plot is done and the point
of intersection is identified, which is 7.1 in Fig. 2(d). This value
is significant because it is the pH at which the adsorbent’s
surface carries no net charge, allowing it to adsorb/attract both
positively and negatively charged substances equally.

3.7. Hydrogen evolution measurements

The present study compares the hydrogen evolution proper-
ties of two materials, namely magnesium-aluminum layered
double hydroxide (MgAl LDH) and zinc-based metal-organic
framework (Zn-MOF). The reaction occurs under visible light
irradiation in a robust environment with a pH level of 10
(Fig. 3(a)-(f)). The photocatalytic hydrogen generation activity
of both materials is low when used separately due to poor
electron-hole pair separation and transfer efficiency under
light. It has been discovered that when MgAl LDH and Zn-
MOF are combined, they exhibit significantly better photocata-
Iytic activity compared to when any of the materials is used
alone. This suggests that there is a strong interaction between
the two materials which leads to better hydrogen evolution. The
yields for Zn-MOF and MgAl LDH are 85.07 mmol and
27.82 mmol, respectively. In contrast, the combined material
MgAl LDH/Zn-MOF demonstrated hydrogen evolution activities
that were 1.52 and 4.65 times higher than those of Zn-MOF and
MgAl LDH alone, respectively. We have compared the effective-
ness of MgAl LDH/Zn-MOF photocatalyst with various other
MOF-based photocatalysts that have been previously reported
in literature. The results of these comparisons are tabulated in
ESIf (Table S1).

The superior photocatalytic activity of MgAl LDH/Zn-MOF
can be attributed to the rapid separation and migration of
charge carriers induced by visible light. This is facilitated by the
strong interaction between the two materials. Additionally, the
incorporation of MgAl LDH improves the light absorption of
Zn-MOF, while the incorporation of Zn-MOF helps to prevent
the agglomeration of MgAl LDH nanolayers, thus assisting
in electron migration during photocatalytic water-splitting
reactions. These findings demonstrate that the MgAl LDH/
Zn-MOF composite has promising potential for use as a photo-
catalyst in various applications, including hydrogen production
and environmental remediation.

The combination of MgAl LDH and Zn-MOF creates an
S-scheme heterojunction which enhances the separation effi-
ciency of electron-hole pairs in space. This leads to a higher
efficiency in generating photocatalytic hydrogen compared
to using the materials individually. The hydrogen evolution
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Fig. 2
value of MgAl LDH/Zn (BDC) MOF; (e) EIS and (f) Mott—Schottky plots of

mechanism section will provide detailed information on the
specific migration process of light-excited electrons between
MgAl LDH and Zn-MOF. To ensure the stability of MgAl LDH/
Zn-MOF, EY was added in 5 mg increments in each cycle, to
avoid any excessive shielding effects on the photocatalytic
activity of hydrogen evolution (Fig. 3(c)). The experiment
was conducted over five consecutive testing phases, where the

5086 | Mater. Adv, 2024, 5, 5080-5095

(a) UV-vis DRS spectra, (b) band gap determination and (c) zeta potential of MgAL LDH, Zn-MOF and MgAl LDH/Zn-MOF. (d) Point of zero charge

Zn-MOF, MgAl LDH, and MgAl LDH/Zn-MOF.

photocatalyst was collected, washed, and dried after each cycle.
The MgAl LDH/Zn-MOF demonstrated a consistent H, produc-
tion rate of 112 mmol g~ even after five cycles, proving its good
reusability. The research findings suggest that the combination
of MgAl LDH and Zn-MOF results in a highly stable photo-
catalyst that can efficiently generate hydrogen through long-
term photocatalysis. The study highlights the significant role of

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00038b

Open Access Article. Published on 09 May 2024. Downloaded on 7/18/2025 2:55:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
140 ¢
°1a 25 b
23.34755
120 4 —u—Zn-MOF —
o —e—MgAl LDH =
"o 100{ —A—MgAI-LDH/Zn (BDC) MOF, / 521
?E’ . g 17.27079
g 80 4 G g 15 .
S 0 / 8
3 3 104
S 404 / s 8.31557
w« .——-‘.__. Q:‘
T 20 LA T 5
i
0
T T T T T T T o 2,
0 1 2 3 4 5 6 MgA_IM-lc.I)I::HZn Zn-MOF MgAI LDH
Time (h)
140 1.0 4 d
C 126
— b 121 120 )
112 0.8
§ 100 4 g
£ E 064
< 80+ p=
e 5]
K] s
S 60 =
o S 044 0 0 0
: 3
~ 40
= x 0.2 4
20 4
" 2™ cycle [/3 cycle | 4™ cycle |/ 5™ cycle 0.0
0 6 12 18 24 30 No light No EY No TEOA
Time (h)
30 4 e 2041 —FEY
- MgAILDH
28 28.13 —Znmor
\ —— MgAI LDH/Zn (BDC) MOF
— 26 4
& 25.34
= 2465 1.5 1
g ™ 23.34 l&'} g 3‘
E 2 =
c
= 1.0
2 20+ 19.58 2
3 2
g 18 4 £
16 05
s 1471
14 4 /
12 {12.21 i
i 4 5§ 6 7 8 9 10 11 15 " 500 520 540 560 580 600

Fig. 3

Wavelength (nm)

(a) Hy evolution activity of MgAl LDH, Zn-MOF, and MgAl LDH/Zn-MOF samples in mmol g~*; (b) H» evolution in 1 h; (c) Stability testing of MgAl

LDH/Zn-MOF; (d) hydrogen evolution of MgAl LDH/Zn-MOF in different reaction conditions; (e) H, evolution at different pH values; (f) steady-state
fluorescence spectrum of EY, MgAl LDH, Zn-MOF, and MgAl LDH/Zn-MOF.

EY in the process of photocatalytic water-splitting to evolve
hydrogen. Moreover, the hydrogen evolution activity of the
catalyst was tested under different reaction conditions, which
revealed its strong selectivity for hydrogen evolution systems.
It was observed that the catalyst is unable to produce hydrogen
in the absence of light, EY, or TEOA. These findings are
illustrated in Fig. 3(d), which demonstrates the dependence
of hydrogen evolution on the presence of light, EY, and TEOA.
The pH of a solution affects hydrogen generation activity.
To test this, 10% TEOA (sacrificial agent) was taken along with
different acidity levels (using HCl/NaOH) in the solution. The
results (Fig. 3(e)) show that the hydrogen production rate

© 2024 The Author(s). Published by the Royal Society of Chemistry

decreases in acidic solutions, and the best pH level for produ-
cing hydrogen is 10. If the pH level is too high, the hydrogen
production rate also decreases due to defects in the photo-
catalyst surface. Additionally, when too many OH™ ions are
present, they can react with photogenerated H' ions to produce
water, slowing hydrogen production. The fluorescence spectra
of three catalysts (MgAl LDH, Zn-MOF, and MgAl LDH/Zn-MOF)
were examined to understand the separation and transfer of
charge carriers in the MgAl LDH/Zn-MOF heterojunction
catalyst (as shown in Fig. 3(f)). The fluorescence emission
intensity of EY is an indicator of the recombination of
electron-hole pairs. The results show that when the catalyst
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samples are introduced, there is a decrease in fluorescence
emission intensity, indicating a reduction in the recombination
of electron-hole pairs. It appears that there is a strong inter-
action between EY and the catalyst, resulting in the reduction
of fluorescence when EY was exposed to light. The addition of
MgAl LDH/Zn-MOF heterojunction catalyst results in the lowest
fluorescence emission intensity. This is a sign of successful
design and construction of the S-scheme heterojunction, which
facilitated charge migration and effectively prevented the
recombination of electron-hole pairs. As a result, the hydrogen
evolution activity is significantly enhanced. In order to evaluate
the effectiveness of the synthesized photocatalysts, it is necessary
to determine their catalytic efficiency. The turnover number
(TON)** can be used as a metric for this purpose, and it can be
calculated using eqn (7). The TON values of Zn-MOF, MgAl LDH,
and MgAl LDH/Zn-MOF are 1.4, 4.3, and 6.5 respectively, while the
rate of H, production is 8.32, 17.27, and 23.34 mmol g ' h™"
respectively (Fig. 3(b)).
(moles of Hj production)

TON = 7
(weight of used photocatalyst) ?)

3.7.1. Tracing the electron transfer process in S-scheme.
Metallic materials can serve as a valuable means of detecting
gains and losses in electron transfer due to their ability to
provide a significant number of free electrons.*® To assess the
trend of interfacial charge transfer in the MgAl LDH/Zn-MOF
photocarrier at the interface of as-fabricated Zn-MOF and MgAl
LDH catalysts, a photoelectrochemical (PEC) study was con-
ducted using EIS, as depicted in Fig. 3(e). The MgAl LDH/
Zn-MOF composites have a semicircular diameter smaller than
that of both MgAl LDH and Zn-MOF. Due to this, the MgAl
LDH/Zn-MOF has the smallest radius, resulting in the least
amount of interfacial resistance. This characteristic is benefi-
cial for the transfer of interfacial charges.***>

The results from zeta potential, fluorescence, and EIS studies
support the superior hydrogen evolution performance of MgAl
LDH/Zn-MOF catalysts. The Mott-Schottky curve indicates that
Zn-MOF’s flat band potential (Eg,) is approximately —0.28 V versus
Ag/AgCl, while MgAl LDH’s is —0.42 V (Fig. 3(f)). All MgAl LDH,
Zn-MOF, and MgAl LDH/Zn-MOF samples all exhibit positive
slopes, indicating that they have n-type semiconductor charac-
teristics.*®"” In addition, for n-type semiconductors, the conduc-
tion band potential (Ecg) is typically negative®®>° by about 0.2V,
compared to the Eg,. Therefore, it can be confirmed that the Eqg of
Zn-MOF and MgAl LDH are —0.48V and —0.62V, respectively.
Valence band positions (Eyg) were determined (eqn (8)) using UV-
VIS/DRS (Fig. 3(b)) and M-S techniques (Fig. 3(f)), as mentioned in
the literature.’®>" Notably, the M-S findings provided substantial
evidence to clarify the electron transfer mechanism discussed in
this study.>

EVB = ECB + Eg (8)

The terms Ecp and Eyg refer to the potential of the conduc-
tion and valence bands, respectively. The Eyg values of Zn-MOF
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and MgAl LDH were calculated as 1.37 and 1.33 eV, respectively.
To confirm the absolute position of Eyg for Zn-MOF and MgAl
LDH, UPS spectra (Fig. 5(a)) were obtained. The low binding
energy area (valence band region near the Fermi level) was
observed to calculate the valence band position.*>”* The mea-
sured Eyg values are 1.325 eV for Zn-MOF and 1.366 eV for MgAl
LDH. These results agree with the above calculated Eyg values.

It has been verified through charge analysis of the band that
the formation of an intrinsic electric field (IEF) was facilitated
at the interface by electron transfer of 0.04 eV from MgAl LDH
to Zn-MOF, which resulted in the participation of photogener-
ated electrons in the hydrogen production process. The Zn-
MOF/MgAl LDH heterojunction allows for the movement of
electrons from VB to CB because both materials are UV-vis-
responsive semiconductors.®® The irradiation facilitates this
process (Fig. 4). Afterward, the excited electrons on the weakly
reducing Zn-MOF combine with the excited holes on the weakly
oxidizing MgAl LDH. The retention of photoexcited solid elec-
trons and holes in the composite of MgAl LDH/Zn-MOF allows
the creation of an S-scheme heterojunction.’® Through experi-
mental results, the generation of IEF is demonstrated while
also confirming the charge separation path of the S-scheme
heterojunction.’

The transfer of charge in a heterojunction of S-scheme can
be described in the following way.>”*®

(1) Fig. 4 indicates that MgAl LDH has a higher CB and VB
position and a more minor work function than Zn-MOF. When
these two semiconductors are nearby, electrons in MgAl LDH
diffuse spontaneously to Zn-MOF, creating an electron deple-
tion layer and an electron accumulation layer near the interface
of MgAl LDH and Zn-MOF, respectively. Electrons are trans-
ferred to Zn-MOF, causing it to be negatively charged, while
MgAl LDH becomes positively charged. This generates an
electric field from MgAl LDH to Zn-MOF, which facilitates
the movement of photogenerated electrons from Zn-MOF to
MgAl LDH.

(2) The alignment of Fermi energy is necessary when Zn-
MOF and MgAl LDH come into contact. This alignment causes
the Fermi levels of Zn-MOF to shift upwards and those of MgAl
LDH to shift downward. As a result of the band-bending effect,
the photogenerated electrons in the CB of Zn-MOF and holes in
the VB of MgAl LDH tend to recombine at the interface region.
This phenomenon can be easily understood by the analogy of
water flowing downhill.

(3) The interface between the CB of Zn-MOF and the VB of
MgAl LDH causes photogenerated electrons and holes to
recombine due to Coulombic attraction. The internal electric
field, band bending, and Coulombic attraction drive the recom-
bination. During this process, unnecessary electrons and holes
are removed. However, the potent photogenerated electrons in
the CB of MgAl LDH and the holes in the VB of Zn-MOF are
preserved for the purpose of photocatalytic reactions.>* ¢!

3.7.2. Mechanism analysis of hydrogen evolution reaction.
Fig. 4 shows a simplified explanation of the internal migration
mechanism of the MgAl LDH/Zn-MOF S-scheme heterojunction
for hydrogen production activity. The MgAl LDH has a higher

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conduction band (CB) and valence band (VB) position, as well
as a smaller work function in comparison to the Zn-MOF. When
the two materials come in contact, the electrons in MgAl LDH
will spontaneously diffuse to the Zn-MOF, creating electron
depletion and accumulation layers near their interface. This
results in the formation of an internal electric field that will
direct the transfer of photogenerated electrons from the Zn-
MOF to MgAl LDH. The Fermi energy levels of Zn-MOF and
MgAl LDH align to the same level when they come into contact.
Consequently, this leads to upward and downward shifts in
the Fermi levels of Zn-MOF and MgAl LDH, respectively.
Band bending facilitates the recombination of photogenerated
electrons in the conduction band of Zn-MOF and holes in the
valence band of MgAl LDH at the interface region due to the
Coulombic attraction between the holes and electrons.
The internal electric field, band bending, and Coulombic
attraction act as driving forces for the recombination of
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Fig. 4 The internal mechanism of migration of electrons within the MgAl LDH/Zn-MOF heterojunction in the S-scheme.

electrons in the CB of Zn-MOF and holes in the VB of MgAl
LDH. This eliminates the useless electrons and holes via
recombination, while preserving the powerful photogenerated
electrons in the CB of MgAl LDH and the holes in the VB of
Zn-MOF for photocatalytic reactions. The aggregated holes on
the VB of Zn-MOF are immediately consumed by the sacrificial
reagent TEOA. Simultaneously, the ground-state EY molecule is
excited, forming the excited-state EY (EY ). The charges from
EY mainly transfer to the CB of MgAl LDH due to the strong
competition between the energy levels of MgAl LDH and
Mg-MOF. The reduction potential of the CB of MgAl LDH is
stronger than that of Zn-MOF. Finally, the electrons on the CB
of MgAl LDH combine with H' to produce H,.

3.8. Dye removal experiments

The present study displays the UV-visible spectra of a freshly
prepared aqueous solution of MR. It is characterized by a
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dominant absorption band at 431 nm, as demonstrated in
Fig. 5(b). When MgAl LDH/Zn-MOF is added to the solution,
the peak shifts from 431 nm to 538 nm, resulting in a redshift
of approximately 107 nm. Interestingly, the addition of MgAl
LDH/Zn-MOF also changes the color of the solution from yellow
to red and the pH from 6.7 to 5.0 (Fig. 6(a)). The decrease in
intensity over time is due to the adsorption of MR with MgAl
LDH/Zn-MOF. The absorption peak in the visible region is
caused by the chromophore, which includes the azo linkage
(-N=N-). This is due to the n — =* transition that occurs
because of the -N—=N- group. At least three adsorption experi-
ments were conducted to ensure data accuracy and reproduci-
bility. Blank experiments were also conducted in parallel and
corrected as needed.*®

3.9. Factors affecting the adsorption process

3.9.1. Effect of pH on the adsorption capacity. In order to
investigate the adsorption capacity of the prepared adsorbent
for MR dye, experiments were conducted at various pH values
ranging from 2 to 12. An adsorbent dose of 25 mg was used with
a dye solution concentration of 25 ml. The pH of the solution
was adjusted by adding either HCl or NaOH solution. The
maximum adsorption capacity of the MgAl LDH/Zn-MOF com-
posite was observed at pH 8 (Fig. S3a, ESIf), which can be
attributed to the interaction between the negatively charged MR
dye and the positively charged surface of the MgAl LDH/
Zn-MOF. At higher pH values, an increase in the concentration
of OH  ions on the adsorbent’s surface led to repulsion
between the adsorbent and the methyl red dye, decreasing
the adsorption capacity.®” On the other hand, adsorption
capacity decreased at acidic pH due to the dissolution of the
adsorbent at lower pH values.

3.9.2. Effect of adsorption dose. In order to determine the
effect of adsorbent amount on the adsorption capacity, various
amounts of MgAl LDH/Zn-MOF adsorbent (50 mg, 75 mg,
100 mg, 125 mg, 150 mg and 175 mg) were tested with a
5x107° M aqueous dye solution. Results showed that the

5090 | Mater. Adv, 2024, 5, 5080-5095

adsorption capacity of the adsorbent increased with the
amount of adsorbent used (Fig. S3b, ESIt). This can be attrib-
uted to the increase in available adsorption sites, providing
more opportunities for the dye molecules to adsorb onto the
surface of the adsorbent. However, a point of adsorption
saturation was reached, as no further increase in adsorption
capacity was observed with increasing adsorbent amount. This
is likely due to the complete adsorption of MR onto the surface
of the adsorbent.®?

3.9.3. Effect of concentration of dye on adsorption capacity
of adsorbent. The percentage removal of the synthesized MgAl
LDH/Zn-MOF composite at varying concentrations of MR dye
is given in Fig. S3c (ESIt). The experiment used 25 mg of the
composite in MR dye solutions of different concentra-
tions ranging from 5 to 50 mg while keeping other reaction
conditions constant. The maximum adsorption capacity was
achieved by increasing the amount of MR dye up to 30 mg.
However, the adsorption capacity of the adsorbent decreased
as the amount of MR dye further increased. This decrease in
adsorption capacity was due to the lack of further interaction
between dye molecules and active sites on the adsorbent. As the
MR dye concentration increases, the active sites of the adsor-
bent are not enough to accommodate all the dye particles.
So, adsorption capacity and percentage removal decrease with
increased MR concentration.

3.9.4. Effect of time. A comparison of the adsorption
performance of the prepared adsorbents was carried out over
varying time intervals. As shown in Fig. S3d (ESI}), the adsor-
bents’ removal efficiency increased with the experiment’s dura-
tion, with a maximum removal percentage of 79% observed
after 3 h of reaction time for MgAl LDH/Zn-MOF. The adsorp-
tion rate of MR dye on the surface of the adsorbent was fast,
leading to an increased removal rate. However, after a certain
point, the process became slower due to the establishment
of equilibrium and a decrease in available adsorption sites.
Therefore, the removal efficiency of MR dye gradually decreased
after 3 h of reaction time.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.9.5.
water often contains a substantial amount of salt, which makes
it more likely to compete with other anions for adsorption sites.
As shown in Fig. S4 (ESIf), the presence of carbonate and
sulphate noticeably affects the removal process, whereas chlor-
ide presence in water does not impact the adsorption process
substantially. The lowest dye removal efficiency is found in
the case of CO,>  ions which infers that CO;*~ is more
competitive compared to other anions. The reason behind this

Effect of co-existing ions. Dye-contaminated waste-

© 2024 The Author(s). Published by the Royal Society of Chemistry

phenomenon can be explained by the alteration in the pH level
of the solution and the tendency of the co-ion to bind with the
active site of the adsorbent material.®**

3.10. Comparison with other studies

In ESI,f Table S2 shows a compilation of literature results
regarding the adsorption of MR using different adsorbents.
While many studies focus on the degradation of MR, it is note-
worthy that our investigation revealed a maximum degradation
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efficiency of 98% using nanocomposites synthesized by the
calcination method, which is associated with the signifi-
cant drawback of lower yields. Considering the limitations of
synthetic catalyst methods, degradation time, and degradation
efficiency, MgAl LDH/Zn-MOF nanocomposites synthesis is a
highly productive and demanding approach.

3.11. Mechanism of MR removal

There are two possible mechanisms for removing MR, and we
will discuss each of them below.

(1) Adsorption is a process that involves the transfer of
electrons between the adsorbent surface and the substance
being adsorbed, resulting in the formation of a bond between
the two.%® The strength of this bond between the adsorbent and
the adsorbate can significantly impact the chemisorption
energy required for the process. The adsorption process is
inherently slow and requires equilibrium to be reached, typi-
cally resulting in a single layer of adsorbate on the surface
of the adsorbent. An efficient adsorbent must exhibit high
adsorption kinetics, resilience to various conditions such as
high pressure and temperature and require minimal mainte-
nance.®” Regarding MR dye, the molecules are adsorbed on the
surface of the adsorbent and diffuse to the inner portion. The
adsorption process depends on various factors, such as bond-
ing type, surface interactions, and adsorbent nature. A variety
of kinetic models, including pseudo-first-order kinetics,
pseudo-second-order kinetics, liquid-film diffusion model,
and intra-particle diffusion model, have been used to evaluate
the mechanistic studies of the adsorption of MR dye on
the surface of the hybrid composite that has been fabricated.
Table S3 (ESIt) presents the values obtained from these kinetic
models, which confirm that the current adsorption mechanism
is chemisorption.®®®°

(2) MR is used as a pH indicator, and it is crucial to
thoroughly examine their reactive and predominant species.
In aqueous solutions, the presence of -COOH and -N—N-
groups leads to a balance between HMR and MR~ species.
Fig. 6(b) shows the Fenton-like reaction of MgAl LDH/Zn-MOF
in an aqueous solution, which generates hydrogen ions. The
adsorption of MR onto the surface of MgAl LDH/Zn-MOF was
observed to cause a remarkable shift of 1,,,, from 431 nm to
538 nm, which can be attributed to the protonation of the dye.
This finding stands as the most significant outcome of the
study, as depicted in Fig. 5(b). The reaction of MgAl LDH/Zn-
MOF with H,0 and/or H" generates hydrogen radicals as shown
in Fig. 6. According to Florence, the reduction of aromatic azo
compounds is a four-electron process that results in the for-
mation of corresponding aromatic amines via an unstable
intermediate, hydrazobenzene (-NH-NH-), which is more labile
than the parent -N—N- compound.’® The multi-electron transfer
oxidation-reduction mechanism (Fig. 6(b)) observed in the MgAl
LDH/Zn-MOF complex is in complete agreement with the pre-
vious findings.”* The azo double bond (-N=N-) was successfully
transformed into -NH,, resulting in a gradual decrease in the
visible absorption peak of MR at 538 nm over time. Throughout
the process, it is worth noting that MgAl LDH/Zn-MOF played a
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crucial dual role. Specifically, it was able to generate hydrogen
radicals while simultaneously transferring these radicals to the
MR via the electron relay effect. Fig. 6(b) mechanism strongly
supports the proposals of Miller et al regarding the catalytic
reduction of water on the surface of a colloidal metal.”” Unfortu-
nately, we did not find any degraded product on the surface of
MgAl LDH/Zn-MOF.

3.12. Results for kinetics and adsorption studies

Various models, including pseudo-first-order kinetics, pseudo-
second-order kinetics, liquid-film diffusion model, and intra-
particle diffusion model, were used to study the adsorption
kinetics and isotherms of MR dye on MgAl LDH/Zn-MOF.
The experimental data were best fitted by the intra-particle
diffusion model, which yielded an impressive R* value of 0.996.
Therefore, it can be confidently concluded that the intra-
particle diffusion model is the most suitable to explain
the adsorption behavior of MR dye on MgAl LDH/Zn-MOF
(Table S3, ESIt). This suggests that the adsorption of MR dye
molecules on the surface of the adsorbent and their diffusion
into the inner pores are facilitated by electron transfer and the
creation of bonding between them.

The fitting of various kinetic models to the adsorption data
is given in Fig. S5 (ESIf). In addition, different adsorption
isotherms (Fig. S6, ESIf), including Langmuir, Freundlich,
and Temkin, were evaluated to describe the adsorption beha-
vior of MR dye on the prepared adsorbent. The Freundlich
isotherm model best fits the experimental data, with an R’
value of 0.957 (Table S4, ESIT) and a higher adsorption capacity
of 254.8 mg g~ ' of MR dye on MgAl LDH/Zn-MOF. The straight
line obtained for the isotherm models indicates that the
adsorption behavior is consistent with monolayer adsorption.

3.13. Thermodynamic study of MR dye adsorption

The adsorption process is known to be dependent on tempera-
ture. In this study, the thermodynamic behavior of the adsorp-
tion of MR dye on MgAl LDH/Zn-MOF was also examined. The
adsorption increased with increasing temperature from 303 K
to 343 K, which was attributed to the increase in the value
of K;. Table S5 (ESIT) presents the values of different thermo-
dynamic parameters obtained from the study. A straight line
was obtained by plotting the graph between Ink; and 1/T,
(Fig. S7a, ESIT). The values of AH® and AS° were deduced from
the slope and intercept of the graph, respectively. It was
concluded that the adsorption of MR dye was an endothermic,
spontaneous process with enhanced randomness. The negative
value of AG® indicated the thermal stability of the adsorption
process. These results demonstrated that temperature played
an essential role in the adsorption process and could be used to
optimize the adsorption efficiency of MgAl LDH/Zn-MOF to
remove MR dye.

3.14. Regeneration performance and magnetic properties of
MgAl LDH/Zn-MOF

In experimental applications, one of the most critical elements
is the adsorbent capacity for reuse. Adsorption-desorption
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experiments were conducted to assess the reusability of MgAl-
LDH/Zn MOF for MR dye removal. It is observed that the
adsorption capacity of MR dye decreased slightly from
95.43% to 81.75% after five adsorption-desorption cycles
(Fig. S7b, ESIY), indicating the adsorbent’s reusability. However,
the lower reduction rate after different cycles was due to incom-
plete desorption of MR dye from the adsorbent surface. Overall,
the MgAI-LDH/Zn MOF exhibited a strong capacity for restora-
tion and can be effectively used again to remove MR dye from
contaminated water.

The observed hysteresis loop characteristics (Fig. S7¢, ESIT)
demonstrate that the MgAl LDH/Zn-MOF exhibits exceptional
magnetic properties and superior recyclability. Notably, the
saturation magnetization rate of the catalyst is approximately
54.26 emu g !, which represents a marked improvement over
conventional heterogeneous catalysts that are difficult to
recycle. The findings of this study suggest that the MgAl
LDH/Zn-MOF is a promising catalyst with significant potential
for industrial applications.

3.15. CO, adsorption capacity of MgAl LDH/Zn-MOF

In ESIt (Fig. S8), a cyclic process of CO, uptake and re-
generation of the MgAl LDH/Zn-MOF is illustrated. The experi-
ment was conducted at 298 K for 1 bar and 40 bar, for four
cycles. The results indicate that the MgAl LDH/Zn-MOF com-
posite exhibits excellent cyclic stability for CO, separation.
It has fast adsorption and desorption kinetics, making it a
promising candidate for removing CO, from gas streams.
The CO, uptake of MgAl LDH/Zn-MOF was 5.89 cm® g~ ' and
129.7 mg g~ ', respectively, at 1 bar and 40 bars. These findings
suggest that this composite can effectively remove CO, from gas
streams due to its reasonably high CO, uptake. Table S6 (ESIt)
summarizes the CO, uptakes of both the adsorbents used in
our study and those found in the literature. Our adsorbent
(MgAl LDH/Zn-MOF) has shown exceptional performance
in CO, adsorption, which is a significant achievement in this
field. This development will pave the way for even more
promising research and advancements in this area.

4. Conclusions

A new photocatalyst has been developed by combining two
materials, Zn-MOF, and MgAl LDH, to form a special structure
called MgAl LDH/Zn-MOF. This new structure effectively
enhances electron and hole separation and promotes hydrogen
evolution reaction under visible light. The light absorption
performance of the Zn-MOF has been significantly enhanced
by the addition of MgAl LDH. This photocatalyst is designed
with a low steady-state fluorescence emission intensity and a
high light-driven photocurrent response, which makes it highly
effective in inhibiting the recombination of electron-hole pairs
and significantly enhancing the photocatalytic hydrogen evolu-
tion reaction. To understand the exact mechanism of dye
removal, various kinetic models and adsorption isotherms were
studied. The results indicated that the intra-particle diffusion
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model and Freundlich isotherm model provided the most
accurate fits to the experimental data, with maximum R values
of 0.996 and 0.957, respectively. These findings demonstrate
that the MgAl LDH/Zn-MOF composite is a promising adsor-
bent for the removal of MR dye from contaminated water.
Additionally, the study evaluated the adsorbent’s capacity for
reuse and showed that it can be employed multiple times with
only a slight reduction in MR dye removal efficiency. The
affinity between MgAl LDH and Zn-MOF shows a considerable
adsorption capacity for carbon dioxide (CO,). This strategic
fusion of MOF architectures within LDH matrices presents a
promising avenue for producing catalytic materials for an array
of applications, such as air or liquid filtration, or medical
applications.
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