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Abstract: The highly crystalline ZnAl Layered Double Hydroxides (ZnAl-NOs- LDHs) are utilized for the
potential transformation into Mixed Metal oxides (MMO) through thermal decomposition and used further for
the photodegradation of phenol to assess the influence of calcination on ZnAl LDHs with enhanced
photoactivity. The structure, composition, and morphological evolution of ZnAl-LDHs to ZnO-based MMO
nanocomposites, which are composed of ZnO and ZnAl:0s, after calcination at different temperatures (400-600
2C), are all thoroughly examined in this work. The final ZnO and ZnAl20s base nanocomposites showed
enhanced photocatalytic activity. The findings demonstrated that calcining ZnAl-LDHs from 400 to 600 °C
increased the specific surface area and also enhanced the interlayer spacing of dos while the transformation of
LDHs into ZnO/ZnAl:Os nanocomposite through calcining the ZnAl-LDH precursor at 600 °C showed
significant photocatalytic properties, leading to complete mineralization of phenol under UV irradiation.
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1. Introduction

Zinc oxide and titanium dioxide (TiO:) base nanomaterials are typical metal oxide
nanostructures that are proven to be important for photocatalytic applications [1,2]. However, ZnO
and TiO: are also broad bandgap metal oxides that can be photoexcited only when exposed to UV
light [3]. Although bandgap narrowing can be accomplished by increasing the top of the valence band
or decreasing the bottom of the conduction band through doping or other methods, remains unsolved
issues, related to the mass transfer of the substrates onto the surface and to high rates of photoexcited
carriers’ recombination. Photocatalysts with large pore volume and surface area are necessary for an
effective alternative and efficient treatment [3][4]. Recently, mixed metal oxides have been widely
reported for their interesting properties that enhance their catalytic activity [5-10]. Mixed metal-
oxide (MMO) photocatalysts, namely heterostructures with two or more metal oxides, can effectively
separate photo-induced electron-hole pairs by properly adjusting the band structures, thereby
extending the lifetime of electrons and holes in comparison to common photocatalysts (such as ZnO
or TiO2). Among the new generation of heterogeneous photocatalysts, mixed metallic oxides
(MMOs), which are developed from layered double hydroxides (LDHs) by controlling the
temperature of thermal decomposition, are regarded as possible alternative photocatalytic material
because of the enhanced light absorption spectrum and better charge separation-transport
capabilities.

The layered double hydroxide (LDHs), also known as anionic clays, are composed of positively
charged brucite-like layers and exchangeable anions with chemical formula generally described as
[M? 1M x(OH)2] A7 x-mH20], where M2 is a divalent metal cation (e.g.,, Mg?, Zn*, Ni*, Ca¥,
etc.), M? is a trivalent cation (e.g., AI*, Fe>, Cr%, etc.), and A" is an exchangeable anion such as COs?,
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NQOs'5, SO+, etc. Due to the variation in metal composition, even ternary or quaternary metal
composition is possible along with high anionic exchange capacity, and anisotropic structure [11-14].
Furthermore, eco-friendly LDHs have a "memory effect" that supports material sustainability, which
is required for dye degradation [15-18] and other photocatalytic processes. It is also well-known
that LDH, upon calcination, undergoes phase transformation to MMO through sequential
dehydration, dehydroxylation, and elimination of interlayer anions, wherein various layers are
stacked one above another in different fashions and thus can obtain different polytypes with random
or ordered stacking [19-21]. Numerous studies have been published where the calcined LDH
structure was employed to remediate heavy metal contamination and showed better effectiveness
than uncalcined LDH [22] [10]. The use of layered double hydroxides (LDHs) as anion immobilization
agents requires knowledge of their stability under the operating conditions in which they are
intended to be used, which is dependent on the M2/M3* ratio used for LDH synthesis and must
always be considered to propose a strategy for increasing photocatalytic efficiency while keeping the
reconstitution mechanism of LDHs in mind for sustainability purposes. The potential class of ZnAl-
NOs-LDHs can be considered for possible application as a photocatalytic agent. Recently, Sudrez-
Quezada et al. reported the impact of calcined ZnAl-LDHs into ZnO/Zn6Al209 and ZnO/ZnAl:O4
heterojunctions by the thermal treatment at 400, 500, 600 and 700 °C and utilized for hydrogen
production by water splitting reaction[23]. E.M. Seftel et al. describe the 93% efficient methyl-orange
photo-oxidation by a ZnAIl-LDH with the cationic ratio of 5 and calcined at 500 °C [24]. A. Elhalil et
al. reported the preparation of ZnO-ZnAlOsmixed phases by calcination of Zn-Al-COs LDH
precursors for the degradation performance of caffeine in aqueous solution [25]. Similar work was
done by Zhang et al. where the RhB photodegradation was conducted to conclude the photocatalytic
activity of calcined ZnAl-LDHs due to the improved crystal structure and the better separation of
photogenerated electron-hole pairs [26]. Abdullah Ahmed et al. reported the transformation of ZnAl-
NOs-LDHs into ZnO phase and ZnAl:Os spinel and found that the crystallinity of the ZnO phase
increased with an increase in calcination temperature (600-1000 °C) so as the photodegradation
behaviour [27]. In summary, the literature describes the effect of calcination temperature range and
metallic cationic ratio (1-5) on photodegradation behaviour for liquid and gas phase pollutants.

Although there have been reports of relatively high conversion efficiency in the literature,
further research is required to determine the temperature range at which ZnAl-LDHs transform into
MMO without undergoing spinal shape morphology, as this is the difficult part of reconstructing
ZnAl-LDHs (> 600 °C). The mixed metal oxides formed by the thermal decomposition of LDHs (<
600 °C) can be regenerated into the original layered structure when they are in contact with water or
an anionic solution. The purpose of this work is to improve our understanding of the activity of
calcined ZnAl-LDH with high crystallinity, which comes from the controlled synthesis of ZnAl-NOs-
LDHs by adjusting the metallic cationic ratio (M?/M?3") and by the choice of intercalated anions (NOs).
The highly crystalline ZnAl-NOs-LDH (2:1) is reported in this work and was further thermally
decomposed up to 400-600°C to achieve MMO for potential photocatalytic material. The relationship
between calcined LDH structure and the corresponding photochemical properties was also explored,
with particular emphasis on the influence of ZnAl-LDH calcined at 600°C on LDH geometry. The
calcination temperature is chosen to allow for the restoration of the LDH structure, making it a
sustainable photocatalysis model. The developed MMO layers from ZnAl-LDHs were utilized to
optimize the photodegradation of phenol used as a model pollutant, which has not yet been
investigated for this class of nanomaterials. Calcinating the ZnAl-LDH will yield nano-dispersed
MMO because the cations in the LDH's brucite-like layers are uniformly distributed. The effectiveness
of calcination in developing MMOs derived from LDH precursors is carefully examined, providing
a reasonable understanding of the utilization of these new classes of photocatalysts.
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2. Materials and Methods
2.1. Synthesis of ZnAl-NOs LDH

The LDHs are provided by Smallmatek, Lda (Aveiro, Portugal) and processed according to their
manufacturing techniques. In brief, 0.5 M Zn(NOs)2-6H20 and 0.25 M Al(NOs)3-9H20 were gently
added to 1.5 M NaNO:s solution under vigorous stirring at room temperature. Adding 2 M NaOH
solution maintained a steady pH (pH = 10 + 0.5) during the process. The production process was
carried out in a custom-made stainless-steel pilot-scale reactor (BTL-Industrias Metalargicas, S.A.,
Oliveira de Azeméis, Portugal) equipped with a PID (proportional-integral-derivative) controller,
which allowed for automatic control and correction of important process parameters (e.g., pH and
temperature), and peristaltic pumps for precise chemical addition. The resulting slurry was rinsed
with deionized water and filtered under decreased pressure before drying using an industrial spray
drier to ensure uniform and fine particles. The powders were then divided into different size fractions
using a vibrating sieve shaker (Retsch, Haan, Germany). The synthesized ZnAl-NOs-LDHs were
subsequently calcined at different temperatures (400 °C, 500 °C, and 600 °C) and designated as LDHs-
400 °C, LDH-500 °C, and LDH-600 °C, respectively.

2.2. Characterization

The morphology and microstructural characteristics of ZnAl-LDH were analyzed using an SEM
(JEOL-IT300 microscope coupled with an EDS detector). The TGA analysis of ZnAl-LDH was
obtained by using TA Instruments (TGA Q5000 IR thermobalance (New Castle, DE, USA)) at a
heating rate of 10 *C/min up to 1000 °C under airflow of (10 mL/min), while DSC analysis was studied
through Mettler DSC30 calorimeter (Columbus, OH, USA) using 10 mg -LDH powder under airflow
of 10 mL/min and up to 600°C. The XRD patterns of calcined and uncalcined LDH coated samples
were recorded by X'Pert High Score diffractometer (Rigaku, Japan) under ambient circumstances
utilizing a cobalt K-a (A=1.54 A) emission source at 10 mA and 30 kV settings. The step size of 0.005°
was modified within a 20 range of 5-110°. Fourier Transformed Infrared Spectroscopy (FTIR) and an
Excalibur Series instrument in the ATR mode were used to analyze the surface functional group and
chemical bonding of the samples in the range of 550 to 4000 cm-1 with a 4cm-1 resolution and 32
scans using a diamond crystal as an Internal Reflective element (IRE).

The photocatalytic activity of the catalyst was measured by irradiating suspensions (loading 1 g
I-1) in the photoreactor with a fluorescent source with Amax = 365 nm (Philips PL-S 9W BLB,
integrated irradiance = 20 W m-2). The photocatalytic activity was calculated as the initial rate of
phenol phototransformation by fitting disappearance curves to an exponential decay. An Oceans
Optics USB2000 spectrophotometer with a cosine-corrected optical fibre probe was used to measure
incident radiant power in the 290-400 nm range. The spectrophotometer was spectroradiometrically
calibrated using a NIST traceable DH-2000 CAL UV-Vis source. The starting phenol concentration is
0.1 mM. Measurements were carried out by using ultrapure water as a solvent (pH in the range 5.5-
7). To evaluate the pollutant adsorption in the material, the reaction mixture was kept in the dark for
0.5 hours with magnetic stirring. To assess reaction progress, 0.8 mL aliquots of the irradiation
solution were sampled at given time intervals using a syringe with a nylon filter (0.45 pum pore size)
to separate the suspended photocatalyst particles. The phenol concentration was determined using
an Agilent Technologies HPLC chromatograph 1200 Series equipped with a diode array detector,
binary gradient high-pressure pump, and an automated sampler. Isocratic elution was performed
using a 20/80 acetonitrile/formic acid aqueous solution (0.05% w/v) with a flow rate of 0.5 ml min-1
and an injection volume of 20 pl. The column utilized was a Kinetex C18 150-2 (150 mm length, 2 mm
LD., 2.6 um core-shell particles, Phenomenex). The detection was carried out at 220 nm.

3. Results and Discussion

The diffractograms of ZnAl-NO:s of different particle sizes practically overlapped and showed
the characteristic reflections peaks of (003), (006), (110), (009), (012) (110) and (113), confirming the
formation of well-ordered ZnAl-LDHs [28]. The XRD patterns of the calcined ZnAl-LDHs material
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exhibit peaks for the ZnO and ZnAl:Os phases. As calcination temperature increases from 400 to 600
°C, ZnO and ZnAlOs particles sharpen and crystallite size increases. The cell unit parameter is
defined as a= 2d110, c= 3doos= 6doos=9doos, and the thermal treatment caused the reduction of the unit
cell parameter with the increase in temperature (up to 500 °C), while further increase transformed
the LDHs in ZnO based MMO. The XRD patterns showed that the LDH have the characteristic peaks
of LDH during thermal treatment from 400°C -500 °C but caused the contraction of basal spacing that
can be attributed to the interlayer water loss, decomposition of the NOs group, indicating by the
lower interlayer thickness of the LDHs [18,20] [21]. The interlayer spacing dos and dos gradually
decreases with the increase of calcination temperature [22]. Calcination at 400 °C causes partial
dehydroxylation of the layers and breakdown of interlayer carbonate anions, while over 500°C leads
to the development of ZnO and ZnAl:Os nanoparticles. As the calcination temperature rises, Zn?*ions
are liberated from the amorphous phase, forming crystalline ZnO nanoparticles doped with Al*. The
peak reflections at (003) planes of layered double hydroxide were studied to measure the basal
spacing and to define full-width half maximum (FWHM) for the measurement of crystallite size (D)
using the Scherrer formula. The cell parameters of ZnAl-LDHs calculated from the XRD pattern are
shown in Table 1.

¢LDHs Zn0O & ZnAl,O,

Intensity (a.u.)

10 20 30 40 50 60 70

Figure 1. XRD patterns of developed and calcined ZnAl-LDH film samples (a) as-prepared; (b) LDH-
400°C (c) LDH-500°C (d) LDH-600°C.

Table 1. Unit-cell parameters of ZnAl-LDHs and Calcined ZnAl-LDHs.

Specimen Lattice parameter Interlayer distance Crystallite size, D / nm
a/nm ¢ /nm  dos/nm  doos / nm dio / nm ’
ZnAl-LDH 0.356 2.71 0.90 19.77 60.322 3.227
LDH-400°C 0.355 2.64 0.88 20.01 60.322 3.147
LDH-500°C 0.355 2.54 0.85 20.12 60.35 3.033

The uncalcined and calcined ZnAl-LDH specimens were further investigated by FT-IR analysis
in attenuated total reflection mode, as shown in Figure 3. The broadband displayed in the range of
3370-3427 cm™ assigned to the OH group stretching and absorption band around, 1627 to 1633 cm!
due to the flexural oscillation peaks of interlayer water molecules [24]. Moreover, the absorption
peaks around 1350 cm! are assigned to the asymmetric stretching bond of intercalated NOs1[25]. The
bonds observed at 655 cm, 751 cm™ and 1202 cm™ are associated with the M-OH stretching. The
absorption peaks between 550 cm™ to 770 cm™ correspond to the lattice vibration of metal-oxygen
bonds (M-O) [29]. Initially, the OH-absorption band receded as the calcination temperature increased.
This was followed by a decrease in the NOs!- absorption peaks, which further indicated the
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degradation of anionic species inside the LDH galleries. However, at 600 °C, it was found that there
were hardly any absorption peaks of anionic species, which induced the structure of LDH
transforming to solely include M-OH and M-O groups (552, 751 cm!).
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Figure 2. ATR FT-IR spectra of virgin and calcined ZnAl-LDH powder, (a) as-prepared; (b) LDH-400

°C (c) LDH-500 °C (d) LDH-600 °C.

Figure 3 demonstrates the generic concept of utilization of MMO derived from LDHs. The
thermal decomposition of ZnAl-LDHs is an indirect construction-reconstruction method in which
the mixed oxide obtained after heat treatment of the corresponding LDH can be brought into contact
with a solution containing the anion of interest for re-assembly. Upon thermal decomposition, the
intensities of the hydroxyl group peaks will decrease, which indicates the loss of the hydroxyl group
in the LDH interlayers. Furthermore, peak intensities of the NOs group are also reduced, which
depicts partial decomposition of the NOs group in the interlayer region, especially within the
temperature limit of 400 °C. These results suggest that LDH structural decomposition eventuates in
two stages: initially, the dehydration of the interlayer water molecules takes place, at around 200°C,
while in a later stage, the decomposition of interlayer anions and dehydroxylation is introduced
(temperature range 400-600°C) (Figure 4). The obtained findings of this concept are well related to

the findings of FT-IR, TGA-DSC, and XRD and with the work done in previous reports [30-32].
ZnAI-NO,-LDH
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Figure 3. Schematic representation of the memory effect induced ZnAl-LDH structural
transformations.
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Figure 4. Thermogravimetric analyses of as-prepared ZnAl-NOs-LDH.

Scanning Electron Microscopy (SEM) was used to investigate the microstructure of uncalcined
and calcined ZnAIl-LDH. Figure 5 shows the different macroscopic morphology at 400 and 600 °C,
compared to as-prepared ZnAl-LDHs. It is clear from Figure 5(a), that initially a well-developed and
distinct nano-platelet-shaped ZnAl-LDH structure is formed which on decomposition the nano-
sheets of LDH structure fused to form a spherical flowered structure at 500°C. ZnO nucleation and
guided crystal formation may occur during the breakdown of ZnAl-LDH precursors by increasing
the calcination temperature to 600°C resulting in the directed development of the ZnO and ZnAl>Os
phase composition with mixed morphology of distorted nano-belts.

Figure 5. SEM images of uncalcined and calcined ZnAl-LDH films: (a) as-prepared; (b) ZnAl-
LDH-400°C; (c) ZnAl-LDH-500°C; (d) ZnAl-LDH-600°C.
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Figure 6 illustrates UV-visible spectra of LDH-600 °C materials specimen where the spectra
show how the band gap absorption edges of LDH-600 °C while the large absorption band below 400
nm progressively emerges, indicating that ZnO-based MMO materials may effectively filter UV light.
This product effectively absorbs both UVB and UVA rays, comparable to the commercial ZnO [26].
Decomposing the ZnAl-LDH precursor yields a composite material with improved UV-blocking
characteristics. The ZnO/ZnAl:Os composite material derived from the ZnAl-LDH precursor has a
monodisperse particle size distribution and ZnAl:O4 particles are evenly distributed in the network
of ZnO nanoparticles due to the direct decomposition of the LDH. This is due to the high dispersion
of the ZnO phase within the amorphous aluminium oxide phase. ZnAl2Os is a versatile material that
can function as a catalyst, dielectric, optical material, and transparent conductor.

Table 2 displays the computed band gaps of the LDH-600 °C, the band gap of ZnO-based MMO
materials reduces, which correlates with a red shift in UV-visible absorption. The band gap of the
ZnO/ZnAl20s MMO produced by calcination at 600 °C is 2.98 eV, which is smaller than that of pure
Zn0O. This might be attributed to the coupling between ZnO and ZnAl2Os in the final composite. ZnO-
based MMO materials may be tailored for optical and semiconductor characteristics by adjusting
their composition and structure through calcination temperature. The ZnAl (2:1) molar ratio is more
systematic for thermal decomposition and the derived MMO is more economical than other
complicated fabrication methods.

! L 1

i (a) —— LDH-600 °C|] (b) — LDH-600°C

Absorbance

‘ T ‘ T :
500 1000 1500 2000 2500 1 2 3 4
wavenumber (nm) Bandgap energy (hv)

Figure 6. (a) Absorbance spectra, (b) Band gap value determined by UV spectroscopy.

Table 2. BET surface and band gap energy value of developed materials.

Photon SeET
energy (m2g1)
(eV)
ZnAl-LDH 5.3 4475
LDH-400°C 49 48.09
LDH-500°C 3.9 51.11
LDH-600°C 2.98 71.86

The photocatalytic activity of the developed samples was evaluated by monitoring the oxidative
photo-transformation of phenol. A comparison between the degradation curves of these materials
(without and with calcination) is shown in Figure 7. Modelling of the experimental data (phenol
concentration as a function of UV/Vis illumination time) was performed using a pseudo-first-order
kinetics model (Langmuir-Hinshelwood model) (Equation (1)):

In(C/Co) = —kt 1)



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 March 2024 d0i:10.20944/preprints202403.0534.v1

where Co is an initial concentration, C represents the concentration at time ¢, and k is the reaction rate
constant. The curves show the C/Co ratio as a function of the irradiation time. The decays of phenol
concentration with time show first-order kinetics for all the samples. This kind of dependence of the
concentration on time occurs when the photo-catalytic process is not controlled by the adsorption of
the substrate. Data in Figure 7 were fitted to an exponential decay and the initial disappearance rates
of phenol were calculated and reported in Table 3. From these results, the photodegradation of
phenol involves two stages, the first is the degradation of phenol to intermediate products, while the
second involves the mineralization of the intermediate compounds to carbon dioxide and water.
(a) (b)
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Figure 7. (a) Phenol photodegradation of developed LDHs, (b) Pseudo-first order kinetics plots.

The rate constant of the catalysts increases with increasing calcination temperature, specifically
between 400 to 600 °C. This is because the higher calcination temperature generates more active sites
and UV light availability, which improves photocatalytic activity. When the calcined materials were
assessed for photocatalytic activity under UV light, it was observed that the degradation of phenol
after 120 minutes of irradiation was higher with the material calcined at 600 °C as compared to the
material without calcination. The photocatalytic process in this reaction can be explained as follows:
it starts when the calcined photocatalyst is exposed to UV light photons (from an artificial source or
sunlight). These photons cause the electrons (e-) in the valence band to become excited, causing them
to rise to the conduction band. When a photon is absorbed in the conduction band (e- CB), a positive
hole is formed in the valence band (h* VB) according to Eq. (1). Excited electrons in the conduction
band (e- CB) react with the photocatalyst, producing super radicals.

As the calcination temperature increases from 400°C to 600°C, the percentage of phenol
abatement also increases from 47% to 80%. The LDH-600°C catalyst is the most effective since it
eliminates 80% of phenol with a normalized degradation rate of 0.001268 (mM.min-1). This is well
correlated with the XRD and TGA measurements where the developed ZnO and ZnAl20s composite
is found to be highly effective for photodegradation. Sensitization of UV and visible light-active
materials has gained popularity in recent years as a means of producing photocatalysts with
narrower band gaps. In this context, the addition of ZnO and ZnAl:O4 groups is an attractive option
for MMOs which can contribute to the oxidation processes because of their redox potential (Eg=2.98
eV) with a larger oxidizing ability than HO* radicals and can be studied further with doping of
various nanomaterials for enhanced photodegradation. To pave the road for effective hybrid
photocatalytic LDH-based materials, research must be done to find more distinctive morphological
structures with increased surface area, superior heterojunction formation, better active sites, and high
reactant adsorption. It is also necessary to investigate unique hybrid architectures that have a
maximum surface area, improved catalytic sites, and high reactant adsorption. Thus, mixed metal
oxides (MMOs) emerge as a new strategy to fully utilize metal oxides as photocatalysts because they
retain their unique pristine properties, while further optimization can be obtained by doping
different nanomaterials (for selective pollutants degradation), allowing the intrinsic catalytic activity
limit to be exceeded in heterostructured MMOs, resulting in higher efficiency.
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Table 3. Constant rate (k) and decomposition rate () of phenol in the presence of ZnAl-LDHs based

nanomaterials.
Removal Pseudo-first order
Efficiency Time Degradation Rate
Material (%) (min) K1 (min-1) R? (mM.min-1)
ZnAl-LDH 20.19 120 0.0033 0.9694 0.000310
LDH-400°C 47.63 120 0.0051 0.9939 0.000471
LDH-500°C 59.17 120 0.0071 0.9951 0.000651
LDH-600°C 80.12 120 0.0136 0.9995 0.001268

4. Conclusion

The calcined ZnAl-LDH structure in this work is found to be highly effective as a photocatalyst,
with thermal treatments of ZnAl-LDHs up to 600 °C. This range is feasible given sustainability and
recyclability as LDHs can be reconstructed without going to spinal shape morphology. The high
crystallinity of synthesized ZnAl-LDHs, due to the feasible M*/M?3* ratio (2:1), is found to be
significant for the optimum transformation of LDHs to MMO. The evolution from ZnAl-LDH to
ZnO/ZnAl20s composite material has a substantial influence on UV-absorbing and semiconductor
properties. Calcination at 500 °C produced a ZnO phase in a nano-platelet-like structure (hydrotalcite
+ MMO). As the temperature increased from 500 °C to 600 °C, ZnAl:Os nanoparticles developed in
the continuous ZnO phase and aggregated between the two phases (ZnO+ ZnAl2Os). When compared
to other calcined ZnAl-LDHs, the composite material containing ZnAl:Os demonstrated higher
photodegradation efficiencies and a photon energy of 2.8 eV. This work highlighted the utilization of
ZnAl-LDHs for the preparation of MMO with relevant photoactivity and sensitization in the violet
region of the visible spectrum.
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