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The accumulation of anthropogenic greenhouse gases (GHGs) in the atmosphere causes global warming.
Global efforts are carried out to prevent temperature overshooting and limit the increase in the Earth's
surface temperature to 1.5 °C. Carbon dioxide and methane are the largest contributors to global
warming. We have synthesized copper—aluminium layered double hydroxide (Cu-Al LDH) catalysts by
urea hydrolysis under microwave (MW) irradiation. The effect of MW power, urea concentration, and M'/
M'" ratios was studied. The physicochemical properties of the prepared LDH catalysts were characterized
by several analysis techniques. The results confirmed the formation of the layered structure with the
intercalation of urea-derived anions. The urea-derived anions enhanced the optical and photocatalytic
properties of the nano Cu—Al LDH in the visible-light region. The photocatalytic activity of the prepared
Cu—Al LDH catalysts was tested for greenhouse gas conversion (CH4, CO,, and H,O) under visible light.
The dynamic gas mixture flow can pass through the reactor at room temperature under atmospheric
pressure. The results show a high conversion percentage for both CO, and CH4. The highest converted
amounts were 7.48 and 1.02 mmol mL™! gt for CH, and CO,, respectively, under the reaction
conditions. The main product was formaldehyde with high selectivity (>99%). The results also show the
stability of the catalysts over several cycles. The current work represents a green chemistry approach for
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1 Introduction

The greenhouse gases (GHGs) are those that absorb infrared
radiation from the atmosphere, consequently trapping the heat
energy that is emitted from the Earth's surface and causing
global warming.® This action results in climate change, that
causes irreversible losses and damage to the environmental and
human systems.> Carbon dioxide (CO,) is the largest contrib-
utor to global warming. According to the Kyoto Protocol,
methane is considered a GHG.? It is a short-lived greenhouse
gas compared with CO,.* It is a potent greenhouse gas. The
anthropogenic accumulation of GHGs in the atmosphere leads
to the global warming phenomenon, where the temperature of
the Earth's surface is higher than that before the industrial era
by ~1.5 °C. To prevent temperature overshooting and to limit
global warming to 1.5 °C, global efforts are carried out in order
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efficient photocatalyst synthesis, visible light utilization, and GHGs' conversion into a valuable product.

to get the CO, net zero emission scenario (NZE), where CO,
emissions decline to zero by 2050.°” The Global Methane
Pledge is targeted to reduce about 30% of anthropogenic
methane emissions by 2030.*° This could be done by using
a clean energy source and supporting the transition to a low-
carbon energy system.” Reduction of the accumulation of
GHGs in the atmosphere could be performed through their
capture and utilization.** Utilizing GHGs to produce fuel is
considered a sustainable fuel production pathway." The main
challenge is to overcome the stability and inertness of both CO,
and CH, and activate them.">™**

Photoreforming is a process where valuable products can be
produced through the redox reaction of an illuminated photo-
catalyst. Thus, it utilizes light energy (solar) to produce fuel or
chemical feedstock.*® This process is considered an eco-friendly
conversion process.'® Photocatalytic partial oxidation of
methane could be done using CO, and/or H,O as soft oxidants.
This process produces C1 platform molecules (such as formal-
dehyde, methanol, and carbon monoxide). Furthermore, higher
hydrocarbons than methane (C2+) could be produced and are
considered value-added products.****

Layered double hydroxide (LDH) or hydrotalcite-like mate-
rials are two-dimensional and classified as anionic clays. It is
composed of positively charged (brucite-like) layers, with its
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anion counterpart located in the interlayer space. The layers
consist of metal cations that are octahedrally surrounded by six
hydroxide ions. The octahedral units form infinite two-
dimensional layers by edge-sharing. A three-dimensional
structure is formed by the stacking of the layers on top of
each other. The positive charge nature of the layer arises from
replacing the M** cation with the M*" cation.'”** The LDH
general formula is [M;_,”"M,*" (OH),J*"(Axn"") - mH,O where
(M>" = Mg>, ca®, zn*,...); (M*" = AI*Y, Cr*, Co*',...), and x is
the molar ratio of M**/(M>" + M*"); 0.2 = x = 0.33." The
counterpart interlayer anion (A"") could be inorganic (e.g,
halides, nitrate, and carbonate) or organic (e.g., polymers,
anionic drugs, and amino acids).'”**** The LDH materials have
many potential applications in many fields, such as catalysis,
adsorption, the chemical industry, and medical applications.*®
Recently, LDH materials have been applied in energy conver-
sion and storage® and renewable energy production.>” It can be
functionalized to be used as a sensor and light-emitting mate-
rial.>® LDH materials are used as photocatalysts for CO, or
methane conversion.?>?*2¢

Due to the structural features of the LDH, which permit the
good distribution of the metals within the layer structure, and
due to the good catalytic properties of copper,” we aimed to
prepare LDH materials containing copper and aluminium (Cu-
Al LDH) to be used as a photocatalyst for GHGs conversion. The
Cu-Al LDH materials are precipitated homogeneously by the
urea hydrolysis process. Urea is considered a precipitating
agent because, when hydrolyzed, it produces hydroxide ions
that raise the pH of the solution, consequently resulting in
metal hydroxide precipitation. Its hydrolysis rate depends
mainly on the temperature.’* We have used microwave (MW)
irradiation as a green source of energy.***° By controlling the
reaction conditions, urea-derived anions can be intercalated
within the LDH structure, which could be considered in situ
surface functionalization.®"** It was reported that the insertion
of heteroatoms (such as nitrogen) within the catalyst structure
enhances its photocatalytic activity."* The main target of this
work is to measure the photocatalytic activity of the homoge-
neously precipitated Cu-Al LDH for the GHGs (CH,, CO,, and
H,0) conversion. To the best of our knowledge, no data have
been reported for the use of homogenously precipitated Cu-Al
LDH materials for this reaction previously (Table S17).

2 Materials and methods
2.1 Materials synthesis

The chemicals used were copper(u) nitrate trihydrate (Cu
(NO3),-3H,0, assay =98 wt%), aluminium nitrate nonahydrate
(Al(NO3)3-9H,0, assay =98 wt%), and urea (assay =99.5 wt%).
All raw materials were purchased from Sigma-Aldrich and used
without any further purification. The water used in this work
was deionized using a WaterPro system (Labconco Co., USA).
In the typical synthesis, a solution of the metal salts (M" =
Cu and M™ = Al) nitrate and urea (U) mixture was suited ina 1 L
three-neck glass flask (synthesis reactor). The total metal (M)
concentration was 0.05 mol L. The M"/M"™ molar ratios and
urea to total metal concentration molar ratios were varied as
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Table 1 Sample abbreviations with corresponding synthesis
conditions
Sample code MW power UM MM
Effect of MW power
C1 180 10 3:1
C2 270 10 3:1
C3 360 10 3:1
Effect of U/M ratio
C4 270 7 3:1
C5 270 5 3:1
Cé6 270 4 3:1
C7 270 3 3:1
Effect of M"/M"™ ratio
C8 270 5 2:1
C9 270 3 2:1
C10 270 5 4:1

indicated in Table 1 and Section S1.f The synthesis reactor
system was illustrated in our previous work.** The mixture was
subjected to different MW irradiation (Table 1) in the domestic
MW oven, operating at a frequency of 2.45 GHz and a maximum
energy of 900 watt; (Daewoo, South Korea) with continuous
stirring by a mechanical stirrer (Stuart, UK). The synthesis
reaction was performed under atmospheric pressure.

The synthesis time was fixed for all the prepared materials at
90 minutes. The temperature of the reaction was maintained at
~95 °C, and the pH of the solution was periodically measured
by a pH meter model pH-213 (Hanna, USA). A bluish-green
precipitate (PPT) was distinguished. The reaction was stopped
immediately after the reaction time by cold water. The formed
PPT was then centrifuged (MPW-352; Poland), washed several
times with deionized water, and dried at 80 °C. The sample
abbreviations and synthesis conditions are listed in Table 1.

2.2 Characterization

The physicochemical properties of the synthesized materials
were characterized by different techniques. The crystallinity and
phase identification were determined using powder X-ray
diffraction (XRD) (X'Pert PRO, PANalytical, Netherlands) by Cu
Ko radiation at 40 kv with a 26 angle range from 4° to 70°, a step
size of 260 = 0.02°, and a scanning step time of 0.4 s. The surface
functional groups were determined by Fourier Transform
infrared (FT-IR) analysis (Nicolet IS 50 FTIR Spectrometer
(Thermo-Fisher, USA)). The elemental analysis was performed
using energy-dispersive spectroscopy (EDS) (Zeiss SmartEDX
detector). The optical properties of the prepared LDH samples
were examined using diffuse reflectance UV/vis spectroscopy
(DR-UV/vis), GBC Cintra-3030UV visible spectrophotometer.
The materials’ photoluminescence (PL) spectra were recorded
by Cary Eclipse Fluorescence Spectrometer equipped with Xe-
lamp (Agilent, USA). The excitation wavelength was 350 nm.
The material morphologies were characterized using a field
emission scanning electron microscope (FE-SEM), Carl Zeiss,
Sigma VP 300 (Germany).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.3 Photocatalytic activity

The ability of the prepared catalysts towards CH,/CO,/H,O
photoconversion under visible light in a dynamic flow system
was tested. The source of visible light is an ozone-free Xenon
arc lamp (150 watt), model OPS A-150 Newport Cooperation.
The working power was 140 watt. In a gas-tight glass vessel
reactor, 50 mg of the catalyst was mixed with 150 mL
of deionized water under stirring. A flow of CH,/CO,
(85:15 vol%) was allowed to pass through the reactor in the
dark for 1 h. Then, the light is turned on while the gas flow
(5 mL min~") is passed. The gas concentration before and after
the reaction was continuously measured by an online natural
gas analyzer (Chromatec Crystal 9000, Russia). The instru-
ment is a gas chromatograph equipped with two thermal
conductivity detectors (TCD) and a flame ionization detector.
The analysis columns used are Hp-1 60, MolSeive, and Car-
boxen 1000. To measure the product formed in the liquid
phase, after the reaction time, the liquid portion was collected
and transferred to the headspace vials. The liquid samples
were heated in the headspace for 1 h, then the liberated gases
were analyzed using headspace gas chromatography-mass
spectroscopy (HS-GC-MS); Chromatec Corporation, Russia.

The light-off experiment was performed under the same
conditions as the reaction but without both light illumination
and catalyst. The gas mixture was continuously fed through the
catalytic reactor, which held 150 mL of deionized water. The
flow rate was 5 mL min~'. The change in gas mixture concen-
trations before and after the reactor was measured.

3 Results and discussion
3.1 pH monitoring

Monitoring the pH variation during the synthesis reaction gives
important information about the hydrolysis process and,
consequently, the formation of the formed phases. Three
different factors are considered during the synthesis of the
materials under investigation: the effect of the MW power, the
effect of urea percentages, and the effect of the M"/M™ ratio
(Table 1). The pH of the material synthesis solution is gradually
raised by the action of the release of OH™ due to urea hydro-
lysis.*® The detailed discussion of pH variation during the
material synthesis reaction is listed in the ESI File in Section
(S2), Fig. (S1-S4), and Tables (S2-S4).1 The formation of PPT
was observed when the pH exceeded the value of 4; its time
depends on the reaction conditions. Thus, for the same reaction
conditions, the PPT is formed earlier at a higher MW power,
higher urea concentration, or high M™ ratio. Very low yield was
noticed for samples C6, C7, and C9, with corresponding final
pH values of 4.22, 4.06, and 3.92, respectively.

3.1.1 XRD analysis. The obtained XRD patterns of the as-
prepared materials are shown in Fig. 1, 2a, S5, and S6.f The
patterns exhibit sharp and symmetrical peaks at low 260 angles,
while broad and less intense peaks appear at higher 26 angles.
The XRD patterns for all as-prepared materials are typical of the
pattern of copper-aluminium hydrotalcite-like material inter-
calated with carbonate anions (PDF file no. 37-0630). No
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individual copper, aluminium oxide, or hydroxide was detected,
indicating the efficiency of the proposed synthesis parameters
to produce pure LDH phases. The patterns were indexed as
a thombohedral crystal system with an R3m space group.**%
Thus, assuming 3R packing of the layers, ikl diffraction plans
(003), (006), and (012) are observed at 26 = 12.6° (£0.1), 25.4°
(£0.1), and 33.7° (£0.1) with the corresponding basal spaces of
7.0 (£0.1), 3.5 (£0.1), and 33.7 (0.1) A, respectively. Based on
the layer thickness postulation of 4.8 A, the interlayer gallery
height can be calculated from the difference between the layer
thickness and the d(,o3) spacing. The obtained interlayer gallery
height was 2.2 (40.1) A, is suitable for carbonate intercalation
and/or oriented anions.?*3%37%%

The lattice parameters (a) and (C) for the LDH crystal
structure are determined from d(o,1) and d(o3), respectively. The
(a) parameter corresponds to the cation-cation average distance
within the brucite-like layer, thus a = 2d(;10)."** The plane (011)
is the first peak of the doublet that appeared at 26 ~ 60° and is
characterized by a weak and broad peak. The (a) parameter
depends mainly on the effective ionic radius of Cu®" (0.74 A) and
AP** (0.54 A) and ionic charge. Increasing aluminium content
causes a decrease in (a) due to the increasing layer charge
density.*” The weakening of the (110) plane is due to the pres-
ence of transition metal (Cu®"), that disrupts the octahedral
cation coordination and, consequently, leads to poor long-range
ordering (known as the Jahn-Teller distortion effect).>”** It was
observed that the intensity of the (110) plan decreased as the
urea content decreased (Fig. 1), reflecting the role of urea
percentage on the cation ordering within the layered structure.
Furthermore, the (@) value decreases as the urea concentration
increases, in agreement with that reported previously.* This
could be explained as follows: at the same synthesis reaction
condition, increasing urea content results in a high hydrolysis
rate, and further metal precipitation gives rise to the high LDH
yield rate under the MW power, as indicated from the pH curves
in Fig. S2 and Table S3.f The C parameter is the distance cor-
responding to one brucite and one interlayer distance. It could
be calculated from the d-spacing of the (003) plane, where C =
3d(p0s) is directly affected by the interlayer anion size, orienta-
tion, the electrostatic charge between the negatively charged
anion and the positively charged layers, and the degree of
interlayer hydration.>”**

The previously obtained results were considered for LDH
phase (I) because another LDH phase (II) was detected in all the
as-prepared materials at lower 26 close to 9.9, 19.9°, and 31.9°,
corresponding to (003), (006), and (012) plans with d spaces of
close to 8.8, and 2.8 A. The LDH phase (II) is in agreement with
that reported previously,**® and the presence of two LDH
phases was reported by Peng and co-workers for the Cu-Al LDH
prepared using the urea hydrolysis method (Table 2).** The
intensity of this phase varies according to the reaction condi-
tions. The interlayer gallery heights are close to 4.1 A, which
could be due to the intercalation of larger-dimensional anions
such as urea-derived anions.””** The intensity of LDH phase (II)
relative to LDH phase (I) is increases as the urea percent
decreases and as the Al percent increases (Table 2, Fig. 1 and
2a). For samples prepared at different MW powers, the gallery

RSC Adv, 2023, 13, 33541-33558 | 33543
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Fig. 1 Effect of varying urea concentration on the LDH phases of the prepared samples.

height of phase II increases as the MW power increases of large amounts of the produced anions within the layers. This
(Fig. S6T). This could be attributed to the increasing MW power observation is in agreement with that observed in the plateau
that accelerated the urea hydrolysis and permitted the insertion region (v) in the pH monitoring curve (Fig. S17).
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Fig. 2 (a) XRD patterns and (b) FTIR spectra of materials prepared with different M"/M"' ratios.

Table 2 Detected LDH phases and Lattice parameters of the LDH samples

1350

850 350

Phase I Phase II
Gallery Gallery Phase (II)/phase (I)

Sample d(0o3) (A) a (4) C (4) height (A) d(oo03) (A) C (A) height (A) (count%)
Effect of MW power
C1 7.072 3.048 21.215 2.272 8.274 24.823 3.474 11.393
C2 7.018 3.050 21.054 2.218 8.805 26.414 4.005 17.556
C3 7.018 3.047 21.055 2.218 8.889 26.667 4.089 12.194
Effect of U/M ratio
C2 7.018 3.050 21.054 2.218 8.805 26.414 4.005 17.556
Cc4 7.009 3.078 21.028 2.209 8.879 26.638 4.079 28.748
C5 7.024 3.087 21.071 2.224 8.985 26.955 4.185 41.595
C6 6.950 3.109 20.851 2.150 8.892 26.677 4.092 51.533
Cc7 6.974 3.109 20.921 2.174 8.926 26.779 4.126 69.847
Effect of M"/M™ ratio
C9 6.955 — 20.865 2.155 8.904 26.712 4.104 73.698
C8 6.979 3.053 20.938 2.179 8.823 26.470 4.023 84.228
C5 7.024 3.087 21.071 2.224 8.985 26.955 4.185 41.595

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Sample C9 was prepared under low a U/M = 3 percent and
a low M"/MIII = 2 ratio (Table 1). The corresponding C9 XRD
pattern did not exhibit a peak at 20 ~ 60°, so its lattice
parameter (@) could not be calculated (Table 2). In this regard,
samples C6, C7, and C9 will not be considered for further
investigation because of their very low ppt yield as indicated by
the pH change curves (Fig. S2 and S47t) and the low intensity of
the resulting LDH phases (Fig. 1 and S5t).

3.1.2 FTIR analysis. The FTIR spectra of the prepared
samples are shown in Fig. 2b, S7, and S8.f The LDH lattice
characteristic vibration is observed at ~424 cm ™" which corre-
sponds to the O-M-O stretching vibration within the layers.****
This band is shifted to a higher wave number as the aluminium
content increases to reach 456 cm™ ", attributed to the [AlOg]*~
condensed group. Furthermore, the absorption band at
~790 em™" related to AI-OH translation and shifted to a lower
frequency as the copper content increased (Fig. 2b).*"*

A broad and intense vibrational band in the region between
3000 and 4000 cm™' is attributed to the hydrogen-bonded
hydroxyl groups in the brucite-like layers with interlayer water
molecules.’”* It is characterized by two maxima with nearly the
same intensities at ~3540 em™' and ~3440 cm™'. As the
aluminium content increased, only one maximum was distin-
guished at ~3455 cm ™" and became broader (Fig. 2b). This may
suggest that the interaction between the layers, interlayer
anions, and water molecules increases as the aluminium
concentration increases.* No isolated bands in this region are
observed that are characteristics of copper hydroxide or
aluminium hydroxide. This indicates that all hydroxyl groups
are involved in the hydrogen bonding and confirms the results
from the XRD for the purity of the material's LDH structure. The
interlayer bending mode appears at ~1620 cm ™ *.3%%

The asymmetric stretching vibrational »; mode for interlayer
mono-dentate carbonate has appeared at the absorption band
~1383 cm~'. The splitting of this peak, observed at
~1350 cm ™', could be attributed to the lowering of the
symmetry of carbonate anions. This indicates the different
intercalation modes of bi-dentate carbonate. Another split
shoulder is detected at ~1410 cm™', and it becomes more
distinguished as the copper content increases. This band could
be related to the »; mode of interlayer-free carbonate anions.*"*°
The carbonate »; mode is detected as a small band at
~1045 cm ™. This vibrational mode is IR inactive; however, the
existence of the carbonate anions in the interlayer structure is
affected by the electrostatic interaction with the positively
charged layers and interlayer water molecules. This leads to the
lowering of its symmetry; consequently, this mode becomes an
IR active.**¥”*> The absorption band at ~880 cm ™ is assigned to
v, carbonate deformation mode.** The small absorption bands
at 2300 to 2480 cm ™' could be due to the physically adsorbed
CO, on different surface-accessible sites.

The absorption band that appeared at ~2198 cm ™' could be
attributed to the intercalated n-bonded isocyanate group.>***
This band decreased as the copper content decreased (Fig. 2b).
This reflects the role of metal type in the urea hydrolysis reac-
tion rate and, consequently, the type of the produced urea-
derived anion. The very small shoulders at ~2131 and
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2090 cm ™' could be an indication of the different intercalated
modes of the isocyanate groups.”»** The small band at
~630 cm~ " could be due to the bending vibration of NCO.?**
This band is not distinguished in LDH samples with high
aluminium content. The sharp and small band at ~512 cm ™ is
found to increase with copper content (Fig. 2b), which may be
due to the bending vibration of the C-N bond.** By comparing
the results from the IR spectra and XRD patterns of samples
prepared at different M"/M"™ ratios (Fig. 2a and b; in the shaded
region under the arrows), it was observed that the intensity of
the absorption band related to the isocyanate group (at
~2198 cm ™) is directly proportional to the intensity of the XRD
peak at 20~ 12.6° (d ~7.0 A). As the isocyanate IR absorption
band increases, the intensity of the diffraction peak at 26 ~
12.6° increases. According to the reference material data (PDF
file no. 37-0630), this d spacing is for the presence of interca-
lated carbonate anions. From the above results, it could be
concluded that the d spacing (~7.0 A) of the prepared Cu-Al
LDH materials is suitable for the intercalation of carbonate
anion and oriented isocyanate groups. The intercalated anions
in the interlayer space could be oriented in order to maximize
the interaction with the positively charged layers.*®

The appearance of shoulders at ~2900 and 2830 cm ™" may
indicate the hydrogen-bonded bridging water molecule with
carbonate and NH vibration.”” The small shoulder that
appeared at ~1666 cm ™' could be assigned to the C=0 group in
the amide group (-CO-NH-).**%**° The presence of NHCOO-
species is supported by the small vibrational band at
~1764 cm ™. This band becomes sharper and more intense as
the copper content increases.’®* In addition, the band
maximum is at ~3444 cm ™" and shifts to a higher wavenumber
as the Cu content increases.®** This could be assigned to the
hydrogen-bonded stretching NH groups. These results are in
agreement with the XRD data. Thus, the intercalation of bi-
dentate carbonate anions and oriented isocyanate species
inside the layered structure could be responsible for the dyg3
spacing of 7.0 (0.1) A. Moreover, the dgo; spacing of ~9.9 A
could be suitable for the intercalation of bigger urea-derived
anions.*

The EDX analysis also confirmed the presence of nitrogen-
containing groups. Fig. (S9) and Table (S5)f represent the
EDX analysis and elemental atom percent results of sample C4.
This is in agreement with the pH change observation, XRD, and
FTIR data. The results confirm the theoretical metals
percentage ratio (Cu: Al = 3:1).

3.1.3 DR UV-vis analysis. The photocatalytic activity
depends on the optical properties of the catalysts.®® Based on
the diffuse reflectance results, the Kubelka-Munk (K-M) func-
tion F(R.) can be calculated with the absorbance equivalence
spectrum:**

K (1-R.)’

FRe)= o= —Fp—=« (1)
where, K and S are the absorbance and scattering (K-M) coef-
ficients, R.. is the reflectance R of an infinitely thick specimen
Rsample

Re =

= , and o is the absorption coefficient.
Rstanderd

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 DR UV-vis spectra for samples prepared at different M'/M"
ratios.

The characteristics of the DR UV-vis spectra analysis of the
prepared Cu-Al LDH materials are represented in Fig. 3 and
S10,T where a plot of Kubelka-Munk (K-M) function F(R«) vs.
the wavelength is shown. The spectra indicate the presence of
three absorption edges in the regions 200-250 (I), 250-400 (II),
and 600-800 nm (III) as follows:

1- In region I, absorption edges ~233 nm (intense peak), its
intensity increases as the MW power increases; decreases with

Table 3 The Cu—Al LDH calculated energy band gap

View Article Online

RSC Advances

aluminum content; and is slightly affected by the change in
urea concentration. This band has not been detected previously
in typical Cu-Al-LDH materials.*” This band could be due to the
type of intercalated anion that contains a nitrogen group, where
the presence of nitrogen in the catalyst structure enhances its
optical properties.®%”

2- Region II is a broad shoulder with an absorption edge of
~275 nm, whose intensity decreases with increasing MW
power. It becomes more distinct with increasing copper content
and is slightly shifted to a lower wavelength with increasing
urea concentration. This band may be due to the 0>~ — Cu®~
ligand-to-metal charge transfer transition.?”*>%%

3- Region III, a very broad peak at ~730 nm, has an intensity
that decreases with increasing MW power and increasing urea
concentration. This band could be attributed to the d-d transi-
tion *Eg(D) — >T,4(D) of the Cu®*(d”) distorted octahedron due
to the Jahn-Teller effect.’”*>** Regarding the M"/M™ ratio, the
band gap is decreasing with increasing Cu (d°) content. This
indicates a decrease in the d-d transition energy barrier.*

The energy band gap (E;) was calculated using the Tauc
method®”**” (Section S37).

Multiple band gaps have been observed in the plot of the (K-
M) function with the photon energy, with the main band gap (I)
at ~3.0, band gap (II) at ~1.2, and band gap (III) at ~4.00 (eV);
Fig. (S11-S13).1 The fit of their values to the Tauc model is listed
in Table 3. The multi-band gaps were reported
previously.>»7>7?

The DR UV-vis results demonstrate that the Cu-Al LDH
materials could be regarded as visible light photocatalysts®
when compared with the results reported previously.” Addi-
tionally, it might have potential uses as semiconductors in
photosystems (like solar cells) or photochemistry.**

3.1.4 Photoluminescence analysis. Photoluminescence
analysis is a non-destructive and highly sensitive technique
used to indicate the material's structural characteristics
through the determination of its surface active sites. It may give

Band (I) Band (I1)

Band (ITI)

Fit to (o hw)"/"

Fit to (o iw)"/" Fit to (o w)"/"

Material ~ Extrapolated E, (V) n=2 n=1/2  Extrapolated E;(eV) n=2 n=1/2 Extrapolated £, (eV) n=2 n=1/2
Effect of MW power

C1 2.7 2.9 3.3 1.2 1.2 1.4 4.2 4.4 4.75
C2 3.1 3.2 3.5 1.2 1.3 1.5 4.15 4.3 4.6
C3 2.6 2.9 3.1 1.1 1.2 1.4 4.5 4.6 4.9
Effect of urea concentration

C2 3.1 3.2 3.5 1.2 1.3 1.5 4.15 4.3 4.6
C4 3 3.1 3.3 1.1 1.2 1.3 3.35 3.7 4.3
C5 3.1 3.15 3.4 1.05 1.1 1.3 3.3 4.7 4.4
Effect of M"/M™ ratio

C8 3.2 3.2 3.7 1.2 1.2 1.4 4.4 4.5 4.7
C5 3.1 3.15 3.4 1.05 1.1 1.3 3.3 4.7 4.4
C10 2.9 2.95 3.2 1.05 1.1 1.3 3.3 3.6 4.4
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information about the nano-sized semiconductors’ surface
charge carriers, surface defects, and oxygen vacancies. In
addition, the PL emission is directly related to the free carriers’
recombination rate and, consequently, the efficiency of the
photocatalytic process.””® To the best of our knowledge, there
is no available data considering the PL analysis of Cu-Al LDH
prepared by urea hydrolysis.

Fig. 4 shows the photoluminescence spectra of the prepared
samples when excited at 350 nm. All samples exhibit four PL
emission peaks in the visible region. Fig. 4a shows the detailed
peaks taken from sample C3 as an example. The detected peaks
were at ~426 (small and broad peak), 483 (small shoulder), 499
(sharp and intense peak), and 520 nm (small and broad peak).
The main cause of this activity is the presence of surface defects
and surface-trapped charge carriers (excitons).”” This emission
could be attributed to the charge-transfer transition of the
electrons trapped in the oxygen vacancies that are considered
photo-induced electron-hole (e -H") recombination centres.”
The most intense peak at 499 nm may be a result of emission

generated by localized surface-trapped charge carriers
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recombination.” These results reveal the presence of multiple
energy levels responsible for Cu-Al LDH materials lumines-
cence activity.** The results also confirmed the data obtained
from the DR-UV/vis analysis.

The lower PL intensity is an indication of longer charge
separation and, consequently, a lower recombination rate of
photogenerated electrons and holes that are formed during the
excitation process.*»® Gevers and co-workers have demon-
strated that there are several reasons for the LDH luminescence
emission broadening, such as:*

- Surface defects result from layer stacking disorder, edges
and surface sites, oxygen, and cation vacancies.

- The unique LDH structure permits excitons to be generated
within the interlayer and interlayer formations.

- Excitons that are stabilized by the AI** cation islands within
the layers.

- The presence of interlayer anions assists the holes’ stabi-
lization, resulting in lowering the emission energy. This may
cause the PL peak to broaden.
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Fig. 4 Photoluminescence spectra of (a) sample C3, (b) samples prepared at different MW power, (c) samples prepared at different urea

concentrations, and (d) samples prepared at different M"/M"" ratios.
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The insertion of nitrogen-containing groups (resulting from
urea degradation or intercalated amino groups) may maximize
the hole stabilization process, thus enhancing the LDH optical,
as reported previously.”®*** Regarding the effect of urea
concentration (Fig. 4c), the C4 sample, with U/M = 7, represents
the lowest intensity of the main peak (at ~499 nm). The M"/M™
ratio variation (Fig. 4d) revealed that C5, with M"/M™ = 3, had
the lowest intensity. This observation is in agreement with that
reported previously.?” For the samples prepared at different MW
power, power at 270 and 360 watt (C2 and C3) shows a compa-
rable intensity (Fig. 4b).

3.1.5 FE-SEM analysis. The morphology of the prepared
Cu-Al LDH materials was examined by FE-SEM. The images
reveal the presence of nanoparticles; their size depends on the
synthesis conditions. The morphology of the prepared Cu-Al
LDH materials was examined by FE-SEM. The images reveal the
presence of nanoparticles; their size depends on the synthesis
conditions. Regarding the Cu-Al LDH that was prepared under
different MII/MIII ratios, C8 with high aluminium content
exhibits spherical aggregates with the lowest particle size (~6-
30 m) (Fig. 5a). It was observed that, as the copper content
increases, the particle size increases, forming sheet-like parti-
cles of large size (Fig. 5C). Increasing the urea content slightly

| , Mag= 15000KX

Mag= 30.00KX

View Article Online

RSC Advances

increases the average particle size (~40-100 nm) (Fig. S147),
while increasing the MW power decreases the average particle
size (~30-100 nm) (Fig. S157).

3.1.6 Photocatalytic activity. We examined the ability of the
prepared Cu-Al LDH photocatalysts to convert GHGs (CH,, CO,,
and H,0) under visible light into valuable products. The reac-
tion is performed in a glass reactor via a dynamic gas flow
system at room temperature and under atmospheric pressure.
Fig. (6) illustrates the variation of CH, and CO, conversion
percent during the photochemical reaction using the prepared
Cu-Al LDH catalysts. The lowest conversion percentages were
~28.5 and ~11.5 for CH, and CO,, respectively.

Fig. S161 represents the comparison between the conversion
percentages of CH, and CO, for all the catalysts prepared at
different conditions, respectively. It is obvious that, although
both CH, and CO, are converted to some extent, both gases
interact differently with the catalyst surface along the reaction
time.

Fig. 7, S17, and S187 illustrate the cumulative converted
amounts of both CH, and CO, over time under the reaction
conditions as well as the selectivity of formaldehyde produc-
tion. The remaining sample fractions were caused by the
synthesis of more highly oxygenated hydrocarbons, and the

lmo nm , Mag= 100.00K X EHT= 2.00kV Signal A = inLens

Fig. 5 FE-SEM images for (a) C8, (b) C5, and (c) C10 Cu—Al LDH materials that are prepared at different M"/M" ratios.
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Fig. 6 Variation of CH,4 and CO, conversion percent under the photo reaction conditions using the Cu—Al LDH catalysts.

formaldehyde selectivity was greater than 99%. It was observed mL™' g™') and CO, (1.02 mmol mL™" g~'); however, the selec-

that, regarding the samples prepared at different MW power,
the C2 sample converted a higher amount of CH, (7.47 mmol

33550 | RSC Adv,, 2023, 13, 33541-33558

Compared

to

tivity for formaldehyde is higher with the C3 sample (Fig. 6).

samples prepared at different urea

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06190f

Open Access Article. Published on 16 November 2023. Downloaded on 2/13/2026 2:53:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances

14
:“ 12
E C2
E §
H
Z os
E
2 06 C3
@
Z 04 C1
S
~'02
>
e

0

0 20 40 60 80 100 120 140 160 180

Time (min)

Paper

9
T os
= C2
—
E 7
z s C3
g Cl1
=
2
-
~
> 3
g
¢ 2
o
o o]
O 1

0

o 20 40 60 80 100 120 140 160 180

Time (min)
99.78

b3
2

Formaldehyde Selectivity %
3
2

2
&

C1 2

(&

Fig.7 Accumulative converted amounts of CH4 and CO, with time and corresponding formaldehyde selectivity% using the Cu—Al LDH catalysts

prepared at different MW power.

concentrations, the C2 sample with a higher urea ratio was
observed to convert a higher amount of CH, and CO,, Fig. S15.F
For samples prepared at different M"/M™ ratios, sample C5,
with M"/M™ = 3:1 represents the highest conversion activity
and the highest formaldehyde selectivity percent (Fig. S167).

We selected sample C4 to study the effect of increasing the
catalyst dose and the effect of cycling under repeated light on/
off. Fig. 8 shows the variation of CH, and CO, conversion%
with the catalyst dose (0.05, 0.1, and 0.5 g catalyst). The data
shows that the higher dosage results in a low conversion rate.
The behaviour of methane conversion is different at a low
catalyst dose (0.05 g). For higher catalyst doses (>0.05 g), the
conversion starts with a low percentage, increases with time,
and decreases again. In addition, the selectivity percentage of
formaldehyde was higher with the low catalyst dose of 0.05 g
than with the higher doses of 0.1 and 0.5 g (Fig. S197).
Increasing the catalyst dose will result in particles crowding in
the solution; thus, it could suffer from the light shielding effect.
In this case, the particles cannot absorb light, resulting in less
conversion and less selectivity. This behaviour indicates the
essential role of the catalyst in the conversion process.*®

It was reported that the high H,0/CO, ratio could lead to the
formation of products such as formaldehyde, methanol, or
formic acid in the liquid phase.** Furthermore, regarding CH,
photoconversion, Wei et al. found that increasing water could
be considered an effective strategy to enhance formaldehyde
selectivity.” The high amount of water promotes catalyst

© 2023 The Author(s). Published by the Royal Society of Chemistry

dilution and enhances light absorption.*®** Moreover, the
presence of the formed formaldehyde molecules on the catalyst
surface will increase their chance of being oxidized to form CO,.
However, the excessive water amount assists the formaldehyde
desorption from the catalyst surface, consequently suppressing
its oxidation.*®*> The detection of formaldehyde as a product is
affected by its adsorption strength on the catalyst surface. If it is
strongly bound to the surface, it is hard to detect.”

We tested the change in concentration of the gas mixture in
the dark, where the gas flowed through the reactor system at the
same conditions as the reaction but without using both light
illumination and a catalyst (Fig. S207). A small variation in the
gas concentration is observed compared with the initial gas
concentration value (before the catalytic reactor). This variation
may be attributed to the diffusivity of both CH, and CO, in
water.”*

The durability of the Cu-Al LDH catalyst is shown in Fig. (9).
Before each cycle, the light is turned off, and the gas flow is
passed through the system in the dark for about 1 h before the
light is turned on again. The conversion rate is enhanced after
the first cycle. The minimum conversion percentage for both
CH, and CO, is nearly constant in the repeated cycles. This
behaviour could be related to the slow recombination rate of
photogenerated electrons and holes during the excitation
process by the incident light, as confirmed by the PL results.
These results reflect the stability of Cu-Al LDH as the preferred
photocatalyst for GHGs conversion. In addition, the presence of

RSC Adv, 2023, 13, 33541-33558 | 33551
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conditions.

water molecules could play an important role in activating the
active sites, preventing coke formation on the catalyst surface,
and increasing the stability of the catalyst over time.*>™*”
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3.1.6.1 Reaction mechanism. On the excitation of LDH by
visible light, photons are absorbed with energy near the LDH
band gap. The proposed reaction mechanism is illustrated in
Scheme 1. The holes (h") and photon-generated electrons (e”)
are produced as a result of the movement of the excited elec-
trons from the valence band to the conduction band.”™

LDH + hv — h™ + ¢~ (4)

The O atoms in the hydroxyl group function as the focal
point of photogenerated holes in the LDH photocatalysts
(formed in the (003) phase surface (*)). The holes facilitate the
oxidation of water molecules that are hydrogen bonded to the
hydroxyl groups of the layers.*

H,O+* > *OH+ H" + ¢~ (5)
*OH + HzO - *H202+ HJr +e (6)
*H,0, — *OOH + H' + ¢~ (7)

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06190f

Open Access Article. Published on 16 November 2023. Downloaded on 2/13/2026 2:53:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Paper

View Article Online

RSC Advances

[

Scheme 1 Proposed reaction mechanism of photoreforming greenhouse gases by Cu—Al LDH under visible light illumination.

*O0H — *+ O, +H" + ¢ (8)

The main product in this work was formaldehyde (as ob-
tained from the GC-MS analysis), which could be formed as
a result of CO, and CH, conversion. The mechanism of the
reaction is uncertain; however, it could be as follows:

a- During CO, reduction, CO, is first introduced to water in
the dark before light illumination, thus forming the carbonic
acid specie. Then, upon illumination, CO, could be reduced to
formaldehyde:™

(Dark) CO,+ H,O — HCO;~ + H* 9)
(Light) HCO;™ + 2H" + 2¢~ — HCO, + H,0 (10)
CO, +e— — "COy” (11)

“CO,” + H,0—HCO; + OH™ (12)

HCO; +e¢” —HCO,"~ (13)

HCO, +2H* +2¢~ — HCHO + OH™ (14)

b- During methane oxidation, methane is not soluble in
water,”® so it is not affected by the surrounding water in the
dark. The mechanism could be predicted as follows:

e The superoxide ("O,) that is generated from the absorption
of the photogenerated electron by the oxygen on the layer's
surface subsequently forms the HOO* radical (eqn (7)), then the
hydroxyl radical (OH'). Furthermore, the OH" radical can be
produced from the reaction of photogenerated holes with water
molecules. The presence of such species (*OH or *O,”) could

© 2023 The Author(s). Published by the Royal Society of Chemistry

accelerate CH, activation by breaking the ‘C-H bond and
forming the CH; radical.®***'* It was stated that, due to the low
reactivity of methane, the mobile OH" radicals could be more
favourable for CH, activation than the trapped radicals in the
photogenerated holes.®® The produced ‘CH; could be stabilized
by the presence of nitrogen-containing groups on the catalyst
surface.'**

e The OH radical, considered an active oxidant, reacts with
'CH; once formed, and one of the products may be
formaldehyde.'*>*** It could be produced through the formation
of the methoxy group (-OCHj3) which is further oxidized by the
active O~ species to methanediol (HOCH,OH), then dehydrated
to formaldehyde (HCHO).3#20105:106

e The 'CH; radicals could be the source of the coupling
products where higher hydrocarbons may be formed.**

In this work, a small amount of carbon monoxide (CO) was
detected in the gas phase by GC-MS. This is in agreement with
that reported previously, where the presence of excess water has
a positive impact on the reduction of CO, to CO.'” No formic
acid or methanol was detected during the photoreaction in the
gas or liquid phases. Moreover, higher hydrocarbon oxygenates
such as ethanediol, glycolaldehyde, and acetaldehyde have been
detected as small products in the liquid phase by GC-MS. This
confirms the presence of a coupling reaction and may suggest
the glyoxal mechanism, where the CHO radicle could be formed
during the photo-excitation process.”

The introduction of nitrogen-containing groups within the
catalyst structure increases its photocatalytic activity.’**"'° The
presence of urea-derived anions in the prepared Cu-Al LDH is
believed to assist in the stabilization of the CO, within the Cu-
Al LDH structure. Thus, it allows a higher chance for conversion

RSC Adv, 2023, 13, 33541-33558 | 33553
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reaction during the catalyst excitation through the formed
active species (trapped electrons and formed hole) (PL
discussion)."**

To the best of our knowledge, the conversion of GHGs (CH,,
CO,, and H,0) using Cu-Al LDH papered by a homogenous
precipitation process was not reported previously. Also, this
work represents the direct formation of formaldehyde with high
selectivity using Cu-Al LDH without using a scavenger
substance under normal temperature and pressure conditions,
which has not been reported previously. It is worth noting that
the photoconversion of GHGs to fuel without using sacrificial
scavengers is considered an approach to “green chem-
istry”.*>'%12 Table 4 illustrates the previously reported date for
using the LDH photocatalyst in CO, and/or CH, conversion in
comparison with the current work.

Industrially, formaldehyde is a value-added product. It has
many potential applications, such as being the raw material for
the synthesis of oxymethylene ether (OME) compounds (used
for combustion fuels), fuel additives, or alternative liquid fuels.
Also, it can be used as a liquid organic hydrogen carrier (LOHC)
in hydrogen fuel cells."**"*** In this work, GHGs are converted to
value-added products by utilizing visible light energy (as a green
chemistry approach) using a low-cost, environmentally friendly
photocatalyst.

4 Conclusion

Anthropogenic activity results in the accumulation of GHGs in
the atmosphere, consequently causing global warming
phenomena that have a detrimental effect on the environment
and health systems. Utilization of GHGs (especially CO,, CH,,
and H,0) to produce value-added material is considered a way
to reduce their accumulation in the atmosphere. In this work,
we aimed to convert these gases using a photo-efficient catalyst
under visible light.

Due to their distinctive structural characteristics, layered
double hydroxide (LDH) materials have inspired us. So, we have
successfully homogenously precipitated Cu-Al LDH by urea
hydrolysis under MW irradiation. The effects of MW power,
urea concentration, and aluminium content percent were
studied. Controlling the reaction conditions allows the inter-
calation of the urea-derived anions within the layer structure.
These nitrogen-containing anions enhanced the optical prop-
erties of the prepared nano Cu-Al LDH materials.

This work illustrates, for the first time, the use of Cu-Al LDH
intercalated urea-derived anions for the direct production of
formaldehyde with high selectivity (>99%) from the GHGs. No
sacrificial scavenger material was used in this work. The reac-
tion was performed under visible light, at room temperature,
and under atmospheric pressure. The highest activity was for
material prepared at U/M = 10, MW = 270 wt, and M"/M"" = 3 :
1. Under the reaction conditions, the converted amounts were
7.48 and 1.02 mmol mL ™" g~ for CH4 and CO,, respectively.
The presence of excess water enhances the stability and dura-
bility of the LDH catalysts over several reaction cycles.
Increasing the LDH catalyst dosage resulted in a decrease in
conversion percent and formaldehyde selectivity. Thus, this

© 2023 The Author(s). Published by the Royal Society of Chemistry
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work provides a green chemistry approach to utilizing visible
light energy, GHGs, and low-cost environmentally friendly
photocatalysts to produce valuable products.
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