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Abstract

Metal Organic Frameworks (MOFs) with two-dimensional (2D) nanosheet morphology possess unique surface
characteristics, making them highly favourable for photocatalytic applications. This study synthesised Cu?*-based MOF
nanosheets using a modified three-layer method. This approach is relatively simple, energy-efficient, and qualifies as
a green synthesis method. The MOFs were prepared from copper(II) nitrate trihydrate (Cu(NO3), -3H,0) as the metal
precursor and 1,4-benzenedicarboxylic acid (H,BDC) as the organic linker, aiming to evaluate their photocatalytic
activity for methylene blue degradation. The resulting Cu-BDC nanosheets displayed characteristic FTIR absorption
bands at 1501 and 1547 cm™ corresponding to symmetric and asymmetric C=0 stretching, 1394 cm™ for C-O
stretching, and peaks at 751 and 569 cm™ associated with Cu—O vibrations. The XRD analysis revealed four sharp
peaks at 20 values of 8.2°, 10.2°, 16.1°, and 34.1°, indicating good crystallinity with a calculated crystallite size of 22.03
nm, and the bandgap energy is 3.89 eV. Cu-BDC nanosheets exhibit a thin sheet morphology with elemental
compositions of carbon 73.08%, oxygen 11.19%, and copper 15.73%. Cu-BDC nanosheets exhibit optimal degradation
activity at pH 13, with an optimal catalyst dose of 5 mg and an initial dye concentration of 20 ppm, achieving a
degradation capacity of 98.62 mg/g after 120 minutes of reaction.
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1. Introduction down naturally [2]. One example of such dye
waste is methylene blue, which is widely used in
the textile industry and can cause serious
environmental problems if not properly managed.

To address this issue, one rapidly developing
method is photocatalysis, a technique for
degrading organic compounds using
semiconductor materials and light energy, either
from UV rays or visible light. This method is
considered a promising alternative solution
because it can selectively break down pollutants
into simpler compounds with high efficiency [3].
Additionally, photocatalysis is environmentally

Environmental issues, notably water
pollution, have significantly impacted human life
and health [1]. One of the leading causes of this
pollution is the rapid growth of the industrial
sector, which has not been matched by adequate
waste treatment systems. Liquid waste
discharged directly into the environment without
proper treatment, especially from the textile,
plastic, paper, and pulp industries, often contains
harmful organic dyes that are difficult to break
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friendly, energy-efficient, and chemical-free [4],
and does not require further processing of the
degradation products [5].

Metal organic frameworks (MOFs) have been
widely reported to be successfully used in
photocatalysis, including in the degradation of
organic pollutants [5], CO2 reduction [6], and
water splitting for hydrogen gas production [7].
MOFs can act as semiconductors due to their
ability to absorb photons from light and their high
porosity [8]. The pores of MOFs are sufficiently
large, making them better catalysts than metal

oxides [9].
Metal-Organic Frameworks (MOFs) offer
distinct advantages over conventional

semiconductor materials, particularly their
structural tunability. By varying the organic
ligands and metal ions, MOF's can be engineered
to exhibit diverse structures with tailored
physical and chemical properties [10-11].
However, ongoing research has revealed several
limitations. For instance, exposure to humidity
can reduce their surface area and adsorption
capacity. Additionally, certain MOFs suffer from
low electrical conductivity and limited pore sizes,
which hinder efficient gas diffusion.

Various modification strategies have been
explored to overcome these challenges. One
promising approach involves tailoring the
morphology or dimensionality of MOFs.
Specifically, MOFs can be synthesised in two-
dimensional (2D) forms, known as nanosheets,
which consist of ultra-thin layers with nanometer-
scale thicknesses [12-17]. These 2D MOF
nanosheets offer improved accessibility to active
sites and enhanced charge transport properties,
making them attractive for applications such as
catalysis and sensing.

Nanosheets are porous carbon structures in
thin sheets at the nanometer scale with a very
high surface area. This enables them to hold large
amounts of electrostatic charge and produce
superior capacitive properties. In addition, the
space between the sheets provides an efficient ion
transport pathway, ultimately contributing to
improved energy storage performance [18].

The solvothermal method, a bottom-up
approach, is one of the most commonly used
synthesis techniques in producing metal-organic
frameworks (MOFs), including for the formation
of nanosheet structures [19]. The synthesis of
MOF nanosheets can be carried out with
modulators [20] or surfactants [21] as crystal
growth controllers. However, the synthesis of
MOF nanosheets remains a significant challenge,
as it requires exact control of crystal growth to
ensure that formation occurs only in the vertical
direction (thickness). In contrast, the lateral
direction is maintained at the two-dimensional
scale.

The three-layer method is an alternative
synthesis approach that leverages interfacial
density differences to facilitate MOF formation
[22]. This practical and environmentally friendly
technique eliminates the need for high energy
input and excessive chemical usage. Its simplicity,
low environmental impact, and resource efficiency
make it well-suited for green synthesis
applications [23].

This study therefore aimed to modify the
three-layer synthesis method by combining two
solvents with significant density differences and
adapting the stirring technique to produce Cu-
BDC nanosheets more efficiently and sustainably.
The approach combines solvent density
differences and controlled stirring to enhance
nanosheet formation and catalytic activity,
offering a simple, cost-effective, and
environmentally friendly strategy. It also explores
the potential of copper-based MOFs, which are
less studied, for photocatalytic degradation of
organic dyes. Copper was chosen due to its
advantageous electronic properties, including
high d-orbital occupancy and a partially filled d-
orbital configuration, contributing to its effective
catalytic performance [24]. Moreover, copper is a
widely available transition metal and is more cost-
effective than many other transition metals [25—
28]. The synthesized Cu-BDC nanosheets were
then evaluated for their photocatalytic
performance in degrading methylene blue,
providing insight into the potential application of
copper-based MOFs for the treatment of organic
dye pollutants.

2. Materials and Method
2.1 Materials

The materials used in this study include: 1,4-
benzenedicarboxylic acid (Hz:BDC) emsure grade
p.a (Sigma Aldrich), copper (II) nitrate trihydrate
(Cu(NOs3)2.3H20) emsure grade p.a (Supelco),
distilled water, sodium hydroxide (NaOH) emsure
grade p.a (Merck), ethanol 96%, N,N-
dimethylformamide (DMF) emsure grade p.a
(Pallav), acetonitrile emsure grade p.a (Merck),
and methylene blue emsure grade p.a (Merck).

2.2 Synthesis of Cu-BDC Nanosheet

Copper(II) nitrate trihydrate
(Cu(NO3), 3H,0) (3.725 mmol) was dissolved in a
120 mL of solvent mixture of N,N-
dimethylformamide (DMF) and acetonitrile (3:1
v/v). The organic linker 1,4-benzenedicarboxylic
acid (H,BDC) (0.02 mmol) was dissolved in the
120 mL of solvent mixture of N,N-
dimethylformamide (DMF) and acetonitrile (1:3
v/v). The H,BDC solution was then dropwise to
the copper solution under continuous stirring to
ensure homogeneous mixing and coordination.
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The mixture was stirred for 24 h at room
temperature, followed by a static ageing process
for 7 days to facilitate nanosheet formation. The
synthesised Cu-BDC nanosheets were
subsequently collected by centrifugation, washed,
filtered, and dried.

2.3 Characterization of Cu-BDC Nanosheet

Functional group analysis was conducted
using a Prestige 21 Fourier Transform Infrared
(FTIR) spectrophotometer at room temperature,
with a scanning range of 400—4000 cm? and a
spectral resolution of 4 cm-!. Potassium bromide
(KBr) powder was used as the background
reference. X-ray diffraction (XRD) was performed
using Shimadzu XRD-7000 Maxima with
monochromatic Cu Ka radiation (A = 1.54056 A) at
30 mA and 40 kV. Diffractograms were analyzed
using Origin software to determine crystallite
size, crystallinity, and phase type. Crystal size
was calculated using the Debye-Scherrer equation

(Eq. 1):

kA
- L cos @

@)

where D is crystal size, k = 0.9, A = 1.5418 A, pis
FWHM (rad), and 0 is diffraction angle (°).

The surface morphology of Cu-MOFs
nanosheets was examined using FESEM TFS
Apreo 2S, which acquired images at a voltage of 2
kV (SE and BSE). The 2D structure of Cu-MOFs
was analysed wusing Transmission Electron
Microscopy (TEM), FEI Talos F200X at an
acceleration voltage of 200 kV, HAADF-STEM
mode, and EDS for elemental composition
analysis.

UV-Vis diffuse reflectance spectroscopy
(DRS) was conducted a Thermo-Scientific Genesys
10s UV-Vis at the 200—-800 nm range using BaSO,
as a reference. Band gap energy was estimated
using the Kubelka—Munk function (Eq. 2):

FR) =4 @)

~ 2R

The band gap was further determined using
the Tauc relation (Eq. 3), where ahv = A(hv — Ey)"
with n = % for direct and 2 for indirect transitions.
By substituting F(R) = a (Eq. 4), a plot of
[F(R)hv]¥» versus hv was used to determine Eg
from the x-intercept of the linear region.

alhv) = A(hv — Eg)n 3)
[F(R)hv]'/" = A(hv — E,) 4)

2.4  Photocatalytic Activity Test of Cu-BDC
Nanosheets

10 mg of Cu-BDC nanosheets was dispersed
into 50 mL of methylene blue (5 ppm). The

mixture was stirred at 300 rpm at room
temperature for 2 hours in the dark and under
visible light (250-watt mercury lamp). Then, 2 mL
of the suspension was taken every 30 minutes for
2 h and centrifuged at 6000 rpm for 10 minutes.
The absorbance of methylene blue was measured
using a UV-Vis spectrophotometer at a
wavelength of 665 nm. The following Eq. 5-6
determined the degradation efficiency and
degradation capacity of methylene blue.

DE (%) = =% x 100% (5)

Co

Q (%) = % Degradation X C, X % (6)

Where Co is initial concentration of methylene
blue (mg/L) (¢ = 0 min), C; is methylene blue
concentration at a certain reaction time, DE is
degradation efficiency (%), @ is degradation
capacity (mg/g), m is mass of photocatalyst (g),
and Vis methylene blue solution volume (L).

3. Results and Discussion
3.1 Cu-BDC Nanosheets

In this study, the synthesis of Cu-BDC
nanosheets was conducted using a bottom-up
approach via a modified three-layer technique.
This method is based on the principle of controlled
crystal growth by reducing both diffusion and
nucleation rates, thereby enabling the formation
of well-defined nanosheet structures [28]. The
technique involves using two immiscible solvents
with significantly different densities, where the
less dense solvent is layered on top of the denser
one. An optional buffer layer—typically a mixture
of the two solvents in equal proportions—can be
introduced between them to moderate the
interface and control diffusion more precisely.

A similar approach was reported by
researcher [27], who applied the three-layer
method with slight modifications to synthesise
Cu-BDC nanosheets. In their study, the top layer
consisted predominantly of acetone (low density),
the bottom layer was rich in DMF (high density),
and the middle layer contained a 1:1 mixture of
acetone and DMF. The solvent layering formed a
stable vertical gradient, promoting controlled
diffusion and orderly crystal formation. In
contrast, Shete et al. [22] employed a simpler
approach by directly mixing the metal and ligand
solutions in a single container. They allowed the
reaction to proceed under static conditions for 24
hours at room temperature, followed by shaking
at various temperatures.

This study employs a green synthesis
approach, utilising room temperature and simple
equipment. To prepare the metal solution, this
procedure dissolves copper salt in a mixture of
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acetonitrile (CH3CN) and DMF solvents.
Simultaneously, this process dissolves H,BDC in
a CH3;CN: DMF mixture with a 1:3 ratio to form
the ligand solution. The solvents' significant
density difference slows the diffusion process,
promoting gradual crystal growth. The result
shows that the system forms thin MOF nano
sheets after being undisturbed for 7 days, as
shown in Figure 1. The uniform colour of the
resulting material indicates a complete reaction,
with no residual copper salts or BDC ligands from
the initial synthesis mixture.

3.2 Characteristics of Cu-BDC Nanosheets
3.2.1 Functional group

Figure 2 displays the FTIR absorption peaks
corresponding to the functional groups present in
the Cu-BDC nanosheets. The broad band at 3438
cm™! arises from crystalline water [29] or hydroxyl
groups (—OH) associated with the carboxylic acid
(-COOH) [30]. The peaks at 1501 and 1547 cm™
represent the symmetric and asymmetric
stretching vibrations of the C=0 groups, while the
peak at 1394 cm™ corresponds to the C-O
stretching vibration. These results align with the
findings reported by [31], who observed similar
bands for symmetric and asymmetric C=0
stretching and C-O stretching at 1507, 1613, and
1392 em™, respectively. In the fingerprint region,
the 751 and 569 cm™ peaks indicate Cu—O bond
vibrations, confirming the BDC Ilinker's
coordination between Cu?" ions and the
carboxylate groups.

3.2.2 Crystallinity and crystal size of Cu-BDC
nanosheets

The XRD pattern of the synthesised Cu-BDC
nanosheets (Figure 3) reveals three sharp and
intense diffraction peaks at 20 = 10.2°, 16.9°, and
34.1°, closely resembling the pattern reported by

‘Figure 1. Cu-BDC MOF nanosheets.

Shete et al. [32]. This similarity confirms the
successful formation of Cu-BDC nanosheets
structures. The sharp and narrow peaks observed
in the XRD analysis also indicate that the Cu-
BDC nanosheets exhibit high crystallinity [33].

Using the Debye—Scherrer equation, the
calculated crystallite size of the Cu-BDC
nanosheets was 22.03 nm. This value is smaller
than those reported in other studies for bulk Cu-
BDC, which range from 22.18 nm [34] to 67.96 nm
[35] and 28 nm [36]. The smaller crystal size
suggests a larger surface area, which enhances
the photocatalytic efficiency of the material in dye
degradation applications [37].

The successful formation of highly crystalline
Cu-BDC nanosheets highlights the effectiveness
of the green synthesis approach in this work. The
small crystal size also implies fewer structural
defects, further supporting the quality of the
resulting MOF. The slow and controlled crystal
growth achieved through this method plays a
crucial role in tailoring both the size and
morphology of the Cu-BDC nanosheets [27].
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Figure 2. FTIR spectra of Cu-BDC nanosheets.
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Figure 3. Diffraction patterns of Cu-BDC
nanosheets.

Copyright © 2025, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 20 (4), 2025, 644

3.2.3 Band gap energy of Cu-BDC nanosheet

The band gap energy of Cu-BDC nanosheets
is 3.89 eV (Figure 4). Other studies on bulk Cu-
BDC nanosheets reported band gap energies of
3.79 eV [38] and 3.62 eV [39]. This indicates that
Cu-BDC nanosheets' morphology can influence
the MOF material's band gap energy.

3.2.4 Morphology of Cu-BDC nanosheets

The morphology of Cu-BDC nanosheets was
obtained from FESEM and STEM
characterization results. The desired thin sheets
from this synthesis process can be seen in Figures
5 and 6. The morphology of the synthesized Cu-
BDC nanosheets exhibits thin, sheet-like
structures with nanometer-scale thickness, as
shown in Figure 5a. This morphology confirms the
successful  formation of  two-dimensional
nanosheets [29,40]. FESEM analysis further
reveals the presence of square-shaped lateral
sheets with an average surface area of
approximately 2 um (Figure 5b), consistent with
the findings of Shete et al. who reported lateral
dimensions of around 2.5 pm [27].

STEM analysis provides a more precise
visualization of the nanosheet morphology,
displaying ultrathin, square-like sheets with well-
defined edges (Figure 6a—c). Elemental mapping
confirms the uniform distribution of copper (Cu),
oxygen (0O), and carbon (C) across the sheets
(Figure 6d). Zhan et al. also observed a similar
lamellar structure in Cu-BDC nanosheets using
HAADF-STEM, characterized by a rectangular
morphology with dimensions of approximately
300 nm [32]. These results demonstrate that the
employed synthesis strategy effectively produces
two-dimensional MOF nanosheets with vertically
oriented planes and well-preserved structural
integrity.

The elemental composition of the Cu-BDC
nanosheets, summarized in Table 1, shows that

HV

det  HFW —

spot  mag O WD
ersion  5.00kV 50 120000 x  95mm T1 3.45 pm BRIN F

copper ions—serving as metal nodes—constitute
15.73% of the material. This percentage is notably
higher than the 10.97% Cu content reported by
Dastbaz et al. for similar nanosheets [40]. The
dominant carbon content arises from the BDC
ligands acting as organic linkers in the MOF
framework. These findings confirm the successful
assembly of Cu-BDC nanosheets composed of
well-coordinated copper ions and BDC linkers.

3.3 Photocatalytic Activity of Cu-BDC Nanosheets

Preliminary tests under dark and light
conditions under visible light were conducted with
a methylene blue concentration of 5 ppm at pH of
11 using 5 mg of Cu-BDC nanosheets. The
methylene blue degradation efficiency by Cu-BDC

Table 1. Composition of Cu-BDC nanosheets.

No. Element Composistion (%)
1. Carbon (C) 73.08
. Oxygen (O) 11.19
3. Copper (Cu) 15.73
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Figure 5. FESEM morphology of Cu-BDC nanosheets.
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nanosheets under dark conditions was 49.731%,
while it was 93.544% under light conditions. The
degradation capacity under light conditions also
obtained higher results, namely 23.417 mg/g,
while it was 12.203 mg/g under dark conditions.
This indicates that the photocatalysis of
methylene blue by Cu-BDC MOF nanosheets has
occurred. The difference in efficiency and
degradation percentages between light and dark
reactions indicates that light has aided the
degradation of methylene blue
(photodegradation). Photon energy exposes the
photocatalyst to generate excited electrons in the
conduction band and electron holes (h*) in the
valence band. The excited electrons react with
oxygen molecules bound to the photocatalyst
surface to form superoxide radical anions (*O2).
These anions react with water molecules (H,O)
adsorbed on the photocatalyst surface to produce

hydroxide ions (OH7), which then react with
electron holes (A*) to form OH * radicals, which are
strong oxidisers for dye degradation. On the other
hand, A+ reacts with water molecules (H20) to
form  hydroxyl radicals (OH ), which
subsequently degrade the blue methylene
compound into COz and H20 [41-42].

Cu-BTC nanosheets exhibit significant
photocatalytic activity due to a combination of
their structural and electronic properties. The 2D
structure of the nanosheets increases the specific
surface area, providing more active sites for
interaction with target molecules, while also
facilitating the diffusion of compounds into the
material’s pores. Cu?* ions in the MOF framework
act as active centers that facilitate electron
transfer when the material is excited by visible
light, generating electron-hole pairs (e”/h*) that
subsequently form reactive radicals such as *OH

Figure 6. Results of STEM analysis of Cu-BDC nanosheets.
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and * 0O, . These radicals are responsible for the
degradation of organic compounds, such as
methylene blue. Furthermore, the thin nanosheet
morphology reduces the electron diffusion
distance, thereby decreasing electron-hole
recombination and enhancing photocatalytic
efficiency.

3.4 Effect of Methylene Blue Concentration

The degradation efficiency increased
significantly at methylene blue concentrations of
5 to 15 ppm, namely 93.544, 81.348, and 57.069%,
while at a concentration of 20 ppm, there was a
decrease of 55.896%. Degradation capacity
increased with increasing methylene blue
concentration, reaching 23.417, 39.413, 40.073,
and 57.223 mg/g. The highest degradation
efficiency was achieved at a methylene blue
concentration of 5 ppm, with a degradation
efficiency of 93.544% and a degradation capacity
of 23.417 mg/g. Optimal conditions were obtained
at a methylene blue concentration of 20 ppm, with
a degradation efficiency of 55.896% and a
degradation capacity of 57.223 mg/g.

Hayu et al. found that the higher the
concentration of methylene blue, the lower the
degradation capacity [43—44]. According to Hevira
et al., at low initial dye concentrations, the active
sites on the photocatalyst are sufficient to adsorb
a certain amount of dye, resulting in high
degradation efficiency but low degradation
capacity due to the low dye concentration [45].
Chen & Mao stated that this could occur because
the photocatalyst had reached a saturated phase
where high dye concentrations covered the
surface, reducing photon efficiency and
deactivation [46]. In contrast to this study, the
degradation capacity continues to increase even
when the dye concentration increases. The
morphology of the catalyst influences this. Thin
sheets with large widths allow the catalyst to
provide numerous active sites to support the
catalytic process. Therefore, transforming bulk
material into two-dimensional material is highly
advantageous for applications [40].

3.5 Effect of Cu-BDC Nanosheets Mass

The degradation efficiency decreased
markedly with increasing photocatalyst mass
from 5 to 20 mg, with values of 41.680%, 37.049%,
34.745%, and 31.749%, respectively. Similarly,
the degradation capacity declined significantly,
from 85.752 mg/g at 5 mg catalyst mass to 37.929,
23.637, and 16.408 mg/g at higher catalyst
loadings. The optimal photocatalytic performance
was achieved at a Cu-BDC nanosheets mass of 5
mg, yielding a degradation efficiency of 41.680%
and a degradation capacity of 85.752 mg/g.

As the catalyst mass increased, both
degradation efficiency and capacity consistently

declined. This trend aligns with the findings of
Adawiah et al. [47], who reported that the highest
photocatalytic activity occurred at the lowest
catalyst mass. The decrease in performance at
higher catalyst concentrations is attributed to the
increased density of solid particles in the reaction
system, which scatters and blocks incident light,
thereby reducing the activation of photocatalyst
surfaces during the photodegradation process
[48].

3.6 Effect of pH

The degradation efficiency value increased
significantly with increasing pH of methylene
blue from 9 to 13, namely 29.800; 38.524; 41.680;
45.992; and 49.032%. Degradation capacity also
showed a significant increase with increasing pH
of methylene blue, reaching 61.016, 78.496,
85.752, 92.348, and 98.615 mg/g. Optimal
conditions were achieved at a methylene blue pH
of 13, with a degradation efficiency of 49.032% and
a degradation capacity of 98.615 mg/g after 120
minutes of reaction. The reaction conditions were
only conducted at basic pH because the Cu-BDC
nanosheets did not exhibit catalytic activity at
acidic pH. Under basic conditions, Cu-BDC
nanosheets become negatively charged. This leads
to strong interactions with methylene blue, a
cationic dye [49]. An increase in the number of
OH- ions at basic pH also increases the number of
*OH, thereby enhancing the photodegradation
process of methylene blue dye [50].

4. Conclusions

Cu-BDC nanosheets were successfully
synthesised and characterised, exhibiting ultra-
thin sheet morphology based on FESEM and
STEM analysis. The elemental composition
consisting of C (73.08%), O (11.19%), and Cu
(15.73%) supports the characteristic structure of
Cu-BDC nanosheets. Photocatalytic testing using
methylene  blue confirmed the  higher
photocatalytic activity of the nanosheets under
illumination. Optimal conditions were obtained at
pH 13 with a catalyst mass of 5 mg and a dye
concentration of 20 ppm, yielding a degradation
efficiency of 49.03% and a degradation capacity of
98.62 mg/g after 120 minutes of reaction. These
results indicate that this simple and
environmentally friendly synthesis method
effectively produces Cu-BDC nanosheets with
good photocatalytic performance.
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