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This study, we synthesized a graphene oxide@BiBTC MOF (GO@BIBTC) photocatalyst in situ using
a hydrothermal method. The resulting samples were comprehensively characterized using FT-IR, Raman
spectra, XRD, SEM, TEM, XPS and UV-Vis spectroscopy. The photodegradation reaction fits the pseudo-
first-order kinetics and the deterioration rate constants (k) value of BiBTC, GO@BiBTC MOF composites
were 0.03 and 0.07 min~%, respectively. The GO@BIBTC MOF composite demonstrated a reduced
energy band gap compared to BiBTC, with values of 3.39 eV and 3.6 eV, respectively. Among the various
samples, the optimized GO@BIBTC MOF demonstrated superior photocatalytic performance, achieving
a 98% degradation rate of rhodamine B (RhB) within 60 min, outperforming the pure BiBTC MOF. The
significantly enhanced photocatalytic activity of BiBTC@GO can be attributed to its enhanced charge
transfer and adsorption-(photo) degradation. Furthermore, the outstanding photo-stability of the
GO@BIBTC MOF photocatalyst was investigated by conducting recycling measurements consecutively
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Introduction

Nowadays, the demand for potable water is steadily increasing
due to rapid population growth and significant industrial
activities. However, the substantial contamination of natural
water resources, resulting from various industrial discharges,
domestic effluents, and medical waste, has severely restricted
access to clean water.'” Particularly, the excessive discharge of
organic pollutants significantly contributes to overall water
pollution. Hence, it is imperative to find effective methods to
address this global environmental challenge.*

In recent years, photocatalytic treatment using metal oxide
semiconductors has garnered considerable interest from
researchers due to its appealing characteristics, such as ease of
use, high efficiency, safety, and environmental friendliness.
Indeed, numerous semiconductor-based photocatalytic cata-
lysts have been studied for sustainable improvements in pho-
tocatalytic treatment.>”

Metal-organic frameworks (MOFs) have emerged as poten-
tial materials among various metal oxides due to their strong
dispersibility, well-defined porous structure, narrow band gap
energy, high surface area, and stability.*® However, MOF

“Faculty of Chemical Engineering, Industrial University of Ho Chi Minh City, No. 12
Nguyen Van Bao Street, Ward 1, Go Vap District, Ho Chi Minh City, Vietnam.
E-mail: nve@iuh.edu.vn; phamhoangaile@iuh.edu.vn

*Institute of Applied Technology and Sustainable Development, Nguyen Tat Thanh
University, Ho Chi Minh City, Vietnam

“Institute of Chemical Technology, Vietnam Academy of Science and Technology, 1A
TL29 Street, Thanh Loc Ward, District 12, Ho Chi Minh City, Vietham

© 2025 The Author(s). Published by the Royal Society of Chemistry

over five cycles for RhB with 90% photodegrading efficiency.

materials suffer from disadvantages such as poor separation,
limited light-harvesting capacity, and low photocarrier transfer
efficiency inherent to their properties. To address these draw-
backs, composite MOFs have been developed, including MOF/
carbon composites, MOF/metal nanoparticle composites, and
MOF/metal oxide composites.’ In addition to the aforemen-
tioned MOFs, Bi-MOFs incorporating 1,3,5-benzenetricarbox-
ylic acid (H3BTC) and bismuth metal represent promising
candidates for constructing high specific surface area Bi-based
materials.**

Transition metals like bismuth are of significant interest in
various fields, particularly in energy storage and catalysis, due
to their high theoretical capacities. This refers to their ability to
store or process a large amount of charge or energy in
comparison to other materials. Bismuth, a key semi-metallic
element, exhibits several unique physical properties that
make it an exemplary material in the fields of materials science
and physics. The presence of a hole pocket and an electron
pocket in the valence band and conduction band, respectively,
across the Fermi level, contributes to the distinctive semi-
metallic characteristics of bismuth. Additionally, bismuth is
recognized for being environmentally friendly, non-toxic, and
relatively affordable compared to precious metals. Moreover,
many MOF materials derived from bismuth have been reported.
The Bi** cation can form bonds with numerous surrounding
atoms or groups, allowing it to form polycrystals. Moreover, the
Bi** ion can exhibit various coordination numbers and different
coordination geometries (such as triangular, tetrahedral,
hexagonal, etc.), facilitating the creation of complex structures.
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Bismuth-based MOFs demonstrate good catalytic potential due
to the presence of multiple insoluble metal sites."*™**

Michelle and colleagues developed a novel Bi-MOF-based
structure, UU-200 (Uppsala University), with high specific
surface areas (141 m”> g~ ") for CO, and SF, adsorption at room
temperature.'® The UU-200 features an orthorhombic unit cell
(@ = 2.251 nm, b = 2.753 nm, and ¢ = 1.042 nm) with Pnnm
space group (# 58). Continuous rotation electron diffraction
results indicate that UU-200 possesses large pore size structures
(0.34-0.35 nm), making it suitable for greenhouse gas adsor-
bents with high-efficiency uptake capacities.*

Graphene oxide (GO) has been explored as an efficient
adsorbent in the field of adsorption due to its highly porous
structure and environmentally friendly properties.””™® GO can be
easily prepared from natural graphite and dispersed well in polar
solvents owing to its hydrophilic character.”® The functional
groups (hydroxy, epoxy, and carbonyl) on GO nanosheets provide
a favorable basis for the formation of GO/MOF composites.**>*

Combining inorganic semiconductors or metallic materials to
build composites has been shown to improve the photocatalytic
performance of MOFs, exemplified by BiOBr@Bi-MOF,*
BiVO,@u-Fe,03,*° MIL-125(Ti)/Bi,WO, (ref. 26) and others.
Nguyen and colleagues demonstrated that the Ag-Zn-BTC/GO
composite exhibited enhanced photocatalytic performance in
the removal of reactive yellow 145 dye from wastewater, attributed
to improved carrier separation efficiency and an increased
specific surface area (1626 m* g~ *).>” Similarly, Vu et al. reported
the preparation of Fe-BTC/GO heterostructures via the
microwave-assisted method and subsequent hydrothermal
treatment, resulting in improved photocatalytic performance in
the degradation of reactive yellow 145. The optimal composite
achieved a 98% removal efficiency after 1 h of light exposure,
which can be attributed to the increased surface area and energy
band gap of the heterojunction composite.*®

Rhodamine B (RhB) is a chemical compound as a dye, which is
used in industries and pharmaceutical products. However, when
released into the environment, RhB adversely affects the habitat of
aquatic organisms. Furthermore, the prolonged accumulation of
RhB in the human body could potentially cause serious health
issues, including allergies, itching, coughing, and chest pain. Due
to these harmful effects, effective measures are necessary to
remove RhB from wastewater to protect both human health and
natural environment. The treatment of RhB in wastewater is
essential and important. Depending on the concentration of RhB,
the composition of the wastewater, the required output quality,
and actual conditions, various methods can be employed to treat
RhB in wastewater. Several methods have been researched and
applied to treat rhodamine B in wastewater, including biological
methods, adsorption methods, and advanced oxidation processes
(AOP).ZQ—SI

Photocatalysis is considered an effective solution to the
problem of environmental pollution.*** This process harnesses
light energy to stimulate a catalyst capable of oxidizing or
reducing rhodamine B to fewer toxic substances. Pham and
colleagues synthesized a Bi-based MOF from a bismuth metal
center and linker H;BTC, forming MIX-UCAU17 composite.**
Degradation experiments with the prepared MIX-UCAU
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photocatalyst demonstrated a high photodegradation efficiency
of approximately 99% within 90 minutes under LED light irra-
diation. Zhu et al. developed a 2D BiOBr MOF based on Bi CAU-
17 using a facile solvent thermal transformation method.** The
BiOBr/CAU-17-2 h photocatalyst exhibited enhanced photo-
catalytic activity for RhB degradation (20 mg L™", 50 min).

Considering their complementary band structures and
advantages, the combination of GO and Bi-MOF can yield an
effective composite photocatalyst with a high specific surface
area, efficient charge separation, and high transfer efficiency.*®
These outstanding characteristics of MOF-based photocatalysts
position them as promising candidates for organic pollutant
degradation through photocatalytic activity.

In this study, we conducted an elegant synthesis of an in situ
Bi-based MOF on GO heterojunction catalyst to enhance photo-
catalytic activity. GO@BiIBTC MOF photocatalyst was successfully
synthesized using the hydrothermal technique with varying
ratios of GO and BiBTC. The optimal catalyst demonstrated
superior photocatalytic activity compared to pure Bi-based MOF.
The adsorption-photocatalytic performance of the composite was
assessed for its ability to adsorb and photodegrade rhodamine B
pollutants in wastewater. Additionally, a proposed mechanism
was investigated to elucidate the outstanding photocatalytic
performance of the hybrid structures.

Experimental

Materials and chemicals

Bismuth(m) nitrate pentahydrate (Bi(NOs);-5H,0, 98.0%),
benzene-1,3,5-tricarboxylic acid (H;BTC, 98.0%), tert-butanol (¢
BuOH, 99.5%), rhodamine B (95%), and 1,4-benzoquinone (99%)
were sourced from Sigma-Aldrich. N,N-Dimethylformamide
(DMF, 99%), methanol (MeOH, 99.5%), sodium oxalate (99.8%),
and potassium dichromate (99.8%) were purchased from Xilong
Scientific Co., Ltd. All the chemicals were used as received.

Synthesis of GO, BiBTC, and BiBTC@GO

Graphene oxide (GO) was synthesized using a modified
Hummers' method.*” Specifically, 3 g of graphite flakes were
gradually added to 400 mL of concentrated H,SO,/H;PO, acid
mixture (9: 1) and stirred vigorously for one hour. Subsequently,
18 g of KMnO, was added to the mixture, which was maintained
at 30 °C for 72 h before introducing 17 mL of H,0, (30%) to the
reaction solution. The obtained filtrate is rinsed several times
with 0.1 M HCl and deionized (DI) water to ensure complete acid
removal. The yellow-brown residual powder is then washed with
warm water up to three times to eliminate any remaining
impurities. The final product was dried at 60 °C for 48 h.

In situ prepare of GO@BIBTC MOF heterostructures was
performed by one-step hydrothermal technique, as shown in
Scheme 1. In a typical step, a different amount of GO (20, 50, 80
mg) was well dispersed in DMF (10 mL) for 10 min using
sonication system (solution I). A 0.1495 g of Bi(NO;);-5H,0,
0.7291 g H;BTC dissolved in 30 mL of DMF, and 30 mL of
CH3;O0OH with constant stirring (solution II).*® After that, the
solution I was poured into solution II under a magnetic stirring

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The presentation of the synthesis of the GO@BIBTC MOF heterostructures.

at 5000 rpm to guarantee that the precursors were well-
dispersed. Thereafter, the mixture transferred into a 100 mL
Teflon lined stainless steel autoclave reactor and subjected to
keep in an oven at 120 °C for 24 h.

The reaction mixture was cooled down to room temperature
and reaction solution was collected through centrifugation to
get product. The resulting powder was washed three times with
distilled water, DMF, and methanol to remove by-products,
then dried overnight at 80 °C in a vacuum oven. Finally, the
GO@BIiBTC composites were designated as GO1@BiBTC,
GO2@BIiBTC, GO3@BiBTC, respectively. Pure BiBTC was
prepared in same manner for comparison but without GO.

Photocatalytic measurements

The photocatalytic activity of the as-synthesized samples was
carefully evaluated by the deterioration of the RhB solution under
simulated solar light irradiation. A 40 W LEDS with size of
3.45 mm x 3.45 mm X 2.36 mm and with an intensity of 141 W
m ™ (Cree, Inc., Durham, NC, USA) lamp was utilized as light
source. The photocatalytic was conducted in a 250 mL Lab Double
layer jacket glass beaker. The beaker was place in dark box cover
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Fig. 1 FT-IR spectra of the as-synthesized samples.
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with aluminum foil and the temperature was maintained at room
temperature by a cooling jacket. For this measurement, 10 mg of
photocatalyst was well-dispersed into 50 mL of RhB (15 mg L") in
250 mL Lab Double layer jacket glass beaker. This result mixture
was kept in dark environment for 1 h to establish the equilibrium
phase at room temperature. After that, this mixture solution was
irradiated under simulated solar light irradiation for 60 min. 5 mL
of reaction solution was collected and analyzed through UV-Vis
system at the illumination time interval of 15 min. The experi-
ments were performed three times.

Radical species trapping experiment

To confirm the effect of major species in the removal of RhB, 1,4-
benzoquinone (BQ, 1.0 mM), sodium oxalate (Na,C,0,, 10 mM),
potassium dichromate (K,Cr,0,, 10 mM), tributylamine (TBA, 10
mM) were used as similar as the photodegradation experiment.
The experiments were performed three times.

Characterization

For Fourier-transform infrared (FTI-IR) spectroscopy measure-
ments, the prepared samples were mixed with KBr and
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Fig. 2 Raman spectra of the as-synthesized samples.
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compressed into KBr pellets using a hydraulic press. The FT-IR
spectra were recorded with a Bruker Tensor 27 spectrometer
(Germany) over a scanning wavenumber range of 400-4000 cm ™.
The morphology of the composite was examined using a field
emission scanning electron microscope (JSM-IT800, Tokyo, Japan)
equipped with an energy-dispersive X-ray microanalyzer H-7593
(Horiba, Japan). X-ray diffraction (XRD) analysis was performed
on a LabX XRD-6100 (Shimadzu, Japan) with Cu-Ko radiation,
scanning from 5° to 75° in 26 increments. The UV-visible diffuse
reflectance spectra of the materials were obtained using a Cary UV-
Vis 4000 spectrophotometer, while ultraviolet-visible spectroscopy
was carried out with a Cary 3500 UV-Vis spectrophotometer.
Thermogravimetric analysis (TGA) of samples were measured on
the TGA 550 (TA Instruments, US). Photoluminescence (PL)

GO3@BIBTC

GO2@BiBTC

GO1@BIiBTC

BiBTC

Intensity (a.u)

"& \_/\G-oh.
5 10 15 20 25 30 35 40 45 50
2Theta (degree)

Fig. 3 XRD patterns of the as-synthesized samples.
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spectra were measured using a Cary Eclipse Fluorescence Spec-
trometer (Agilent) with an excitation wavelength of 400 nm.

Electrochemical Impedance Spectroscopy (EIS) was conducted
through Nyquist plots using an AUTOLAB-PGSTAT204 (Metrohm,
Netherlands) with a three-electrode configuration. The working
electrodes were prepared by mixing 10 mg of the material with 20
uL of Nafion, followed by adding 1 mL of an ethanol and water
solution. This suspension was then spray-coated onto ITO-coated
glass substrates. A 0.5 M Na,SO, solution was used as the elec-
trolyte to provide a stable conductive environment between the
electrodes throughout the experiment.

LC-MS analysis was performed to determine the composi-
tions in the reaction solution using liquid chromatography
coupled with an ion trap detector on a Thermo Finnigan LCQ
MS system (Agilent 6410 Triple Quad LC/MS/MS). The condi-
tions included a C18 reverse-phase column, a mobile phase of
methanol and water (1: 1, v/v), a flow rate of 0.5 mL min~*, and
an injection volume of 50 uL.

Results and discussion

Fabrication and characterization of photocatalyst

Fig. 1 illustrates FT-IR spectra of pure GO, BiBTC, and
composites, where for BiBTC, the analyzed absorption peaks at
3521 cm " and 1549-1365 cm ™" are credited to O-H stretching
vibrations and -COO carboxylate groups, respectively. For GO,
C-O stretching vibrations appear at 608 cm '. The C=C
vibrations in aromatic rings appear at 1639 cm ™', while C=0 in
carboxyl groups is located at 1728 cm ™. The peak owing to the
O-H deformation is located at 3634-3853 cm™ ', while ether
groups with C-O-C stretch appear at 2833-2966 cm ™ *.>** In the
case of GO@BIBTC MOF photocatalysts, the FT-IR spectrum
displays all the characteristic peaks of both pure GO and BiBTC
with a small intensity of peak position, ascribing the difference
in weight ratio of the two components. There is no peak

Fig. 4 SEM micrographs of the as-synthesized samples (a) BiBTC, (b) GO1@BiBTC MOF, (c) GO2@BiBTC MOF, (d) GO3@BiBTC MOF

photocatalysts.
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Fig. 5 TEM image of GO2@BiBTC MOF photocatalysts (a) scale bar 200 nm and (b) scale bar 500 nm.

absorbance at 1200 cm™' can be supplementary with Bi-O
stretch of BiO, destroyed in the case of composites.

Fig. 2 displays the Raman spectra of the as-synthesized
sample. The peaks observed around 1600 cm ' and
1325 cm™ ' correspond to the C sp” and sp® bonds, respectively,
which can be attributed to the graphitic (G) bands and char-
acteristic defects (D). It is apparent that the relative intensity of
the D-band is lower than that of the G-band, indicating graph-
itization and the introduction of more defects. The peaks at
800-1000 cm ™' are attributed to the C-H and C-C functional
groups. '™

The crystal structure of all the photocatalysts was analyzed by
XRD as displayed in Fig. 3. The XRD pattern of GO (black line)
appears in intensive peaks at 260 = 10.5° and 42.3° corre-
sponding to (001) and (100) planes indicate the formation of
graphite oxide structure.** The XRD pattern of BiBTC and
composites shows predominant diffraction peaks at 26 ~ 8.2°,
9.8°, 12.5°, 17.9°, 21.7°, 24.5°, 32.1° and 37.5°, which are

Electron Image 1

EDS Layered Image 1

CKal,2 O Kal

10pm

0pm

Fig. 6 SEM and EDS analysis of GO2@BiBTC MOF photocatalysts.

© 2025 The Author(s). Published by the Royal Society of Chemistry

consistent with the simulated pattern and the characteristics of
the CAU-17 and UU-200 frameworks (CCDC 2103784).* Inter-
estingly, the GO@BIiBTC MOF photocatalysts reveals all the
multiple sharp XRD peaks for both Bi-based MOF and GO
without slight shifts in their position. No foreign phase was
recorded, indicating that the prepared photocatalysts is of high
purity.

The morphologies of as-synthesized samples were charac-
terized using SEM. As shown in Fig. 4a, BiBTC have rod-like
structures with an average size of around 400 nm. For the
composite, rod-like BiBTC was scattered in the coarse GO.
GO@BIiBTC MOF photocatalyst seems to be a layer-by-layer
structure, which sandwiched layers between BiBTC and GO
architecture (Fig. 4b-d). These folded morphologies enable
GO@BiBTC MOF heterostructure larger surface area, helping to
boost the adsorption/photocatalytic capacity of RhB. Addition-
ally, the TEM image presented in Fig. 5 reveals that the surface
of the GO@BIBTC composite is rough, featuring thin,

Bi Ma1

Map Sum Spectrum

Line Type Wt%  Wt%Sigma Atomic %

K series 70.79 0.19 82.91
K series 18.62 0.16 16.37
M series 10.59 0.16 071

100.00 100.00

Ty
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transparent, layered wrinkles of GO and condensed, rod-like
bundles of BiBTC.

Furthermore, elemental mappings of selected GO2@BiBTC,
as depicted in Fig. 6, confirm the presence and distribution of
C, Bi, and O in the composite. The experimental results pre-
sented herein demonstrate the successful preparation of
GO@BiBTC, consistent with the characterization findings from
FTIR and XRD analyses.

Fig. 7 illustrates absorption spectra of pure BiBTC, and
GO@BIiBTC MOF composites with different weight ratio. The
absorption threshold of pure BiBTC (green line) is observed at
325 nm. In contrast, GO@BiBTC MOF exhibits enhanced
absorption compared to BiBTC specifically in the 330-360 nm
range. This indicates that all GO@BiBTC MOF composites
demonstrate stronger optical absorption across the entire UV and
visible spectrum compared to pure BiBTC. The improved optical
absorption potentially facilitates the capture of a greater number

100
——BiBTC
—— GO2@BiBTC
80 ——GO
S
260 -
5
(0}
=
40 -
20 4
0 T T T T T T T T

100 200 300 400 500 600 700
Temperature (°C)

800 900

Fig. 8 TGA analyses of the as-synthesized samples.
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Energy (eV)

(a) UV-Vis spectra and (b) the Tauc plots of the as-synthesized samples.

of photons, leading to increased generation of photo-induced
carriers.**** The bandgap (E,) values were obtained from the
direct application of the Tauc plot method.*” According to the
Tauc equation, the energy band gap of BiBTC, GO1@BiBTC MOF,
GO2@BiBTC MOF and GO3@BiBTC MOF were calculated
around 3.6 eV, 3.5 eV, 3.4 eV and 3.39 eV, respectively. The
extensively lowered optical band gap of the photocatalyst indi-
cates its better photo performance than bare counterparts.

The TGA analysis results of the materials, shown in Fig. 8
indicated that GO exhibits low thermal stability. Between 100-
350 °C, its mass significantly decreased from 89% to 43.8%, due
to the decomposition of organic functional groups on the GO
structure, such as -OH, -COOH, and epoxy. Beyond 350 °C, the
mass loss attributed to the degradation of the carbon structure.
For BiBTC, the main mass loss occurred between 300-400 °C,
corresponding to the decomposition of functional groups

08 —co
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&
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= Wavelength (nm)
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=
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Fig. 9 Photoluminescence spectra of the as-synthesized samples.
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Fig.10 XPS spectrum of BiBTC and GO@BIiBTC with signals of (a) C 1s,
(b) O 1s, and (c) Bi 4f.

within the metal-organic framework. The GO@BiBTC
composite demonstrated higher thermal stability compared to

standalone GO and BiBTC, owing to the interactions between

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 EIS Nyquist plots of spectra of the as-synthesized samples.

GO and BiBTC, which significantly enhance the thermal resis-
tance of materials.

Photoluminescence (PL) spectroscopy demonstrates that the
recombination of photo-induced electron-hole pairs under UV
or visible light irradiation leads to photon emission, manifest-
ing as characteristic PL peaks. In the GO@BiBTC composite, the
integration of GO substantially diminishes the PL intensity of
the BiBTC metal-organic framework, as depicted in Fig. 9. This
attenuation is attributed to GO's exceptional electron transport
properties, which effectively suppress electron-hole recombi-
nation, thereby enhancing the photocatalytic degradation of
organic contaminants.*®

The XPS spectra provide information on the chemical
composition and binding energies of atoms on the surface of
BiBTC and GO@BIiBTC materials. The C 1s peak of the material
(Fig. 10a) displays binding energy peaks of BiBTC at 283.78 €V,
284.88 eV, 286.58 eV, and 288.8 eV, corresponding to C=C/C-C,
C-0, C=0, and O-C=0 bonds of BiBTC, respectively. However,
the binding energy peaks for C-C/C=C, C-O, C=O0, and
O-C=0 of the GO@BIiBTC composite are shifted to 284.5 eV,
286.1 eV, 288.1 eV, and 290.3 eV, respectively. This result
demonstrates that the interaction between GO and BiBTC alters
the chemical environment around the carbon atoms. Addi-
tionally, the O 1s peak of BiBTC can be deconvoluted into three
main peaks corresponding to the functional groups: Bi-O at
530.38 eV, the carboxylate groups of the BTC linkers at
531.38 eV, and OH at 532.38 eV. For the GO@BiBTC composite,
the binding energy positions of the Bi-O, the carboxylate groups
of the BTC linkers, and O-H groups shift to 531.1 eV, 532.1 €V,
and 533.2 eV, respectively, reflecting the interaction between
GO and the BiBTC (Fig. 10b). The binding energy values of the
Bi 4f spectra for BiBTC are determined to be 158.78 eV (Bi 4f;,)
and 164.38 eV (Bi 4fs),), with a binding energy difference (AE)
between Bi 4f5, and Bi 4f,, of 5.3 eV. In the GO@BiBTC
composite, the interaction between GO and BiBTC causes
a shift in the binding energy peaks of Bi 4fs,, and Bi 4f;/, to
159.8 eV and 165.1 eV, respectively. However, the AE between Bi
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and (d) In(Co/C) vs. irradiation time curves using the as-synthesized sa

4f;,, and Bi 4f;), for GO@BiBTC remains unchanged compared
to BiBTC (Fig. 10c). These results indicate that the Bi element
primarily exists in the form of Bi(m).

The results in Fig. 11 show that the GO2@BiBTC composite
exhibited a smaller Nyquist radius compared to BiBTC, indi-
cating that the charge separation and transfer of GO2@BiBTC
are more efficient than those of BiBTC. This implies an
improved charge transfer efficiency, leading to enhanced pho-
tocatalytic performance.

Photocatalytic performance

As illustrated in Fig. 12a, the real-time concentration of organic
dye after 60 min irradiation versus the initial dye concentration
was derived from the absorbance measured at the RhB's char-
acteristic light-absorption wavelength (553 nm). After 60 min of
light illumination, BiBTC sample displayed only 80% degradation
of RhB whereas GO2@BiBTC MOF and GO3@BiBTC MOF
showed more than 90% degradation. The synthesized
GO2@BiBTC MOF revealed the maximal deterioration rate (98%)
among four catalysts under the same condition (Fig. 12b and c).

The photodegradation reaction fits the pseudo-first-order
kinetics well, as shown in Fig. 12d. The apparent
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(a) Absorbance drops under light irradiation, (b) C/Cy vs. irradiation time plots, (c) effect photodegradation-dependent discolorations,

mples.

deterioration rate constants (k) value of BiBTC, GO1@BiBTC
MOF, GO2@BiBTC MOF, GO3@BiBTC MOF composites were
0.03, 0.04, 0.07 and 0.02 min ', respectively. The finding

RhB| RhB,| RhBys| RnB,,  RhB,,

251

204

TOC (x 10 mg/L

60

Time (min)

Fig. 13 Total organic carbon (TOC) removal during the photocatalytic
degradation of RhB in the presence of GO@BIBTC.
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displayed that the optimized heterostructure illustrated the
maximal photocatalytic performance, which was clearly owing
to the combination effect of BiBTC and GO. The stability and
reproducibility of the sample are crucial factors in the field of
wastewater treatment.

The total organic carbon (TOC) removal efficiency of RhB by
GO@BIBTC was determined according to the ISO 8245:1999
standard using a TOC-VCPH analyzer from Shimadzu. The
results show a significant reduction in TOC removal efficiency
with increasing reaction time (Fig. 13). TOC removal efficiency
reached by 78.5% and 84.5% after reaction times of 60 and
90 min, respectively.

Fig. 14 illustrates the photodegradation activity of RhB using
GO2@BiBTC MOF composite after five runs. The removal rate of
GO2@BiBTC MOF heterostructure was cyclically used at about
90% after 4™ run, ascribing good stability and reproducibility of
the optimized catalyst. The FT-IR and XRD spectra of the
GO2@BiBTC MOF composite after five catalytic cycles remained
comparable to those of the fresh material, with only a slight
reduction in peak intensities (Fig. 15a and b). Similarly, SEM
analysis revealed minimal morphological changes in the

a) (b)
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Fig. 15 (a) FT-IR, (b) XRD patterns, SEM image of GO2@BiBTC MOF catalyst (c) before and (d) after the cycling test.
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Table 1 Comparison of the photocatalytic efficiency of RhB dye degradation using GO2@BiBTC MOF with findings from previous studies

Catalyst amount ~ RhB concentration

Reaction time

Degradation efficiency

Catalyst (mg) (mg mL™Y) (min) Light source (%) Ref.
MIL-88A(Fe)/GO-H,0, 20 10 80 Xenon lamp 100 49
GO/MIL-53(Fe)-H,0, 10 20 Xenon lamp 100 50
MIL-88(Fe)@GO 5 100 60 Natural sunlight 98 51
Nd-MOF/GO/Fe;0, 2 10 80 Sunlight 20 52
BiVO,/MIL-Fe/GO 10 15 30 Visible light 78 53
GO@BiBTC MOF 10 15 60 LED light 98 This work

composite due to some BiBTC rods exhibited breakage during
the reaction process (Fig. 15¢ and d). Overall, these results
confirm the catalyst's robust stability.

Table 1 compares the photocatalytic efficacy of our
GO2@BiBTC MOF composite in degrading RhB with a state-of-
the-art heterostructure documented in prior literature. While
our photocatalyst did not exhibit superior degradation
compared to other composites, it represents a promising
candidate for enhancing and integrating efficient photo-
catalysts for water purification purposes.

Photocatalytic mechanism

The free radical ("OH, "0, , h', and e~) trapping measurements
were analyzed to confirm the radicals involved in the photo-
catalytic process over GO2@BiBTC MOF catalyst. TBA was
utilized as the quencher of ‘OH, BQ ('O, ), K,Cr,O, (e),
Na,C,0, (h"), respectively. In brief, their effect on the RhB
deterioration efficiency of composite is demonstrated in
Fig. 16a. It is obvious that GO2@BiBTC MOF catalyst has shown
well to degrade 98% RhB in 60 min without scavenger mole-
cules. However, the deterioration rate of RhB has fallen to 98%,
90%, 34%, and 29% respectively for TBA, K,Cr,0,, BQ, and
Na,C,0, upon the addition of scavengers. These results clearly
reveal the major contribution from ‘0O,” and h* as dominant
reactive oxygen species in the whole process. Moreover, e~ and

(a)

'OH species are found to participate in the photocatalytic
degradation of RhB.

The schematic presentation of the improvement adsorption-
photodegradation mechanism of RhB under light irradiation is
displayed in Fig. 16b. The adsorption of RhB onto Bi-GO
composite happened by both van der Waals forces and porosity
structure with a large specific surface area, which was investi-
gated in previous reports.””*"** Moreover, under light illumi-
nation, GO@BiBTC MOF photocatalyst generates electrons and
holes in the conduction band and valence band, which will
react with water molecules and oxygen to create super radicals
like OH™ and 'O, . These reactive radicals tend to transform
RhB into intermediate products and by-products (CO, + H,0),
as shown below.

GO@BiBTC MOF + v — e~ +h*
O, +e — 'Oy
h* + H,0 — "OH
h*/'0,” + "OH + RhB — CO, + H,0O

Additionally, the likely intermediates during the photo-
catalytic reaction were identified using LC-MS/MS spectroscopy.
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Fig. 16
GO@BIBTC MOF heterostructure.

2788 | RSC Adv, 2025, 15, 2779-2791

(a) Photocatalytic RhB degradation RhB degradation without and with radical scavengers and (b) the removal mechanism of RhB by
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Fig. 17 LC-MS/MS spectroscopy and schematic diagram of plausible degradation of RhB using GO@BiBTC MOF catalyst.

A suggested photodegradation route for RhB was derived from
spectrum measurements (Fig. 17). The initial RhB had an m/z
value of 399.2, corresponding to formulae (1)-(3). The inter-
mediate products were associated with formulae (4) and (5) and
had a m/z value of 355.2. Additionally, primary oxidation
products were produced and subsequently degraded into
smaller molecules. Following that, the oxidizing intermediates
broke down into CO,, NO;~, NH,*, and H,0.5*%

Conclusion

In this study, a binary GO@BIBTC MOF heterostructure was
successfully synthesized via hydrothermal technique. In
comparison with pristine BiBTC, the binary composite dis-
played improved adsorption-photocatalytic performance (98%)
than BiBTC towards RhB degradation. The free active species
trapping experiments revealed that the superspecies h” and
‘0O, were the major reactive species in the adsorption-
photocatalytic degradation course, to achieve RhB degrada-
tion. This work provided a new strategy to synthesize effective
binary GO@BiBTC MOF heterostructure composites and facil-
itate the field of wastewater treatment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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