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developed effective methods and advanced materials to treat 
wastewater dyes with high efficiency and reusability. In par-
ticular, the advanced oxidation method (AOP) is based on 
the formation of free radicals that act as oxidizing-reducing 
agents to break down the structure of pollutants and make 
materials less harmful to the environment [2]. Among them, 
advanced photocatalytic oxidation processes are an effective 
advanced oxidation process widely researched to solve dye 
pollution problems owing to their fast reaction rates, strong 
oxidation capability, and low cost compared to non-pho-
tolytic AOP [3]. Traditional photocatalytic semiconductor 
materials, such as oxides TiO2, ZnO, SnO2, Cu2O, WO3, and 
Fe2O3 [4–8], have been extensively studied to enhance the 
photodegradation ability of dyes in wastewater. These semi-
conductor materials absorb photons with energies equal to 
or higher than their bandgap, generating electron-hole pairs 
(e/h+). These electron-hole pairs can move to form reactive 
species such as hydroxyl radicals (•OH) or superoxide radi-
cal anions (•O2−), which can decompose many dangerous 
organic substances [9, 10].

1  Introduction

Every year, the textile dyeing industry releases approxi-
mately 200,000 tons of synthetic dyes, comprising approxi-
mately 17–20% of industrial wastewater, causing water 
pollution and directly affecting human health [1]. To solve 
these environmental problems, many research groups have 
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Abstract
We synthesized a bismuth-MOFs@CNTs (BiBTC@CNTs) catalyst using a microwave-assisted solvothermal method. 
The mass ratios of CNTs and BiBTC varied from 0 to 2, 5, and 10% (denoted as BiBTC@CNTs-x, x = 0 to 2, 5, and 
10). The characteristics of the catalyst were determined by X-ray diffraction (XRD), Fourier transform infrared (FT-IR) 
spectroscopy, scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and diffuse reflectance 
spectroscopy (UV-Vis DRS). The catalytic activity of the material was tested by photodegradation of rhodamine B. The 
structure of BiBTC@CNTs-x displayed a UU-200 and CNT structure with rod-shaped interweaving between the CNT 
fibers. The results indicated that BiBTC@CNTs-2 had the most significant ability to degrade RhB, achieving 98% degra-
dation in 180 min. The increased separation of electron-hole pairs via a built-in electric field between CNT and BiBTC is 
responsible for the improved photocatalytic degradation of RhB, as observed in the XPS spectrum, transient photocurrent 
response, electrochemical impedance spectroscopy (EIS), and Mott-Schottky plots. In addition, the catalyst mass, dye 
concentration, pH of the medium, and radical scavengers were investigated. Furthermore, free radicals (O2−) and electrons 
(e-) played the primary and most influential role in the photocatalytic degradation of both dyes, with a minor contribution 
from the photogenerated holes (h+). Kinetic study of the dye degradation process followed a first-order kinetic model.
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Metal-organic frameworks (MOFs) are a novel category 
of porous substances that comprise organic ligands and 
metal sites. These materials are gaining attention because of 
their potential applications in gas adsorption and separation, 
drug delivery, photocatalysis, sensing, and photocatalysis. 
Researchers have increasingly drawn attention to certain 
metal-organic frameworks (MOFs) in recent years as a 
promising class of porous catalysts. For example, Fe-MOFs 
[11], Zr-MOFs [12], Zn-MOFs [13], and Bi-MOFs [14–17] 
have garnered significant interest. Among these, Bi-MOFs 
have been the least explored. Bismuth, the central metal in 
Bi-MOFs, is non-toxic and possesses a flexible coordina-
tion geometry, with a 3-dimensional frame structure and 
adjustable pore size. The Bi3+ metal center can act as an 
acidic Lewis site in the adsorption and catalysis of various 
organic reactions [18]. Several novel Bi-MOF structures, 
such as UU-200 (Uppsala University) [19], CAU-17 (Chris-
tian Albrechts University) [20], CAU-33 [21], Bi-BTC [22, 
23], and Bi-BDC [24] have been reported as photocata-
lysts. Among these, trimesate-based Bi-MOFs are not only 
diverse in structure but also highly stable and easy to pre-
pare for photocatalytic applications. Vinh et al. investigated 
the influence of solvent (DMF and MeOH) on the structure 
and photodegradation of RhB of bismuth and trimesic acid 
[25]. The decomposition efficiencies of RhB were: Bi-BTC-
DMF (13.24%) was lower than Bi-BTC-MeOH (81.49%), 
and Bi-BTC-MDF/MeOH (95.06%) after 100 min of illu-
mination. Recently, H. Qin et al. enhanced the absorption 
of visible light in CAU17 by growing it on cotton fabrics, 
achieving a removal rate of 98.77% for RhB after 180 min 
of light exposure [26]. However, the photocatalytic oxida-
tion properties of pure Bi-MOFs remain inadequate, and 
their poor conductivity and low visible-light response often 
hinder their photocatalytic performance [27]. Currently, 
the improved use of heterojunction composites composed 
of narrow-gap semiconductors improves the visible-light 
response and efficiency of transport and separation of 
photogenerated carriers [28, 29]. Lin Yang et al. synthe-
sized the Bi2WO6/CAU-17 structure for the photodegrada-
tion of RhB, Orange II, Methylene Blue, and phenol. The 
results showed that the decomposition efficiency reached 
80% for RhB, 70% for Org II after 60 min, and 48.1% for 
phenol aftr 120 min [30]. Feihu Zhang et al. studied AgI/
CA-17 photocatalytic of Methyl Orange (MO), Tetracycline 
Hydrochloride (TC), and RhB under a 500 W Xenon lamp 
for 70 min. The efficiencies reached 96.7, 81.3, and 50.3% 
for RhB, TC, and MO, respectively [31]. In addition to the 
above materias, carbon materials possess high electrical 
conductivity and have been combined with MOFs to form 
synthetic materials, enhancing the electrochemical activity 
and electrical conductivity [25–27]. Carbon nanotubes have 
unique properties such as outstanding electrical and thermal 

conductivities and a large specific surface area [32]. CNTs 
can increase stability and reduce the recombination of elec-
trons with holes when combined with other semiconductor 
materials [33]. Furthermore, the large specific surface area 
of CNTs can enhance the adsorption capacity of MOFs, 
thereby promoting faster photocatalysis [34]. Therefore, 
the BiBTC@CNT composites are promising materials for 
increasing the efficiency of photodegradation.

This study utilized a microwave-assisted solvothermal 
method to modify CNTs on BiBTC at various mass per-
centages, which were subsequently analyzed using X-ray 
diffraction (XRD), Fourier-transform infrared (FT-IR) 
spectroscopy, scanning electron microscopy (SEM), dif-
fuse reflectance spectroscopy (DRS), and ultraviolet-visible 
(UV-Vis) absorption spectroscopy. The objective of this 
study was to investigate the influence of changes in the CNT 
mass percentage on the light absorption property, separation 
of e/h + pairs, and the subsequent effect on the photocata-
lytic performance of the as-synthesized MOFs during the 
photocatalytic decomposition of rhodamine B (RhB).

2  Experiment

2.1  Synthesis of Materials

2.1.1  Material

Trimesic acid (H3BTC, ≥ 98%), bismuth (III) nitrate pen-
tahydrate (Bi(NO3)3·5H2O, ≥ 99.5%), 1,4-Benzoquinone 
(C6H4O2), and tert-butanol ((CH3)3COH, ≥ 99.5%) were 
obtained from Sigma-Aldrich Co. Ltd. Methanol (MeOH, 
CH4O, ≥ 99.5%), N, N-dimethylformamide (DMF, 
C3H7NO, 99%), AR (Xilong Chemical, Methanol (99%, 
AR), and rhodamine B dye (RhB, C28H31ClN2O3, 95%) 
were purchased from Xilong Scientific Co., Ltd. Deion-
ized water was obtained from Yamato (Japan). All the com-
mercial reagents and solvents were used without additional 
purification.

2.1.2  Synthesis of BiBTC@CNTs and BiBTC Materials

First, 0.07485  g of Bi(NO3)3.5H2O was dissolved in 15 
mL of MeOH/DMF solvent, volume/volume (1:1, v/v), to 
obtain solution (A) 0.3647 g H3BTC was dissolved in 15 
mL of MeOH/DMF solvent (1:1, v/v) to obtain solution (B) 
CNTs were dispersed in 15 mL of MeOH/DMF solvent (1:1, 
v/v) to obtain solution (C) All the solutions were stirred and 
sonicated for 60 min. The mixture of solutions A, B, and 
C was then stirred for 60 min and sonicated for 60 min to 
evenly disperse the substances. The resulting solution was 
placed in a 250-mL flask and heated in a microwave for 
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90  min at 400 W (Sharp, model R-201VN-W). The mix-
ture was washed twice with MeOH to remove DMF and 
then dried at 80oC to get the BiBTC@CNT powder. In this 
study, BiBTC@CNT composite samples were prepared by 
changing the amount of CNTs in Bi(NO3)3.5H2O by 2, 5, 
and 10%. The labels are named BiBTC@CNTs-2, BiBTC@
CNTs-5, and BiBTC@CNTs-10. In addition, a BiBTC sam-
ple without CNT was also fabricated for comparison (See 
Scheme1).

2.2  Characteristics of the Catalyst

X-ray diffraction was carried out using a Shimadzu 6100 
diffractometer equipped with a high-speed detector and a 
scanning speed of 6 degrees per second. High-resolution 
scanning Electron Microscopy (FESEM) and energy-
dispersive X-ray spectroscopy (EDX) analyses were per-
formed using a JSM-IT500 instrument. Fourier transform 
infrared spectroscopy (FTIR) in the transmission mode 
was used to analyze the characteristic bonds and functional 
groups in the material. UV-Vis diffuse reflectance spectros-
copy (Cary 4000 UV-Vis spectrophotometer) was used to 
obtain adsorption spectra of the catalysts. The chemical 
composition of the surface of the material was analyzed 
using X-ray photoelectron spectroscopy (XPS) on an AXIS 
Ultra DLD machine. The pH of the solvent was measured 
using a Thermo Fisher Scientific meter (Orion Star A211). 
Mott-Schottky plots, photocurrent curves, and Nyquist plots 
were obtained using a CHI 650E electrochemical worksta-
tion with a three-electrode cell in a 0.1 M Na2SO4 electro-
lyte solution.

2.3  Photocatalytic Degradation of RhB

The experiment on the catalytic optical degradation of 
RhB was carried out in a dark chamber using 60 W LEDs 
(LEDs) to act as a light source (100 mW/cm2) in a two-layer 

reactor container with a continuous cooling water flow 
moving between the two layers to stabilize the temperature 
of the reaction while maintaining the temperature at room 
temperature.

Rhodamine B (RhB) was used for the water contaminant 
tests. The catalyst (10 mg) and the RhB solution (50 mL) 
were mixed in a reaction vessel. The solution was then stirred 
in the dark for 60  min to balance adsorption and desorp-
tion. This solution underwent a photocatalytic reaction for 
180 min, and 5 ml of samples were taken every 30 min to 
determine the concentration and return to the reactor to con-
tinue the photocatalytic process. The samples were centri-
fuged at 5000 rpm to remove solids and the optical density 
of the liquid solution was measured at λmax = 554 nm. In 
addition, the optical density of RhB at the corresponding 
concentration was determined, as shown in Figure S1. The 
RhB decomposition efficiency was calculated using the fol-
lowing formula:

H =
(C0 − Ct)

C0
× 100 =

(
1− Ct

C0

)
× 100� (1)

where H is the RhB decomposition efficiency, C0 is the ini-
tial concentration of the dye without catalyst, and Ct is the 
concentration of the dye at time t.

3  Results and Discussion

Figure  1 shows the X-ray diffraction patterns of CNTs, 
BiBTC, BiBTC@CNTs-2, BiBTC@CNTs-5, and BiBTC@
CNTs-10. The XRD spectrum of the CNTs shows a charac-
teristic peak at 2θ = 24°, corresponding to the (002) plane 
[34]. The XRD spectrum of BiBTC has characteristic peaks 
at 2θ = 8°, 10°, 13°, and 18°, related to the (001), (211), 
(401), and (002) planes. This structure is similar to that of 
BiBTC synthesized by Deng et al. [35] and is called UU-200 

Scheme 1  Synthetic process of BiBTC@CNT
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BiBTC@CNTs-10 using the infrared spectra (FT-IR). 
The results showed that the characteristic vibrations of 
BiBTC include Bi-O, C = C, and C = O bonds at positions 
519 cm− 1, 1549 cm− 1, and 1690 cm− 1, respectively [3]. The 
characteristic peak of CNTs was detected at 1633  cm− 1, 
which corresponds to the vibration of the C = C bond [34]. 
The absorption peak at 3500 cm− 1 is characterized by H-O 
vibrations owing to free water molecules in the voids of the 
material [37].

(CCDC: 2,103,784) [3]. The spectra of BiBTC@CNTs have 
simultaneous peaks at 2θ = 8°, 10°, 13°, and 18°for UU-200, 
and the 2θ = 24.8○ peak of CNTs corresponding to JCPDs 
card No. 75-2078) [36]. The intensity of the 2θ = 24.8○ peak 
increased with the increasing weight% of CNTs in the com-
posites. In addition, the X-ray diffraction pattern does not 
show a significant shift at the peak position.

Figure  2 shows the material bonding characteristics of 
CNTs, BiBTC, BiBTC@CNTs-2, BiBTC@CNTs-5, and 

Fig. 2  FT-IR spectra of CNTs, BiBTC, BiBTC@
CNTs-2, BiBTC@CNTs-5, and BiBTC@CNTs-10 
samples

 

Fig. 1  XRD patterns of CNTs, BiBTC, BiBTC@
CNTs-2, BiBTC@CNTs-5, and BiBTC@CNTs-10 
samples, inset XRD patterns in range 2θ = 20–30
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range of 1 to 2 μm. Besides, the diameter of BiBTC rods 
is distributed in the range of 0.2–1.2 μm and concentrated 
in the range of 0.4–0.6 μm (Fig. 3d). The morphology of 
BiBTC@CNTs (Fig.  3. b) retained the rod-shaped struc-
ture of UU-200, interwoven with the fiber structure of the 

The morphologies of the synthesized BiBTC and 
BiBTC@CNTs are shown in Fig. 3. Figure 3a shows that 
the synthesized BiBTC has a rod-shaped structure with 
different sizes. Figure 3c shows that the length of UU-200 
rods is distributed from 0.5 to 4.5 μm, concentrated in the 

Fig. 3  SEM images of BiBTC (a) 
and BiBTC@CNTs-2 (b) with 
corresponding length (c and d) 
and width (e and f) distribution 
histograms
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samples had a longer wavelength shift than that of BiBTC 
because of the CNTs distributed on the surface. These 
results demonstrate that CNTs can expand the absorption 
region of the catalyst, allowing it to absorb more light in 
the visible region. The bandgap energies (Eg) of BiBTC, 
BiBTC@CNTs-2, BiBTC@CNTs-5, and BiBTC@CNTs-
10 were calculated from (αhν)r vs. hν, where r = 2 is the 
direct bandgap, as mentioned in previous studies [20, 39]. 
Figure  5b show that the results were recorded at 3.7  eV, 
3.5 eV, 3.62 eV, and 3.53 eV, respectively. In addition, CNTs 
help slow the recombination rate of electron-hole pairs by 
continuously receiving electrons from the semiconductor 
[33].

The surface chemical composition and chemical state of 
the surface elements in the BiBTC@CNTs were analyzed 
using X-ray photoelectron spectroscopy (XPS), as shown 
in Fig. 6. Figure 6a shows the binding energy (BE) value 
of the Bi 4f spectrum of BiBTC@CNTs is around 160 (Bi 
4f7/2) and 165.4 eV (Bi 4f5/2) with different energies (Bi 
4f5/2–Bi 4f7/2) of 5.4 eV, proving that Bi is mainly in the 
form of Bi (III) [40]. Moreover, the CNTs decorated with 
BiBTC caused the position of the Bi peak in the BiBTC@

CNTs. Figure  3f shows that the rods of BiBTC@CNTs 
have a width distribution in the range of 0.1–1.2 μm and a 
concentration in the range of 0.2–0.4 μm. The CNTs fibers 
interwoven between BiBTC had small diameters distrib-
uted in the range of 40–130 nm and were concentrated at 
approximately 80 nm. CNTs fibers interwoven with BiBTC 
are expected to enhance hole-electron separation without 
changing the shape of the BiBTC@CNT heterostructure, as 
observed in a previous study [38].

Figure  4 shows the corresponding energy-dispersive 
X-ray spectroscopy (EDS) measurements of elements in the 
BiBTC@CNT material. Energy-dispersive X-ray spectros-
copy (EDS) measurements revealed the presence of three 
elements: bismuth (Bi), carbon (C), and oxygen (O) on the 
surface of the material. Furthermore, elemental mapping 
using EDS showed a uniform and dense distribution of these 
three elements across the surface.

Figure  5 shows the optical absorption properties of 
the BiBTC@CNT composites studied using UV-Vis dif-
fuse reflectance spectroscopy (UV-Vis/DRS). The optical 
absorption edge of BiBTC is observed at 320 nm, as shown 
in Fig. 5a [37]. The absorption edge of the BiBTC@CNT 

Fig. 5  (a) UV-Vis/DRS spectrum and (b) bandgap energy of CNTs, BiBTC, and BiBTC@CNTs-x

 

Fig. 4  Mapping elements Bi, C, 
and O in BiBTC@CNTs-2
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530.3, 531.4, and 531.1  eV corresponding to the Bi-O, 
C = O bond bands in the carboxylate Enhanced electro-
chemical performance of the group and hydroxyl radicals 
are adsorbed on the surface [45].

The photocatalytic performance of the BiBTC@CNTs 
was studied using Rhodamine B as an organic pollutant. In 
this process, BiBTC@CNTs-2 exhibited better activity than 
BiBTC, as shown in Fig. 7a. However, when the mass ratio 
of CNTs increased, the photocatalytic activity decreased 
significantly. The efficiency of RhB degradation by BiBTC 
and BiBTC@CNTs followed a first-order kinetic reaction 
model:

ln(C0/Ct) = kt.
where k is the reaction rate constant (min− 1) and C0 and Ct 

correspond to the RhB concentration at times 0 and t, respec-
tively. The kinetic equations and reaction rate constants are 

CNTs to shift toward a lower binding energy owing to an 
increase in the electron cloud density around the Bi atoms, 
as mentioned in a previous study [5, 41]. The C1s peaks 
of BiBTC@CNTs (Fig. 6b) can be divided into five main 
peaks: 284.8, 286.3, 288.9, 289.5, and 291.4 eV [17]. The 
peak at 284.8 eV was attributed to the C–C/C = C bond of 
BiBTC and CNTs [42]. The BE at 286.3 and eV correspond 
to the C–O bonds of BiBTC and CNTs, respectively [42]. 
The peak at 287.8 eV is characteristic of C = O of BiBTC 
and on the surfaces of CNTs [42, 43]. The peak at 289.5 eV 
characterizes the O–C = O bond of UU-200 [44]. The level 
of 291.9  eV can be attributed to the π–π* satellite bands 
in CNTs [3]. Meanwhile, the deconvolution of BiBTC C1s 
peak has C–C/C = C, C–O, and C = C at 284.8, 286.3, and 
288.5  eV, respectively [45]. Figure  6c shows the binding 
energy value of O1s in BiBTC@CNTs recorded at peaks 

Fig. 6  XPS spectrum of 
BiBTC@CNTs-2 and BiBTC 
with signals of (a) Bi 4f, (b) C 
1s, and (c) O 1s
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high, resulting in the formation of large particles, reducing 
the specific surface area and preventing contact between the 
RhB molecules and the active substance, thereby reducing 
the catalytic efficiency of the BiBTC@CNTs-2 material.

To determine the reaction rate constant for RhB decom-
position, a kinetic equation was constructed using ln(C0/
Ct) and time t under the influence of a catalyst, as shown 
in Fig.  8b. Rhodamine B degradation performance was 
sorted in the order of corresponding catalyst mass: 0.01 g 
> 0.015  g > 0,02  g > 0.005  g. RhB was almost completely 
decomposed when using a catalyst mass of 0.01 g. When the 
catalyst mass was reduced, RhB decomposition efficiency 
decreased. When the catalyst mass was greater than 0.01 g, 
the more the catalyst mass increased, the RhB decompo-
sition efficiency gradually decreased. The highest reaction 
rate when using 0.01  g of material has k = 0.0124  min-1 
and correlation coefficient R2 = 0.9981; the lowest is when 
using 0.005 g of material with k = 0.0039 min-1 and correla-
tion coefficient R2 = 0.9906. According to the results of this 
study, a catalyst dosage of 10 mg/50 mL RhB was suitable 
for the catalytic process to proceed quickly and at the most 
appropriate time.

This study investigated the effect of RhB concentra-
tion on the performance of the BiBTC@CNTs-2 catalyst, 
as shown in Fig. 8c. Four different concentrations of RhB 
were studied, ranging from 10 ppm to 40 ppm. The results 
indicate that the degradation rate increased as the RhB con-
centration decreased. In approximately 120  min, 10 ppm 
RhB decomposed with high efficiency (98%), whereas 15 
ppm RhB took 180 min to completely decompose. Research 
has shown that the RhB concentration has a great influence 
on the catalytic activity of BiBTC@CNTs-2; the reaction 

shown in Fig. 7b. The results show that BiBTC@CNTs-2 
has the highest reaction rate constant (0.0124 min-1), 1.5 is 
more than of BiBTC (0.0083 min− 1), 3.4 times more than 
BiBTC@CNTs-5 and 4.96 times that of BiBTC@CNTs-10. 
These results show that combining an appropriate amount 
of CNTs with BiBTC significantly changes the photo-
catalytic activity. Although the results show that CNTs are 
excellent conductors, helping to separate electron and hole 
pairs [46], CNTs do not exhibit photocatalytic ability under 
visible light [47]. Therefore, increasing the amount of CNTs 
can increase the surface coverage and decrease the energy 
received from the light source, and the RhB molecules are 
unable to reach the active centers of the catalyst. Conse-
quently, the photocatalytic ability and adsorption capacity 
of the catalyst were significantly reduced.

	● Effect of BiBTC@CNTs-2 loading.

This study investigated the effect of loading the BiBTC@
CNTs-2 catalyst on RhB degradation performance. Fig-
ure 8a shows the experimental samples were prepared with 
different loadings of BiBTC@CNTs-2 (0.005, 0.01, 0.015, 
and 0.02 g, respectively. The results showed that The 0.005 g 
sample had the lowest efficiency (approximately 67%) after 
120 min. The samples weighing 0.01 g have the best effi-
ciency, reaching 98%. This study shows that the loading of 
the catalysts has a significant influence on their photocata-
lytic ability. This is due to the dispersibility of the material 
in the environment. In the same volume of solution with the 
same concentration of RhB, the loading of catalysts is small, 
and there are not enough active sites to catalyze the decom-
position of RhB. However, the loading of the catalysts is too 

Fig. 7  (a) Photocatalytic reaction curve under visible light of BiBTC and BiBTC@CNTs-x in 180 min. (b) Photocatalytic kinetics of BiBTC and 
BiBTC@CNTs-x
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active sites were saturated, leading to a longer loss of time 
for the photocatalytic decomposition of RhB. In addition, 
high concentrations cause RhB molecules to easily form 
large particles, making it difficult to contact the active sites 
and hindering the contact of other RhB molecules with the 
active sites.

rate is slower when the RhB concentration is increased. 
This can be explained by the porous structure and location 
of the active center of the catalyst. At low concentrations, 
RhB molecules are better able to contact the active sites of 
the material, thereby making the catalytic process faster. At 
high concentrations, the density of RhB was higher and the 

Fig. 8  The influence of catalyst mass (a), RhB concentration (c), and environmental pH (e) on the ability to decompose RhB; First-order kinetics 
under the influence of catalyst (b), RhB concentration (d), pH of the environment (f)

 

1 3

1163



Topics in Catalysis(2024) 67:1155–1168

negatively charged, allowing the catalyst to attract cationic 
molecules and repel anionic molecules. Nevertheless, as the 
pH of the environment increased above 9, the surface of the 
RhB dye molecules became negatively charged in the alka-
line region (pH > 7) [48], thereby reducing the adsorption 
of negatively charged RhB dye molecules. Additionally, the 
hydroxide (OH −) ions present in the solution can compete 
with dye molecules for adsorption sites on the negatively 
charged catalyst surface, decreasing the overall efficiency 
of the digestion process.

The addition of free radical scavengers significantly 
affected the efficiency of the BiBTC@CNT material for the 
photodegradation of RhB. In this study, four scavengers, 
BQ (capture •O2-), Na2C2O4 (capture h+), K2Cr2O7 (capture 
e-), and ethanol (capture •OH) [49], were used to study their 
effects on catalyst performance. First, 10 mg of the catalyst 
and 50 mL of RhB solution (15 ppm) were mixed in the 
reaction vessel and stirred in the dark for 60 min to balance 
the adsorption-desorption, after which the scavenger was 
added, and this solution performed a photocatalytic reac-
tion. The results (Fig. 9) showed that the addition of BQ sig-
nificantly reduced the RhB degradation efficiency compared 
with the BiBTC@CNT catalyst. After 180 min, the decom-
position efficiency decreased from 99 to 45%, ndicating that 
BQ had a strong inhibitory effect on the activity of the mate-
rial. Similarly, the addition of K2Cr2O7 slightly reduced the 
catalytic performance, with the decomposition efficiency 
decreasing from 99% t 90%. hese results show that scav-
engers have a significant impact on the photocatalytic deg-
radation of RhB, in which BQ has the strongest inhibitory 
effect, followed by K2Cr2O7, and Na2C2O4 and Ethanol did 
not affect the activity and catalytic properties of the materi-
als. The mechanism underlying the inhibitory effect of scav-
engers on the performance of the BiBTC@CNT catalyst is 
complex and depends on the specific scavenger used. For 
example, Na2C2O4 can act as an electron donor and compete 

The kinetic equation ln(Ct/C0) versus time (t) was used 
to determine the kinetics of the photocatalytic degrada-
tion of RhB under the influence of RhB concentration. The 
decomposition rate of Rhodamine B in the survey was as 
follows: 10 ppm > 15 ppm > 20 ppm > 30 ppm, as shown in 
Fig.  8d. At concentrations of 15 ppm or lower, RhB was 
almost completely decomposed. As the RhB concentration 
increases, the activity of the material gradually decreases. 
The highest reaction rate was obtained at an RhB concentra-
tion of 10 ppm with k = 0.0152 min-1 and a correlation coef-
ficient R2 = 0.9952. The lowest reaction rate was obtained 
at an RhB concentration of 30 ppm, with k = 0.0077 min-1 
and correlation coefficient R2 = 0.9836. However, the RhB 
concentration of 15 ppm had a high reaction rate constant 
(k = 0.0124 min-1) and a higher correlation coefficient than 
the experimental sample with an RhB concentration of 10 
ppm. From the results of this study, it can be seen that a 
concentration of 15 ppm is suitable for the catalytic process 
to proceed quickly and at the most appropriate time.

The pH had a significant influence on the photocata-
lytic activity of BiBTC@CNTs-2. In this study, a pH-
adjusted RhB solution with five different pH values (2, 3, 
5, 7, and 9) is investigated. The information provided in 
Fig. 8e reveals that the effectiveness of the RhB decomposi-
tion environment at pH 5 and 6 is greater than that at pH 
3, 7, or 9. Specifically, at pH 9, the efficiency of the RhB 
catalytic degradation process reached only 72.7%. This 
may be attributed to the interaction between the dye and 
the catalyst surface, which is influenced by the molecular 
structure of the dye and isoelectric point (PZC) of the cata-
lyst. The isoelectric point (pHpzc) of BiBTC@CNTs-2 was 
3.5, as depicted in Figure S2. In a pH environment below 
pHpzc = 3.5, the BiBTC@CNTs-2 surface was positively 
charged, causing the catalyst to repel cationic molecules 
(RhB dye) in this pH range. However, in a pH environment 
above pHpzc = 3.5, the surface of BiBTC@CNTs-2 was 

Fig. 9  Effects of different radical scavengers on the degradation of RhB
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photocurrent. The results showed that the BiBTC@CNTs-2 
composite had a larger photocurrent intensity (2.02 µA/
cm2) than pure BiBTC (1.35 µA/cm2). According to previ-
ous studies [4, 52, 53], the separation efficiency of photo-
generated charges is more effective, and the photocatalytic 
performance corresponds to a higher photocurrent intensity. 
The electrochemical impedance spectroscopy (EIS) results 
for the synthesized catalysts are presented in Fig. 11b. The 
corresponding equivalent circuit is shown in the top-right 
corner of the figure. A smaller semicircle radius reduces the 
charge-transfer resistance and enhances the carrier-transfer 
efficiency. Based on the specific resistance values, it is evi-
dent that BiBTC@CNTs-2 exhibits the lowest resistance, 
higher photocatalytic activity, and improved surface charge 
transfer ability compared to pure BiBTC. The effective 
separation and rapid transfer of e/h + pairs between BiBTC 
and CNT are responsible for this effect [54]. However, an 
increase in the weight% of carbon nanotubes (CNTs) pre-
vents the active sites on the catalyst surface from contacting 
the solution. This phenomenon is commonly referred to as 
the shielding effect (SE).

3.2  Possible Photocatalytic Mechanism

To study the photocatalytic mechanism, the conduction and 
valence bands of BiBTC were analyzed using Mott–Schottky 

with RhB for the active sites on the catalyst surface, thereby 
hindering photocatalytic degradation. Overall, the results 
of this study demonstrate that the addition of free-radical 
scavengers can significantly affect the performance of the 
BiBTC@CNTs-2 catalyst in the photodegradation of RhB. 
Therefore, understanding the mechanism of free-radical 
inhibition can aid in the design of more efficient photocata-
lytic systems for wastewater treatment applications.

The BiBTC@CNTs-2 photocatalyst was assessed for 
its ability to degrade RhB dye by comparing it to other 
reported materials, as shown in Table 1. The results demon-
strated that BiBTC@CNTs-2 exhibited significant potential 
as a photocatalyst for the degradation of RhB, particularly 
at higher dye concentrations and shorter processing times 
than Bi-MOFs (UU200 or Bi-BDC). This exceptional per-
formance was attributed to the consistent distribution of Bi, 
O, and C elements, as well as the conductive CNTs in the 
BiBTC@CNTs microstructure.

3.1  Photoelectrochemical Performance

The separation and charge transfer performance of the 
BiBTC@CNTs-x catalyst were investigated using tran-
sient photocurrent response (Fig.  10a) and electrochemi-
cal impedance spectroscopy (EIS) (Fig. 10b). The light on 
and off times were 20 s during the testing of the transient 

Table 1  Some recent photocatalyst systems for photocatalyst degradation of RhB
Catalyst wt% CNTs Dyes Concentration

(ppm)
Lamp source Efficiency, @Times (mins) Ref

UiO-66-NH2@CNT 3 RhB 15 LED 100 W 93%@30 min  [46]
ZnO/CNTs 10 RhB 20 Sunlight 49%@ 60 min  [50]
g-C3N4/CNTs 1 RhB 10 Xenon 300 W 98.1%@60 min  [51]
g-C3N4/UU200 - RhB 3 Sunlight 97.5%@ 90 min  [14]
Bi-BDC - RhB 14.4 visible LED light 99.44% %@ 360 min  [17]
BiBTC@CNTs 2 RhB 15 LED 60 W 98%@180 min This study

Fig. 10  (a) Transient photocurrent response and (b) EIS changes of BiBTC@CNTs-x
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4  Conclusion

This study aimed to evaluate the efficacy of BiBTC@
CNTs-x as a photocatalyst for RhB degradation. A micro-
wave-assisted solvothermal process was employed to syn-
thesize the BiBTC@CNT composite, which possesses the 
structure of UU-200 and CNT. The findings of the FESEM 
analysis indicate that the interwoven fibers of BiBTC and 
CNTs enhance the absorption of light energy and facilitate 
the separation of electron-hole pairs. This enhancement 
was demonstrated by the higher photocurrent intensity 
observed in BiBTC@CNTs-2 (2.02 µA/cm2) than in pure 
BiBTC (1.35 µA/cm2) and a smaller semicircle radius in 
the EIS results. The transfer of photoinduced electrons from 
CNTs to BiBTC was also observed through XPS and Mott-
Schottky plots. The BiBTC@CNTs-2 material exhibited the 
best photocatalytic performance, with a complete decom-
position of 97.88% RhB in 180 min. These findings dem-
onstrate that CNTs significantly influence photocatalytic 
efficiency owing to their contribution to increased absorp-
tion in the visible light region and the extension of the life-
time of photogenerated electron-hole pairs. In addition, free 
radicals (•O2−) and electrons (e −) play crucial roles in the 
photodegradation of RhB.

Supplementary Information  The online version contains 
supplementary material available at https://doi.org/10.1007/s11244-
024-01985-x.
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