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 In this study, the photocatalytic degradation of rhodamine b (RhB) is 

investigated over metal-organic framework materials based on bismuth and 

trimesic acid (Bi-BTC) with different metal-to-ligand molar ratios. All obtained 

products are characterized by using powder X-ray diffraction, scanning 

electron microscopy, and UV–vis diffuse reflectance spectroscopy. It is found 

that decreasing the metal-to-ligand ratio below 1:1 produces high crystallinity 

and long rod-like crystals of Bi-BTC. For the metal-to-ligand molar ratios 5:1 

and 1:1, we obtain low crystallinity of Bi-BTC. Additionally, a lower metal-to-

ligand ratio in the Bi-BTC photocatalyst leads to the higher efficiency 

compared to other Bi-BTC photocatalysts. The metal-to-ligand ratio of 1:20 

(Bi-BTC-0.05) favors the highest efficiency, in which 97.81% rhodamine B (RhB) 

is removed after 150 min of irradiation. The results should open a new 

approach to optimize the desired Bi-BTC structure for a target application. 
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I ntroduction 

 

Metal-organic frameworks (MOFs) are currently 

attracting much attention from researchers because of 

their potential applications in the fields of adsorption, 

catalysis, and sensing. Therefore, the construction of 

new MOFs with diverse properties is being studied in 

practice and science. However, current studies focus 

on MOFs containing transition metals and lanthanides, 

[1,2] while only a few studies focus on main group 

metals.  

Bismuth is a potential metal for building MOF 

structures thanks to its flexible coordination geometry 

and thus leads to the formation of diverse MOF 

structures. Recently, several bismuth-based MOFs with 

novel structures have been synthesized and shown to 

possess interesting photocatalytic and photocatalytic 

properties.[3–6] In particular, metal-organic framework 
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materials based on bismuth and trimesic acid (Bi-BTC) 

is currently being researched and applied widely in the 

field of photocatalysis and has shown high efficiency  in 

the photocatalytic reaction to decompose organic 

dye.[7–9] However, due to the recombination of 

electrons and holes, the photocatalytic efficiency of the 

material is limited. Recently, researchers have 

enhanced the photocatalytic activity of Bi-BTC by 

combining with other materials. Specifically, Shuai-Ru 

Zhu et al. combined BiOBr with Bi-BTC to form a 

BiOBr/CAU-17 composite material with high 

photocatalytic activity to degrade organic dye.[10] 

Besides, the synthesis method to obtain materials with 

large surface area and/or high energy crystal surface 

also contributes to enhanced photocatalytic activity.[11]  

Our previous research showed that Bi-BTC has high 

photocatalytic activity, which is primarily determined by 

the solvent used in the synthesis process. Bi-BTC was 

synthesized by the thermal method using DMF/MeOH 

solvent mixture for the highest activity.[12] However, 

effect of metal–to-ligand molar ratio on the rhodamine 

b photodegradation activity of Bi-BTC has not been 

studied. 

In this study, we synthesized Bi-BTC photocatalyst 

materials by hydrothermal method, using Bi(NO3)3 and  

trimesic acid as precursors with different Bi3+/BTC3- 

ratios in the solvent mixture of DMF/MeOH. The phase 

structure, crystal morphology, and light absorption 

properties of the materials were analyzed through 

XRD, SEM, and UV-Vis DRS methods. The 

photocatalytic activity of the as-synthesized Bi-BTC 

were studied through photocatalytic decomposition of 

rhodamine B (RhB) under white LED light irradiation. 

 

Experimental 

 

Materials 

 

Bismuth (III) nitrate pentahydrate (Bi(NO3)3•5H2O, ≥ 

98.0%), tri- mesic acid (H3BTC, C9H6O6, 95%), tert-

butanol (C4H10O, ≥ 99.5%), rhodamine b 

(C28H31ClN2O3, ≥ 95%), and 1,4-benzoquinone (C6H4O2, 

≥ 99%) were purchased from Sigma-Aldrich. Sodium 

oxalate (Na2C2O4, ≥ 99.8%), potassium dichromate 

(K2Cr2O7, ≥ 99.8%), N,N- dimethylformamide (DMF, 

C3H7NO, 99%), and methanol (MeOH, CH4O, ≥ 99.5%)  

were obtained from Xilong Scientific Co., Ltd. 

 

Sy nthesis of Bi‐BTC Photocatalysts 

 

The solvothermal procedure employing Bi(NO3)3•5H2O 

and H3BTC as the precursors were adopted to 

synthesize the Bi-BTC samples.[13] Typically, x mmol of 

Bi(NO3)3•5H2O and y mmol of H3BTC (where x/y = 5:1 , 

1:1, 1:5, 1:10, 1:20, and 1:40; abbreviated as Bi-BTC-5, Bi-

BTC-1, Bi-BTC-0.2, Bi-BTC-0.1, Bi-BTC-0.05, and Bi-

BTC-0.025, respectively) were dispersed in 60 mL of 

MeOH/DMF solvent (MeOH/DMF volume ratio is 1:1). 

Then, the mixture was vigorously stirred for 30 min. 

Next, the transparent solution was transferred into a 

100 mL solvothermal autoclave reactor. This autoclave 

was treated with 24 h of heating at 120 ᵒC in an oven. 

The obtained white paste was rinsed with MeOH. 

Finally, the obtained powder was dried at 60 ᵒC for 24 

h. 

 

Photocatalyst Characterization 

 

X-ray diffraction (XRD) patterns of the synthesized 

samples were recorded in a D8 Advance Bruker 

powder diffractometer (Bruker, Billerica, MA, USA) with 

a Cu Kα excitation source. The surface morphologies of 

Bi-BTC samples were observed by scanning electron 

microscope (SEM, JEOL JSM 7401F, Peabody, MA, 

USA). UV–vis diffuse reflectance spectroscopy (UV-Vis 

DRS) was carried out on the Shimazu UV-2450 

spectrometer (Shimazu, Kyoto, Japan). 

 

Photocatalytic Reaction 

 

The photocatalytic degradation of rhodamine B (RhB) 

over Bi-BTC samples were conducted in a 100 mL 

double-layer interbed glass beaker photocatalytic 

reactor under four daylight Cree® Xlamp® XM-L2 

LEDs (max power of 10 W and max light output of 1052 

lm) visible light irradiation. To perform this experiment, 

a mixture consisting of RhB aqueous solution (3×10−5 

M, 50 mL) and the given catalyst (5 mg) was vigorously 

stirred for 60 min in the dark to ensure the adsorption–

desorption equilibrium between the surface of Bi-BTC 

and the RhB molecules. During 150 min of 

photocatalytic processes, aliquots of the reaction 

solution was withdrawn at the same time intervals and 

the solid was immediately isolated by centrifugation  to  

yield a transparent solution. The RhB concentration was 

determined by the change of the absorption intensity 

at its maximum absorbance wavelength of λ = 554 nm 

using a UV–visible spectrophotometer (Cary 60 UV–Vis, 

Agilent Technologies). 

 

Results and discussion  
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Characterization of Bi-BTC samples 

 

Figure 1 presents XRD patterns of the Bi-BTC samples. 

The variation of the metal-to-ligand ratio in a synthes is  

have affect on the crystal growth of Bi-BTC. The metal-

to-ligand molar ratios 1:5, 1:10, 1:20, and 1:40 gave a Bi -

BTC crystal phase with high crystallinity and was 

isomorphic to that of Bi-based MOF (CAU–17, CCDC 

1426169).[7,13–16] For the metal-to-ligand molar ratios 

1:1, we obtain low crystallinity of Bi-BTC. The deficient 

availability of H3BTC ligands to form our target Bi-BTC 

was observed for the catalyst synthesis at the metal-to-

ligand ratio 5:1. 

 

Figure 1: XRD pattern of Bi-BTC samples 

 

Figure 2: SEM images of Bi-BTC samples 

The effect of metal–ligand ratio on the formation of Bi -

BTC also considerably altered the morphology of the 

as-synthesized products, as exhibited in Fig 2. The 

morphology for the as-synthesized products at metal-

to-ligand molar ratios 1:5, 1:10, 1:20, and 1:40 clearly 

shows the rod-like shape of the CAU-17 crystals 

formed.[16] The rod-like width obtained for Bi-BTC in 

those experiments vary in the range 200−300 nm. 

However, the morphology of the as-synthesized 

samples at the metal-to-ligand ratio 5:1 and 1:1 

presents different morphology from those obtained at 

other molar ratios. Consistent with the results of the 

XRD patterns, the Bi-BTC-5 and Bi-BTC-1 (Figure 1) 

samples had low crystallinity. 

 

Figure 3: UV–Vis DRS spectra (A) and plots of (αhν)2 

versus the photon energy (hν) (B) of Bi-BTC samples 

UV-vis DRS spectra of all samples are displayed in 

Figure 3. The UV−visible absorption spectra show that 

in the both samples, there is absorption in the 

ultraviolet range with the absorption edges of 330–380 

nm. The band gap energy (Eg) of the as-synthesized 

samples were derived from the tangent in the Tauc 

plots αhʋ = B(hʋ−Eg)n, where α is the absorption 

coefficient, hυ is the photon energy, B is the constant, 

Eg is the optical bandgap of the samples, and n is the 

constant,.[17] These materials belong to direct 
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bandgaps and n value in Tauc’equation is 1/2. The Eg 

values of the samples was determined to be 3.27 eV 

for Bi-BTC-5, 3.29 eV for Bi-BTC-1, and 3.49 eV for Bi-

BTC-0.2, Bi-BTC-0.1, Bi-BTC-0.05 and Bi-BTC-0.025. 

Photocatalytic activities of Bi-BTC samples under visible  

l ight 

 

Figure 4: Photocatalytic degradation of RhB over Bi-

BTC samples (A), plots of ln(Co/C) versus irradiation 

time representing the fit using a pseudo-first-order 

reaction rate (B), and UV–Vis absorption spectra of RhB 

solution during illumination using Bi-BTC-0.05 (C) 

To demonstrate the Effect of metal–ligand ratio on the 

photocatalytic activity of Bi-BTC, we conducted the 

photodegradation of RhB under white LED light 

irradiation. Fig 4A displays the removal efficiency of 

RhB by the as-synthesized samples. In comparison with 

the Bi-BTC-5 sample, the Bi-BTC synthesis at the 

metal-to-ligand ratio 1:1, 1:5, 1:10, 1:20, 1:40 exhibited 

significantly improved photocatalytic activity after 150 

min of irradiation. The degradation rate of Bi-BTC-0.05 

sample reached its highest value (about 97.8%) while 

the figure was 29.2% for the Bi-BTC-5 sample. In 

addition, the pseudo-first-order kinetic equation 

(ln(C/Co) = kt) was employed to fit the degradation of 

RhB (Fig 4B). The reaction rate constant (k) was 

determined to be 1.97×10-3 min-1 (Bi-BTC-5), 14.38×10-3 

min-1 (Bi-BTC-1), 16.28×10-3 min-1 (Bi-BTC-0.2), 

25.81×10-3 min-1 (Bi-BTC-0.1), 29.65×10-3 min-1 (Bi-BTC-

0.05), and 25.05×10-3 min-1 (Bi-BTC-0.025), indicating 

that the Bi-BTC-0.05 sample exhibited superior 

photocatalytic performance. The Bi-BTC-0.05 sample 

has shown higher photocatalytic activity than earlier 

reports.[12,18] 

Figure 4C shows UV-vis absorption spectra of RhB 

solution catalyzed by Bi-BTC-0.05 sample with respect 

to irradiation time. As shown in Fig 4C, the intensity of 

the absorption peak (554 nm) dramatically declined 

with increasing irradiation time and almost disappears 

when prolonging irradiation time to 150 min. These 

signs were attributed to the photodegradation of RhB 

molecules. 

To elaborate on the mechanism for the active species 

responsible for RhB degradation over Bi-BTC-0.05, 

radical trapping experiments in the photodegradation 

were performed similar to the above photocatalytic 

activity test. Radical scavengers included 1,4-

benzoquinone (BQ), potassium dichromate (K2Cr2O7), 

sodium oxalate (Na2C2O4), and tert-butanol (TBA) were 

agents that capture superoxide (O2•−), electron (e−), 

hole (h+), and hydroxyl radicals (HO•), respectively. As 

displayed in Fig 5, the RhB photodegradation rate 

showed a marked decline follow the addition of 

Na2C2O4 and BQ, implying that h+ and O2•− species 

directly oxidized RhB molecules adsorbed on the 

surface of the Bi-BTC-0.05 catalyst. 

To investigate the stability of the Bi-BTC-0.05 catalyst, 

the stability of the Bi-BTC-0.05 was tested three times 

by collecting and reusing the same photocatalyst and 

illustrated in Fig 6A. The photocatalytic activity of the 

Bi-BTC-0.05 sample is not significantly reduced after 

three runs, which may have been caused by the loss of 

the catalyst during the catalytic separation. Moreover, 
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there are no differences in the XRD of Bi-BTC-0.05 

catalyst before/after three runs (Fig 6B), suggesting the 

excellent stability and reusability of the Bi-BTC-0.05 

catalyst. 

 
Figure 5: Trapping experiments of photocatalytic 

degradation of RhB over Bi- BTC-0.05sample 

 

Figure 6: Photo-stability tests over Bi-BTC-0.05 sample 

for the cycling photodegradation of RhB (A) and XRD 

pattern of Bi-BTC-0.05 samples after and before 

photocatalytic reaction (B) 

Conclusion 

 

This study has shown that Bi-BTC has high 

photocatalytic activity and stability, which is primarily 

determined by the metal-to-ligand molar ratio used in 

the synthesis process. Bi-BTC was synthesized by the 

thermal method at the metal-to-ligand ratio of 1:20 (Bi-

BTC-0.05) using DMF/MeOH solvent mixture favors the 

highest efficiency, 97.81% RhB is removed after 150 min 

of irradiation. Different metal-to-ligand molar ratio 

have influenced the crystal structure formation and 

different morphology of the as-synthesized products. 

Therefore, the photocatalytic efficiency of Bi-BTC was 

improved. 
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