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Abstract: In this article, Bi,Os@Zn-MOF hybrid nanoma-
terials were synthesized by supporting Zn-based metal—
organic framework (Zn-MOF) through the hydrothermal
method. X-ray diffractometer, Fourier transform infrared,
scanning electron microscopy, energy-dispersive X-ray, N,
physisorption, X-ray photoelectron spectroscopy, and
UV-Vis were used to characterize the physical and chemical
properties of Bi,O;@Zn-MOF nanomaterials. The photoca-
talytic activity of the as-prepared hybrid has been studied
over the degradation of rhodamine B (RhB). A catalytic
activity of 97.2% was achieved using Bi,O;@Zn-MOF nano-
composite with the loading of 0.18 g Bi,Os, after 90 min
of exposure to visible light irradiation, and the high
photocatalytic performance was mainly associated with the
nanorod structures, larger pore size, and broaden visible
light absorption region due to the synergistic effect of the
constituting materials. Furthermore, the Bi,O;@Zn-MOF
nanocomposite can be reused three times and the degra-
dation rate of RhB was maintained at 77.9%. Thus, the
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Bi,O;@Zn-MOF nanocomposite can act as a potential
photocatalyst for the photodegradation of organic dyes
in environmental applications.
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1 Introduction

Nowadays, with the development of textile industry,
water pollution has become a serious environmental
issue [1,2]. More than ever, the removal of organic pollu-
tants from wastewater has become a necessity, especially
organic synthetic dyes, e.g., rhodamine B (RhB), acridine
orange (AO), and methylene blue (MB) [3,4]. According to
a research survey, some studies have reported the use of
various technologies to remove organic dyes in the waste-
water, such as adsorption, biodegradation, ion exchange,
and photodegradation [5-7]. Among diverse technolo-
gies, photocatalytic reduction is a widely used method
by inexhaustible solar energy [8]. Currently, several photo-
catalysts based on semiconductors (e.g., TiO,, ZnO, and
ZnS) have been widely applied to photocatalysis [9]. Par-
ticularly, pure Bi,O5 has wide bandgap energy (2.0-3.9 eV)
and exhibits significant visible light-responsive photo-
catalytic performance. Meanwhile, it has the merits of non-
toxicity, excellent chemical stability, and abundant earth
reserves [10-13]. Nevertheless, pure Bi,O5 is still limited,
which can be related to its low interfacial area that limits
electron transfer, and the easy recombination of electrons
and holes [14]. In order to improve the photocatalytic activity
of pure Bi,O; photocatalysts, loading Bi,O; into porous
nanomaterials is one of the efficient methods.

Recently, metal-organic framework (MOF) has drawn
extensive attention due to uniformly structural arrange-
ments, high surface area, tunable pore size, rich functional
sites, and excellent adsorption ability [15-17]. Besides, MOF
materials have also been exploited as semiconductor-like
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photocatalysts, which can be related to the organic ligands
of MOF being excited and transferring electrons to the metal
center under visible light irradiation [18,19]. Among numerous
MOFs, MOF-5 is a relatively highly coordinated Zn-based
metal-organic framework (Zn-MOF) with excellent properties,
which was considered as a photogenerated charge carrier to
enhance the photocatalytic activity [20]. Hence, a feasible
approach should be combining Zn-MOF with Bi,05 for photo-
catalytic research.

Based on the aforementioned considerations, a series
of Bi,Os@Zn-MOF composites were prepared via the
one-pot hydrothermal method, and the photocatalytic
performance of the composite was investigated for the
degradation of RhB under visible light irradiation condition.
The morphology, elemental composition, specific surface
area, and structure of the composites were characterized
through X-ray diffractometer (XRD), Fourier transform
infrared (FTIR), scanning electron microscopy (SEM), energy-
dispersive X-ray (EDX), N, physisorption, X-ray photoelectron
spectroscopy (XPS), UV-Vis, etc. Moreover, the degradation
rate of RhB by Bi,O;@Zn-MOF composite system under dif-
ferent catalyst dosages and initial RhB concentration was
investigated. Importantly, repetitive experiments and photoca-
talytic degradation of different organic dyes were also carried
out. Finally, the possible photocatalytic reaction mechanism
on photocatalytic degradation of RhB was analyzed.

2 Materials and methods

2.1 Chemicals

Bismuth trioxide (Bi,0s), zinc (i) nitrate hexahydrate (Zn
(NO3),-6H,0), terephthalic acid (H,BDC), N,N-dimethyl-
formamide (DMF), RhB, congo red (CR), AO, neutral red
(NR), and MB were purchased from Sigma-Aldrich. All
the aforementioned chemicals were of analytical grade
and were used as received without further purification.
Moreover, deionized water was used in all experiments.

2.2 Synthesis

The Bi,O;@Zn-MOF nanocomposites were obtained by
the hydrothermal method. In this method, Zn(NOs),-6H,0
(0.59 g, 2mmol) and H,BDC (0.33g, 2mmol) were dis-
solved in DMF (18 mL), and a certain amount of Bi,Os
was added to the above mixture, sonicated for 30 min at
room temperature. Subsequently, the solution was stirred
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for 1h and then transferred to an autoclave to be heated at
150°C for 6 h. The autoclave was cooled to room tempera-
ture, the mixture was centrifuged, and the precipitate was
washed with an appropriate amount of DMF for 2 h, fol-
lowed by washing several times with DMF and water, and
dried overnight at 60°C under a vacuum to obtain the
Bi,O;@Zn-MOF-x nanomaterials, x = 1, 2, and 3, corre-
sponding to the addition of 0.14, 0.18, and 0.22g Bi,0s,
and the mole ratio of Bi,05/Zn(NOs),-6H,0 was 0.15, 0.195, and
0.235, respectively. For comparison, Zn-MOF was synthesized
through the same preparation process without Bi,Os.

2.3 Characterization techniques

FTIR spectra were applied to determine the chemical fea-
tures of the nanocomposites on a PerkinElmer spectrum
100 using KBr pellet technology (4,000-400 cm™). The
XRD studies of the synthesized materials were investi-
gated with D8 ADVANCE (Germany) using CuK] (1.5406 A)
radiation. The morphology of the synthesized materials was
observed by SEM (Hitachi S4800), and the elemental map-
ping by EDX was performed on the scanning SEM mode.
The surface area and particle sizes of the nanocomposites
were studied using N, adsorption and desorption iso-
therms using a Quantachrome Quadrasorb EVO apparatus
(Quantachrome Instruments, Boynton Beach, USA).
Measurements of XPS were recorded in the Thermo
ESCALAB 250XI. The UV-Vis spectra of the synthesized
materials were measured by a UV-Vis spectrophotometer
(Shimadzu, UV-3600 PLUS, Japan).

2.4 Photodegradation test

The photocatalytic performance of all composites was
assessed by RhB degradation. In the photocatalytic pro-
cess, a certain amount of the nanomaterial was put into
50 mL of RhB solution (40 mg-L™). To reach the adsorp-
tion—desorption equilibrium, the mixture was stirred in
the dark for 0.5h. Subsequently, the resulting solution
was irradiated under visible light with a 300 W xenon
lamp for 90 min. After every interval of 30 min, the sus-
pension samples (3—4 mL) were taken from the reaction
system and centrifuged to remove the catalyst, and the
RhB concentration was determined by a UV-5200PC spec-
trophotometer (at the characteristic wavelength of 554 nm
for RhB). The photodegradation rate of RhB was calculated
as follows:
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n=0-C/Cy) x100% = (1-A/Ap) x 100%

where C is the initial mass concentration of dye solution,
A, is the corresponding absorbance of dye solution before
the reaction, and C and A are the mass concentration and
absorbance corresponding to the solution at time ¢,
respectively.

3 Results and discussion

3.1 Characterization

The XRD patterns of synthesized Zn-MOF, Bi,O;@Zn-MOF-1,
Bi,Os@Zn-MOF-2, and Bi,Os@Zn-MOF-3 are shown in
Figure 1a. The characteristic XRD patterns of Zn-MOF
sample (8.8°, 12.0°, 16.8°, 25.4°, 27.8°, 35.4°, and 45.4°)
in Figure 1a matched perfectly with those in the previous
report [21,22], implying the generation of Zn-MOF. After
the induction of Bi,03, some XRD peaks of Zn-MOF-1 dis-
appeared, and the appearance of new peaks of Bi,O;@Zn-
MOF is also observed at 27.4°, 29.6°, and 33.2°, which are
corresponding to the phase of Bi,O5; [23], which may be
due to the relatively strong interaction between Bi,O5; and
Zn-MOF. In the case of all composites (Bi,Os@Zn-MOF-1,
Bi,0s@Zn-MOF-2, and Bi,O;@Zn-MOF-3), the character-
istic diffraction peaks of three composites matched well.
In addition, the intensity of the observed characteristic
diffraction peaks increased with increasing Bi,O; content.
Based on the above analysis, the successful preparation of
Bi,0s@Zn-MOF composites is clearly demonstrated.
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To analyze the functional groups of synthesized Zn-MOF,
Bi,0;@Zn-MOF-1, Bi,0;@Zn-MOF-2, and Bi,0;@Zn-MOF-3,
FTIR spectroscopy was used (Figure 1b). In Figure 1b, for
Zn-MOF, the characteristic peaks between 700 and 1,600 cm ™
were related to C=0, C-0, and C=C stretching vibration in
carboxylic acid [24]. In comparison with Zn-MOF, similar
peaks also appeared in the spectra of all Bi,O;@Zn-MOF
composites, which proves that the structure of Zn-MOF
was not changed after the introduction of Bi,O3 into the
Zn-MOF. In particular, the appeared band at 519 cm™
in Bi,O;@Zn-MOF composites was attributed to Bi-O of
Bi,05 [25], which indicates that the successful impregna-
tion of Bi,05 is on the framework of the Zn-MOF.

The structure and morphology of the as-prepared
Zn-MOF and Bi,O;@Zn-MOF with different additions of
Bi,03; were observed by SEM, as shown in Figure 2. In
Figure 2a, the Zn-MOF sample is irregular nanosheets with
thickness in the range of 30-50 nm. When the wrapping of
Bi,03, Bi,O;@Zn-MOF-1 sample is composed of irregular
nanosheets and rod-shaped structure (Figure 2b). With
increasing Bi,05 content, sample Bi,O;@Zn-MOF-2 (Figure 2c
and e) exhibits quite different morphologies compared
with Zn-MOF and Bi,O;@Zn-MOF-1 samples. It has a
typical branched nanorod, and the existence of abun-
dant pores may result in better adsorption of dye mole-
cules and improves the catalytic material photocatalytic
activity. For sample Bi,0;@Zn-MOF-3 (Figure 2d), the
agglomeration of rod-shaped particles and large irregular
lumpy structure by the shrinkage of the Bi,O;@Zn-MOF-3
composite was clear. This was possible because of the
effect of the formation of Zn-MOF framework by the addi-
tion of excess Bi,Os. Additionally, the EDX elemental
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Figure 1: XRD (a) and FTIR (b) spectra of Zn-MOF, Bi,Os@Zn-MOF-1, Bi,0;@Zn-MOF-2, Bi,0s@Zn-MOF-3, and the recovered Bi,0;@Zn-MOF-2

sample.
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Figure 2: SEM images of Zn-MOF (a), Bi,0s@Zn-MOF-1 (b), Bi,0s@Zn-MOF-2 (c and e), and Bi,Os@Zn-MOF-3 (d), and (f) the EDX analysis of
Bi,0s:@Zn-MOF-2 sample and the related elemental mapping photographs of Bi, C, O, and Zn.

mappings of Bi,O;@Zn-MOF-2 were further analyzed. As
can be seen from Figure 2f, Bi, C, O, and Zn elements are
present in the Bi,O;@Zn-MOF-2 composite. Besides, the
Bi and O elements were uniformly distributed over the
Bi,0s@Zn-MOF-2 composite, indicating that Bi,O; adheres
to the surface of the Zn-MOF. The EDX analysis results are
consistent with results of the XRD and FTIR analysis.
Figure 3a shows the N, adsorption—-desorption iso-
therm curves of Zn-MOF and Bi,Os;@Zn-MOF-2. All the
N, adsorption—desorption curves show type IV adsorp-
tion, and their hysteresis loops reveal H3 type. Moreover,
it can be known from Figure 3b that the pore sizes of Zn-
MOF and Bi,0s@Zn-MOF-2 are mainly distributed in the
range of 4-8 nm, which are characteristics of mesoporous
materials. According to previous studies, the surface
area and pore volume of pure Bi,05 are 4.3m*g™" and
0.018 cm’-g~!, respectively, indicating that pure Bi,Os
exhibits a low surface area and pore volume [26]. Inter-
estingly, from Table 1, the incorporation of Bi,05 slightly

decreased the surface area and increased the average
pore size of Zn-MOF, and this could be explained by
partial obstruction of mesoporous materials by Bi,O5; parti-
cles. Furthermore, it should be noted that the larger size of the
Bi,Os@Zn-MOF-2 catalyst pore structure will provide abun-
dant surface adsorption and active sites, and further resulting
in enhancement of the photocatalytic activity.

The elemental compositions and the chemical states
of Bi,Os@Zn-MOF-2 were further evaluated using XPS,
and the obtained results are given in Figure 4. In Figure 4a,
the XPS full spectrum clearly shows that C, Zn, and Bi ele-
ments exist in Bi,O;@Zn-MOF-2 composites. The XPS spec-
trum of C 1s (Figure 4b) presents two peaks at 284.6 and
288.8 eV that can be assigned to the C=C and C=0 bonds,
respectively [27]. The Zn 2p XPS spectra located at 1,022.8 and
1,045.9 eV are related to the Zn 2p;/, and Zn 2p, ,, respectively
(Figure 4c), indicating that Zn is +2 valent [28]. Finally, for
the Bi 4f spectra shown in Figure 4d, the peaks at 159.5 and
164.8 eV can be matched to Bi 4f;/, and Bi 4f;),, revealing
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Figure 3: N, adsorption-desorption isotherms (a) and pore size distribution (b) of Zn-MOF and Bi,Os@Zn-MOF-2.

Table 1: Textural parameters of Zn-MOF and Bi,0s;@Zn-MOF-2

Entry Sample type Surface Average pore size (nm) Pore volume (cm?.g™)
area (m2.g™?)
1 Zn-MOF 17.51 11.02 0.048
Bi,0s@Zn-MOF-2 13.21 13.74 0.045

the Bi*>* in Bi,0;@Zn-MOF-2 [29]. XPS analysis also proved
that the successful synthesis of Bi,O; on the Zn-MOF by the
hydrothermal method.

The UV-Vis diffuse reflection spectroscopy (DRS) was
also measured to examine the light absorption perfor-
mances of Bi,Os@Zn-MOF-2 composite (Figure 5). As
shown in Figure 5, the Bi,0;@Zn-MOF-2 composite dis-
plays the light absorption peak ranging between 300 and
460 nm. According to the previous articles, the Zn-MOF
sample showed the absorption of light below 400 nm, and
the absorption edge was about 379.7 nm [30]. After the intro-
duction of Bi,0s, the Bi,O;@Zn-MOF-2 sample exhibited an
absorption edge around 453 nm, and the light absorption
was extended further to the visible region. The shift suggests
that the existence of the synergistic effect between Bi,05 and
Zn-MOF in the Bi,O;@Zn-MOF-2 composite can enhance the
absorption of visible light, resulting in the improvement of
the photodegradation ability.

3.2 Photocatalytic activity of different
photocatalysts

Figure 6a shows the RhB degradation over different photo-
catalysts. From Figure 6a, in the absence of catalyst, the

RhB has no obvious degradation for 90 min, representing
that the RhB is a stable and difficult to degrade organic
dye. Both Zn-MOF and Bi,03; samples were not effective
in the degradation of RhB. However, it was found that
after introduction of Bi,O;, the RhB degradation further
obviously increased. Additionally, Bi,Os;@Zn-MOF-2 showed
higher photocatalytic activity than Bi,Os@Zn-MOF-1 and
Bi,O;@Zn-MOF-3. In contrast, the Bi,O;@Zn-MOF-2 under
light-free condition only showed some adsorption activity.
Figure 6b shows the proposed pseudo-first-order kinetics for
the photocatalytic degradation of RhB by Bi,O;@Zn-MOF
with the addition of different mass ratios of Bi,0Os, the
degradation rate constants of Bi,Os@Zn-MOF-2 are 1.67
and 1.06 times higher than that of Bi,O;@Zn-MOF-1 and
Bi,Os@Zn-MOF-3, it may be due to the Bi,Os@Zn-MOF-2
can provide a large pore size and abundant transport
pores, and increasing the visible light irradiation. Thus, the
Bi,Os@Zn-MOF-2 is chosen as the optimal photocatalyst.

3.3 Effect of the catalyst amount and RhB
concentration

To investigate the effect of the Bi,O;@Zn-MOF-2 catalyst
amount on the photocatalytic degradation of RhB,
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Figure 4: XPS full spectrum (a), C 1s spectrum (b), Zn 2p spectrum (c), and Bi 4f spectrum (d) of the Bi,0;@Zn-MOF-2 composite.
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Figure 5: UV-Vis light DRS of Bi,0s@Zn-MOF-2 composite. catalytic degradation activity of the Bi,O;@Zn-MOF-2 was
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Figure 6: (a) Photocatalytic degradation of RhB with different catalysts under visible light irradiation. (b) Pseudo-first-order kinetics plots of
photocatalytic degradation of RhB with different catalysts.
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Figure 7: (a) Photocatalytic degradation of RhB with various dosages of Bi,0;@Zn-MOF-2 catalyst. (b) Photocatalytic degradation of RhB
with different concentrations using Bi,Os@Zn-MOF-2 catalyst. (c) Cyclic stability of Bi,Os@Zn-MOF-2 catalyst after three cycles.
(d) Photocatalytic degradation of various organic dyes using Bi,Os@Zn-MOF-2 catalyst.
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studied (Figure 7b). The degradation rate gradually decreased
as the RhB concentration increased from 20 to 60 mgL™.
When the concentration of RhB is increased, it is probably
related to more molecules to present around photocatalytic
active sites, and thus, the light transmission capacity of the
system decreases, leading to reduce the electron and hole
pairs [32], and resulting in decrease in the degradation rate.

3.4 Stability test

To evaluate the stability of the Bi,Os@Zn-MOF-2 catalyst
for its repetitive use, the repeated RhB degradation rate
was investigated for three cycles. In each cycle experi-
ment, the Bi,Os@Zn-MOF-2 catalyst can be directly sepa-
rated via centrifugation, and then washed, dried, and
applied in the next experiment, and the experiment
results are indicated in Figure 7c. Indeed, the photocata-
lytic degradation rate of RhB decreased from 97.2% to
77.9% after three cycles, which is probably due to the
partial loss of the Bi,O;@Zn-MOF-2 catalyst throughout
the cycling tests. Moreover, FTIR and XRD patterns of
Bi,0s@Zn-MOF-2 catalyst after three recycling experi-
ments were investigated and compared to the fresh catalyst.
As shown in Figure 1, the results reveal that no significant
changes occurred in the characteristic diffraction peaks, but
the strength of the peaks weakened after three cycles.
Furthermore, all these confirm that the Bi,O;@Zn-MOF-2
catalyst is a better stability photocatalyst.

3.5 Photocatalytic degradation of different
organic dyes

The degradation rate of the Bi,O;@Zn-MOF-2 catalyst for
five organic dyes under visible light irradiation within 90 min
was studied, and the results are shown in Figure 7d. For NR
and CR degradation, the adsorption saturation was reached
at 30 min of lightless reaction with the presence of the cata-
lyst, resulting in good adsorption of those two dyes. More-
over, clearly seen, the photocatalytic performances of the
Bi,0s@Zn-MOF-2 catalyst were 97.2%, 96.1%, and 73.1% for
RhB (40 mg-L™), AO (40 mg-L™), and MB (20 mg-L™) degra-
dation under visible light irradiation, respectively. It follows
that the as-synthesized Bi,O;@Zn-MOF-2 catalyst can effec-
tively degrade other organic dyes, and it can also be an
excellent candidate for application in industrial wastewater
treatment processes.
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Figure 8: Possible photocatalytic mechanisms of RhB solution using
Bi,03@Zn-MOF-2 catalyst.

3.6 Possible photocatalytic mechanisms

Possible photocatalytic mechanism for degradation of
RhB solution with Bi,O;@Zn-MOF-2 composite photoca-
talyst is illustrated in Figure 8. Under visible light irradia-
tion, electrons (e”) and holes (h™) can be generated from
Bi,0;@Zn-MOF-2. According to the literature, the con-
duction band (CB) potential (Ecg) and valence band
(VB) potential (Eyg) of Bi,O3; are —0.076 and 2.744 eV,
respectively [33]. The Ecg and Eyg of Zn-MOF are -1.01
and 2.87 eV, respectively [34]. Then, h™ transfers from the
VB of Zn-MOF to the VB of Bi,05, and e™ transfers from the
CB of Zn-MOF to the CB of Bi,0s, resulting in efficient
separation of e™~h" pairs in Bi,0;@Zn-MOF-2 composite.
Subsequently, the VB edge of Bi,0; and Zn-MOF has a
more positive VB potential than oxidation potential energy
of H,O/0OH (2.7 eV), and the partial h* can participate in
the generation of ‘OH from H,0. Also, the position of the
Zn-MOF conduction band is higher than the oxidation
potential energy of 0,/0; (-0.3 eV), and the e” of Zn-MOF
can reduce O, into -0;. The generated active species can
decompose the organic dyes into CO, and H,0, and finally
achieve photocatalytic degradation. Based on this, in our
system, the synergistic effect between Bi,03 and Zn-MOF of
Bi,Os@Zn-MOF-2 composite would achieve highly efficient
organic dye photodegradation.

4 Conclusion

This study aimed to successfully synthesize Bi,O3 sup-
ported on Zn-MOF nanocomposites (Bi,Os@Zn-MOF) with
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different Bi,O5; concentrations for the photocatalytic degra-
dation of RhB under visible light irradiation. Among them,
Bi,Os;@Zn-MOF-2 has the highest photodegradation activity
compared to Bi,0s;, Zn-MOF, and Bi,O;@Zn-MOF-1 and
Bi,0s@Zn-MOF-3, which is related to the relatively larger
specific surface area and pore size, the nanorods mor-
phology, the synergistic effect the constituting materials
lead to expand visible light absorption range. After 90 min
of photocatalytic reaction, the degradation rate of RhB
for Bi,Os;@Zn-MOF-2 nanocomposite was estimated to
be 97.2%. After three cycles, the degradation rate of
RhB is still above 77.9%, and it has good reusability.
Meanwhile, tests for the photodegradation of CR, AO,
and MB also revealed that the Bi,O;@Zn-MOF-2 nano-
composite was an efficient photocatalyst. Overall, the
obtained Bi,O;@Zn-MOF nanocomposites might be
considered for application in the field of wastewater
treatment.
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