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In this work, the flower‑like hierarchical  Bi2WO6 decorated with nano UiO‑NH2‑66 was fabricated by a 
two‑step solvothermal method. The structure, composition, and morphology of the composites were 
characterized by XRD, FTIR, XPS, BET, and SEM. The photoelectrochemical properties of the composites 
were analyzed by transient photocurrent response, DRS, and PL spectra. It is found that hole (·h+) plays 
a dominant role, and the hydroxyl radical (·OH) and superoxide radical (·O2

−) play a secondary role in the 
catalytic system after free radical trapping experiments. The results of electron spin resonance spin‑
trapping tests also confirm the mechanism. Compared with pure  Bi2WO6 or pure UiO‑NH2‑66,  Bi2WO6/
UiO‑NH2‑66 composites have much higher decomposition effectiveness of Rhodamine B under the 
same conditions. Furthermore,  Bi2WO6/UiO‑NH2‑66 photocatalyst with 7 wt% of UiO‑NH2‑66 (denoted 
as BWO/UNH‑7) kept the stable catalytic performance after five recycles, which may be used as a good 
photocatalyst for degrading organic matter in sewage.

Introduction
As a large amount of wastewater was discharged into the envi-
ronment, water pollution is becoming a serious problem dam-
aging the ecosystem and harming the human body [1]. As the 
ubiquitous pollution species in the dye wastewater, Rhodamine 
B (RhB) widely used in food and textiles industries causes seri-
ous damage to the eyes and subcutaneous tissue and need to be 
removed from sewage urgently by some efficient methods [2].

Compared with the conventional wastewater treatment 
via adsorption techniques, photocatalytic degradation is more 
environmentally friendly and economically advantageous [3]. In 
this way, organic pollutants can be decomposed into pollution-
free substances, such as  CO2 and  H2O efficiently [4]. Therefore, 
photocatalytic degradation technology has attracted extensive 
attention in the field of environmental remediation. However, 
photocatalysts used today are still restricted by several draw-
backs including a big forbidden band and easy recombination 
of the photogenerated electron–hole pairs, resulting in limited 
utilization of the visible light spectra and low quantum efficiency 
[5]. Therefore, it is important to manufacture efficient and sta-
ble photocatalysts for environmental protection. As a new non-
toxic and high chemical stable semiconductor,  Bi2WO6 with a 
narrow band gap has a great application potential in the field 

of photocatalysis [6]. However, the recombination rate of the 
photogenerated carriers produced by  Bi2WO6 under illumina-
tion is pretty high. The construction of visible light heterojunc-
tions is a more significant way to reduce the recombination rate 
of photogenerated carriers [7–11]. Li et al. [12] built up a new 
S-scheme heterojunction photocatalysts with superior redox 
ability, by integrating  Cd0.5Zn0.5S nanoparticles on  Bi2WO6 
microspheres via a simple route. Huang et al. [13] found ways to 
promote the separation of photogenerated carriers by introduc-
ing oxygen vacancy and loading silver nanoparticles on  Bi2WO6. 
Wang et al. [14] manufactured a kind of  Bi2WO6 hybrid materi-
als with carbon quantum dots to achieve the full spectral optical 
drive.

Metal–organic frameworks (MOFs) are substances with 
very high specific surface areas made from the connection of 
metal-containing nodes with organic ligands [15]. Due to their 
unique structure, MOFs have been widely used in gas storage, 
adsorption, sensor,  H2 production, and other aspects [16–21]. 
In general, due to the large band gap of the reported MOFs, 
photogenerated electrons can only be produced by MOFs under 
ultraviolet light, which limits their application in the field of 
photocatalysis. Compared with other MOFs, UiO-NH2-66 has 
a higher visible light absorption capacity [22]. Therefore, the 
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loading of UiO-NH2-66 on the surface of  Bi2WO6 is used to 
improve the use of visible light by  Bi2WO6 and the heterogene-
ous structure will lead to a substantial increase in the photocata-
lytic efficiency of the photocatalyst.

In this work,  Bi2WO6/UiO-NH2-66 (BWO/UNH) compos-
ites with type II heterojunction were synthesized by a two-step 
solvothermal method, by which  Bi2WO6 nanoflowers is com-
bined with trace nano UiO-NH2-66. The structure, morphology, 
and optical properties of BWO/UNH composites were charac-
terized by XRD, FTIR, SEM, BET, XPS, DRS, PL, and photoelec-
trochemical methods. The photocatalytic performance of the 
materials was tested by degrading RhB (20 mg/L) under vis-
ible light irradiation (> 420 nm). The results showed that BWO/
UNH-7, the content of UNH in which is 7 wt%, got the highest 
degradation rate in all composites after two hours of illumina-
tion. Compared with pure BWO, the photocatalytic performance 
of composite was greatly improved. The photocatalytic active 
species of BWO/UNH-7 composite was investigated by ESR and 
free radical scavenging experiments, and the possible photocata-
lytic mechanism was proposed.

Results and discussion
XRD analysis

XRD patterns of the samples are shown in Fig. 1. The major 
diffraction peaks of UNH are found to be consistent with the 
report in references [23], so it can be concluded that UNH was 
successfully prepared in the experiment. The diffraction peaks 
in 2θ degrees of 28.299º, 32.790º, 47.138º, and 55.990º are con-
sistent with the PDF card (JCPDS No. 39-0256), corresponding 
to the (131), (200), (202), and (133) crystal planes of BWO. The 
diffraction intensity of BWO implies that the material is finely 
crystalline. However, no diffraction peak of UNH in the XRD 

pattern of BWO/UNH-7 is found in Fig. S1, which is attributed 
to the low diffraction intensity of UNH in the BWO/UNH-7 
[24]. To demonstrate that BWO/UNH-x composites have been 
synthesized successfully, other methods, as described below, 
were used to characterize the composites. In order to determine 
the ratio between BWO and UNH in BWO/UNH composites, 
the contents of Bi and Zr in BWO/UNH-7 were measured by 
ICPOES, which is shown in Table S1. As the contents of Bi and 
Zr in BWO/UNH-7 were 66.01% and 2.26%, respectively, we can 
calculate that the weight ratio between BWO and UNH in BWO/
UNH-7 was 100:6.6. The result is quite consistent with the ratio 
of raw materials (100:7).

SEM analysis

The morphologies of BWO, UNH, and BWO/UNH-7 were 
investigated by SEM. As shown in Fig. 2(a), the morphology 
of BWO is a flower-like microsphere structure composed of 
self-assembled nanosheets. Compared with stacked BWO 
nanosheets, the flower-like microsphere structure increases 
the direct void space of BWO nanosheets and improves the 
contact area between the material and the target pollutant 
[25]. Figure 2(b) shows that the morphology of pure UNH 
is spherical particles with a size of 70–80 nm. The morphol-
ogy of BWO/UNH-7 composite is shown in Fig. 2(c) and 
(d) revealing that the UNH is decorated on the surface of 
the BWO in the composite and retains the original struc-
ture of BWO. The EDS mapping of BWO/UNH-7 composite 
[Fig. 2(e)] confirms that the elements Bi, W, O, Zr, N, and C 
are distributed in the composite, so it can be concluded that 
the combination of BWO and UNH is successful. It is believed 
that the composite is conducive to electron–hole transfer in 
the catalyst [26].

XPS analysis

XPS is used to analyze the elemental composition and valence 
states of materials. After charge correction of the data by C1s 
peaks, the typical peaks of Bi, O, W, N, C, and Zr are found in the 
X-ray diffraction energy spectrum of BWO/UNH-7 [Fig. 3(a)], 
which are in accord with the results of EDS stated above. The 
peaks of 37.5 eV and 35.4 eV in Fig. 3(b), which are ascribed to 
the W  4f5/2 and W  4f7/2 in BWO/UNH-7, respectively, are the 
convincing evidences of the existence of  W6+. The peaks near 
159.1 eV and 164.4 eV [Fig. 3(c)] are attributed to Bi  4f5/2 and Bi 
 4f7/2, indicating the existence of  Bi3+ [27]. It is well known that 
the offset of binding energy can reflect the variation of surface 
charge density, in which a rise in the binding energy signifies the 
reduced electron density and vice versa [28]. Compared with 
BWO, the peaks of Bi  4f5/2, Bi  4f7/2, W  4f5/2, and W  4f7/2 in the 
BWO/UNH-7 composite shift to the higher values [Fig. 3(b), (c)], Figure 1:  XRD patterns of BWO, UNH, and BWO/UNH-7.
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indicating that the photogenerated electrons on Bi and W are 
decreased in BWO/UNH-7. Therefore, it could be concluded that 
the electrons migrate from BWO to UNH on the BWO/UNH-7 
interface, leading to the formation of the built-in electric field 
[24]. Similar evidence can be found in Fig. 3(d), in which peaks 
near 529.9, 530.7, and 531.7 eV in BWO, corresponding to Bi-O, 
W–O, and H–O, shift to 530.1, 531.5, and 532.7 eV in BWO/
UNH-7, respectively, suggesting the existence of charge transfer 
between BWO and UNH in the composite [29]. As shown in 
Fig. 3(e), the peaks seated at 284.8 eV, 285.9 eV, and 288.2 eV 
are ascribed to C=C, C–C, and C=O in 2-NH2-BDC [30]. In the 

composite, the binding energies near 182.6 eV and 184.9 eV are 
attributed to Zr  4d5/2 and Zr  4d3/2, which proves the existence of 
 Zr4+ [Fig. 3(f)]. Due to the small content of Zr, the X-ray diffrac-
tion energy spectrum is not smooth enough [24]. The results of 
the X-ray diffraction energy spectrum provide another favorable 
evidence for the successful preparation of composite materials.

FTIR analysis

The groups and chemical bonds of as-prepared materi-
als were analyzed by FTIR. As shown in Fig. S2, a series 

Figure 2:  SEM morphologies of pure BWO (a), UNH (b), and BWO/UNH-7 (c, d); and EDS mapping of BWO/UNH-7 (e).
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of characteristic peaks appeared at 768, 1258, 1655, and 
1387  cm−1 in the absorption spectrum of as-prepared UNH 
are attributed to N–H wobble vibration, C–N stretching, asym-
metric vibration of C=O, and stretching of carboxyl group in 
2-NH2-BDC ligand [31], respectively. The characteristic peak 
at 731  cm−1 of as-prepared BWO is due to asymmetric tensile 
vibration at W–O [24]. From Fig. S2, it can be also observed 
that all characteristic peaks of UNH and BWO in the absorp-
tion spectrum of BWO/UNH-7 and that peaks of BWO/

UNH-7 are blue shifted slightly compared with BWO, indicat-
ing a certain interaction happened between BWO and UNH.

BET analysis

A typical type IV  N2 adsorption/desorption isotherms of the 
BWO, UNH, and BWO/UNH-7 are recorded in Fig. S3, in which 
the hysteresis loops can be seen in the curves at higher a relative 
pressure, so the characteristic mesoporous structure of BWO, 

Figure 3:  XPS spectra: (a) full spectra of BWO, UNH, and BWO/UNH-7; (b) W 4f of BWO and BWO/UNH-7; (c) Bi 4f of BWO and BWO/UNH-7; (d) O 1 s of 
BWO and BWO/UNH-7; (e) C 1 s of BWO/UNH-7; and (f ) Zr 3d of BWO/UNH-7.
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UNH, and BWO/UNH-7 is confirmed [32]. The surface areas 
of BWO, UNH, and BWO/UNH-7 are calculated to be 34.104 
 m2/g, 860.201  m2/g, and 36.501  m2/g, respectively, by measuring 
 N2 adsorption–desorption isotherms (Fig. S3) [33]. Similarly, 
the pore volumes of BWO, UNH, and BWO/UNH-7 are calcu-
lated to be 0.103  cm3/g, 0.463  cm3/g, and 0.123  cm3/g, respec-
tively, by the Barrett–Joyner–Halenda desorption method [34]. 
The combination of UNH with BWO in BWO/UNH-x increases 
the surface area and pore volume of the composites, resulting in 
more adsorption sites and active sites to achieve the best photo-
catalytic performance.

Optical properties analysis

The photocatalytic activity of semiconductors is closely linked 
to their optical absorption properties and electronic structures. 
The UV–Visible diffusion absorption spectra of the as-prepared 
composites were obtained by UV spectrophotometer tests. As 
shown in Fig. 4(a), the absorption edge of pure BWO is at about 
430 nm [35]. The strong absorption band of pure UNH is found 
from 300 to 450 nm [36]. The absorption edge of BWO/UNH-x 
has a red shift, so the light-harvesting capacity of the composite 
is improved and the photogenerated electron–hole pairs increase 
in the BWO/UNH materials [37].

In general, the Kubelka–Munk function (Formula 1) is used 
to calculate the bandgap width of the materials [38]:

where α, h, ν, and Eg represent absorption coefficient, Planck’s 
constant, optical frequency, and band gap energy, respectively, A 
is a constant, and the value of the index n is related to the type of 
semiconductor [39]. Since BWO and UiO-NH2-66 are indirect 
gap and direct gap semiconductors, their values of n are 4 and 
1, respectively. According to formula 1, the BWO and UNH are 
estimated to have energy bandgaps of about 2.54 eV and 2.91 eV, 
respectively, as shown in Fig. 4(b) and (c).

(1)αhν = A
(

hν − Eg
)n/2

,

The position of the valence band (VB) of the material can be 
determined by the XPS valence band (VB) spectrum. As shown 
in Fig. 5(a) and (b), the valence bands of BWO and UNH are 
estimated to be 1.34 eV and 2.05 eV, respectively. Through for-
mula 2, the calculated conduction band (CB) of the materials 
can be obtained. The conduction band of BWO is − 1.20 eV, and 
the conduction band of UNH is − 0.86 eV.

The Mott–Schottky curve is used to analyze semiconductor 
type and flat band potential. From the Mott–Schottky plot [Fig. 5 
(c) and (d)], the slope of the curve is positive, which indicates 
that BWO and UNH were N-type semiconductors. The flat band 
energy positions of BWO and UNH are − 1.44 eV and − 1.10 eV. 
According to the Nernst equation (ENHE = ESCE + 0.244) [40], the 
ECB of BWO and UNH concerning ordinary hydrogen electrode 
(vs NHE) is calculated to be − 1.20 eV and − 0.86 eV, which is 
consistent with the calculation result of formula 3 [41].

The separation efficiency of photogenerated carriers in as-
prepared material was analyzed by PL spectra excited a wave-
length of 290 nm. As shown in Fig. 6(a), the PL spectra of BWO 
exhibits the high emission peaks at 475 nm, attributing to the 
serious charge recombination and the band edge transition. The 
emission peak of BWO/UNH-7 is much weaker than that of 
BWO and UNH, after coupling with UNH. This result confirms 
that the heterojunction between BWO and UNH is formed, 
which effectively enhanced the separation and transfer of elec-
trons and holes [42].

The transient photocurrent responses of BWO, UNH 
and BWO/UNH-7 are analyzed by photocurrent tests, which 
exhibit in Fig. 6(b). Photogenerated electron–hole pairs of 
the semiconductors could be motivated by visible light and 
transferred from the VB to CB to generate photocurrent. 
Therefore, the transient photocurrent is believed to be a use-
ful tool to assess separation efficiency of photoinduced carri-
ers. Compared with BWO and UNH, the transient photocur-
rent responses of BWO/UNH-7 has a higher instantaneous 

(2)ECB = EVB − Eg.

Figure 4:  (a) UV–Vis DRS of BWO, UNH, BWO/UNH-5, BWO/UNH-7, and BWO/UNH-10, (b) plot of (αhν)2-hν of UNH, and (c) plots of (αhν)1/2-hν of BWO.
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photocurrent response by light irradiation. The reason for this 
is the heterojunction of BWO/UNH-7 can achieve photoin-
duced electrons migration from CB of BWO to that of UNH, 
as well as transferring photoinduced holes from VB of UNH 

to that of BWO. Therefore, the recombination of photogen-
erated electron–hole pairs is suppressed and charge transfer is 
promoted, resulting in a higher photocurrent response. This 
is in accordance with the results of PL spectra.

Figure 5:  VB spectra of BWO (a) and UNH (b); M–S curves of BWO (c) and UNH (d).

Figure 6:  (a) Photoemission spectra (PL) of BWO, UNH, BWO/UNH-5, BWO/UNH-7, and BWO/UNH-10 at the excitation wavelength of 290 nm. (b) 
Transient photocurrent response curves of BWO, UNH, and BWO/UNH-7.
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Photocatalytic activity evaluation

The photocatalytic activities of the material were evaluated by 
photocatalytic degradation of RhB under Xe lamp irradiation 
(λ > 420 nm). As can be seen in Fig. 7, it is clear that RhB is 
hardly be decomposed under illumination without a catalyst. 
With the increase of irradiation time, the absorption band of 
RhB is blue shift, resulting from the diethyl reaction [30, 38]. 
It can still be seen from Fig. 7 that BWO/UNH-7 has a higher 
visible light degradation activity than BWO and UNH. The 
degradation rate of RhB by BWO, UNH, and BWO/UNH-7 
are approximately 63.8%, 27.1%, and 93.1%, respectively. The 
excellent catalytic performance is assigned to the loading of 
UNH which increases the light absorption performance of the 
material, and the heterojunction structure between the two 
accelerates rapid photogenerated electron–hole pair separa-
tion. However, the photocatalytic performance of BWO/UNH 
was deteriorated if the weight ratio of UNH loaded on BWO 
exceeded 7 wt%, resulting from the shielding of the active sites 
as a result of the excess addition of UNH on the BWO [43].

Formula 3 is used to study the photocatalytic kinetics for 
the degradation of RhB.

where C0, Ct, and k represent the concentration of RhB at 0 
and t minutes of illumination and the kinetic rate constant of 
the catalyst, respectively. As shown in Fig. 7(c), the plots of 
(− In(Ct/C0)) are linearly proportional to the reaction time. The 
average kinetic rate constants (k) of BWO/UNH-7, BWO, and 
UNH are 0.00819, 0.00543, and 0.00112  min−1, respectively, so 
the k value of BWO/UNH-7 is 1.5 times and 7.3 times as more 
as that of BWO and UNH, respectively.

To determine the recycling potential of BWO/UNH-7, the 
five cycling experiments under the same reaction condition were 
tested. At the end of each cycle, the solutions were centrifuged 
to recover the used BWO/UNH-7. The BWO/UNH-7 used in 
the previous test cycle was washed with water and ethanol six 
times, followed by drying at 70 °C for 12 h before it was tested 

(3)−In

(

Ct

C0

)

= kt,

Figure 7:  (a) UV–Vis absorption spectra of 20-mg/L RhB aqueous solution degraded by BWO/UNH-7, (b) degradation rates of RhB of the samples, and (c) 
k values of the first-order kinetic degradation rate of the samples.

Figure 8:  (a) The degradation rate of BWO/UNH-7 in five cycles and (b) XRD patterns of BWO/UNH-7 before and after used.
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again in the next cycle. The test results are shown in Fig. 8(a), 
revealing that the degradation efficiency is about 81.36% on 
the fifth run. XRD was used to analyze the crystal structure 
of the BWO/UNH-7 composites before and after being tested 
in five cycles, which is shown in Fig. 8(b). The results clearly 
show that the crystalline of BWO/UNH-7 keeps stable after 
five-cycle tests. ICPOES experiments was used to determine 
the leaching of metal ions in photocatalyst after five-cycle tests, 
and the test results are shown in Table S1. It can be seen that 
the ratio between UNH and BWO in the photocatalyst keep 
the same value after five-cycle tests as before. The decrease in 
metal ion content may be due to, for example, slight leaching 
and the adsorption of undegraded RhB during cycling. Hence, 
the BWO/UNH-7 can be considered as an effective photocata-
lyst for RhB decomposition in practical applications.

Photocatalytic mechanism analysis

The reactive species of the BWO/UNH-7 in the photodegrada-
tion of RhB was analyzed by scavenger test. The isopropanol 
(IPA 1 mmol/L), p-benzoquinone (BQ 1 mmol/L), and EDTA-
2Na (1 mmol/L) were used as trap agents to catch ·OH, ·O2

−, 
and ·h+, respectively. As can be seen from Fig. 9(a), the photo-
catalytic efficiency of BWO/UNH-7 decreases remarkably with 

the introduction of EDTA-2Na, as compared with isopropanol 
and para-benzoquinone. The results clearly show that holes are 
the foremost active species during photodegradation, but ·OH 
and ·O2

− radicals are insignificant active species in the reaction 
[44]. The electron spin resonance (ESR) test was used to fur-
ther verify the reactive species in the photodegradation of RhB 
[45]. As shown in Fig. 9(b)–(d), the radical signal of ·OH, ·O2

−, 
and ·h+ are observed after 10 min of irradiation. There are the 
obvious signals of ·OH, ·O2

− and  h+ appeared after about 5 min 
of illumination. And after 10 min of illumination, the signals 
are all strengthened which further proved the existence of ·OH, 
·O2

− and ·h+ in the reaction. This result is consistent with the 
result of the scavenger test.

After summarizing the experimental results in this study, 
a tentative mechanism for the photodegradation of RhB by 
BWO/UNH-7 is proposed (Fig. 10). Based on the test results 
of UV–Vis DRS and Mott–Schottky, the energy bands of 
BWO and UNH are matched with each other which assigns 
to type II heterojunction. From Fig. 10, the BWO possesses 
a lower VB and higher CB position than UNH. The photo-
excited hole may migrate from the VB of UNH to the VB of 
BWO, and the photoinduced electron may migrate from the 
CB of BWO to the CB of UNH. Therefore, the photogen-
erated electron–hole pairs can be separated effectively. The 

Figure 9:  (a) Effects of different trapping agents on RhB degradation by BWO/UNH-7, (b) DMPO-··OH, (c) DMPO-··O2
−, and (d) DMPO-··h+.
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VB of BWO and UNH are more negative than the oxidation 
potential of  OH−/·OH (+ 2.40 eV), so the photoexcited hole 
cannot oxidize  H2O to ·OH. Due to the reduction potential 
of  O2/·O2

− (-0.33 eV), the electrons on the CB of UNH gener-
ated ·O2

− and further converted to ·OH [28]. Therefore,  h+, 
·O2

−, and ·OH− are considered to be the reactive species for 
photodegradation of RhB in the process, which is matched to 
the scavenger and ESR test. Meanwhile, the surface area and 
pore volume of BWO/UNH-7 are larger than that of UNH 
or BWO, resulting in more adsorption sites and active sites 
exposed in the composite, so the degradation rate of RhB by 
the composite are much higher than that of UNH or BWO 
under the same tested condition.

Conclusion
BWO/UNH composites with II type heterojunction were syn-
thesized through a two-step hydrothermal method. The specific 
surface area and photocatalytic active sites of the composites 
increase with the appropriate amount of UNH introduced onto 
the surface of the BWO. The degradation rate of RhB by BWO/
UNH-7 reached 93.1% within 2 h, which was attributed to its 
wide absorption spectrum of visible light and low recombina-
tion rate of the photogenerated electron–hole pairs. After five 
cyclic experiments, the degradation capacity of BWO/UNH-7 
remained at a high level. The tentative mechanism for the pho-
todegradation of RhB by BWO/UNH-7 is proposed from the 
scavenger test and ESR investigation. It is found that hole (·h+) 
plays a dominant role, and the hydroxyl radical (·OH) and 

superoxide radical (·O2
−) play a secondary role in the catalytic 

system.

Experimental section
Materials

Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O), sodium 
tungstate dihydrate  (Na2WO4·2H2O), zirconium chloride 
 (ZrCl4), 2-aminoterephthalic acid (2-NH2-BDC), N′N-
dimethylformamide (DMF,  C5H13NO2), anhydrous methanol 
 (CH3OH), glacial acetic acid  (C2H4O2), and hydrochloric acid 
(HCl) were purchased from Aladdin Biotechnology Co., Ltd. 
(Shanghai, China). All the reagents used in the experiment 
were analytically pure and had not been further purified.

Preparation of composite materials

Preparation of  Bi2WO6

Bi2WO6 was prepared by a hydrothermal method as we reported 
previously [46]. Briefly, 2.425 g Bi(NO3)3·5H2O was dissolved in 
10-mL glacial acetic acid and 1.639-g  Na2WO4·2H2O was dis-
solved in 90-mL deionized water. The two solutions were stirred 
and mixed together at room temperature for 1 h to form a homo-
geneous suspension. Then, the suspension was transferred to 
a polytetrafluoroethylene autoclave and maintained at 140 °C 
for 20 h. After cooling to room temperature, the powder was 
obtained by centrifugation. The powder was then washed with 
deionized water and dried overnight at 60 °C. The as-prepared 
powder  (Bi2WO6) was indicated as BWO.

Figure 10:  Photocatalytic degradation mechanism of RhB by BWO/UNH-7.



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
37

  
 I

ss
ue

 2
1 

 N
ov

em
be

r 2
02

2 
 w

w
w

.m
rs

.o
rg

/jm
r

Article

© The Author(s), under exclusive licence to The Materials Research Society 2022 3770

Preparation of UiO‑NH2‑66

UiO-NH2-66 was prepared by a similar hydrothermal method. 
In detail, 0.5-g  ZrCl4 was dissolved in 20-mL DMF and 4-mL 
HCl solution (called solution A). 0.5-g 2-NH2-BDC was dis-
solved in 24-mL DMF (called solution B). Then, solution B 
was mixed with solution A and stirred for 10 min. The as-
mixed uniform liquid was transferred to a polytetrafluoro-
ethylene autoclave and maintained at 140 °C for 24 h. After 
cooling to room temperature, the powder was obtained by 
centrifugation, then washed with deionized water, and dried 
overnight at 60 °C. The as-prepared powder (UiO-NH2-66) 
was denoted as UNH.

Preparation of  Bi2WO6/UiO‑NH2‑66 composites

Bi2WO6/UiO-NH2-66 composites (BWO/UNH) were prepared 
by a simple solvent thermal mixing method. The as-prepared 
0.2 g BWO was dispersed in 60-mL methanol and ultrasonicated 
for 5 min. Different masses of UNH powder were added to the 
above liquid to obtain a mixed solution of BWO/UNH with con-
tents of 5, 7, and 10 wt% of UNH, respectively. The mixing solu-
tion was dispersed by sonication for 10 min, then transferred to 
a polytetrafluoroethylene autoclave, and maintained at 120 °C 
for 12 h. After cooling to room temperature, the powder was 
obtained by centrifugation, then washed with deionized water, 
and dried overnight at 60 °C. The as-prepared  Bi2WO6/UiO-
NH2-66 composites with contents of 5, 7, and 10 wt% of UNH 
were indicated as BWO/UNH-x (x = 5, 7, 10).

Photocatalytic experiment

The photocatalytic activities of BWO/UNH-x were evaluated 
for degrading rhodamine B (RhB 20 mg/L) dye under Xe lamp 
irradiation (300 W, PLS SXE300C, Beijing Perfect Light Inc., 
China). About 20-mg photocatalytic BWO/UNH-x composites 
were dispersed in 40-ml rhodamine B solution (RhB, 20 mg/L) 
and stirred in darkness for 30 min to achieve adsorption–des-
orption equilibrium. Then the suspension was irradiated with a 
300-W xenon lamp and stirred continuously. For every 30-min 
interval, 5 ml of the irradiated suspensions were centrifuged to 
eliminate the BWO/UNH-x photocatalysts, and the light absorb-
ance of the residual supernatant was analyzed by UV–Vis spec-
trophotometer at 554 nm. Formula (4) is used to calculate the 
photocatalytic efficiency of the catalyst, where  C0 is the initial 
absorbance of RhB and  Ct is the absorbance after the reaction.

To study the photocatalytic stability for BWO/UNH-7 to 
remove RhB, cyclic experiments were carried out on the photo-
catalyst. The photocatalyst tested in the last cycle was collected, 

(4)Degradation rate(%) =

(

1−
Ct

C0

)

× 100%.

washed with deionized water, and then dried for 12 h at 60 °C. 
Thereafter, the dried photocatalyst was dispersed in a fresh solu-
tion with 20 mg/L of RhB for the next cycle of photodegradation 
under a similar experiment condition as stated above.

Characterization

The crystal structure of the photocatalysts was analyzed by X-ray 
diffractometry (Bruker D8 Advance). The morphology of the 
photocatalysts was observed by scanning electron microscopy 
(ZEISS Gemini 300). Fourier transform infrared spectra (FTIR) 
of the samples were obtained at 400–4000  cm−1 using an infra-
red spectroscopy analyzer (Thermo Scientific Nicolet iS5). X-ray 
diffraction spectroscopy (XPS) was performed on the Thermo 
Scientific K-Alpha instrument using Al Kα rays as excitation 
sources to determine the chemical state of the samples.  BaSO4 
was used as the backing material to obtain the absorption spec-
trum of the photocatalytic material when measuring the UV–Vis 
diffuse reflectivity spectrum of the materials (Shimadzu UV 2600 
DRS). The photoluminescence spectra (PL) of the photocatalyst 
were obtained on an F-7000 fluorescence spectrometer (excita-
tion wavelength λ = 290 nm). The instantaneous photocurrent of 
the photocatalytic material was measured in 0.5-mol/L  Na2SO4 
solution on an electrochemical workstation (Chenhua Chi 660E), 
using a traditional three-electrode structure with Pt as a counter 
electrode and saturated calomel as a reference electrode.
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