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Herein, we report on the successful synthesis of photocatalytic Pbz(BTC),-H,O polymers via different
methods including the surfactant-assisted hydrothermal method, ultrasonic method and reflux method.
As the crystal growth is subjected to preparation atmosphere, changes in reaction conditions do not
alter the crystal structures of products, but vary their morphology. High ultraviolet-light-driven
photocatalytic abilities are attributed to the stable Pbs(BTC),-H,O, and the effective productions of h*

rsc.li/rsc-advances and "OH on the catalysts.

Introduction

Efficient removal of organic pollutants from wastewater has
become an important subject due to its ecological and envi-
ronmental importances.”® Traditional water treatment
methods such as adsorption, coagulation, and membrane
separation are costly and accompanied by secondary pollut-
ants.* It has been reported that semiconductor photocatalysts
such as TiO,, ZnO, Fe,03, CdS, GaP and ZnS can effectively
degrade a wide range of organic pollutants.*** However, diffi-
cult post-separation, easy agglomeration, and low solar energy
conversion efficiency of these inorganic catalysts limit their
large-scale applications. To overcome these drawbacks, much
attention has been paid to new types of photocatalysts. In the
past two decades, metal-organic frameworks (MOFs) have been
intensively studied due to their unusual properties and their
high potential as a new class of crystalline porous materials.">**
For example, Fan et al.** assembled two Cd(u) CPs with excellent
chemical stability by a mixed ligand strategy to detect Cr(vi)
anions, DCN pesticides, and NFT antibiotics in water. Zhao
et al.*® reported an exceptionally stable luminescent cadmiu-
m(u) metal-organic framework as a dual-functional chemo-
sensor for detecting Cr(vi) anions and nitro-containing
antibiotics in aqueous media. Cheng et al'’ prepared
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nanostructures of three new cobalt(i) complexes by a sono-
chemical process. MOFs typically consist of central metal ions
surrounded by organic modes. Recent research also showed
that these materials, acting as catalysts, may lead to photo-
catalytic degradation of organic pollutants.**>*

The Pb(n) cation is an important player in MOFs and polynuclear
complexes, which display interesting structural features as a result
of the large radius, adoption of different coordination numbers and
the possible occurrence of a stereochemically active lone pair of
electrons.” For example, Pb;(BTC),-H,O (BTC = 1,3,5-benzene-
tricarboxylate) contains 2 different BTC trianions, 3 different Pb
cations and 3 different carboxylate coordination modes. Though the
first success was reported in 2000 by a dedicated hydrothermal
method,* its properties are far less than understood. In addition,
considering the energies and environments required, it is extremely
difficult to use a hydrothermal/solvothermal approach for the large-
scale preparation of MOFs in industries. Therefore, new facile and
large-scale preparation methods are desired.

In this work, Pb;(BTC), - H,O was fabricated by different synthesis
methods including the hydrothermal method, ultrasonic method
and reflux method. The morphology, crystal structure, and thermal
stability are extensively studied, and the influences of preparation
conditions on the photocatalytic properties are discussed. The results
indicate that Pby(BTC),-H,O is a potential functional material.

Experimental

Materials

Pb(OAc)-3H,0, 1,3,5-benzene tricarboxylic acid (H;BTC), and
anhydrous ethanol were purchased from commercial suppliers
and used without further purification.

Hydrothermal synthesis of Pb;(BTC),-H,0

The synthesis was carried out via a route reported in the pub-
lished literature.®® Colourless crystals were obtained by
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centrifugation, washed several times with ethanol and water,
and dried in air at room temperature for characterization.

Synthesis of Pb;(BTC),H,O at ambient pressure under
ultrasonic irradiation

A solution was obtained by dissolving 0.5 g (2.38 mmol) H;BTC
in 25 mL ethanol under stirring, and named solution A. Solu-
tion B was prepared by dissolving 1.355 g (3.57 mmol) Pb(OAc)-
3H,0 in 25 mL deionized water under stirring. Later, solution A
was added into solution B under vigorous stirring at room
temperature and a large amount of white precipitate occurred
immediately. The mixture was exposed to ultrasonic irradiation
for 30 min.””*®* The ultrasound supply energies for particle
dispersion and creation of ultrasonic cavitation.* Finally, the
precipitate was obtained by centrifugation, washed several
times with ethanol and water, and dried in air at room
temperature for characterization.

Synthesis of Pb;(BTC),-H,O at ambient pressure under reflux

Similar to the ultrasonic synthesis, a white precipitate was first
obtained and then heated under reflux for 24 h. Finally, the
precipitate was obtained by centrifugation, washed several
times with ethanol and water, and dried in air at room
temperature for characterization.

Synthesis of Pb;(BTC), H,O with different surfactants

First, 0.1 g (0.476 mmol) of H;BTC and 0.271 g (0.714 mmol) of
Pb(OAc)-3H,0 were put into a beaker. Then, 10 mL of H,O was
added into the beaker and stirred for 10 min to produce a white
precipitate. Following this, 0.05 g of a different surfactant
(CTAB, SDBS, and PEG-1000) was added. After stirring for
another 30 min, the mixed solution was transferred to a Teflon-
lined stainless steel hydrothermal reaction vessel. The reaction
kettle was kept at 180 °C for 2 hours and then naturally cooled
down to room temperature. Finally, the precipitate was ob-
tained by centrifugation, washed several times with ethanol and
water, and dried in air at room temperature for
characterization.

Characterization

The composition and crystal structure of products were deter-
mined by powder XRD measurements using a MiniFlex II
diffractometer (continuous, 30 kV, 15 mA, increment = 0.02°).
The surface morphology and chemical composition of products
were characterized using a scanning electron microscope (SEM,
JSM-6490-LV) equipped with an energy-dispersive X-ray spec-
trometer (EDS). FTIR spectra were recorded using a Fourier
transform spectrometer (Nicolet 6700) in the region of 4000-
500 cm ™. Thermogravimetric analysis (TGA) was performed in
nitrogen atmosphere at a scan state of 20 °C min~" from 50 °C
to 600 °C using a Shimadzu TGA-50 thermogravimetric analyser.

Photocatalytic activity investigation

Photocatalytic activities of as-prepared Pbz(BTC),-H,O were
evaluated by the degradation of rhodamine B (RhB) and
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methylene blue (MB) aqueous solution (the initial concentra-
tion is 5 mg L™") under UV light irradiation. A 300 W high-
pressure mercury lamp was employed as the light source. The
distance between the sample and lamp was 10 cm. As for photo-
catalysis, 50 mg Pbs(BTC),-H,O was added into 100 mL RhB and
MB aqueous solution. Before irradiation, all samples were
immersed in a dye solution and kept in the darkness for 30 min to
ensure an adsorption/desorption equilibrium. Afterwards, 3 mL of
the solution was taken at given time intervals (20 min) and sepa-
rated by centrifugation. The changes in the dye's absorption
spectra were recorded by measuring the maximal absorption using
a UV-Vis spectrophotometer (Cary 100, Agilent).

Results and discussion

Characterization and photocatalytic performance of products
synthesized by different methods

The products prepared by a hydrothermal method, ultrasonic
method and reflux method were respectively named HT, US and
RF. The XRD patterns of the as-synthesized samples are shown
in Fig. 1. No significant difference in the degree of crystallinity
is found within these samples. The diffraction peaks of the as-
synthesized samples are in agreement with the simulated one
generated on the basis of the crystal structure data obtained from
the previous literature.”® It is worth noting that the diffraction
peaks at low angles of samples prepared under reflux disappeared,
which is due to the preferred orientation of crystal growth.

The EDS spectra of sample HT (Fig. Slat) reveal that the
samples are composed of C, O and Pb. There are no other
impurity elements, which further proves the high purity of as-
synthesized Pb;(BTC),-H,0.

The FTIR spectra of the sample HT is presented in Fig. S1b.t
The absorption bands at 756 cm ™' and 711 cm ™" are assigned to
the C-H plane bending vibration of the benzene ring. The
absorption band at 1516 cm ™' can be considered as a skeleton
stretching vibration peak of the benzene ring. The asymmetric
stretching frequencies (v,s) for the carboxylate group are cen-
tred at 1607 cm ', whereas the symmetric carboxylate
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Fig.1 XRD patterns of (a) simulated Pbs(BTC),-H,O, (b) HT, (c) US, and
(d) RF.
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Table 1 Surface area and pore size parameters of Pbz(BTC),-H,O
synthesized by different synthetic methods

Surface area Pore volume Pore volume

Sample (m*>g™) (em® g™ (em® g™
HT 2.3601 0.000306 17.6101
UsS 1.6122 0.001627 13.5476
RF 1.4541 0.001785 11.9353

stretching frequencies (v,) stay at 1434 cm™ " and 1341 cm ™.
The difference in the stretching frequencies (Av = v,s — v5) is
173 cm ' and 266 cm ™!, which demonstrates the monodentate
and chelating bidentate coordination modes of the carboxylate
groups.®

The thermal stability was studied by TGA (Fig. Sict). Two
weight losses were found. The first one is 30% between 30 °C
and 450 °C, in accordance with the loss of water molecules. The
dehydrated framework is thermally stable below a temperature
of 700 °C and decomposes upon further increase in tempera-
ture. The TGA curve indicates that the complexes have good
thermal stability.

In order to further study the structure of products, product
surface area and pore size distribution were determined. As
shown in Table 1, the surface areas of were 2.3601 m”> g,
1.6122 m> ¢ ', and 1.4541 m” g~' for samples prepared by
a hydrothermal method, ultrasonic method, and reflux method.
The average pore sizes of the products obtained by different
synthetic methods are between 2 and 50 nm, indicating that the
products belong to mesoporous materials. The mesoporous
structure can provide an effective transfer path for chemical
reactants and products and help to improve the photocatalytic
activity. Additionally, a larger surface area will be more favor-
able for the absorption of organic pollutants, thereby enhancing
the photocatalytic activity.

The morphologies of samples prepared by different synthetic
methods are presented in Fig. 2. Fig. 2a shows the morphology
of sample HT, which presents arrow-shaped lamellar structures.
Compared with the sample prepared by the hydrothermal
method, the size of the sample prepared by the ultrasonic
method and reflux method was reduced to micron level. As
shown in Fig. 2b and c, the sample US and sample RF exhibit
a lamellar morphology with the average length of 5 um and 10
um, respectively. In addition, some spindle structures can be
observed in Fig. 2c. The morphology and size of the product

Fig. 2 SEM images of samples prepared by different synthetic
methods: (a) HT; (b) US; and (c) RF.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of samples prepared by different synthetic
methods: (a) HT; (b) US; and (c) RF.

depend on environmental factors such as solvent, temperature,
stirring, solution concentration and dispersion. Indeed, these
morphologies bear the trace of crystal growth. Typically, parti-
cles produced via wet chemistry undergo two separate processes
of nucleation and growth.*** In the ultrasonic synthesis, the
“ultrasonic cavitation phenomenon” will lead to instantaneous
explosion of cavitation, and produce a local high temperature
and high pressure environment. These steps can reduce the
interfacial tension, promoting the nucleation in solution.
Under the condition of reflux reaction, solute molecules move
faster due to the high reaction temperature, which increases the
collision frequency, promoting the instantaneous nucleation
and avoiding the abnormal growth of grain in the process of
synthesis.

The samples of Pbs(BTC),-H,O obtained by different
synthetic methods were characterized by TEM to observe the
microstructure. As can be seen from Fig. 3, the product
morphology is a tabular structure, which is consistent with the
SEM image. The upper right corner of the illustration is the
enlarged TEM diagram from which the observed lamellar
particles are self-assembled by a number of nanospheres.

Photocatalytic activities of the as-prepared samples were
evaluated by the degradation of the typical organic contami-
nants rhodamine B (RhB) and methylene blue (MB) aqueous
solution under UV light irradiation (Fig. 4 and 5). As shown in
Fig. 4a-c, the maximum absorption peak of RhB appears at
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Fig. 4 UV-Vis absorption spectra of the RhB solution at different time
points with (a) HT, (b) US and (c) RF. (d) Photocatalytic degradation rate
of RhB under UV light irradiation and different conditions: blank, added
into HT, US and RF.
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Fig. 5 UV-Vis absorption spectra of the MB solution at different time
points with (a) HT, (b) US and (c) RF. (d) Photocatalytic degradation rate
of MB under UV light irradiation and different conditions: blank, added
into HT, US and RF.

553 nm, which decreased gradually with the irradiation time.
The degradation speed of the RhB solution on the HT is slightly
faster than the other two kinds of samples. The degradation rate
was estimated from a formula of n = [(Cy — C)/Cy] X 100%,
where C, is the initial concentration of MB and C is the
concentration at the irradiation time t. Fig. 4d exhibits the
performance of RhB degradation as a function of time under
different conditions. As shown in Fig. 4d, after two hours, the
photodegradation efficiency of RhB was 19% in the absence of
the photocatalyst. When sample HT, US or RF was added into
the RhB aqueous solution, the photodegradation efficiencies of
RhB were 99%, 94% and 98%, respectively.

Similarly, the maximum absorption peak of MB appears at
664 nm, which decreased gradually with the irradiation time
(Fig. 5a-c). The degradation speed of MB solution in the pres-
ence of HT is slightly faster than that of the other two kinds of
samples. The degradation rates were also calculated. As shown
in Fig. 5d, the photodegradation efficiencies of RhB was 17%
after two hours without any photocatalyst. The rate turns to
98%, 95% and 97% for HT, UT and RF catalysts. The photo-
catalytic results indicated that Pb3(BTC),-H,O showed excellent
photocatalytic degradation activity for rhodamine B (RHB) and
methylene blue (MB) as other MOF materials.****

The highest catalytic efficiency of the HT sample may be related
to the increase in the size of the crystallites of the hydrothermal
synthesis method. It may also be due to the degree of defects
produced during the hydrothermal process, as photocatalytic activity
related to the diffusion of vacancies increases the density of oxygen
vacancies on the surface of the catalyst. Thus, the existence of surface
defects can greatly influence the efficiency of e /h" separation, low
recombination, and the corresponding photocatalytic activity.

Characterization and photocatalytic performance of products
synthesized using different surfactants

In the hydrothermal synthesis, we further prepared samples
without any surfactant, with cationic surfactant (CTAB), anionic
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Fig. 6 XRD patterns of (a) simulated Pbs(BTC),-H,O, (b) HT, (c) HT-
CTAB, (d) HT-SDBS, and (e) HT-PEG 1000.

surfactant (SDBS), or non-ionic surfactant (PEG 1000), yielding
samples of HT (abbreviation for hydrothermal), HT-CTAB, HT-
SDBS, and HT-PEG 1000. Fig. 6 shows the XRD patterns of the
samples obtained without adding and adding different surfac-
tants, along with the standard spectrum obtained from the
simulation of the single crystal structure obtained from the liter-
ature in (a). Fig. 6b shows the XRD pattern of the sample HT and c,
d, and e show the pattern of the samples HT-CTAB, HT-SDBS and
HT-PEG 1000, respectively. It can be seen that the surfactant has
little effects on the diffraction peak intensity and crystallinity of the
product features. The diffraction peaks under the four reaction
conditions are consistent with the peaks of the standard spectrum
simulated by the crystal data.>® The crystal structure is identical for
all the hydrothermal samples with different surfactants.
However, the sample morphology differs. Fig. 7 shows the
SEM images of these Pb;(BTC), H,O prepared with surfactants.
The morphology of the product is a flaky structure with arrows
at both ends (see red circle in Fig. 7a). Many incomplete frag-
ments of the product morphology are observed, attributed to
the product breaking during processing. In addition, there may

Fig. 7 SEM images of samples prepared by different synthetic
methods: (a) HT; (b) HT-CTAB; (c) HT-SDBS; and (d) HT-PEG 1000.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 UV-Vis absorption spectra of the RhB solution at different time
points with (a) HT, (b) HT-CTAB, (c) HT-SDBS, and (d) HT-PEG 1000.

be defects in crystal growth that result in incomplete crystals.
When the CTAB was added, the sheet structure becomes
thinner and longer as shown in Fig. 7b. The product
morphology became irregular in the presence of SDBS in
preparation (Fig. 7c) but not with PEG-1000 (Fig. 7d).

From the above studies, it can be seen that the addition of
surfactants has little effect on the product phase, but can
regulate the morphology of the product. Since the morphology
of the crystal is related to its growth environment, the crystal
growth process is anisotropic growth of the crystal surface. The
functional group on the surfactant selectively adsorbs to
different crystal planes, which results in different generation
rates of different crystal planes, and ultimately results in the
formation of different morphologies.*® In addition, the effect of
the soft template of the surfactant in the solution also affects
the morphology of the product.*®

The photocatalytic abilities of samples prepared with
surfactants are also studied. The UV-Vis spectra of the RhB
solution are depicted in Fig. 8 for samples synthesized without
and with different surfactants. Under UV light irradiation, the
absorbance of the RhB solution at 553 nm decreases rapidly
with time, indicating the continuous decrease in the RhB
concentration. Moreover, no impurity peaks were found during
the degradation process, which shows that no new substances
are generated during the degradation process. From the final
degradation effect, the photocatalytic activity of the four
hydrothermal products showed little difference. The rate of
catalyzed degradation of RhB by the sample HT is slightly faster,
while the rate of degradation by HT-CTAB is slightly slower. All
the RhB solutions were completely degraded after 2 hours of
light irradiation. Similar results are also found in the degrada-
tion of the MB dyes. In Fig. 9, almost all of the RhB solutions
were completely degraded after 2 hours of light irradiation.

The UV-Vis absorption edge has an affinity with the energy
band of the catalyst. Therefore, it is necessary to study the
optical properties of the heterojunctions. Fig. 10 presents the
UV-Vis diffuse reflectance spectra of samples prepared by
different synthetic methods. Located at 300-325 nm, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 UV-Vis absorption spectra of the MB solution at different time
points with (a) HT, (b) HT-CTAB, (c) HT-SDBS, and (d) HT-PEG 1000.

stronger absorption peak of HT denotes a better photo-
absorption and poses better photocatalytic degradation ability.
The absorption edges of HT, US, and RF were determined to be
350 nm, 337 nm and 325 nm, corresponding to bandgaps of
3.54 eV, 3.68 eV and 3.82 eV, respectively. The UV-Vis diffuse
reflectance spectra of samples prepared by different surfactants
are shown in Fig. S2.1 The absorption edges of HT-CTAB, HT-
SDBS, and HT-PEG 1000 were determined to be 339 nm,
350 nm and 345 nm, corresponding to bandgaps of 3.66 eV,
3.54 eV and 3.60 eV, respectively. Thus, the HT owns the
smallest bandgap and can absorb the widest spectrum for the
highest photocatalytic activity. This is consistent with the
experimental results.

For the photocatalytic degradation process, active species of
optical cavity (h") and hydroxyl radicals ("OH) play a key role. In
order to explore the main active species in photocatalytic
degradation process, various radical scavengers were intro-
duced to react with active species for evaluating their contri-
bution to the photodegradation of RhB by the change in
degradation efficiency. In this work, isopropanol and ethanol
were adopted for scavenging "OH,*”** and EDTA-Na, was

Absorbance(a.u.)

T T v T T T
200 250 300 350 400 450 500
Wavelength(nm)

Fig. 10 UV-Vis diffuse reflectance spectra of samples prepared by
different synthetic methods: (a) HT; (b) US; and (c) RF.
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Fig. 11 Degradation of RhB in the presence of different radical scav-
engers under UV light irradiation.

adopted as a h' scavenger.’** The above-mentioned radical
scavengers were added to the RhB aqueous solution together
with sample HT before irradiation. The photocatalytic degra-
dation curves of RhB with various scavengers are shown in
Fig. 11.

Without any scavenger, the degradation rate of RhB was 99%
after irradiation for 2 h. When adding EDTA-Na,, the photo-
catalytic degradation rate of RhB solution reduced to 27%,
showing that h" has played a much important role in the pho-
tocatalytic process. When isopropanol and ethanol were added,
the photocatalytic degradation rate of the RhB solution reduced
to 15%, indicating that “OH was also important in the photo-
catalytic process. To prove this, we performed an electron
paramagnetic resonance (EPR) technique on the HT samples.
As shown in Fig. S4,7T after seven minutes of light, a strong EPR
signal peak of "OH was found compared to the darkness, sug-
gesting that the sample could produce a large amount of ‘OH
radicals under simulated ultraviolet conditions. In conclusion,
"OH and h' are the main active species for the degradation of
RhB under UV light irradiation.

Based on the above-mentioned experimental results,
a possible mechanism for the degradation of organic dyes by
Pb;3(BTC),-H,O was proposed. As shown in Fig. 12, under the
irradiation of ultraviolet light, photogenerated electrons tran-
sition from the valence band to the conduction band, thus
forming positively charged holes and negatively charged elec-
trons on the surface of Pb;(BTC),H,O. Due to the generation of
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Fig. 12 Schematic diagram of the photocatalytic mechanism for
Pbz(BTC),-H,O under UV irradiation.
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Fig. 13 Repeated cycles of UV-induced photocatalytic degradation of
using the Pbsz(BTC),-H,O photocatalyst: (a) RhB and (b) MB.

positive holes and negative electrons, redox reactions occur at
the surface of semiconductors. Negatively charged electrons can
interact with the oxygen on the surface of Pbs(BTC), H,O,
generating reactive oxygen species including superoxide and
elemental oxygen. The presence of superoxide and elemental
oxygen as an electron scavenger extends the recombination of
electron-hole pairs and forms superoxide radicals ("O*>”). The
reaction of the valence band hole (h*) with water molecules may
lead to the formation of hydroxyl radicals ("OH) attached on the
surface of Pb;(BTC),-H,O. The hydroxyl radical is an extremely
strong, non-selective oxidant, which leads to the partial or
complete mineralization of organics. Reactive oxides such as
superoxide and elemental oxygen can mineralize organic
pollutants into CO, and H,O.

In practice, catalyst recovery and recycling has vital signifi-
cance. As shown in Fig. 13, after five cycles of photocatalysis
reactions, the sample is capable of degrading RhB and MB dyes
up to 90% and 90%. This indicates that the Pbs(BTC),-H,O
photocatalyst remains stable under intensive UV irradiation.
Furthermore, a comparison of PXRD analysis of the fresh
sample and after 5 recycling runs of HT was carried out, as
shown in Fig. S3.1 In the XRD spectra, the positions and the
intensity of these three samples show no significant changes,
indicating that there is no transformation of the crystal struc-
tures and the phases of these three samples, which indicates
that the HT photocatalyst has an ideal physical and chemical
stability.

Conclusion

In summary, a photocatalytic Pbz(BTC),-H,O coordination
MOF has been successfully fabricated by different facile
methods in the presence of different surfactants. The prepara-
tion condition does not change the sample microstructure, but
varies its morphology. A similar variation is also found when
altering the surfactants. Photocatalytic experiments showed
that the photocatalytic activity of the sample prepared by
a hydrothermal method was slightly better than that of the
samples prepared by ultrasonic and reflux methods, and the
surfactant has little effect on the photocatalytic activity of the
product. This is attributed to a lower bandgap and higher photo
absorbance. The catalytic mechanism was also studied in
scavenger tests. It was found that both *OH and h" are the main

© 2021 The Author(s). Published by the Royal Society of Chemistry
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active species during photodegradation. Besides providing the
synthetic routes of a MOF photocatalyst and photocatalytic
mechanism, the work is hoped to accelerate large-scale
production of cheap catalysts that can be eventually used in
water treatment.
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