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In situ growth of four MOF/LZH composites on layered zinc hydroxide
and their photocatalytic performance in decomposition of organic dyes
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Four new MOF/layered zinc hydroxide composites suitable
for photocatalytic decomposition of organic dyes were prepared
via an in situ growth on layered zinc hydroxide according to
the solvothermal procedure and characterized by SEM, XRD,
IR spectroscopy, and N,-adsorption/desorption. All the selected
pollutant dyes (methyl orange, congo red, brilliant green,
sunset yellow, and amaranth) underwent a very efficient
photodegradation by MOF/LZH-6 composite upon the UV
irradiation (A = 365 nm) via their oxidation by OH radicals
and super oxide anion radical species.

Keywords: MOF/LZH composites, layered zinc hydroxide, photocatalytic decomposition, organic dyes, wastewater treatment.

Metal-organic frameworks (MOFs) as a novel class of crystalline
hybrid materials possessing the unique highly ordered porous
structure are gaining widespread scientific attention due to their
potential applications in luminescence sensing, chemical sensors,
separation of substances, catalysis, etc.! MOFs are of especial
interest as promising heterogeneous catalysts.2 The heterogeneous
photocatalysts such as TiO,, ZnO, Fe,05, and ZnS have already
been demonstrated as highly efficient in the degradation of
organic pollutants,3-8 but the photostability of these photocatalysts
was low under the operating conditions. Thus, it is important to
look for new photocatalysts with an improved performance.
Recent reports have revealed that some MOFs are potentially
useful as the photocatalysts due to the diversities of metal-
organic ligand charge transfer.”- MOF-5 as a photocatalyst was
firstly applied owing to its broad absorption band ranging from
500 to 840 nm.10

Organic dyes hardly undergo a biodegradation because of their
high concentrations, deep colours, and high stability under conditions
of the conventional biological method for a wastewater treatment.
Among some methods for dye removal such as adsorption, photo-
catalysis, membrane filtration, and oxidation,2-14 the photocatalytic

Figure 1 SEM images of MOF/LZH obtained within: (a) 2, (b) 4, (c) 6 and
(d) 8h.

© 2020 Mendeleev Communications. Published by ELSEVIER B.V.
on behalf of the N. D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences.

technologies are favourable due to their economic feasibility,
simplicity of implementation, and nonexistence of any harmful
residues.

Inspired by a MOF-5 application for the photocatalytic
decomposition of pollutants and Zn/Al/CO; layered double
hydroxide (LDH) as a Zn precursor for the synthesis of MOFs,®
we have designed a layered Zn hydroxide (LZH) salt materials
via a facile hydrothermal technology in the presence of
triethanolamine.™ At the best of our knowledge, there are no
systematic studies on LZH as a Zn-containing precursor for the
preparation of MOF/LZH composite. In the present work, four
MOF (MOF-69A)/LZH composites have been successfully
prepared via a solvothermal procedure at 120°C (within 2, 4, 6
and 8 h), which is the modification of reported hydrothermal
method (at 95 °C for 72 h in an oven),® and designated herein as
MOF/LZH-2, MOF/LZH-4, MOF/LZH-6, and MOF/LZH-8,
respectively.

Based on comparison of the as-synthesized LZH (ICDD 24-
1460) with lamellar and quadrilateral ones,®17 it was found that
MOF/LZH-2 composite has been successfully produced via the
nucleation and growth of MOF-69A on the LZH surface within
2 h using LZH as the Zn precursor [Figure 1(a)]. Figure 1(b)
shows that there is an additional amount of MOF grown on the LZH

T All the used reagents and solvents were purchased from commercial
sources and used as received.

* General procedure. MOF/LZH composites were synthesized using
LZH as the source of Zn?* according to the modified solvothermal method.6
The prepared LZH (5 mmol) was dispersed in a DMF/H,O (deionized)
mixure (25 ml, 1:2, v/v) and stirred for 5 min. Then, biphenyl-4,4'-di-
carboxylic acid (5 mmol) was slowly added under stirring. The resulting
mixture was placed in a Teflon-lined stainless steel vessel and kept in an oven
at 120°C for 2 h. After that, it was cooled down to room temperature, solid
products at the bottom of autoclave were washed with deionized water several
times and dried at 60 °C for 24 h. A series of MOF/LZH composite photo-
catalysts was obtained via a variation of the synthesis time (2, 4, 6 and 8 h).
§ See Online Supplementary Materials for the related details.
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Figure 2 XRD patterns of four MOF/LZH composites in comparison with
MOF-69A and LZH. Peaks marked with rhombuses and dots represent
diffraction peaks from MOF layer and LZH network, respectively.

surface during 4 h. Upon increasing the duration of synthesis,
more and more portions of MOF-69A are being grown on the LZH
surface, a flat surface is becoming rough with the formation of cracks,
bulges, and crumbling points within 6 h [Figure 1(c)]. Finally, a
regular appearance has been formed on the LZH surface within
8 h [Figure 1(d)]. These findings show an important role of time in
the preparation of MOF/LZH composites, the MOF mass increasing
upon the prolongation of reaction time. So, this route can be used
as a convenient way to synthesize the MOF/LZH composites
through tuning the duration of reaction.

Figure 2 shows XRD patterns of the obtained MOF/LZH
composites. According to the known crystal structure data on
MOFs (CCDC 1431701),'¢ the acquired XRD results for our
MOF/LZH composite are in a good agreement with the simulated
XRD pattern of MOFs possessing an orthorhombic space group
(Pnnm). At the same time, we have also found that the peaks at
200 of LZH disappeared, which confirmed that this reaction
proceeded at the 200 crystal plane of LZH, and this phenomenon
was also in a good agreement with SEM data. Thus, LZH is a
desirable and versatile precursor for the heterogeneous nucleation
of MOF/LZH composite. New methods for the preparation of
MOFs are still a crucial challenge, and they are based on various metal
sources, such as metal oxides, hydroxides, and acetates.’81° In the
present work, this route can be used as an alternative option for the
in situ synthesis of MOFs, based on LZH as the Zn?* precursor.

The XRD data (see Figure 2) have also revealed changes in
the composition and structure of the MOF/LZH upon variations
in the reaction time. As the time increases, the diffraction and
intense peaks of MOF become more obvious. Comparing to the
diffraction and intense peaks of pure LZH and MOF, the peak of
MOF/LZH at 9.21° has disappeared, while MOF peaks have arisen
at 5.82, 7.28, 11.58 and 15.46°, which suggests proceeding of
the nucleation reaction over 200 crystal plane and confirms the
successful formation of MOF/LZH layer.

The surface area and pore size distribution of four MOF/LZH
composites was investigated by N, adsorption—desorption measure-
ments. The isotherm for this process and the corresponding pore
size distribution for the MOF/LZH composites were plotted
(Figure S2, see Online Supplementary Materials). Obviously, this
isotherm is consistent with a type 1V of adsorption isotherms
containing an H3-type hysteresis without any limiting adsorption
at high P/P, loop according to the IUPAC classification.

The determined BET surface areas of MOF/LZH-2, MOF/LZH-4,
MOF/LZH-6 and MOF/LZH-8 composites were 3.48, 3.10, 3.82
and 3.02 m? g1, and the pore volume was 0.01209, 0.008066,
0.01198 and 0.01166 cm? g%, respectively. A comparison with the
values of BET surface area and pore volume (18.15 m? gt and
0.1099 cm? g1 for pure LZH indicates that the corresponding
values of all the samples are low, which may be associated with
the crowded and compact composite layers in the case of MOF/
LZH rather than lamellar and quadrilateral ones for the layer of pure

LZH. The pore sizes of the four obtained MOF/LZH composites
were 14.85, 11.44, 13.15 and 15.71 nm, so each of these values
is smaller than that (24.22 nm) of pure LZH. This implies that
mesopores and macropores are coexistent in all the MOF/LZH
composites reported here.

Furthermore, the considered MOF/LZH composites were
characterized by FTIR spectroscopy (Figure S3). A vibration
band at 3436 cm~! indicates the presence of OH group of water
molecules. The presence of sharp band at 1383 cm was assigned
to the asymmetric vibration of nitrate, which is similar to that of pure
LZH, thus demonstrating a preservation of the layered structure in
MOF/LZH-2, MOF/LZH-4, MOF/LZH-6 and MOF/LZH-8
composites. Skeletal vibrations of the aromatic rings were
observed in the region of 1400-1600 cm~!, which indicates that
MOF/LZH-2, MOF/LZH-4, MOF/LZH-6 and MOF/LZH-8
composites are different.

A comparison of solid UV-VIS spectra of LZH recorded in
the interval from 200 to 240 nm (Figure S4) with the corresponding
solid UV-VIS spectra of four MOF/LZH composites (Figure S5)
shows the strong absorption and red shift from 220 to 400 nm in
the latter case. The absorption band edge of all the MOF/LZH
composites was around 400 nm. At the same time, there was no any
obvious variation in the UV-VIS diffuse reflectance spectra (DRS)
for the different MOF/LZH composites. Comparison with the
absorption band edge at 240 nm of LZH indicates that the MOF/
LZH composites can be selected as potential photocatalysts. The
band gap energy can be determined using UV-VIS DRS according
to the Kubelka-Munk equation. The Eg values of four MOF/LZH
composites (-2, -4, —6 and -8 ones) were 3.22, 3.20, 3.22 and
3.21 eV, respectively, and correspond to that of ZnAlITi mixed
metal oxides. Therefore, the obtained MOF/LZH composites
should demonstrate a charge separation of the low energy, thus
providing a higher photocatalytic activity than that of LZH
(3.7ev).X0

It is generally known that the effect of recombination rate of
photogenerated electron and holes is an important factor for the
photocatalytic efficiency.?! Thereupon, photoluminescence (PL)
spectra were recorded for our MOF/LZH composites. In general,
a lower PL intensity suggests the higher efficiency of charge trans-
mission and lower electrons/holes recombination, which can improve
the photocatalytic activity. The PL intensity of MOF/LZH-6 was the
highest one, which seems to be inconsistent with above data.
This may be explained by a large MOF quantity in MOF/LZH-6
composite, which can increase the absolute amount of photo-
generated carriers to a greater extent than the electrons/holes
recombination through the UV absorption.

Currently, organic dyes are among major pollutants that are
difficult to be degraded.?? To investigate the photocatalytic ability
of obtained MOF/LZH composites, we have investigated their
photodegradation performance using methyl orange dye as the
example of a pollutant. Figure 3 shows the photodegradation effect
caused by the MOF/LZH composites. The MOF/LZH-6 has
exhibited the best photocatalytic activity. At the same time, to
determine whether methyl orange can be directly photolyzed upon
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Figure 3 Photocatalytic degradation of methyl orange caused by the
MOF/LZH composites.
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Figure 4 Photocatalytic degradation of methyl orange, congo red, brilliant
green, sunset yellow, and amaranth, catalyzed by MOF/LZH-6.

the UV irradiation, a blank experiment was conducted without any
catalyst. Its result has confirmed that the photodegradation of methyl
orange without any catalyst also proceeds under UV irradiation
(A =365 nm). However, its photodegradation is sharply increased
in the presence of considered MOF/LZH composites within the
first 30 min effecting the following order: MOF/LZH-6 > MOF/
LZH-8 > MOF/LZH-2 > MOF/LZH-4. Thus, MOF/LZH-6 was
selected to investigate the photodegradation performance for the
other considered pollutant dyes.

The set consisting of methyl orange, congo red, brilliant green,
sunset yellow and amaranth dyes was examined at pH 7.0 in order
to estimate the photocatalytic ability of MOF/LZH-6 (Figure 4).
Within the first 30 min, all the target pollutant dyes were very
efficiently degraded by MOF/LZH-6 composite upon UV
irradiation (A = 365 nm) at the following degradation rate: congo
red > amaranth > methyl orange > brilliant green > sunset yellow.
Then, the photodegradation of methyl orange has slowly reached
equilibrium at the prolongation of time, so methyl orange was selected
for the systematic investigation of photodegradation effect caused
by MOF/LZH-6 composite.

The initial methyl orange concentration was the key factor in
these investigations. The photocatalytic effect was estimated through
varying the initial dye concentration from 10 to 50 mg dm=3 while
keeping the amount of MOF/LZH-6, reaction temperature, and pH
value constant. Figure 5 shows that the photocatalytic capacity increases
upon a decrease of the methyl orange concentration. This can be
explained by the fact that the catalytic sites reach their saturation
upon the increase of initial dye concentration, so catalytic capability
exists at its minimum value, while the initial methyl orange
concentration has its maximum value. As a result, the initial dye
concentration can be specified as 10 mg dm= for the best photo-
catalytic activity in this experiment with MOF/LZH-6 as a catalyst.

The acquired results demonstrate that all the examined pollutant
dyes can be very efficiently degraded by MOF/LZH-6 composite
upon the UV irradiation (A = 365 nm). The probable reason is that
the electrons produced by MOF/LZH-6 composite easily react with
O, to generate super oxide anion radical species (Figure S12).
Moreover, OH radicals appeared due to a reaction between holes
in the valance band with H,O molecules were also observed
(Figure S13).2% Thus, both the OH radicals and super oxide anion
radical species are responsible for the oxidation of organic dyes.

Insummary, the insitugrowth of four new MOF/LZH composites
for photocatalytic decomposition of organic dyes was successfully
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Figure 5 Photocatalytic degradation of methyl orange at its different
concentrations, catalyzed by MOF/LZH-6 composite.

carried out by the hydrothermal technique using LZH as the Zn-
containing precursor. SEM, XRD, IR and BET surface area data
were acquired for these composites. Within the first 30 min, all
the selected pollutant dyes underwent a very efficient degradation
by MOF/LZH-6 composite upon UV irradiation (A = 365 nm),
revealing that a large quantity of MOF in MOF/LZH-6 composite
can significantly increase the absolute amount of photogenerated
carriers rather than the electrons/holes recombination through the
UV absorption. The degradation rate for methyl orange is affected
by the selection of particular MOF/LZH composite and initial
dye concentration. The photocatalytic capacity increases upon a
decrease of the given methyl orange concentration range. The
catalytic sites reach their saturation with the increase in the initial
concentration of methyl orange. Therefore, MOF/LZH-6
composite reported is a very promising photocatalyst for
practical degradation of methyl orange in the process of
wastewater treatment.
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Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2020.05.006.
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