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UiO-66/TiO, composites were fabricated via self-assembly using a solvothermal method. The composites
exhibits high efficiency and stability for removing rhodamine B and methyl blue under strongly acidic
conditions via a simple regeneration process. The participation of the UiO-66 structure in TiO, was
found to reduce the electron—hole recombination but did not change its adsorption ability on dyes,
which leads to its enhanced photocatalytic properties under visible light radiation. In addition, the
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Introduction

Degrading organic contaminants in water and removing CO, in
air have long been treated as separate disciplines. On the one
hand, it has been recognized that the public perception of water
quality is greatly influenced by coloured organics.! In addition,
it is difficult to degrade contaminants because they are very
stable to light and oxidation, which has led to the need for more
efficient methods or materials.> To date, the two main ways to
deal with pollutants are photocatalysis and adsorption using
materials such as TiO,, Bi,WO, clays, and activated carbon.**®
On the other hand, the growing problem of excessive emissions
of carbon dioxide has been driving the development of CO,
capture technology. Over the past few decades, metal oxides,
ionic liquids, and metal-organic frameworks (MOFs) have been
studied to capture CO, and purify natural gas.”® However,
whether semiconductors combined with MOFs may enhance
the CO, capture properties still remains unknown.

Note that while dealing with pollutants in water, the contact
between the dye and catalyst is imperative and is related to the
degradation efficiency, especially most of the times when the
concentration of the pollutants in water is low. Therefore,
porous MOFs with excellent adsorption abilities seem to be
a good choice to first gather pollutants, which can make the
next photocatalytic process more sufficient. Metal-organic
frameworks (MOFs) are crystalline porous materials, which are
well-known for their various applications, especially in the field
of heterogeneous catalysis and separation and storage of gases
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it can be suggested that porous MOFs combined with photoactive
semiconductors may introduce a new class of dual-functional materials for use in water treatment and

even in the photocatalytic field.**> Actually, MOFs with photo-
catalytic abilities have already been reported for a long time;
MIL-125, for example, was first synthesized by Dan-Hardi and
was found to be photoactive.” Recently, Vinogradov prepared
the depleted heterojunction MIL-125/TiO,, which was used in
solar cells and showed excellent photocatalytic properties.**
However, the requirement of the high purity of raw materials
used in the synthetic procedure, which require extremely
anhydrous conditions and have weak stability in a strongly
acidic environment, has limited their applications in the water
purification field. As for the adsorption of MOFs, Hamon first
studied hydrogen sulfide adsorption using the MIL-53(Al, Cr,
Fe), MIL-47(V), MIL-100(Cr), and MIL-101(Cr) metal-organic
frameworks at room temperature. Then, MIL-101 for the
adsorptive removal of methyl orange from an aqueous solution
was suggested by Haque.'>'® UiO-66, first synthesized by cava,
was found to possess a high surface area and is highly stable
under various conditions and has already been proved to have
the ability to adsorb organic compounds.'”*® As a consequence,
it is reasonable to expect that a more stable and efficient MOF-
photocatalyst composite material may be formed using UiO-66
hybridized with a photocatalyst.

Due to its environmental safety, low-cost, and non-toxicity,
TiO, has been studied more than other photocatalysts;
however, the relatively wide band gap (3.2 eV) of TiO, is still
a problem while utilizing visible light; it is well-known that an
appropriate amount of transition metal ions doped into TiO,
can introduce electron capture centers and may as well change
the crystallinity of TiO,, resulting in the formation of some
defects that decrease the electron/hole recombination to
enhance the abilities of the catalyst.">* Moreover, when used to
capture CO,, the Ti-O bond in the lattice is more likely to
increase the active sites available for the absorption of carbon

This journal is © The Royal Society of Chemistry 2017
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dioxide. Based on this, a dual-functional heterojunction was
designed. Herein, UiO-66 is expected to efficiently adsorb dyes
in the dark and then degrade them in the light. TiO, was
introduced to increase the active sites in UiO-66 to capture CO,.

In this study, a tunable functionalized material comprising
Ui0-66/TiO, (UT series) was prepared for the first time. On the
one hand, we controlled the composite growth process and
obtained different morphologies. On the other hand, among the
heterojunctions, the initial shape and the final shape were
found to possess interesting abilities, which were superior to
the pure materials in both the photocatalysis and gas adsorp-
tion fields. Furthermore, we observed that the functions could
be tuned by changing the ratio of the two components. As is
known, this type of dual-functional material with tunable effi-
ciency and using photoactive semiconductor as the added active
site to enhance the CO, capture ability has not been reported to
date.

Experimental
Synthesis of the UiO-66/TiO, series

UTO0.05, UT19, UT49, and UT99 were synthesized according to
the Zr/Ti ratio of 19:1, 1:19, 1:49, and 1: 99, respectively,
using the same procedure as reported in literature. Taking UT49
as an example, 3.92 g TiO, was added to a solution comprising
0.233 g ZrCl, (1 mmol), 0.161 g 1,4-benzenedicarboxylic acid (1
mmol), and 0.167 mL HCl (2 mmol) in 25 mL N,N-dime-
thylformamide (DMF). After stirring for 12 h, the mixture was
transferred to a Teflon-lined autoclave (50 mL) and heated at
120 °C for 24 h. When the solvothermal reaction was completed,
the mixture was cooled down to room temperature and the
resulting white solid powder was recovered by filtration, washed
three times with DMF to remove the unreacted organic ligand,
and then washed three times with methanol. UiO-66 was
prepared using the same procedure without adding P25. As
a contrast, 3.92 g P25 dissolved in 25 mL of DMF was also
transferred to a 50 mL Teflon-lined autoclave for the sol-
vothermal reaction. Finally, the solid products were placed in
a vacuum oven at 150 °C for 12 h.*

Characterization

TEM and HR-TEM images were obtained using a FEI Tecnai
G’F20 transmission electron microscope. SEM and EDAX
mapping images were obtained using a Hitachi S4700 appa-
ratus. Powder X-ray diffraction (Rigaku Ultima IV) was used to
characterize the crystallinity and chemical composition of the
materials studied. The intensity data were obtained over a 26
range of 20-80° and the step size was 0.025° with the time
duration per step of 0.8 s. A spectrum 100 FT-IR spectrometer
was used to obtain the FT-IR data. The specific surface area and
pore distribution were calculated using a Micromeritics
Instrument Corporation Tristar II 3020 at 77 K. The pore
diameters were determined by the BJH method. The chemical
components of the UT series were examined by X-ray photo-
electron spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi).
The photoluminescence (PL, FLS 980) emission spectra of the
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samples were obtained to investigate the recombination of
photogenerated electron-hole pairs. UV-vis diffuse reflectance
spectroscopy (DRS, Cary 5000) was used to measure the light
absorption of the samples. ICP-MS data was obtained using
a NexION 300X ICP-MS. About 0.1 g of sample was dissolved in
a solution of 2 mL HF, 2 mL HNO;, and 6 mL HCI for 2 h first
and then diluted 10, 100, and 1000 times for the detection steps
to obtain the specific results. EPR analysis was carried out using
a Bruker E500 spectrometer. The solid catalyst was mixed with
an ice-cooled DMPO solution in the presence or absence of an
aqueous solution of RhB to capture ‘OH and a methanol solu-
tion to capture O, . The mixture was quickly transferred into
a glass capillary tube and examined using EPR spectroscopy at
room temperature with/without visible light irradiation (500 W
Xe lamp).

Contaminant removal tests and CO, capture evaluation

The contaminant removing tests were investigated upon treat-
ment with RhB and MB. In a typical experiment, a 45 mL
solution of RhB or MB and 100 mg of the powders were placed
in a 50 mL beaker. The suspensions were magnetically stirred in
the dark for 30 min to establish an adsorption-desorption
equilibrium. Then, a 500 W Xe arc lamp with a UV cut-off filter
was used as the visible light source. The test results were
analyzed using UV-vis spectroscopic measurements. When the
tests were completed, the residual samples were washed three
times with water and ethanol and dried at 80 °C for regenera-
tion. Moreover, the mechanism experiments were performed by
adding 4 pL of IPA, 0.0054 g of BQ, and 0.0146 g of EDTA to the
abovementioned system. CO, and CH, adsorption-desorption
isotherms under static conditions were obtained using
a Micromeritics Instrument Corporation Tristar I 3020 at 298
K. The samples were degassed at 120 °C for 8 h without further
activation.

Results and discussion

In the present study, the synthesis of the UT composite series
was carried out using a hydrothermal method. As a contrast,
commercial P25 was treated under the same conditions. In the
last step, all the samples were washed three times with meth-
anol. The formation of UiO-66 on the TiO, particles is clearly
seen in Fig. 1(a) and (b). The prepared materials only exhibit
a long range-ordered structure of TiO, at (101), which could be
an evidence of the existence of two substances. Upon changing
the ratio, different morphologies were obtained, which are
shown in Fig. 1(c-e) and S1.T The initial shape (UT49), as shown
in Fig. 1(c), can be attributed to agglomerated TiO, particles
without a regular shape. Upon increasing the amount of UiO-66,
a layered structure of TiO, can be seen in Fig. 1(d). Fig. 1(e)
shows the final shape, which illustrates that UiO-66 crystal
domains are present. Actually, due to the different diffractions
of the two crystals, it was not hard to prove the formation of
Ui0O-66. Fig. 1(f) also shows the XRD patterns of the UT series
with an increasing molar ratio of Ti; the intensities of the
characteristic diffraction peaks of UiO-66 from UT0.05 (Zr : Ti =
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Fig.1 (a) The TEM image of the UT49 sample; (b) the HRTEM image of
the UT49 sample; (c—e) SEM images of UT49 (the initial shape), UT19
(the intermediate shape), and UT0.05 (the final shape) samples; (f) the
XRD patterns of the P25, UiO-66, UT0.05, UT19, UT49, and UT99
heterojunctions; (g) the FT-IR spectra of the P25, UiO-66, UT49, and
UTO0.05 samples and (h and i) the BET surface area and pore distri-
bution of the UT49 and UT0.05 samples.

19:1) to UT99 (Zr : Ti = 1 : 99) decreased. Moreover, the FT-IR
spectrum (Fig. 1(g)) shows the in- and out-of-phase stretching
modes of the carboxylate group at 1399 and 1583 cm ™',
respectively, in the composite corresponding to UiO-66, which
did not show in TiO, spectrum.’” Together with the EDAX
mapping images, shown in Fig. S2,1 all the conformations
proved the formation of the UiO-66/TiO, heterojunction.
However, due to the large molar ratio of Ti and Zr, it was not
possible to cover the TiO, particles with UiO-66 when the
morphology was in its initial shape (shown in Fig. 1 (c) and
2(a)). Interestingly, taking UT49 (Zr : Ti = 1 : 49) as an example,
the specific surface area of the composite still doubled (108 m*
g~ ') as compared to that of the TiO, powder (about 50 m> g™ ),
which is shown in Fig. 1(h) and S3(b).T These can be attributed
to the UiO-66 between the TiO, particles. The IV type curves with
a H3 hysteresis loop suggests large amount of TiO, in the UT49
and UT19 samples. Moreover, the transformed morphology was
confirmed by Fig. 1(i) and S3.1 The UT0.05 sample (726 m* g~ )
exhibited a type I curve. In addition, a different pore diameter
distribution was observed, which suggests an ordered meso-
porous morphology that is very different from UT49 and can be
attributed to the UiO-66 whose specific surface area reached 908
m?® g~ (Fig. 547).2%2

The exact transformation process was proposed as shown in
Fig. 2(a). As the amount of UiO-66 increased, the TiO, particles
were covered with UiO-66, which may lead the function to
greatly transform. Photoluminescence (PL) spectroscopy is
widely used to follow the irradiative recombination of photo-
generated charge carriers in TiO, and to determine the ener-
getic distribution of mid-band gap states.>” Fig. 2(b) shows the
PL spectrum of the prepared samples. It can be seen that pure
UiO-66 shows the highest peak, which illustrates that the
recombination of the electrons and holes was high. As the TiO,
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Fig. 2 (a) The growth mechanism of the UT series of heterojunctions.
The initial shape was TiO, domains and the UiO-66 crystals were small
on or out of the TiO, particles, which exhibit excellent photocatalytic
properties. As the process proceeded, the crystals grew bigger and
bigger and finally, the UiO-66 crystals domains and the function-
transformation occurred, which become a better CO, capture
sorbent. (b) The PL spectra and decay curves of the P25, UiO-66,
UTO0.05, UT19, UT49, and UT99 heterojunctions; the lowest curve was
the UT49 sample. (c) The diffuse-reflectance UV-vis spectra of the
P25, UiO-66, UT0.05, UT19, UT49, and UT99 samples. (d) The figure
shows the relationship between the transformed Kubelka—Munk
function versus the light energy. (Ahv)%® versus hv for P25 and UT49
and the inset shows (Ahv)? versus hv for UiO-66.
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component increased, the recombination process was greatly
impaired, especially when the two components reached
a specific value, the recombination was lowest (UT49). The
diffuse-reflectance UV-vis spectrum of the samples is presented
in Fig. 2(c). We observed a slight red-shift, which was attributed
to surface defects, most likely oxygen vacancies formed due to
the substitution of Ti by Zr.*® Fig. 2(d) and the inset shows the
plots of the Kubelka-Munk remission function. It can be seen
that the band gaps of UiO-66, P25, and UT49 are 4.10, 2.92, and
2.88 eV, respectively. It is not hard to envisage that the reduced
band gap and recombination of electron-hole pairs on UT49
may lead to a better photocatalytic performance.

Fig. 3 shows that that the samples mainly contained four
elemental species: C, O, Ti, and Zr. The photoelectron spectra of
O 1s electrons show the presence of two components corre-
sponding to the two different chemical states of oxygen: lattice
oxygen and oxygen in the surface functional groups.? The high
resolution C 1s spectrum is shown in Fig. 3(b), and the main
peak is observed at 284.8 eV, which corresponds to the sp>
carbon atoms. However, the other weak peaks at 286.4 eV and
288.7 eV were assigned to the epoxy/hydroxyl groups (C-O) and
carbonyls (C=O0), respectively, which correspond to the ter-
ephthalic acid in UiO-66.>**> The Ti 2ps,, and Ti 2p,,, binding
energies are ascribed to the Ti** oxidation state, and the values
of Zr 3ds, and Zr 3d;,, indicates that Zr is in the Zr*" state. The
reported binding energies are 458.8 and 183 eV for pure Ti 2p3,
and pure Zr 3ds,,, respectively.*® Lucky et al. found that while
introducing Zr into the TiO, matrix, the binding energies for
both Ti 2p;/, and Zr 3ds,, shifted towards a lower energy, which
was also found in our experiments.** Due to the similarity of the
Ti*" and Zr** ionic radii, Zr*" may partially substitute Ti*" in the
TiO, lattice when the sample was prepared using ZrCl, during

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) The wide survey scans. The (b) C 1s, (c) O 1s, (d) Ti 2p, and (e)
Zr 3d XPS spectra of the MT49 heterojunction.

the solvothermal process. This phenomenon could also be
observed in Fig. 1(b). The interplanar distance has two values,
0.35 nm for TiO, and 0.358 nm, attributed to the substituted
situation.

To prove that the UiO-66/TiO, heterostructures are good
materials to efficiently remove contaminants, two typical
organic dyes, MB and RhB, were tested. All the sample tests
were carried out under the same conditions for comparison.
The degradation efficiency of RhB and MB under visible light
irradiation is shown in Fig. 4(a and b). Under dark conditions,
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Fig. 4 (a) The effects of removing RhB and MB in water using UT49 at

pH =7 and pH = 3. It can be clearly seen that the removal of RhB was
mainly via photocatalysis and MB was via adsorption. (b) A comparison
of the removal of RhB from a neutral solution with or without visible
light irradiation using the P25, UiO-66, UT0.05, UT19, UT49, and UT99
samples. (c and d) The removal effects using UT49 to remove RhB and
MB under acidic conditions and cycled four times after a simple
regeneration process. (e) The CO, capacity of the P25, UiO-66,
UTO0.05, UT19, and UT49 heterojunctions, which illustrate the function
transformation process. (f) A comparison of CO, and CH4 uptake,
which may be used to introduce a more efficient material for use in
natural gas purification.
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the pure UiO-66 absorption ability was the best, which could be
attributed to its high surface area. On the contrary, TiO, showed
the lowest ability. As the TiO, component was increased, the
absorption showed a small decrease in the composite; however,
the photocatalytic efficiency was enhanced to maximum when
the ratio of the two substances reached a certain value.
Compared to the lowest adsorptive ability of TiO,, it is believed
that the strong attraction with dyes was mainly due to the UiO-
66 component and excellent photocatalytic properties were
shown by the heterojunction, which are presented in Fig. 5. As
for the treatment of MB, it could accomplish the absorption
process in a very short time, which is shown in Fig. 4(d), with
the efficiency reaching 80% within 10 minutes. Then, under
light radiation, the degradation of MB continued to carry on.
The stability of the materials was also investigated and is pre-
sented in Fig. 4(c and d). Under neutral and strongly acidic
conditions (pH = 3), the removal of RhB and MB was retained.
Furthermore, after a simple regeneration process, the material
retained its high efficiency, which shows potential for industrial
application. As for the CO, capture ability, UT0.05 (Zr: Ti =
19 : 1) was tested and CO, and CH, were selected for the study.
As shown in Fig. 4(e), the maximum CO, uptake was 46 mL g~ ",
which was a significant enhancement when compared to that of
pure TiO, (4 mL g~ ") and UiO-66 (30 mL g~ '). Moreover, UT49
was tested and a CO, uptake of 5 mL g~ * was observed, which
illustrates the function transformation from UT49 to UTO0.05.
This may suggest that photocatalytic semiconductors could be
used to improve the CO, capture ability. Note that the transition
state of the composite (UT19) was also observed. It showed both
good photocatalytic and CO, capture abilities but lower than the
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Fig. 5 (a and b) The proposed adsorption mechanism for both CO,
capture and dye removal. CO, was adsorbed in the tetrahedral cages
of UiO-66 and the cationic dyes interacted with the —COO™ groups.
(c) The photocatalytic mechanism on the heterojunctions. (d and e)
The DMPO-"OH adduct in a RhB solution and the DMPO-0O,"" adduct
in methanol with/without visible light irradiation using the UT49 het-
erojunction. (f) A comparison of the RhB solutions with added IPA, BQ,
and EDTA and the blank test. (g) The six enhanced CO, active inter-
action sites for the UT series of composites compared to pure UiO-66.
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best results, which are presented in Fig. 4(b) and (e). The
compromised abilities in the two functions suggest that the
transformation process was accomplished step by step, which is
described in Fig. 2(a). To further explore the materials function
in gas separations, CH, was also tested, as shown in Fig. 4(d),
with the maximum uptake less than 10 mL g~ '; the great
adsorption difference of the two gases can illustrate the UT
series' prospect in nature gas purification field. Moreover, the
specific ratio of Zr and Ti was detected using ICP-MS to examine
the actual ratio to eliminate the possible errors in the prepa-
ration procedure. As shown in Table S1, the actual values are
listed, except for UT0.05, and the actual ratio of all the samples
correspond to the theoretical values.

Due to the molecular structure of the dyes being big, the dyes
were most likely to absorb on the external surface of the
composite. Therefore, the dual-functional mechanism was
proposed using two steps, as shown in Fig. 5(a); the high effi-
ciency adsorption of the dyes was attributed to the electrostatic
attraction between the adsorbents and dyes. The exposed
-COO™ on the external surface is more attractive for cationic
dyes.*® Then, under light irradiation, the higher conduction
band edge of UiO-66 will lead to the transfer of photoexcited
electrons into the conduction band of TiO, through the
quantum tunneling effect,’ then the h' can react with H,O to
form "OH free radicals or directly participate the degradation
progress and e reacts with O, adsorbed on the surface to form
O, free radicals, which are all involved in the degradation of
RhB. As shown in Fig. 5(d) and (e), we used DMPO to capture
'OH and O, and remarkable 1 : 2 : 2 : 1 quadruple EPR peaks
for the DMPO-'OH adduct in the RhB solutionanda1:1:1:1
DMPO-0, " adduct in methanol solution were observed, which
confirmed the proposed mechanism. Furthermore, it was
necessary to find out which factor of the three species, ‘OH,
0,"7, and h', directly functioned in the process. Herein, iso-
propyl alcohol (IPA), benzoquinone (BQ), and ethyl-
enediaminetetraacetic acid (EDTA) were introduced into the
degradation process to attempt to trap ‘OH, O, ~, and h’,
respectively.®”** As shown in Fig. 5(f), there was no significant
effect on the degradation rate when IPA was added, thus sug-
gesting that ‘OH is not a dominant active species in the
degradation process. However, the degradation rate signifi-
cantly decreased after the introduction of BQ and EDTA, which
were able to quench O, and h'. Thus, O, and h* were
identified as the major active species in the decomposition of
the dyes. Moreover, the results implied that the dyes can also be
oxidized by the photogenerated h' in the UiO-66/TiO, system.

The enhanced CO, capture abilities mechanism is described
in Fig. 5(b) and (g). In general, CO, is preferentially adsorbed in
the tetrahedral cages of UiO-66(Zr), which are shown in
Fig. 4(b). Moreover, the material saturated with CO, contains an
average of four CO, molecules in this cage in an arrangement
with two CO, molecules interacting with the two -OH functions,
which has been reported by Chevreau.” In our case, TiO, was
introduced to UiO-66, which led the specific surface area of the
composite to decrease. However, the six possible active sites
added in the composite, as shown in Fig. 5(g), which can be
divided into monodentated carbonates and bidentated
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carbonates, led to an increase in the CO, uptake.**** Especially,
when the ratio reached a special value, UT0.05 in our system,
the maximum adsorption ability was obtained.

Conclusions

In summary, the UiO-66/TiO, composites were synthesized and
found to accomplish two functions for the first time. HR-TEM,
SEM, XRD, FT-IR, ICP-MS, and BET analysis confirmed the UiO-
66 and TiO, components. During the growth progress, we found
that the initial form of the UT series (UT49) could efficiently
remove RhB and MB under vis-light irradiation. The durable
ability was also tested. It was found that the composites
possessed high efficiency after four cycles in a strongly acidic
environment with a simple regeneration process. Their abilities
in photocatalysis are good and could be explained by the XPS,
PL, and UV-vis spectra. Moreover, the final form of the
composite (UT0.05) was also tested and showed superior ability
in CO, capture and gas separation as a sorbent. Thus, the MOF/
photocatalyst composites could be a new type of material for
both photocatalysis and adsorption to achieve multifunctional
properties.
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