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HIGHLIGHTS GRAPHICAL ABSTRACT

e The unexpected efficient toluene
removal by UiO-66 under visible light
was studied.

e DFT showed that toluene was preferen-
tially adsorbed on the metal center Zr.
o The heating-induced adsorption of UiO-

66 to toluene was firstly revealed.

e Charge transfer between UiO-66 and
adsorbed toluene extended the carrier
lifetime.

e Synergic effect of heating-induced
adsorption and photodegradation was

proposed.
ARTICLE INFO ABSTRACT
Keywords: The removal of indoor/outdoor toluene by photocatalysis has drawn much attention due to its low energy
Ui0-66 consumption and easy availability. However, light inevitably generates heat, and pollutants desorb from catalysts
Tolugne vced ad . as the temperature rises, which is not beneficial to degradation. Contrast to the frequently occurred phenomena,
gs;tmg'm uced adsorption we firstly found that the adsorption capacity of UiO-66 (Zr) on toluene increased with increasing temperature as

adsorption isotherms and in-situ Fourier transform infrared spectra (in-situ FTIR) showed. The optimum tem-
perature was 30 °C. This stage in which adsorption capacity was positively correlated with temperature was
called heating-induced adsorption, which achieved a toluene removal efficiency of 69.6 %. By density functional
theory (DFT) calculations and changing the metal centers and organic ligands of UiO-66 (Zr) respectively, we
disclosed that the heating-induced adsorption was mainly related to the n-n stacking interaction of MOF ligands
and toluene. The analysis of samples before and after adsorption showed that the interaction between UiO-66
(Zr) and adsorbed toluene facilitated the charge transfer and prolonged the carrier lifetime, leading to the in-
crease of hydroxyl radicals (¢OH) in photocatalysis. Therefore, a synergistic effect between heating-induced
adsorption and photocatalysis was proposed by analyzing the adsorption of toluene on UiO-66 (Zr) in detail.
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This work provided new viewpoint to understand the role of concomitant heat contributed to the adsorption and
degradation of toluene during photocatalysis.

1. Introduction

People nowadays spend more than 80 % of their time in indoor
spaces [1]. The continuous release of volatile organic compounds
(VOCs) by interior decorations, building materials (such as adhesives,
and coatings), and furniture brings great harm to human health [2,3].
Some aromatic VOCs such as benzene and toluene have even been
classified as carcinogens [4]. Therefore, the treatment of aromatic hy-
drocarbons is of great significance for indoor air purification.

The removal methods of VOCs are mainly divided into three cate-
gories. One is the combustion method for treating waste gas [5]. The
second is the use of adsorbents to absorb VOCs [6]. The third is catalytic
oxidation [7]. The combustion method is often used to treat high con-
centration of industrial waste gas, with high energy consumption. The
latter two methods are mainly used to remove low concentration of
VOCs in daily life. Among them, photocatalytic oxidation (PCO) has
been regarded as a promising means to eliminate indoor VOCs [8,9],
because of its advantages such as mild reaction conditions (ambient
temperature and pressure), low energy consumption, and no equipment
dependency. Metal-organic frameworks (MOFs) are a kind of porous
crystalline nanomaterials which are consisted of inorganic units (metal
ions or metal clusters) connected by polytopic organic ligands [10].
With a large specific surface area, high porosity along with easily
regulated pore structure and chemical composition [11], MOFs are
widely used in molecular adsorption and separation [12-14], fluores-
cence sensing [15,16], and catalysis [17-19], etc. Guo et al. [20]
reviewed the mechanism and research progress of peroxymonosulfate
(PMS) activation on Zeolitic imidazolate framework (ZIF)-based mate-
rials for the removal of organic pollutants. Xiao et al. [21] systematically
discussed the preparation of MOFs-derived metal/carbon composites
and their applications in catalysis and energy. As one kind of zirconium-
based MOF structure, UiO-66 (Zr) not only has the same superior
properties (e.g. a large specific surface area, and adjustable pore struc-
tures) as other MOFs, but also exhibits better water/air stability, strong
acid resistance [22], and photocatalytic activity, which make it a
promising candidate for VOCs removal [23].

At present, in order to make the photocatalyst more widely used in
daily life, researchers are working on adjusting the light absorption
range of the catalysts and improving the catalytic efficiency under
visible light [18,24,25]. It is well known that light inevitably releases
heat, which increases the temperature of the catalysts. By reviewing
some papers on the adsorption of VOCs by MOFs [26,27], the adsorption
capacity of most adsorbents for VOCs decreased as the temperature
increased. The adsorption process is a critical step in gas-phase catalysis,
significantly affecting the catalytic efficiency. Therefore, the heat
generated by light increases the temperature of the catalysts, which will
inevitably affect the adsorption and degradation of VOCs. However,
whether this is a positive or negative effect remains to be explored, and
there are few research reports.

In this work, toluene was selected as the representative of VOCs. The
temperature change of the reaction chamber was recorded under visible
light irradiation. Subsequently, the light source was removed and the
reaction chamber was heated to simulate the temperature change during
illumination. Toluene concentration was recorded to explore the
adsorption of toluene by UiO-66 (Zr) in the temperature range of illu-
mination. In-situ Fourier transform infrared spectra (in-situ FTIR),
density functional theory (DFT) calculations, and toluene adsorption
isotherms of UiO-66 (Zr) at different temperatures were tested to further
explore the adsorption behavior and the effect of light-induced tem-
perature change on the toluene adsorption. It was found that the
adsorption capacity of UiO-66 (Zr) on toluene increased first and then
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decreased with the increase of temperature. In response to the phe-
nomenon of increased adsorption capacity (called heating-induced
adsorption), the metal and ligand species of UiO-66 (Zr) were respec-
tively changed, and UiO-66 (Hf) and MOF-801 were selected as control
groups to explore the interaction between MOFs and toluene. Heating-
induced adsorption was found to be related to the n- stacking interac-
tion of MOFs and toluene. In addition, samples before and after
adsorption were selected for X-ray photoelectron spectroscopy (XPS),
transient fluorescence spectroscopy, electron spin resonance (ESR), and
other tests, in order to further explore the influence of adsorption on the
catalysts and catalytic process. Charge transfer between adsorbed
toluene and UiO-66(Zr) was found, which prolonged the carrier lifetime
and increased the number of hydroxyl radicals (¢OH). This work first
found that heating-induced adsorption was a key factor in promoting the
removal of toluene by UiO-66 (Zr). The heating-induced adsorption of
UiO-66 (Zr) was mainly caused by n-n stacking interaction between the
benzene ring and toluene. The synergistic effect between heating-
induced adsorption and photocatalysis was proposed for the first time.
In addition, the effect of adsorption on photogenerated carrier separa-
tion and free radical generation was investigated.

2. Experimental section
2.1. Materials

Zirconium tetrachloride (ZrCly, >99.9 %), hafnium tetrachloride
(HfCly, 99.5 %), ethyl alcohol (EtOH, >99.7 %), and 5,5-dimethyl-1-pyr-
roline N-oxide (DMPO, 99.0 %) were purchased from Shanghai Aladdin
Co., Ltd. N, N-dimethylformamide (DMF, C3H;NO, 99.5 %), terephthalic
acid (H2BDC, CgHgO4, 99.0 %), r-aspartic acid (C4H7NO4, 98 %),
methanol (CH30H, 99.9 %) and fumaric acid (C4H404, 99.0 %) were

purchased from Adamas Corporation. Titanium (IV) butoxide
(C16H3604Ti, >98.5 %) was purchased from General-Reagent
Corporation.

2.2. Samples preparation

2.2.1. Synthesis of UiO-66 (Zr)

Based on the previous report [22], UiO-66 (Zr) was synthesized by a
solvothermal method. ZrCl4 (1.0 mmol) and H,BDC (1.0 mmol) were
dissolved in DMF (50 mL), and then the mixed solution was stirred for
45 min. The solution was placed in 100 mL autoclave and kept at 120 °C
for 24 h. The precipitate was washed and then dried at 80 °C for 8 hin a
vacuum.

2.2.2. Synthesis of UiO-66 (Hf)

According to the previous report [28], HfCl4 (1.0 mmol) and H,BDC
(1.0 mmol) were dissolved in DMF (50 mL), and the rest steps were the
same as the synthesis of UiO-66 (Zr).

2.2.3. Synthesis of MOF-801

From the previous report [29], ZrCly (1.0 mmol) and fumaric acid
(1.0 mmol) were dissolved in DMF (50 mL), and the next steps were the
same as the synthesis of UiO-66 (Zr).

2.2.4. Synthesis of MIP-202

From the previous report [30], L-aspartic acid (2.8 g) and ZrCly (2.33
g) were transferred to a 25 mL round bottom flask. 10 mL of water was
added. The reaction was kept at reflux for 1 h (120 °C). After cooling to
room temperature, the sample was washed with ethanol and dried at
room temperature for 24 h.
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Fig. 1. The (a) XRD patterns and (b) SEM image of UiO-66 (Zr).

2.2.5. Synthesis of MIL-125 (Ti)

From the previous report [31], 7.5 g HoBDC was dissolved in 100 mL
DMF and 25 mL methanol and stirred for 1 h. Then 7.5 mL of Titanium
(IV) butoxide was added. The reaction was carried out at 150 °C for 16 h.
At room temperature, the solid was washed with DMF and ethanol,
respectively, and dried at 80 °C for 10 h.

2.3. Characterization

The morphology of the samples was observed by scanning electron
microscope (SEM, FEI Magellan 400). X-ray diffractometer (XRD,
Bruker, Germany) with Cu K, irradiation, was used to characterize the
structure of the samples. A specific surface pore size analyzer (Quanta
Instruments, Inc.) was used to measure the specific surface area of the
samples. The toluene adsorption curves of the samples were measured
using a specific surface aperture analyzer (Bayer MAX2). The surface
valence states of the samples were researched by X-ray photoelectron
spectroscopy (XPS, ESCAlab250). The adsorption sites of the samples
were researched by a chemical adsorption analyzer (Builder Electronic
Technology). The recombination degree of photogenerated carriers in
samples was researched by a luminescence spectrometer (Perkin Elmer).
A transient fluorescence spectrometer (Edinburgh, FLS980) was used to
analyze the fluorescence lifetime. A digital display electric heating plate
(C-MAG HP10, Ika) was used to control the temperature change in the
reaction chamber. A gas chromatograph (GC-7920, Beijing Zhongjiao
Jinyuang Co., Ltd.) was used to monitor the concentrations of toluene
and CO,.

2.4. Photocatalytic performance measurements

The S1 scheme showed the device for photocatalytic degradation of
toluene in experiments, which automatically and continuously fed the
pollutants [32]. The light source was 250 W (A > 400 nm). A glass slide
(75 mm x 150 mm) coated with 30 mg catalyst and a thermometer were
placed in the reaction chamber. Firstly, toluene (20 ppm, 20 sccm) and
air (20 sccm) flowed over the catalyst surface in a dark environment
until the toluene concentration was constant. A gas chromatograph was
used to detect the toluene concentration every 10 min. Then the light
was turned on, and the temperature was recorded every 10 min.

The removal ratio (1) of toluene was enumerated according to the
equation:

n:(lfc%)x 100%

The saturated adsorption capacity (A, pmol/g) was calculated as
follows:
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where Cy and C are the initial and actual concentrations of pollutants,
respectively. The flow rate of toluene is “v”. The mass of the catalyst and
the molar mass of the contaminated gas are denoted by m and M,
respectively.

2.5. Control experiment

The light source of the above-mentioned photocatalytic process was
removed. The reaction chamber was connected to the circulating water
and a digital display electric heating plate was applied to regulate the
temperature of the reaction chamber. After the catalyst reached the
adsorption-desorption equilibrium in the dark, the heating plate was
turned on to heat the reaction chamber, to simulate the temperature
change during the process of illumination. The temperature was recor-
ded every 10 min and the concentration of toluene was recorded every
10 min.

2.6. ESR tests

The contents of ¢OH and were determined by electron spin resonance
(ESR, Bruker EMXplus-6/1, Germany). The samples were tested sepa-
rately by ESR after 10 min of light irradiation (A > 400 nm).

2.7. Computational methods

Density functional theory (DFT) calculations were performed using
the Vienna ab initio Simulation Package (VASP) [33]. The generalized
gradient approximations (GGA) of Perdew-Burke-Ernzerhof (PBE) [34]
and the projector-augmented-wave (PAW) [35] potentials were chosen
for the exchange-correlated generalization function. The total energy
convergence criterion was 10" eV. The atomic positions were relaxed by
using the conjugate gradient algorithm until the forces on the atoms
were less than 0.05 eV/A. The plane-wave kinetic energy cutoff was set
to 500 eV. The k-points were set to 1 x 1 x 1. The empirical correction in
Grimme’s Scheme was used to describe the van der Waals interactions.
The three-dimensional structures were visualized by the visualization
for electronic and structural analysis (VESTA) code [36].

3. Results and discussion
3.1. Morphological and structural characterization

Fig. 1a showed the XRD pattern of the synthesized UiO-66 (Zr)
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Fig. 2. Gaseous toluene removal curves by UiO-66 (Zr) under visible light irradiation for (a) 180 min and (b) four cycles. (c) The real-time temperature change curves
under different environments. (d) Toluene removal curves of UiO-66 (Zr) in the experiment (c). (e) Ultraviolet-visible absorption spectrum. (f) The concentration of
CO, produced in the process of the toluene removal using UiO-66 (Zr) under different conditions. The error bars in the figure were calculated from three repeated

experiments.

sample. The peak positions of this material were in a good agreement
with the simulated ones [37]. The sharp diffraction peaks indicated the
good crystallinity of the UiO-66 sample, which was also seen from the
SEM image (Fig. 1b). Fig. S1 showed a type I N, adsorption—desorption
isotherms [38], confirming the persistent micropores inside UiO-66 (Zr).
The specific surface area of the prepared UiO-66 (Zr) was 854 m%/g
(Table S1), which was consistent with previous papers [39,40]. These
results showed that UiO-66 (Zr) was successfully synthesized.
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3.2. Toluene removal by UiO-66 (Zr) under visible light

Fig. 2a showed the toluene removal curve of UiO-66 (Zr) under
visible light irradiation, with a maximum toluene removal efficiency of
91.2 % in 90 min. Almost no performance decay was observed in four-
cycle tests (Fig. 2b), confirming the high stability of Ui0-66 (Zr) in
toluene removal. UiO-66 (Zr) was a semiconductor with a wide
bandgap, and its response to visible light was very weak. So where did
such a remarkable toluene removal efficiency come from? It was worth
exploring. As is well known, light inevitably generates heat, which may
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Fig. 3. (a) Adsorption isotherms and (b) corresponding adsorption capacity of UiO-66 (Zr) for toluene under different temperatures. (c) The curve of the toluene
removal using UiO-66 (Zr) at continuous temperature variation. (d) In-situ FTIR differential spectra of toluene adsorption by UiO-66 (Zr) at 20 °C and 30 °C. (The

original signal of UiO-66 was subtracted.)

increase the temperature of the catalysts. In order to elucidate the effect
of heat on adsorption and degradation, a separate heater was introduced
into the reaction chamber to mimic the temperature change under light
illumination. The toluene concentration change was compared. Fig. 2¢
showed that the temperature profile changes consistently after 90 min.
Keeping the temperature basically the same, we found that there were
different toluene removal efficiencies, 91.2 % and 69.6 %, respectively
(Fig. 2d). It could be seen that the increase in temperature from 20 °C to
30 °C resulted in a toluene removal efficiency of 69.6 %. It was specu-
lated that temperature rise may increase the adsorption capacity of the
catalyst to toluene, which will be discussed in detail in Section 3.3.
There was 91.2 % toluene removal under light illumination, and 21 %
removal contribution was speculated to result from photocatalysis.
Then, the ultraviolet —visible absorption spectrum of UiO-66 (Zr) was
tested (Fig. 2e) and it had weak visible light absorption. We further
detected the concentration of CO3 under light illumination. The whole
reaction chamber and the gas path were sealed for 12 h. The CO2
adsorbed by the catalyst was blown out with Ns. Fig. 2f showed the
concentration of CO; detected by purging the reaction chamber with Ny
after 5 h of illumination. The high CO, concentration (811.83 ppm)
proved that toluene was decomposed by UiO-66 (Zr) through
photocatalysis.

Through previous papers, it was found that Xu et al. [41] measured
the photocurrent response of UiO-66 (Zr) under visible light. Xiao et al.
[42], Yi et al. [43], and Dong et al. [44] respectively measured the ef-
ficiency of UiO-66 (Zr) catalyzing benzyl alcohol, reducing Cr (VI) and
removing tetracycline under visible light. Wu et al. [40] found that UiO-
66 (Zr) always contained defects. With the increase of defect concen-
tration, UiO-66 showed color changes, suggesting that the defect might
change the electron band structure of UiO-66 (Zr). We speculated that
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defects in UiO-66 (Zr) produced defect energy levels, and affected
electron transition and light absorption, so there was a weak visible light
response, but this work does not discuss it in depth. In this work, the
effect of temperature on the adsorption of toluene by UiO-66 (Zr) was
studied.

To clarify the influence of temperature on the removal of toluene and
explore whether thermal degradation occurred, the concentration of
CO, was detected after heating the reaction system for 5 h. For visual-
ization, the CO4 concentration was enlarged by a factor of 20 and
compared with illumination (Fig. 2f). In Fig. 2f, almost no CO5 (1.3 ppm)
was produced under the heating condition, which indicated that no
degradation of toluene occurred under pure heating. This confirmed that
the decrease in the toluene concentration during heating was mainly
related to the adsorption.

3.3. The effect of temperature on toluene adsorption by UiO-66 (Zr)

To further explore the influence of temperature on the toluene
adsorption, the toluene adsorption isotherms were detected under
different temperatures. According to the temperature range (20-40 °C)
shown in Fig. 2¢, the adsorption isotherms of UiO-66 (Zr) were tested at
different temperatures at intervals of 5 °C. As the temperature increased,
the amount of toluene adsorbed in UiO-66 (Zr) firstly increased from
20 °C to 30 °C and then decreased a little from 30 °C to 40 °C. Fig. 3a-b
showed that 30 °C was the optimal adsorption temperature, and the
corresponding adsorption capacity was 2.13 mmol/g. This temperature-
dependent adsorption capacity (known as heating-induced adsorption)
might be the main reason for the heating-induced toluene removal by
UiO-66 (Zr). To verify this conjecture, after UiO-66 (Zr) reached the
adsorption—desorption equilibrium at 20 °C, continuous temperature-
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Fig. 4. (a) The XRD patterns, (b) Adsorption curves, and (c) The saturated adsorption capacity of flowing gaseous toluene for different MOF samples in dark
conditions. (d) Gaseous toluene concentration curves using different MOF samples under heating. The error bars in the figure were calculated from three repeated

experiments.

varying experiments from 20 °C to 30 °C were performed while moni-
toring the toluene concentration. Fig. 3c showed that the toluene con-
centration decreased with temperature during the first 130 min,
indicating the enhanced adsorption amount of toluene with increasing
temperature from 20 °C to 30 °C. Within 130-190 min, as the temper-
ature decreased from 30 °C to 21 °C, the adsorption capacity for toluene
of Ui0-66 (Zr) decreased, and toluene was desorbed from the sample,
leading to C/Co more than 1. This indicated that the toluene was stored
in Ui0-66 (Zr) during the heating-induced adsorption and was released
by cooling. In addition, the existence of heating-induced adsorption was
further confirmed by in-situ FTIR differential spectra (Fig. 3d). UiO-66
(Zr) initially adsorbed toluene at 20 °C. As shown in Fig. 3d, the peak
at 1453 cm ™! was caused by v (OH) vibration in the aromatic ring [45].
The peak at 1716 cm ! was attributed to the v (C=0) vibration of the
aromatic group [45,46]. 1650, 1597 and 1543 cm~! were attributed to
the vibration of v (C=C) of the benzene ring skeleton [47]. The peak at
1291 cm~! was designated as v (C—O—C) vibration [48]. The peak at
1161 cm ™! was attributed to the v (C—OH) vibration [49]. 1450-1650
cm™! was attributed to the skeleton vibration of C=C in the benzene
ring [47]. The signal intensity reflected the toluene adsorption capacity
of UiO-66 (Zr). The signal intensity of 1.5 h and 2 h almost did not
change, indicating the adsorption saturation. Then UiO-66 (Zr) was
heated to 30 °C in-situ. It was found that the signal intensity increased
obviously after 15 min, indicating more adsorption occurred and
reached saturation again at 30 min. The above results proved the exis-
tence of heating-induced adsorption.

As reported previously by Chen et al. [50], both metal centers and
ligands in MOFs could work as active sites for the adsorption of guest
molecules. In order to explore the original factors causing heating-
induced adsorption, control experiments were carried out. By altering
the metal center from Zr to Hf or the ligand from benzene-ring
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containing HyBDC to fumaric acid, UiO-66 (Hf) and MOF-801 were
synthesized for comparison. The XRD patterns (Fig. 4a) confirmed the
successive synthesis of Ui0-66 (Hf) and MOF-801.

As shown in Fig. 4b, the catalysts reached adsorption—desorption
equilibrium in the dark, and the toluene adsorption capacity of different
catalysts was calculated (Fig. 4c). Both UiO-66 materials with benzene
rings-containing ligands showed high toluene adsorption capacity.
Despite the relatively smaller surface area of as-prepared UiO-66 (Hf)
(686 m?/g), it exhibited stronger adsorption capacity towards toluene
than UiO-66 (Zr) (854 mz/g). According to the previous paper [28],
Ui0-66 (Hf) and Ui0-66 (Zr) had similar structures and physical prop-
erties. The improved toluene adsorption performance might be related
to the relatively stronger Lewis acidity of UiO-66 (Hf), which promoted
the adsorption of toluene (Lewis base) [51]. Even though MOF-801 also
exhibited a high specific surface area (563 m?/ g), its toluene adsorption
capacity was only 7.56 pmol/g. As proven by Chen et al. [50], n-n
stacking interactions between toluene and the ligands containing ben-
zene rings played an important part in the toluene adsorption. The lack
of n-n interactions between toluene and MOF-801 with fumarate ligands
might be a key reason for the limited adsorption capacity. Next, the
toluene concentrations using UiO-66 (Hf) and MOF-801 samples under
heating were tested (Fig. 4d). After reaching the toluene adsorp-
tion—desorption equilibrium in dark conditions at the room-
temperature, the samples were all heated to 29 °C and the concentra-
tions of toluene in the chamber were tested. UiO-66 (Zr) and UiO-66 (Hf)
exhibited obvious heating-induced adsorption phenomena. However,
toluene was continuously desorbed from MOF-801 during the heating.
In addition, MIP-202 (Zr as the metal centers, 1-aspartic acid as the li-
gands) and MIL-125 (Ti) (Ti as the metal centers, HoBDC as the ligands)
were synthesized, and the XRD patterns were shown in Fig. S2a. The two
samples which reached the adsorption-desorption equilibrium were
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Fig. 5. Differential charge density of toluene adsorbed on (a) BDC and (b) metal center Zr. (Yellow represents the electron-rich zone and blue represents electron
depletion.). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. (a) The photoluminescence spectra (PL) excited by 400 nm light, (b) The transient fluorescence spectra excited by 475 nm light, and (c) ESR spectra of DMPO-

eOH before and after adsorption of toluene by UiO-66 (Zr).

heated. As shown in Fig. S2b, toluene was continuously desorbed from
MIP-202 during the heating, while MIL-125 (Ti) exhibited heating-
induced adsorption, confirming the importance of ligands during the
heating-induced adsorption of toluene. Therefore, it was believed that
the heating-induced adsorption phenomenon was mainly related to the
organic ligands of MOFs rather than the metal centers. The n-x stacking
interaction between the UiO-66 ligand containing benzene ring and
toluene might play an important role. To verify this conjecture, DFT
calculations were performed to compare the adsorption of toluene to
metal centers and organic ligands.

Both the metal nodes and ligands may work as active sites for the
adsorption of toluene. Therefore, toluene adsorption on HoBDC ligand
(model 1) and Zr centers (model 2) of UiO-66 (Zr) were constructed,
respectively. The adsorption energies and differential charge densities of
the two adsorption models were compared. The adsorption energies of
models 1 and 2 were —0.861 eV, and —2.206 eV, respectively. Model 1
required more energy than Model 2. Therefore, in the dark adsorption
stage of the experiment, toluene was preferentially adsorbed on the
metal center Zr until saturation. On the one hand, the heat generated by
light could provide energy for the adsorption of toluene on UiO-66 (Zr)
ligands. On the other hand, as heating could promote the mass-transfer
of toluene in the pores of MOFs, the interaction between toluene and
ligand adsorption sites in UiO-66 (Zr) and UiO-66 (Hf) might be pro-
moted, and then heating-induced adsorption occurred. Furthermore, in
Fig. 5a, the electron distribution indicated electron transfer between
H,BDC and toluene. Fig. 5b clearly showed that toluene was in an
electron-rich state. This indicated the existence of charge transfer be-
tween UiO-66 (Zr) and adsorbed toluene. The charge transfer in the
adsorption stage might have an impact on photocatalysis, which was
discussed in the next section.
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Table 1
Decay lifetimes of transient fluorescence spectra and their relative percentages
of photoexcited charge carriers in UiO-66 (Zr).

Samples 71 (ns)” A%" T3 (ns) A%
Ui0-66 (Zr)-before adsorption 1.9 46.7 7.2 53.3
Ui0-66 (Zr)-after adsorption 2.1 44.8 7.9 55.3

2 1 referred to decay lifetime.
b A represented relative percentages.

3.4. The interrelationship between adsorption and catalysis

In order to investigate the effect of adsorption on photocatalysis, the
samples before and after adsorption were characterized. According to
XPS (Fig. S3), there was charge transfer between toluene and UiO-66
(Zr). The Zr peaks belonging to UiO-66 (Zr) structure shifted to a
higher binding energy after adsorbing toluene, indicating the charge
transfer from Zr centers to absorbed toluene [52]. Toluene adsorbed on
Zr was in the electron-rich zone as also confirmed by the DFT (Fig. 5b).
The photoluminescence spectra (PL) spectra (Fig. 6a) and transient
fluorescence spectra (Fig. 6b) were further measured and the fluores-
cence lifetimes were analyzed (Table 1). Fig. 6a showed that the PL
intensity of UiO-66 (Zr) decreased after adsorbing toluene, indicating
that charge transfer between UiO-66 (Zr) and toluene reduced the
recombination rate of photogenerated carriers. Fig. 6b showed that the
fluorescence lifetime of UiO-66 (Zr) with adsorbed toluene was pro-
longed, which was also reflected in Table 1.

Table 1 showed that the carrier lifetime of UiO-66 (Zr) was pro-
longed after adsorbing toluene, and the proportion of long-lived carriers
increased. Both the metal cluster-toluene and n-n stacking interactions
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Fig. 7. Schematic diagram of the reaction.

promoted the charge transfer between UiO-66 (Zr) and toluene and thus
prolonged the carrier lifetime. The prolongation of carrier lifetime was
conducive to its migration to the surface of UiO-66 (Zr) to participate in
the generation of more free radicals [53]. Previous results showed that
hydroxyl radical (¢OH) was the main active species in the toluene
degradation [54]. For UiO-66 (Zr) adsorbed with toluene, the signals of
oOH increased significantly (Fig. 6¢), which was conducive to the
mineralization of toluene [55]. The above results indicated that the
interaction between adsorbed toluene and the catalyst provided a bridge
for the separation of carriers, thus promoting radical generation and
photodegradation.

Combing the theoretical and experimental results, the synergic effect
between heating-induced adsorption and photocatalytic degradation
could be proposed (Fig. 7). Toluene could be adsorbed by interacting
with metals and ligands in UiO-66 (Zr). On the one hand, photocatalysis
generated free radicals to promote degradation, and more adsorption
sites could be exposed after toluene was degraded, which was favorable
for adsorption. On the other hand, the adsorption of toluene by UiO-66
(Zr) increased with the increase of temperature caused by light irradi-
ation. Meanwhile, the adsorption between UiO-66 (Zr) and toluene
could prolong the lifetime of photogenerated charges and promote the
generation of free radicals, which was favorable for photocatalysis.

4. Conclusion

In summary, a removal efficiency of 91.2 % was achieved during the
photocatalytic degradation of toluene by UiO-66 (Zr) under visible light.
Despite a variety of papers have reported similar results [41-44], the
reasons for the visible light activity have not been explored. Herein, a
novel mechanism of the visible-light induced photocatalytic removal of
VOCs by MOFs was proposed and heating-induced adsorption was firstly
found as a key factor in promoting the removal of toluene. Under the
irradiation of visible light, the temperature of UiO-66 (Zr) gradually
increased from room temperature to about 30 °C, which was proven to
be the optimum temperature for toluene adsorption. Control experi-
ments and theoretical calculation results revealed that the heating-
induced adsorption was mainly attributed to the n-n stacking interac-
tion between UiO-66 (Zr) ligands containing benzene ring and toluene.
A synergistic effect between heating-induced adsorption and
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photocatalysis was also proposed for the first time. On one hand, the
heating-induced adsorption of toluene facilitated the charge transfer and
prolonged the carrier lifetime, leading to an increase in the amount of
oxidative eOH radicals for the degradation of toluene. On the other
hand, the photocatalytic removal of toluene further provided new active
sites for the adsorption of toluene. What has been found in this work
would shed light on the design and optimization of new materials and
processes for air decontamination. In the future work, the heat adsorp-
tion mechanism of other VOCs like acetaldehydes, alkane, alkene, et al.
will be investigated. Besides, optimization would be carried out on UiO-
66 (Zr) to further improve its heating-induced adsorption capacity and
achieve its practical application.
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