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Abstract

Metal-organic frameworks (MOFs) as photocatalysts have attracted considerable
attention due to their potential for environment remediation, of which MIL-53 is a
representative member of MOFs. However, the photocatalytic performance was
affected by the recombination of photo-generated electron-hole pairs. On the one hand,
acid-modulated MOFs have received much attention, however, more attention have
been paid to the adsorption capacity and there is still a big gap in the application of
photocatalysis. This work focused on the effect of HCI modulator on crystal structure
and photocatalytic activity. In the morphology aspect, the presence of smaller crystals
and layer structure and mesoporous distribution was due to t gulatory effect of
HCI, and it had a double function: slowing down the hydr of §eCl3 6H20 as

well as conteracting the deprotonation of the dissovled ca acids. Notablely,

confirmed by XRD, the change of crystal form§from MIL-53 to MIL-88 was

attributed to the presence of 40 p L. Increasggys
more active sites, including adsorption a 'o ones. Compared with the MIL-53,
the photocatalytic activity of ac &

Meanwhile, the quantitative rel

[
%Qetween the photocatalytic activity and the

) surface area could provide

MIL-53 increased by 1.5 times.

content of HCI was reveale O, and ¢OH as the main active free radicals in

were confirmed from the EPR analysis. This work

photocatalytic degrada'cJj
provides a basiy plication of modulated MOFs by acid modulator in

photocatalysis.

Keywords: MOFs, acid modulator, crystal structure, photocatalytic activity, band gap
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1.Introduction

Metal-organic frameworks (MOFs) as a class of porous crystalline materials,
based on the coordination bonds between metal clusters have attracted considerable
attention over the past few decades [1-3]. The abundant pore size and adjustable
structure make the MOFs widely used in many fields [4-7], including gas storage and
separation, catalysis, drug transport, proton conductors, etc. In particular, some MOFs
with semiconductor properties can be used for the photocatalytic degradation of
organic pollutants [8-11].

Defects, refer to irregular arrangement of crystal atoms, and they are widely exist

in MOFs, which aroused great interest among the researchers. ctural disorder and
heterogeneity within MOFs breaks the periodic arrangem atojns and greatly
influences the pore/aperture sizes as well as the surface s of the resulting

materials, which subsequently modifies their pe
incorporation of defects into MOFs, i.e., the sy,

chemical nature of defect, remains ch g%til today [15]. The methods of
&gories, (1) the “de novo” synthesis |,

ker approach, fast crystal growth. (ii) the

rmance [12-14]. The targeted

rol of the concentration and

prepared defects reported divided in

including modulation approach

post synthetic treating synt@%d

harsh activation proceK’ o date, the modulator strategy, as the most common
one, refers to t W@ of large amounts modulator in addition to the linker

molecules into theNprecursor solution during the MOF synthesis. It is generally

ing mechanical treatment, acid/base treatment,

accepted that small amounts of modulator slow down the speed of crystallization by
impacting the equilibrium reaction and in turn the formation of defects. It is worth
noting that the existing modulator are applied to MOFs with carboxylic acid as linker,
typically UiO-66 was the mode system for many works [17-19].

In recent years, the study on the effect of crystal morphology and properties by
the modulators has been updated gradually. Compare to UiO-66, the TFA
(Trifluoroacetic acid)-modulated UiO-66 sample was found to be significantly more
active. Modulator-dependent defect engineering can also be used as a tool for pore

design in order to facilitate diffusion and to incorporate different catalytically active
3
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species. The particle size of the Cuz(BTC). (HKUST-1) could be tuned from 300 nm
to 2.4 pm by varying the amount of CA added [20]. The intrinsic microporous
structure of HKUST-1 is maintained while the larger pores’ size distributed in the
range of 30 to 100 nm. After encapsulation, a superior catalytic activity with a high
conversion rate is achieved. TMA ( Trimesic acid ) as a modulator, could optimize the
HKUST-1 with nano-size and the modulated one exhibited the increased adsorption
for CO. with the adsorption capacity of 2.5 mmol /g [21]. In the work of Bagherzadeh,
et al., acetic acid and formic acid were chosen as monoligand modulated agents for
MIL-88 A. At low modulator content, the primary diamondlike characteristic

morphology of the particles was preserved. While acetic ageemildly altered the

morphology of the MOF and narrowed its particle-size distrifRon, onkhe other hand,

formic acid is more potent than acetic acid, which drastical d the morphology

of the MOF particles to those resembling dendrites [X]. Atzori et al. recently reported

on the specific influence of benzoic acid mod

o)
cluster defects. Specially, the quantitati\&ag@p between defects and modulator

was confirmed from the combinatio , dissolution/*H NMR spectroscopy

jerd the formation of missing

and N2 sorption measurement and Jiang reported on the hierarchical
UiO-66 containing mesop sﬁ acetic/octanic/dodecanic acid as modulators
[24]. The pore diamet mained defective UiO-66 systems was systematically
turned via alterin mand concentration of the modulator, resulting in smaller
or bigger mesoporeqyvithin the microporous UiO-66. The defect-induced formation of
mesopores allows for the incorporation of larger catalytically active species like
polyxometallates, which then can be used in the catalytic methanolysis of styrene
oxide. Except the novo synthesis, generally, defects can be formed by post-synthetic
treatment (such as acid/based treatment and solvent exchange).

However, the current studies focused on the adsorption and catalytic properties
of modulated MOFs by acid modulator, and there is still a gap in the effect of
modulator on the photocatalytic properties. In this work, Fe(lll)-based MOFs with

photocatalytic activity, as a member of the MIL family, were selected as the research

object for the photocatalytic degradation of tetracycline with persistance and potential
4
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harm to the environment. MIL-53, as a typical porous Fe-MOF, possesses a strong
Fe-O clusters as light absorbing component responsible for photocatalytic activity;
however, the photocatalytic performance of which was affected by the recombination
of photo-generated electron-hole pairs. There was much space retained to improve the
photocatalytic activity, mainly, additional electron acceptors and heterojunction
structures, and both are conductive to charge and holes separation. The hydrogen
peroxide (H203), persulfate (PS) and peroxymonosulfate (PMS) as electron acceptors
accelerated the photocatalytic process by promoting the separation of photogenerated
electrons and holes [21-25]. In addition, the heterojunction based on MIL-53,

including the MIL-53/Agl [26-28], MIL-53/AgsPO4 [28, 29], -53/SnS [30] and

MIL-53/g-C3Ns [31-33] are effective in photocatalytic datgpn of organic

pollutants. However, the increased photocatalytic activity o crystal MIL-53 by

acid modulator has not been reported until now. TN& work focused on the effect of

acid modulator on the crystal morphology, hotoelectric properties, the

emphasis on the photocatalytic activity. the quantitative relation between

&
&ytic activity has been revealed. This
work provides a basis for the agely f modulated MOFs by acid modulator in
photocatalysis. %
2. Materials and met ()
2.1 Materials )C

1,4-Benzenedi®&grboxylic acid (H2.BDC, 99%), N,N-dimethyformadie (DMF,

the content of HCI modulator and t

99%) were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Iron (I11) chloride hexahydrate (FeCls*6H20, 99%) and hydrochloric acid (HCI) were
supported by Macklin chemical Reagent Co., Ltd (Shanghai, China). All the reagents
were obtained from commercial channels and were of analytic grade without further
purification.
2.2 Synthesis of single crystal MIL-53

MIL-53 (Fe) was prepared by a facile solvothermal method [34]. A mixture of
FeClz*6H20, H.BDC and DMF with a molar ratio of 1: 1: 280 was stirred until the

formation of bright yellow clear liquid. Then, the reaction mixture was heated at 170
5
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°C for 24 h in a Teflon-lined stainless steel autoclave. The sample was vacuum filtered
and cleaned by DMF and methanol three times. The obtained orange-yellow
precipitate was dried under vacuum at 70 °C.
2.3 Synthesis of defective MIL-53

Defective MIL-53 (Fe) was prepared by the acid modulation method on the basis
of as-obtained MIL-53. Different amounts of HCI (10 wL-40 wpL) (1 M/L) was
added into the mixture of FeClz*6H20, H.BDC and DMF until a nice mixture. Then,
the reaction mixture was heated at 170 °C for 24 h in a Teflon-lined stainless steel
autoclave. The filtration, cleaning and drying processes are similar to MIL-53. 10 1
L,20 »L,30 »L,40 pL,50 p»L,100 pL HCImodulate ples were denoted
as D-1, D-2, D-3 and D-4, D-5 and D-10.
2.4 Characterization

The crystals structures of the samples wereEetermined by X-ray diffaction

(XRD, XRD-6100, Shimadzu) with Cu Ka rggi erating at 2 0 range from

10° to 80° . Fourier transformation i e R) spectra on KBr pellets of the

samples were analyzed on a Nicolet F pectrometer at a resolution of 4 cm™.
The Brunauer-Emmett-Teller (B ic surface areas and pore size distribution
were measured on a sur Q,analyzer (Belsorp-minill, BEL) by nitrogen
adsorption-desorption. a toelectron spectroscopy (XPS) was analyzed on a
spectrometer (Es g Thermo) using an Al Ka X-ray source (1486.6 eV). The
ultraviolet visible d¥fused reflectance spectra (UV - vis DRS) were collected on an
UV - vis spectrophotometer (Cary 300, Varian) in the wavelength range from 300 nm
to 800 nm with BaSOs as the reference. The optical band gap of MIL-53(Fe) could be
calculated according to the energy dependence relation of ahv=A(hv-Eg)"?, where
a,h,Eg, and A are absorption coefficient, Plant constant, light frequency, optical band
gap and a constant, respectively and n is determined by the type of optical transition
in the semiconductor (n=1 for a direct transition). The photoluminescence (PL)
spectra were obtained on a Hitachi F-4500 fluorescence spectrophotometer at an

excitation wavelength of 340 nm. The photocurrent, impedance and Mott-Schottky

measurements were conducted with a CHI760E electrochemical workstation. For the
6



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

preparation of photoelectrodes, the photocatalysts were dispersed in polyvinyl alcohol
solution to form a 2 mg/L solution and ultrasonicated for 60 min. Then, indium doped
tin oxide (ITO) conductive glass was covered with 100 u L colloidal solution and dry
at 60 °C. The measurements were performed in a standard three-electrode system,
including working electrode (ITO), the counter electrode (Pt), and the reference
electrode (saturated calomel electrode) and 0.5 M Na,SOs aqueous solution as the
electrolyte. The electron spin response (ESR) signals of free radical were examined on
a spectrometer (JES-FA200, JEOL) under visible light irradiation (A > 420 nm) using
5,5-dimethyl-1-pyrroline N-oxide (DMPO) as spintrapped reagent

2.5 Photocatalytic activity tests

The photocatalytic activities of MIL-53 and defective wele evaluated by

the targeted tetracycline TC under visible light irradiation illumination was

TC aqueous solution. Prior to irradiatio

e Ypghsions were fiercely magnetically
stirred for 60 min in the dark to re &rption-desorption equilibrium. Then,
TC solution can be treated unde itions. Every 30 min, 4 mL of the reaction
suspensions were taken a tered out the photocatalyst power, and the
concentration of TC gored by an UV-vis spectrophotometer (UV-2700,
Shimadzu) under Qitation wavelength. The removal efficiency (DE, %) was
calculated by the foRpwing equation:

DE(%)=(Co-Ct)/C0o><100%
Where Co is the initial concentration of TC, and C is the TC concentration at time t.
3. Result and discussion
3.1 Characterization of materials

Fig. 1a shows the XRD patterns of MIL-53, D-1, D-2, D-3 and D-4. In the XRD
patterns of MIL-53, the diffraction peaks located at 9.238< (110), 9.785< (200),
16.630°(112), 18.551°(220) respectively, which were in good agreement with the

simulated patterns [35, 36]. Meanwhile, the crystalline nature of the products was

confirmed by the sharp diffraction peak and high diffraction peak intensity [37]. In the
7
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XRD, with the increased dosage of HCI (10, 20 to 30 u L), the peak intensities of
XRD was obviously reduced, interestingly, when the dosage of HCI increased to 40
v L, the new diffraction peak corresponding to MIL-88(Fe) appeared. The results
showed that HCI plays an important role in the transformation between different
crystals forms of Fe-based MOFs. Sanil [38] reported the effect of dodecanoic acid on
the crytallinity and morphology of MOF of copper 1,3,5-benzenetricarboxylate
(Cu-BTC). The modulated samples show wellresoved prominent diffraction peaks
characteristic of CuBTC crystals. A line-broadening and lower of main peak in the
XRD patterns. In the study of Zhao [39], acetic acid was used as an effective

coordination modulator to modulate the size, morphology%ystal form of
ch

MIL-101 (Fe). A good yield and product quality could compared to

experiments without addition of acetic acid. With increas ion of acetic acid

(5,10,15,20,25,30mL), the XRD peak intensity deci®gsed. Notably, while the patterns

of A-35(mL) and A-40(mL) possessed a stro ion at 2 6=10.92<, which

pointed to the rod-like by-product (MIL&% benzoic acid played an important
n

-101(Cr) [40] . HBC-0, HBC-1 and

role in the conversion between MIL-
HBC-3 samples, when using 0 ents of the benzoic acid additive, exhibit
particles with an octahedral gmer y, characteristic of MIL-101(Cr). Interestingly,

the increase of ben
corresponds to , 8 or 10 equivalents,caused the formation of lesser
amounts or no MIX{101(Cr). Indeed, for HBC-8, the content of nano-MIL-101(Cr)

decreases further and the rod-like MIL-88B (Cr) became dominant,while for HBC-10

oncentration to nearly double or more, which

only the micrometer-sized rod-like crystals of MIL-88B (Cr) were observed. Thereby
an interesting effect of a relatively sharp change of crystallization outcome depending
on the concentration of the benzoic acid was observed, with a higher concentration
favoring the MIL-88(Cr) form. During the crystal formation, HCI had a double
function: it slowed down the hydrolysis of FeClz6H.O and counteracted the
deprotonation of the dissolved carboxylic acids. The proper acid-base environment of
the reaction system governed deprotonation of the organic linker and the crystal

nucleation process [41]. The other is that the HCI as a capping agent inhibited
8
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The effect of HCI modulator on the functional group of MIL-53 was reflected in
the infrared spectrum (FTIR). Since defects in the MOF lattice may play a major role
in the electronic and optical properties of the material [42], the defects and their
densities were investigated by FTIR spectroscopy. Typical IR vibration spectra of the
samples prepared with different HCI dosages are shown in Fig. 1b. In addition to the
characteristic adsorption band, the IR spectra characteristic vibrations of defects,
which are correlated with the uncoordinated carboxylic group. In detail, the vibration
band at 1700 cm-1 corresponds to the C-O vibration of coordinated carboxylic groups

and the vibration bands at 1547 cm-1 are representative of the asymmetric and

symmetric vibrations of free carboxylic group [43], meanwhil peak at 747 cm-1
was identified as the formation of Fe-O bond [44]. C gr@ups with acid
coordinators added, the results shown that the IR spectr blue shift of C-O

vibration of coordinated carboxyl groups with the

that C-O-Fe bond changed with the HCI ‘%r .
visualization of free carboxyl group indi @ presence of more uncoordinated
ligands due to the absence of the met S Issolved in HCI.

This speculation has been

caken peak intensity, indicating

On the other hand, the

ith the weakening of the iron oxide peak
located at 747 nm. Com ee-acid synthesis, the IR band intensity of
defect-related band at GIS roughly 1/2 and 1/4 for the modified MOFs with
10 uL HCI and @ln the synthesis solutions. The similarly decreased peak
intensity in equa%on was reflected in the defect —related Fe-O bands, and it is
reasonable to infer that the absence of metal clusters dissolved in HCI modulator is
the main cause of the defects.

Nitrogen sorption isotherms of HCIl-modulated MIL-53 are shown in Fig.1c, which
are typical I(b) isotherms are reported in the literature for MIL-53. The porosity
results are shown in Fig.1d and the quantitative relationship between the
Brunauer-Emmett-Teller (BET) surface area and the dosage can be seen in Fig.le.
The BET surface area and porosity results and the degree of roughness were shown in

S Table 1. In the pore size distribution, the appearance of mesoporous structure is the

most remarkable feature, in the presence of 10-30 pL, which may be related to the
10
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increased photocatalytic activity. Notablely, the disappearance of mesoporous
structure may contribute to the poor photocatalytic activity of D-4. Similarly, in the
facile synthesis of nano-sized MIL-101(Cr) with the addition of acetic acid, under too
high acetic acid concentration, there is no positive effect for MIL-101(Cr) synthesis,
and the by-product MIL-53 showed much lower porosity. In terms of specific surface
area, 10 1 L HCI played an important role in the increasing the specific surface area.
The increase in the specific surface area is noticeable in the presence of 10-30 u L,
which may provide more active sites including adsorptive and catalytic ones for
photocatalysis. The results were consistent with the study of Shearer[44], the BET
surface areas of UiO-66 vary significantly, ranging from 1175 (no modulator) to
1777 m?/g (36Trif), which is one of the highest BET surfa S ejer reported for
Ui0O-66 (the current record is 1890 m?/g).

SEM is the most direct and effective means to chalgcterize materials, as can be seen

in Fig.2, under the action of acid regulation

A remarkable feature is that the
appearance of smaller crystals, whic &lsted with the XRD diffraction peaks
that become wider and shorter. | of Huang et al., the irregular morphology
existed in the modulated \&ulated by three alkaline nitrogen heterocycles

S

[45]. In addition, trarg
characterization e cture. Because MOFs are generally quite sensitive to the

| change from columnar to

double spindle is a remarkable featu

lectron microscopy is an important technique to

electron beam, it is\ifficult to obtain highquality images, which was consistent with
the study of Zhou etal [46]. The mesoporous structures are clearly identified form D-1

and D-4.

11
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Fig. 3 TEM images of MIL-53(a,b); D-1 (c,d); D-2 (e,f)
The surface chemical compositions and states of surface element for MIL-53,
D-1 and D-4 were characterized by XPS. The XPS survey spectrum verified that
MIL-53 consisted of C, O and Fe. The high resolution XPS C1s spectrum in Fig. 4a
was fitted into two peaks with the binding energies at 284.4 eV and 288.7 eV,
corresponding to the C=C, C-H of the H2BDC linkers and Fe—-COOH functional
groups [47]. The acreage ratio of Fe-COOH to C=C and C-H is 0.205 in MIL-53,

13
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while in D-1 it decreased to 0.189, then in D-4 it further decreased to 0.174,
indicating that the breakage of Fe-O bond was resulted from the absence of the metal
clusters. Compared to MIL-53, the red shift occurred when the binding energy of the
two main peaks moved to the higher direction [48].

In the high resolution XPS O 1s spectrum (Fig. 4b), which comprise of two main
peaks located in 531.1 eV and 531.9 eV, derived from the oxygen atoms in the
carboxylic groups of the H.BDC linker and the Fe-O bonds of the MIL-53,
respectively [49]. Compared to MIL-53, the red shift also occurred when the binding
energy of the two main peaks moved to the higher direction. Meanwhile, the acreage
ratio of Fe-O to COOH is 0.849 in MIL-53, while in D-1 it decrgemed to 0.797, then in
D-4 it further decreased to 0.754, indicating that the share %g attributed to

the defect of metal clusters. XPS is helpful in analyzing the ardefects. XPS peak

position and strength contributed to the analysis 0lN§e coordination environment of

metal clusters and ligands. In the study of Xua efect sites of Trifluroacetic
acid (TFA) modulated UiO-66 was studigge®y he high resolution Zr 3d spectra
of Ui0-66-X are studied. The spectr &)uld be deconvoluted into two peaks.
The peak at ~182.8 eV can be 0 Zr 3dsp of the zirconium atoms in Zr6
clusters, and the peak at ~ be ascribed to Zr 3dz of the zirconium atoms
in missing-linker defecy®Z —OH:z and Zr—OH). It can be seen that the increased
amount of TFA S proportion of Zr 3ds and increase the proportion of Zr
3ds2 due to the incRgased missing-linker defects in UiO-66-X. Besides, compare to
Ui0-66-0, both the binding energy of Zr3d s, and Zr 3d 32 for UiO-66-X synthesized
with TFA modulation shift to lower value. In our work, the XPS peak position and
peak strength of the Fe 2p were slightly affected by the trace acid (Fig. 4c), the
significant effect was exhibited by 40 uLL HC1 may be due to the changed coordination
environment of Fe from MIL-53 to MIL-88. Meanwhile, for binding energy, the red
shift indicates that the coordination bond of Fe-O changes. The FTIR combine with
the XPS analysis confirmed that the defect was caused by the sacrifice of the metal
clusters.

Therefore, acid regulation strategy has a great influence on the structure and
14
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morphology of MIL-53. Structurally, the crystal growth was inhibited by 10 pL HCI
treatment and then smaller crystals were obtained; however, layer crystal structure
regulated by 40 uL HCI exhibited. Due to the contribution of HCI regulator, the
increased specific structure and the pore structure transformed from microporous to
mesoporous structure. It is essential to confirm the defect of the metal clusters from
the FTIR and XPS analyses. These changes in structural may have an effect on their

properties, such as the photoelectric properties, and they got further exploration.
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3.2 Photocatalytic activity of MIL-53 and D-MIL-53 (Fe)
3.2.1 Different photocatalytic activity

Due to the widespread existence and perniciousness of organic pollution, antibiotic
wastewater by virtue of degradation-resistant was selected as the study object to
evaluate the photocatalytic activity of different materials [51-53]. Depicted in Fig. 5a
shows the comparison of TC removal efficiency on photocatalysts MIL-53 and
D-MIL-53 (D-1 - D-10). Obviously, all the samples could adsorb TC to some degree
in the darkness, which was due to the good adsorption ability of MOFs with

mesoporous structure [54]. As a typical porous material, adsorption property of MOFs

could not be ignored. Both the adsorption and the photoc ic capacity were
improved of D-1, D-2 and D-3. The increased adsorption ity Jvas due to the
contribution of increased specific surface area and pore vol ich was consistent

with the previous BET characterization. The photoQyalytic degradation efficiency of

MIL-53 was 60.1%, however, small amount o L, 20 uL and 30 puL) could
dramatically improve the photocatalytic INC(99 1%, 79.2% and 69.2%). Notably,
the photocatalytic activity of D-1 wa i nhanced compared to that of MIL-53.

42% and 37% when fuﬂher&

HCI1 over 40 pL exm
indicating that t f acid modulator affected the photocatalytic activity of

On the other hand, the photoc radation efficiency was reduced to 52%,
uL, 50 pL, 100 pL HCI into precursor solution.
ative impact on the photocatalytic performance,
materials. In addifgn, the quantitative relationship between the photocatalytic
activities the photocatalyst and the modulators are as shown in Fig. 5b. Furthermore,
regular linear results exhibited by the plots of —In(Ci/Co) versus irradiation time (t)
indicated that photocatalytic process followed the first order kinetic equation [55].
The photocatalytic activities of different materials were analyzed and the reaction
kinetic constants of different photocatalysts were calculated. The datas in Fig.5 were
fitted, the calculated first-order reaction kinetic constants were 0.01042, 0.00701,
0.00556, 0.004 and 0.00338, and the corresponding correlation coefficients (R?) were
0.96232, 0.97312, 0.96866, 0.93659, 0.95528. Compared with MIL-53, the reaction

rates of D-1, D-2, D-3 and D-4 were increased by 2.6, 1.8, 1.4 and 0.85 times. The
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results showed that the acid is sensitive in enhanced photocatalytic reactivity.
3.2.2 The effect of initial TC concentrations

Actually, the concentration of TC varies largely in the natural environment, and
high concentration of wastewater may have passivation effect on photocatalysts. Thus,
it is essential to discuss the effect of initial TC concentration on the photocatalytic
performance of the photocatalyst. Based on the above results, the D-1 by virtue of its
excellent photocatalytic activity was selected as the research object and the response
of different concentration antibiotic wastewater was studied. Fig. 5c¢ displayed the
effect of different initial TC concentration on the degradation efficiency of D-1.
Obviously, it can be seen that the degradation rate is afg®sted by the initial
concentration to some extent. D-1 has the best removal resu thegdegradation of

10 mg/L TC wastewater and almost complete degradation ved (96.9%). The

removal efficiencies of TC declined to 79.1% the initial TC concentration

increased to 40 mg/L. It may be that den

K2

3.2.3 The removal efficiency of, nic carbon (TOC)
The variation of the tg i carbon (TOC) was used to measure the degree

Q

c
gr the D-4, MIL-53 and D-1 were 12.3 %, 18.7 % and

ine molecules restric light
transmition. The adsorption sites are co rent molecules and intermediates,

which leads to low photocatalytic effigs

of mineralization of p c degradation pollutants. As shown in Fig. S1, the
TOC removal e
21.9 % under 30 miy light exposure, when the light increased to 150 mins, the TOC
removal efficiencis increased to 39.8%, 50.5% and 61.3%. The results demonstrate
that the defective MIL-53, based on he mineralization ability, has good photocatalytic
activity. The identification of intermediates and inference of photocatalytic
degradation pathway based on mineralization process was aided by LC-MS/MS and
3D EEMs.
3.2.4 Possible photocatalytic degradation pathway of TC

The pathway of photocatalyic degradation was clarified in the process of
photocatalytic degradation. The degradation intermediates of TC in the presence of

D-1 were identified by LC-MS/MS, as shown in Fig. S2. Based on the detected
18
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intermediates, the photocatalytic degradation pathway was speculated as shown in Fig.
S3. The generated intermediate TC 1 was attributed to the reaction of TC deamidation,
while the transformation from TC 1 to TC 2 was based on the loss of dimethylamino
group. Then the TC 2 was fragmented into TC 3 through a series of transformations,
including dehydroxylation, opening rings of benzene, deethylation and additional
reaction. In the end, the deacetylation and oxidation reaction was responsible for the
change from TC 3 to TC 4. The presumed photocatalytic degradation pathway was
consistent with that of Yang et al. by Ag@Agl/V-BOI photocatalyst [58].

Additional, 3D EEMs can also explain the TC degradation pathway to a certain
extent. As revealed in Fig. S4 (a) and (b), there was no sigg#cant difference the
original solution and the solution obtained after 60 min da g%on, suggesting

that in the dark reaction stage, adsorption played a role. Conversion

conditions to provide a visible light source, the fluo\g
= (340-350 nm)/(500-510 nm) and Aex/Aem = *Nm)/(495-505 nm) appeared
Fig. S4 (c), suggesting the structure of i z}products are similar to the fulvic

N
photocatalytic degradation has b ed in depth by the deepen intensity of the
fluorescence peak, and th @re consistent with the inferred photocatalytic

S
degradation pathway. Ag%rmediates may evolve further into CO2 and HO.

3.2.5 Reusabilit Mty

stability of materials are important for practical application. As

cence peak located at Aex/Aem

acid and humic acid [59,60]. With t of time to 150 min Fig. S4 (d), the

The reusability a
shown in Fig. S5, compared to 90.1% degradation efficiency of D1 under the 20 mg/L,
it reduced to 74.3% after four times recycle, suggesting that the modulated MOFs was
stable and reusable. Good stability and reusability are important guarantees for
practical application. Interestingly, as can be seen in Fig.S6 the diffraction of XRD
changed obviously after photocatalytic reaction, the diffraction of which was
consistent with MIL-88 [61], indicating that irradiation is the driving force of crystal
transformation. In the study of Nguyen etal [62]., the photocatalytic activities of
MIL-88 and that of MIL-53 were compared, it of MIL-88 was slightly lower than that

of MIL-53. This also explains why MIL-53 photocatalytic activity decreases after
19
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several cycles, and the key to the problem lies in the crystal transformation.In the
study of Zhou, in the preparation of CTAB/CA (CTAB, cetyltrimethylammonium
bromide; CA, citric acid) modulated Cuz(BTC)s, for the samples synthesized with
high CTAB/CA ratios, their X-ray diffraction patterns are in good agreement with that
reported for Cux(BTC)z. Nonetheless, an excess amount of CA favors the generation
of a new crystalline phase with a typical diffraction line at 20 = 10.1°. The
incorporation of excessive CA into frameworks should be responsible for the new
phase. However, the formation of composite photocatalyst can increase the stability of

MIL-53, such as AQgPO4/MIL-53 [63], SnS/MIL-53 [64], the stability of

photocatalyst was confirmed by the diffraction peaks that remggmd consistent before
and after the reflection. In addition, we provided the SEM S afer degradation,
which was important to analyze the mechanism and W \® of photocatalytic

degradation. As can be seen in Fig. S7, after the rea8on, the most remarkable feature

structure of MIL-88 and were consisted t characterization.

Q,Q
()Q

is the appearance of many regular hexahedral 2 hich represented the typical
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449 efficiency; (c) @ t of initial TC concentration on D-1.
@U otocatalytic activity
les play important roles in assessing the photocatalytic

452 abilities for photo®atalysts. The light-absorption property of MIL-53, D-1 and D-4

450 3.3 Mechanism of dif

451 The optic

453 were tested through the UV-vis DRS measurements. As shown in Fig. 6a, MIL-53,
454 including the perfect and modulated types, displayed a strong absorption within the
455 visible light range, signifying their potential capacity for visible-light harvesting

456 [65]. In the UV-vis DRS spectrum of MIL-53, the absorption peak at 445 nm, it of
457 D-1 and D-4 are similar with that of MIL-53, which was attributed to the
458 spin-allowed d-d transition ([*A1g — 4A1g + *EQ(G)]) of Fe** in MOFs [67]. Similar
459 band gap of MIL-53, D-1 and D-4 located at 2.70 eV, 2.70 eV, 2.60 eV (Fig. 6b),

460 based on the relation of Eg=1240/ A , which were similar to the existing findings. In
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the study of Du et al.[35], it can be observed that the absorption edge of the
as-prepared MIL-53(M) photocatalysts is gradually shifted to longer wavelength by
altering metal ions from Al to Cr and to Fe. The onset of the main absorption edge
of MIL-53 (Al), MIL-53 (Cr) and MIL-53 (Fe) was 320 nm, 395nm and 455 nm,
which corresponds to the band gaps (Eg) of 3.87, 3.20 and 2.72 eV
(Eg=1240/wavelength). In the study of Nguyen et al. [66], the MIL-53(Fe) samples
show the strong absorption bands in the range of 200-450 nm, which can be
assigned to absorption induced by ligand-to-metal charge transfer (LMCT) of O (1)
— Fe(ll). A band gap of MIL-53(Fe) was estimated to be 2.72 eV. In addition, in

the study of Liang et al. [67], the main optical absorption%of MIL-53-0.5%

RGO is estimated to be 455 nm. Based on the relatio 240/4) the calculated
optical band gap of which is 2.72 eV. Other similar work een reported in the
study of Bai et al. [37], Lin et al. [68], an et al. [69]. Considering the

photoactivity, the band gap may not be the% r affecting the photocatalytic

activity. &

@
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Fig.6 (a) UV-visible light spectra of MIL-53, D-1 and D-4; (b) Band-gap of MIL-53,
D-1 and D-4.
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The separation of photocarriers rela K" MMotocatalytic activity was analyzed from

three aspects:(1) Photolumines emission was considered as a reference for

carriers [70]. Generally, a lower PL intensity
corresponding to a higf pho alytic activity was due to the enhanced photo-excited
electron-hole pair n efficiency [71]. Fig. 7a revealed the differences on the
PL spectra of MIL-5%, D-1 and D-4 under an excitation wavelength of 340 nm. Upon
photoexcitation at 340 nm, the MIL-53 photocatalyst exhibited a broad band at
400-500 nm with peaks at 425 nm, 465 nm and 490 nm, respectively. The reduced PL
intensity of D-1, compared to the MIL-53, indicated the delayed combination of
photo-induced electron-hole pairs due to the HCI modualtor. At the same time, there
was a significant red shift. Meanwhile, the deformation of photoluminescence
spectrum may be related to the structural change of D-4. (2) Photocurrent (PC)
represents the migration of photogenic carriers. As shown in Fig. 7b, the photocurrent

of the D-1 is the most prominent, indicating that the fast separation rate of
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photo-excited charges was controlled by defect. This may be the defect sites as a traps
to capture the generated electrons and holes, resulting in the prolonged the charge
carriers lifetime [72]. Besides, Fig. 7c showed the EIS analysis. it is obvious that the
relative size of art is in the order of D-4 > MIL-53 > D-1, suggesting that defective
MIL exhibited a more efficient charge separation and electron transfer ability. In
addition, simulated equivalent circuit of impedance analysis was shown in Fig. S8,
and the fitting degree values of D-1, MIL-53 and D-4 are 2.32E3, 2.17E3, 3.49E73,
respectively. Combining all the optical representations, the defect strategy by acid
modulator can regulate the optical properties. To illustrate the separation and

7d. Refer to

recombination of photogenic carriers, we further tested the flg#mescence lifetime of
the materials including D-1, D-4 and MIL-53,as show %

multi-exponential fitting, the fluorescence lifetimes of M -1 and D-4 were

0.80 ns, 0.85ns, 0.77 ns, and the results showed th

o

ate in photocatalytic reaction before

cid regulation prolongs the life
of the photogenic carriers. The reduced fluore of D-4 was attributed to the
changed crystal form from MIL-53 to increase of fluorescence lifetime
makes photogenic carriers more like

recombination.

It is necessary to de the VBM of the samples by UPS, and accurate

information was d tdetermine the energy level structure of the material. The

IL-53, D-1 and D-4 were determined to be 2.70 eV, 2.70 eV
and 2.60 eV, respectively. Next, ultraviolet photoelectron spectroscopy (UPS)
provides a basis for determining the energy level structure. As shown in Fig.8, the
valence band energy (ECB) were 6.20 eV, 5.82 eV, 5.90 eV for MIL-53, D-1 and D-4.
Moreover, the cutoff energy (Ecutoff) of MIL-53, D-1 and D-4 are 18.34 eV,18.30 eV
and 18.52 eV on the basis of fermi level (Ef) are 0 eV. According to the following
equation, e® = hv - | Ecutotf - Ef|, their work function (e®) were equal to 2.86 eV, 2.90
eV and 2.68 eV,as shown in Fig.9,. The transport of photogenic carriers is driven by
larger work function, thus, the high photocatalytic activity may be related to the large

work function. In addition, the VB can be determined by virtue of XPS, as shown in
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Fig.S9. The VB of MIL-53, D-1 and D-4 are 1.60 eV,1.60 eV and 1.50 eV, the results
showed that the two technologies including UPS and XPS-VB used different light

sources and the values are highly similar.
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Fig.9 The energy level structure of MIL-53, D-1 and D-4.
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Free radicals provide the power for photocatalytic reactions and some
oxygen-containing such as O (superoxide radicals) and OH (hydroxyl radicals)
have been confirmed in free radicals capture experiments. For D-1 with the highest
photocatalytic activity, there was no signal under dark conditions, instead, the signal
peak with equal spacing of 1: 1: 1: 1 appeared at 5 min and was considered to be O™,
as shown in Fig. 10a. Attributed to the more negative reduction potential of O/ O>
(-0.33 eV vs NHE), it makes it impossible for O> to react with the electrons on the CB
of D-1 to the generation of Oz The signal peak was strengthened, when increasing
time to 10 mins, indicating that more active O2 were generated. The change trend

of O, was consisted with that of the TC degradation, indicatjym that they were the

driving force of photocatalytic degradation. The similar tr

MIL-53 (Fig. S10a) and D-4(Fig. S10c).

On the other hand, the signal peak with equal spa¥
signal peak of OH. As show in Fig. 10b, the ° tic signals of OH could be
ignored in dark while it appeared at 5 . The generation of OH mainly

02' via the routes of 0% — H,0»

g of 1:2:2:1 was deemed as the

comes from two aspects: (1) The r
— OH, as the VB potential ( NHE) of D-1 was less then the oxidation
potential of OH/-OH (2. 40 E) which failed to oxidize the H>O surface or
OH to form OH; (2) rated from the electrons reaction with dissolved O3
and H*, then whi further transformed to generate OH as reaction: ecs™ +
H>02 — OH + OFRJ73], indicating that ‘OH as another important driver propel the
photocatalytic reactions. The similar trend was observed in the MIL-53 (Fig. S10b)
and D-4 (Fig. S10d). Thus, 0% and OH are provided by modulated MOFs as driving

forces to demineralize the organic pollutants.
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4. Conclusions

It is interesting and meaningful to application of HCI-modulated MIL-53 for the
photocatalytic degradation of organic pollutants, providing another possibility for the
removal of organic pollutants. The effect of acid modulator on structure and the
photocatalytic activity were emphasically investigated. Structurally, the increased
specific surface and new mecroporous structures caused by acid modulator may be
related with the defects due to the absence of metal clusters. The differences in
properties, in particular, the photocatalytic properties affected by the differences in
structure. Compare with MIL-53, the photocatalytic activity of acid-regulated MIL-53
increased by 1.5 times due to the easier separation of phot erated carriers, in
addition, the quantitative relationship between the conte %Iator and the
photocatalytic activity was revealed. Good recycling unt urth cycles is an
important guarantee for reuse. In addition, form t RP analysis, O. and OH are

provided by modulated MOFs as driving force@ alize the organic pollutants.
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