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Degradation products

ZnTCPc UIO-66 (NH,)

ZnTCPc was immobilized on UIO-66 (NH,) covalently and the photocatalytic degradation of

methylene blue (MB) was investigated under visible irradiation.
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Abstract:

Metal-organic frameworks (MOFs) have shown a grpatential for water
treatment as an environmentally friendly photogatal In this work, a zirconium
based MOF, UIO-66 (N§ covalently coupled with zinc phthalocyanine (ZriAc}
was prepared via a facile condensation process.p@amd with the mixture of
ZnTCPc and UIO-66 (Zr) by impregnation, ZnTCPc/U36-(NH,) presented an
enhanced photocatalytic activity for the degradaiwd methylene blue (MB) under
visible-light irradiation. The formation of strongovalent bonds and synergistic
integration between ZnTCPc and UlIO-66 (NHvas proved by characterization
results such as transmission electron microscopyayXphotoelectron spectra and
Fourier transform infrared spectroscopy. AdditibyyalZnTCPc/UIO-66 (NH)
photocatalyst retained excellent stability aftarefirecycles, and the photocatalytic
mechanism was investigated systematically. Thiskvd@monstrates a high potential
of using porous MOFs-based materials not only gpaiis but as electron acceptors
to trigger the reaction for coupling MOFs with dy@pricating novel MOFs-dye
nanocomposite systems and enhancing their phottistalnd photocatalytic activity.
Keywords. Metal-organic framework; Zinc phthalocyanine; Ploat@lytic
degradation

1. Introduction

With growing concerns regarding a clean environmemd human health,
technologies with high efficiency and low cost éduce the pollutant contents of

wastewater are urgently needed [1]. Various homegels and heterogeneous



photocatalysts systems have been widely studied eamployed in the past few
decades, including Ti) g-GN4, graphene, metal-organic frameworks (MOFsS), etc
[2-6]. Among the reported photocatalytic materidldOFs as a new class of porous
crystalline networks synthesized by assembling lheetans with organic ligands
attracts more attentions in photocatalysis fieldlfZ]. Among these MOFs, zirconium
based MOFs (UIO-66 (Zr) and UIO-66 analogies), asated with high surface area
and superior chemical stability to water, not oplyssess the cage-like structure and
high surface area to accommodate the nanopartieled disperse the entrapped
nanoparticles, but serve as the semiconductor ratiéself [13]. Sha et al. reported
AgCO/UIO-66 (Zr) could decompose rhodamine B (RhB) undesible-light
irradiation [14]. Although UIO-66 series are poteat candidates for the
photocatalyst, compared with the inorganic photabaits and some commercial
standards, pristine UIO-66 series failed to achiesatisfactory photocatalytic
activities because of the limited light absorpt[@b, 16]. Therefore, it is necessary to
develop a high-efficient visible-light driven phcatalyst to extend its spectral

response to higher absorption wavelength.

A few attempts have been made to enhance theevlgibt response of UIO-66
(Zr) and UIO-66 analogies, such as combination vather components, like noble
metals, semiconductors and carbon materials [17-@hc phthalocyanine (ZnPc)
and its derivatives as typical organic semicondtgtpossess wide visible light
response, which can be employed to sensitize almsrconductor materials for

enhancement of photocatalytic activity [20-23]. Hawer, the traditional ZnPc suffers



from the aggregation ascribed to its intrinsic largconjugation [24], and therefore,
MOFs with the high surface area and desirable pityosan confine the aggregation
of ZnPc and maximize the active sites. Based opribgerties of UIO-66 and ZnPc,
it is worthy to present an efficient approach tantmne UlO-66 with ZnPc for the
visible-light-driven photocatalysis. To our knowded the photocatalytic properties of
UIO-66 incorporated with dyes have remained unexgulo

Herein we prepared composites combining zinc temaaxy phthalocyanine
(ZnTCPc) with UIO-66 (Zr) and UIO-66 (NN respectively. ZnTCPc/UIO-66 (Zr)
were obtained by a simple impregnation method,evBATCPc was immobilized on
UlIO-66 (NH) covalently via N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC)/N-hydroxysuccinimide (NHS) aation and amide formation.
The photocatalytic performances were evaluated hey degradation of methylene
blue (MB) under visible-light irradiation, and thresults show that ZnTCPc/UIO-66
(Zr) and ZnTCPc/UIO-66 (NBl with different interactions have distinct effeotsthe
photocatalytic activity. Compared with ZnTCPc/UI6-Zr), ZnTCPc/UIO-66 (NE)
with stronger covalent bonds and synergistic inddign exhibited higher
photocatalytic activity. Moreover, the ZnTCPc/UIG-NH,) composite also presents
acceptable stability during the degradation expemts. In addition, some typical
scavengers were added to identify the active spear@d the possible photocatalytic

mechanism was investigated systematically.

2. Experimental



2.1 Synthesis of Ul0-66 (Zr) and U1 0-66 (NH>)

In a typical synthesis, Zr¢(0.2332 g, 1.0 mmol) and terephthalic acid (0.1§61
1.0 mmol) or 2-NH-terephthalic acid (0.1812 g, 1.0 mmol) were digsdlin DMF
(50 mL), and then the solution was transferred tb0@ mL Teflon-lined stainless
steel autoclave [25, 26]. The autoclave was seaeicheated in an oven at 1%ZDfor
40 h under autogenous pressure. After being cooédrally, the obtained sample
was purified with anhydrous ethanol several timesntake sure that the DMF
molecules were eliminated, and then the off-whii®©486 (Zr) or yellow UlO-66

(NH>) product was dried at 8€ for 24 h.

2.2. Synthesis of ZnTCPc

ZnSQy- 7H,0 (0.048 mol), trimellitic anhydride (0.176 mol)nenonium chloride
(0.085 mol) and urea (1 mol) were mixed with ammoanimolybdate tetrahydrate
(0.004 mol). The mixture was dissolved in 10 mlrobienzene and then refluxed at
185°C during 4 h. The dark blue solid obtained wasfimgiwith 0.1 M NaOH and 1
M HCI solution, respectively.

2.3. Synthesis of ZnTCPc/UI O-66 (Zr)

ZnTCPc sensitized UIO-66 (Zr) was prepared by arpré@gnation method.
Typically, UIO-66 (Zr) (100 mg) was first disperseddeionized water by ultrasonic
treatment for 30 min to give an off-white solutiactnTCPc (10 mg) dissolved in
DMF (5 mL) was added into UIO-66 (Zr) solution drby drop, and the mixture was

stirred for 6 h. The obtained sample was purifiathwleionized water and ethanol



several times, and dried at 80 °C for 12 h. The inahweight ratio of ZnTCPc to

UIO-66 (Zr) was 10 wt %, and the actual conterzint was shown in Table S1.

2.4, Synthesis of ZNTCPc/UI 0-66 (NH>)

Fig. 1 shows the preparation process of ZnTCPc/6BONH,). UIO-66 (NH)
(100 mg) was dispersed in deionized water, andsuagected to sonication (100 W,
40 kHz) at 25 °C for 3 h. ZnTCPc (10 mg) was digedl in DMF (5 mL) by
ultrasonic treatment for 3 h to give a green solutEDC (0.1 M) and NHS (0.1 M)
were dissolved in deionized water, and then addied4dnTCPc solution [27, 28]. The
ZnTCPc solution was added dropwise to the ultras@HiO-66 (NH) dispersion.
After reacting for 6 h, the mixture was filtereddawashed with deionized water and
ethanol several times. The obtained ZnTCPc/UIOM8,{ was dried at 80 °C for 12
h. The nominal weight ratio of ZnTCPc to UIO-66 (jHvas 10 wt %, and the
content of zinc was shown in Table S1.

2.5 Characterization

Powder X-ray diffraction (PXRD) patterns were rafsm with a Shimadzu XRD
6000 X-ray diffractometer using Cuak{A = 0.15406 nm) radiation with a nickel filter
operating at 40 kV and 10 mA. The patterns werepamed with JCPDS reference
data for phase identification. The surface morpgplof the catalyst was observed by
field emission scanning electron microscopy (FESEM)a Quanta 200F instrument
using accelerating voltages of 5 kV. Samples foMSkere dusted on an adhesive

conductive carbon belt attached to a copper diskfexi with 10 nm Au prior to



measurement. The TEM images were carried out usidgOL JEM 2100 electron
microscope equipped with a field emission sourcarafccelerating voltage of 200
kV. Fourier transform infrared spectroscopy (FT-I§Pectra were obtained on an
FTS-3000 spectrophotometer manufactured by Amerbagilab Company. The
measured wafer was prepared as KBr pellet withwtbight ratio of sample to KBr,
1/100. Raman spectra were measured at room teraperging a LabRAM XploRA
Raman spectrometer (Horiba Jobin Yvon France) @ith82 nm laser focused on a
spot about 3 nm diameter. Specific surface area waeasured by
adsorption-desorption of Ngas at 77 K with a Micromeritics ASAP 2000 gas
sorption analyzer. Before the measurements, th@lsanwvere outgassed at 160 °C for
10 h. X-ray photoelectron spectra (XPS) were restron a Perkin-Elmer PHI-1600
ESCA spectrometer using MgoK(hv = 1253.6 eV) X-ray source. TGA data were
obtained using a Perker Elmer TGA6 instrumamider N flow. Electron
paramagnetic resonance (EPR) measurements weredcaut on a Bruker model
A300 spectrometer. UV-Vis diffused reflectance $me¢DRS) experiments were
performed on a UV-Vis spectrophotometer (Hitach4100) with the integration
sphere diffuse reflectance attachméht.NMR spectrum was recorded on a Bruker

AV-300 spectrometer.

2.6 Evaluation of the photocatalytic activity

The photocatalytic activity was evaluated by thgrddation of MB under visible
light irradiation. A 500 W Xe arc lamp with an U\teoff filter (A > 420 nm) was

used as a visible light source. A suspension coimigia powdered catalyst (20 mg)



and a fresh aqueous solution of MB (100 mL, 15 mg/ere magnetically stirred in
the dark for about 20 min to establish an adsomptiesorption equilibrium of MB
species. To measure the dye degradation, a 1.5ambple of the reaction suspension
was collected after irradiation for a certain pdriand the photocatalyst was removed
by centrifugation (5000 rpm for 20 min) before tldsorption spectroscopy
measurements. The filtrate was analyzed by a 759vidVspectrophotometer
(Shanghai Precision & Scientific Instrument Cogd.LtTo evaluate the photostability
of the photocatalysts, samples were separatedtfierauspension after photocatalytic
degradation reaction for 120 min, and then colkbtte centrifugation and dried at 50
°C overnight. The recovered photocatalysts wereegkifer subsequent cycles of
photocatalytic degradation under the same conditidhe photocatalytic mechanism
was investigated by different scavengers to compéte the potential active species
that may be involved in the degradation processM@&. Benzoquinone (BQ),
ethylenediaminetetraacetic acid disodium salt (EEZ2IMa) and isopropyl alcohol
(IPA) were introduced as scavengers for superosadécal anions (¢@), holes (i)

and hydroxyl radicals (*OH), respectively.

3. Resultsand discussion
3.1. Material characterization

Fig. S1 shows the XRD patterns of the pure ZnTQRO-66 (Zr), UIO-66 (NH)
and their composites. For UIO-66 (Zr) and UIO-661¢gNsamples, all the diffraction
peaks can be well matched with the previous reg2és30], exhibiting the excellent

crystallinity. After the deposition of ZnTCPc, thkaracteristic diffraction of ZnTCPc



at 26.3 are not detected from XRD pattern for ZnTCPc/UI®-€Zr) or
ZnTCPc/UIO-66 (NH). And there is no obvious loss of crystallinity ihe XRD
patterns of the above composites, indicating thatintegrity of the UIO-66 (Zr) and
UIO-66 (NH) frameworks is both maintained well during thefeli€nt preparation
processes. These above results are possible dtlee téollowing reasons: (i) the
content of ZnTCPc is relatively low, and the ZnTCiRanoparticles have small
particle size and well dispersion in the ZnTCPc/A8® (Zr); (i) as for the
ZnTCPc/UIO-66 (NH), the covalent structure has no obvious effecthen crystal
structure of UIO-66 (NB) [31].

Fourier transform infrared (FT-IR) and Raman spstiopies were applied to
further characterize the hybrids, as shown in tlge £ and Fig. S2. In the FT-IR
spectra of UIO-66 (Zr) and UlO-66 (N} the absorption peaks between 600-800
cm*correspond to Zr-@as longitudinal and transverse modes, while irtetmublet
at 1433 and 1389 ci(labelled with blue dot) of UIO-66 (N#i can be assigned to
the stretching modes of the carboxylic groups m BDC-NH, ligands [32]. In the
spectrum of ZnTCPc, O-H stretching at 3136¢i8=0 stretching at 1591 ¢hand
O-H bending at 1339 cihprove the existence of -COOH. As for the ZnTCPEOLS6
(Zr) composite prepared by the simple impregnatadingf the IR vibration bands are
fully consistent with those of the pristine UIO-§Br), suggesting the composites
have the same chemical structure as the pristi@ 8l (Zr). Most importantly, after
the ZnTCPc was reacted with UIO-66 (WHovalently, the absorption peaks were

attributed to amino groups in the BDC-MHgands between 1030 and 1130tm



disappear. Besides, the typical signal of CO,Ni#11620 crit and the characteristic
absorption of the N-H stretching band at 3344'cappears in the spectra of the
ZnTCPc/UIO-66 (NH), further confirming that the -COOH reacted witkiH, with
EDA successfully [33, 34]. Fig. S2 shows the Rarspectra at room temperature of
the as-prepared samples. The vibrational peaksi©f88 (Zr) are present between
650 and 1700 ci attributed to BDC organic linkers. The vibratiats650-900 cr,
1140 cnt, 1430-1625 cm are assigned to C-H out of plane bending, C-Hlame
bending and C-C stretching, respectively [35]. While Raman spectrum of UIO-66
(NHy) is not available because this material is fluoees and the detection of its
typical spectroscopic features is not possible Bg, As for ZnTCPc/UIO-66 (Zr),
the vibrational peaks of UIO-66 (Zr) disappear raftee integration of ZnTCPc,
indicating that the appearance of ZnTCPc may caosee influence on the optical
property of UIO-66 (Zr).

Surface areas and pore structure of the as-preparedles were investigated using
N, adsorption-desorption measurements (Fig. 3). Tittegen adsorption isotherms
of all the as-prepared samples indicate a steepgem gas uptake at low relative
pressure, and belong to the typical type I, remgamicroporous structure. The BET
surface areas of pure UIO-66 (Zr) and UIO-66 (NHKre 958 and 842 Ty,
respectively. The Horvath-Kawazoe (HK) microporzedilistribution of UIO-66 (Nb)
shows two major pores at 0.9 and 0.7 nm. Afterohiction of ZnTCPc, the BET
surface areas of the composite materials (ZnTCR:/&E (Zr) and ZnTCPc/UIO-66

(NH,)) decrease to 630 and 575 nji*, respectively, due to pore blockage by the



ZnTCPc nanoparticles and ZnTCPc complex, respdgtieshould be noted that
although the BET surface areas of the compositessaraller than that of pure
UIO-66 (Zr) or UIO-66 (NH), they are still much higher than most of othePZmand
ZnPc-based materials. A high specific surface afgahotocatalysts can supply more
surface active sites and make charge carrier tomhspasier, leading to an
enhancement of the photocatalytic performance [38].

The TEM and SEM images of ZnTCPc, UlIO-66 (Zr), Wi6- (NH,),
ZnTCPc/UIO-66 (Zrand ZnTCPc/UIO-66 (NB samples are shown in Fig. 4 and
Fig. S3. It can be seen from the TEM image of Zn@ORO-66 (Zr) composite that
ZnTCPc nanoparticles are dispersed on the extsuntdce of UIO-66 (Zr) compared
with the bare ZnTCPc since the UIO-66 (Zr) withthigurface area can prevent the
aggregation of ZnTCPc during the preparation pracésterestingly, there are no
obvious nanoparticles in the ZnTCPc/UIO-66 (@lomposite, different from the
composite simply mixed ZnTCPc and UIO-66 (Zr), cating that not only the
introduction of ZnTCPc has no effect on the morpgglof UIO-66(NH) but also the
interaction between ZnTCPc and UIO-66 (Ndould be formed by chemical bond.

The thermal stability of the samples was evaluatethermal gravimetric analysis
(TGA, Fig. 5). UIO-66 (Zr) shows a gradual massslap to ~200 °C, corresponding
to the removal of adsorbed guest molecules frompibr®us surface. A plateau is
shown in the temperature range of 300-450 °C, atatig high thermal stability of the
sample, which is followed by the complete decommsiof the framework at around

500 °C. Compared to UIO-66 (Zr), the thermal stgbibf UIO-66 (NH,) slightly



decreases, which is stable up to 330 °C and ha3%a weight loss (320-480 °C)
corresponding to the decomposition of the BDC;Nidkers [32, 39]. For the pure
ZnTCPc, TGA analysis shows weight loss of ZnTCPthete different temperature
ranges and its total weight loss is up to 80%. dbmposites ZnTCPc/UIO-66 (Zr)
and ZnTCPc/UIO-66 (Nb have the similar curves but higher stability pdjes
compared with the pristine structure (UlO-66 (ZndaUlO-66 (NH)), which is
ascribed to the formation of strong interactionNesn ZnTCPc and UIO-66.

Electron paramagnetic resonance (EPR) analysiscaraed out to investigate the
electronic band structure of the samples. The EitRtea of powdered UIO-66 (NN
ZnTCPc and ZnTCPc/UIO-66 (NMHwere measured at room temperature in Fig. S4.
The pure UIO-66 (NB) shows three EPR lines at 2.036, 2.026 and 2@h8e the
EPR lines of ZnTCPc are calculated as 2.019 anti52.0he line at 2.015 is due to
the defects in the 205, core and the two EPR lines at 2.036 and 2.02@ane O,
species adsorbed on*Zsites [40]. It is obvious that the intensity oBtEPR lines
increases with integration of ZnTCPc in UIO-66 (NHvhich may be caused by the
*O, species formed from the photogenerated electrdif The active *@ species
could be stabilized in the porosity structure ofOcB6 (NH,) because of its strong
conjugated interaction with ZnTCPc compound, whghkhonsistent with the analysis
of photocatalytic mechanism. As expected, thisoohiiction of ZnTCPc that can
induce synergetic effect sufficiently enhancesphetoactivity of UIO-66 (NH) and

ZnTCPc.



As the photoabsorption property plays a key roldetermining the photocatalytic
activity, the UV-vis diffuse reflectance spectraR®) of the samples have been
measured, as shown in Fig. BlO-66 (Zr) spectrum characterized by an absorption
edge around 310 nm is ascribednta* electronic transitions of the aromatic ring.
Although frontier orbitals of UIO-66 (N show a localized electronic state, strong
photo-absorption bands from 260 nm to 430 nm in -B8NH,) are observed
attributed to charge transfer process from setghef ligand to Zr-Q cluster.
Compared with UIO-66 (Zr), the absorption edge a6 (NH,) was red shifted,
which could be attributed to the addition of ammmup with lone pair electrons,
leading to the lift of the highest occupied molecubrbital (HOMO) level [30]. As
for ZnTCPc/UIO-66 (Zr) composite, new absorptiorake at 400 nm and 600-750
nm belonging to ZnTCPc absorption band are obseraed the absorption edge of
UIO-66 (Zr) in the composite is slightly red shdteThe absorption peak of the
ZnTCPc/UIO-66 (NH) around 600-750 nm also originates from the aligmrpof
ZnTCPc, but absorption peak at about 400 nm atethto ZnTCPc is not obvious.
Besides, ZnTCPc/UIO-66 (NiH shows much broader absorption band through the
entire visible light region, and exhibits intensalaxcellent visible light absorption
properties. It can be concluded that the formatiba chemical interaction between
ZnTCPc (-COOH groups) and UlIO-66 (MH/ia a condensation reaction may induce
a synergetic effect to enhance the photoactivityJod-66 (NH,). In addition, as
shown in Fig. 7, the UV-vis spectra of ZnTCPc in BMolution show a good

absorption on the wavelength of light about 680 nfthe absorption of



ZnTCPc/UIO-66 (Zr) appears around 680 nm whichsisriaed to the absorption of
ZnTCPc. Compared to the ZnTCPc/UIO-66 (Zr) prepabgdimpregnation, the
absorption of ZnTCPc/UIO-66 (N# reacted with EDC demonstrates about ~8 nm

red-shift, which should arise from the covalent@enstructure [31].

The chemical states C, N and Zr of the as-prepphetiocatalysts are probed with
XPS, as shown in Fig. 8 and Fig. S5. Fig. 8a shdwes normalized Cl1s high
resolution XPS spectra of UIO-66-MHZnTCPc and their composite. For pure
UlO-66-NH, nanocrystals, there are three peaks at 284.5882 2V and 288.5 eV,
which belong to the $pC, C-N and O-C-O groups, respectively [42]. Theepu
ZnTCPc show two peaks at 284.5 eV and 288 eV,ngrisbm sp C and C=0/C=N
groups [31]. The composite of UIO-66-Mlnd ZnTCPc has two sets of C1ls XPS
peaks, which not only contain those characterstiks of UIO-66-NkKland ZnTCPc,
but also contain a new peak at 287.5 eV. It dematest that there is amide (-CO-NH),
generating from condensation reaction between amaocarboxyl functional group.
This can be further confirmed from normalized NIBSXspectra in Fig. 8b. The two
N1ls peak at 400 eV and 401.8 eV are correspondiniyii, and -NH groups, while
the ratio of -NH and -NK in composite increases compared with that of pure
UlO-66-NH, nanocrystals, suggesting that the successful iosacbetween
UlO-66-NH, and ZnTCPc. Interestingly, there is a new doudlett83.3 eV and 185.7
eV for Zr3d XPS spectra compared with UIO-66-I\NEs shown in Fig. S5 and Table
S2. The significant shiftA= +1.0 eV) of the Zr 3d binding energies towardsgher

energy demonstrates that strong electron-with-drgwifect of ZnTCPc for the metal



component [37]. So it can be concluded that thet®ric structure of composite is
altered through the condensation reaction and betren-with-drawing effect of
ZnTCPc toward metal component.
3.2. Photocatalytic activity and stability

As shown in Fig. 9, the photocatalytic activity thfe as-prepared samples was
evaluated by the degradation of MB in aqueous soluinder visible light irradiation
(A > 420 nm). When ZnTCPc was added alone, there wasbwous change in the
concentration of MB in the presence of ZnTCPc, sstgg that ZnTCPc had no
obvious photocatalytic activity for the degradatmnMVB. In the presence of pristine
UIO-66 (Zr) and UIO-66 (NKH), MB concentration was gradually decreased and the
removal rate are 58% and 56% within 120 min, retbpaly. It should be noted that
although the photocatalytic activity of pristine Qb6 (Zr) is similar to that of
UlIO-66 (NH), ZnTCPc/UIO-66 (Zr) composite showed a relativebetter
photocatalytic performance with a removal rate 86 which could be ascribed to
synergetic effect between ZnTCPc and UIO-66 (Z13].[ZnTCPc/UIO-66 (NH)
with stable covalent bonds exhibited the highedialghc activity due to the
co-modifications of ZnTCPc and UIO-66 (MH The catalytic activities are in the
order of ZnTCPc< UIO-66 (NH) < UIO-66 (Zr)< ZnTCPc/UIO-66 (Zr) <
ZnTCPc/UIO-66 (NH). In Fig. S6, the reaction rate constak} escribed as a
pseudo-first-order reaction mode, can be calculated the slope of the linear fit of
In(C/Co) vs t. The ZNTCPc/UI0-66 (N shows & value of 0.0168 mih which is

1.84, 2.37 and 9.33 times higher than that of ZnOR-66 (Zr) (0.0091 min),



bare UIO-66 (NH) (0.0071 mif') and ZnTCPc (0.0018 mif), respectively. The
stability of photocatalysts is a major concern foeir practical utility in real
applications. We therefore investigated the stighibf ZnTCPc/UIO-66 (NH)
composite in photocatalytic degradation of MB, heven in Fig. 10. Although there
is a decrease in the degradation rate for eacle cywre than 70% of MB can still be
degraded in the fourth cycle, indicating its higabdlity in the photocatalytic reaction

under visible-light irradiation.

3.3. Photocatalytic mechanism

The photocatalytic mechanism of the ZnTCPc/UIO-68H{) composite was
investigated through determining the potential sabé ', «O,” and *OH during the
degradation, since they are known as the three mcinme species involved in the
photocatalytic process. To identify the contribnsoof these active species, three
different scavengers (EDTA, BQ and IPA) were sefedyaadded into the degradation
system of MB to attempt to trag,rO,” and *OH. As shown in Fig. 11, the addition
of IPA does not cause any change in the MB deg@adaate, which suggests that
*OH should not be an important contributor to thtpcatalytic process. However,
the degradation rate obviously decreases at thsepce of EDTA significantly,
indicating that photogenerated holes should be ohdéhe main active species
participating in the decomposition process of MBhil&/ the addition of BQ partially
suppresses the degradation rate, and shows aicagmieffect on thé value which
decreases obviously from 0.01721 thio 0.01002 mift, showing that *@ is also a

dominant reactive species.



To further understand the underlying mechanism @&bectrical conduction
properties, the flat band position determined frahe previous literature is
approximately -0.6 V, -0.8 V and -1.5 V for UIO-G&r), UlO-66 (NH) and
ZnTCPc, respectively [13, 30, 31, 44]. These daigether with the band gap energy
estimated from UV-visible spectra, allow us to prdsthe absolute energy scheme,
including HOMO and LUMO positions. A schematic diag is shown in Fig. S7,
which describes the band positions and band gapd@{66 (Zr), UIO-66 (NH) and
ZnTCPc samples. The photogenerated electron-hate pa UlIO-66 (Zr), UIO-66
(NH2) and ZnTCPc simultaneously arises from visibléhtligradiation. Since the
LUMO of ZnTCPc is higher than that of UIO-66 (Zr)@66 (NH,), the excited
electrons of ZnTCPc could be easily injected int®466 (Zr)/UIO-66 (NH), making

electron-hole separation more efficient and redytne probability of recombination.

Based on the above results and discussions, we@ggdpe following mechanism
illustrated in Fig. 12: the dye molecules adsorlbedporous UIO-66 (Zr)/UIO-66
(NHy) are excited under visible light irradiation, amlkden the photogenerated
electrons are injected into UIO-66 (Zr)/UIO-66 (WHMeanwhile, the active species
holes produced from MOFs are injected into the HOMDZNnTCPc and the
photo-generated holes are collected in the HOMO ZaifCPc. Nevertheless,
ZnTCPc/UIO-66 (NH) exhibited much higher photocatalytic activity nhéhat of
ZnTCPc/UIO-66 (Zr) in our work. The main reasons ba described as follows: the
Zr-oxo clusters within UlIO-66 (NE can behave as quantum dots surrounded by

terephthalate ligands with the MHroups (BDC-NH), which can act as antennae



absorbing light and be able to efficiently transtae electrons to the inorganic
zirconium-oxygen clusters part [44]. Moreover, tkgcited electrons could be
transferred more effectively supported by the amuw®alent bonds in the
ZnTCPc/UIO-66 (NH) composite. Due to the localized electronic siatéJIO-66

(NH,), the excited electrons located in the LUMO carthiiise into other positions
[17]. However, the electrons can be transferre@4anolecules diffusing into pores
and adsorbing on the Zrsites, beneficial for the formation of superoxiddical «G"

and Zf * ion. Therefore, the chemical bonds and synergeffiect between UIO-66
(NH2) and ZnTCPc should be the intrinsic factor forb&tter photosensitization than

ZnTCPc/UIO-66 (Zr).

4. Conclusion

Zr-based MOF combined with ZnTCPc toward visibigHidriven photocatalytic
degradation of MB has been successfully develogés composite combining
ZnTCPc and UIO-66 (NB via a condensation reaction shows the highest
photocatalytic activity in our work. The enhancdtiocatalytic performance arises
from the efficient separation of photogeneratedctets-hole pairs and charge
transfer in composite, because of the tight convativeen ZnTCPs and UIO-66(NH
via a covalent amide structureather than the simple physical interaction fr@m
impregnation method. Besides, t@E@TCPc/UIO-66 (NH) composite is able to
preserve most of its initial photocatalytic actyiafter four cycles of degradation
experiments. The study on the photocatalytic mashmaf the ZnTCPc/UIO-66 (NH

composite implies that "hand «Q  should be the major contributors to the



degradation process of MB. It is hoped that our kvoould provide a novel method
for the design and fabrication of porous MOFs-dgesnposites, which may offer

more opportunities for photocatalytic applications.
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Fig. 5. Thermogravimetric analysis for pure ZnTCPc, UlO{@8), UIO-66 (NH),
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Fig. 9. Photocatalytic degradation of MB over the as-prepasamples under
visible-light irradiation § > 420 nm).

Fig. 10. Photocatalytic recycle degradation of MB over ZIPB03JIO-66 (NH) under
visible-light irradiation § > 420 nm).

Fig. 11. Effects of different scavengers on the degradatioliB in the presence of

ZnTCPc/UIO-66 (NH) under visible-light irradiation.



Fig. 12. Schematic of photocatalytic degradation of MB otlee ZnTCPc/UIO-66

(NH2) under visible light irradiation.

Fig. 1. Synthesis process of ZnTCPc/UIO-66 (NH
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Fig. 2. FT-IR spectra of ZnTCPc (a), UIO-66 (Zr) (b), UBB- (NH,) (c),

ZnTCPc/UIO-66 (Zr) (d) and ZnTCPc/UIO-66 (MHe).
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Fig. 3. N, adsorption desorption isotherms of UIO-66 (Zr), (d)O-66 (NH) (b),
ZnTCPc/UIO-66 (Zr)c), ZnTCPc/UIO-66 (NH) (d) and HK pore size distribution of

UIO-66 (NH,) (inset).



Fig. 4. TEM images of UIO-66 (Zr) (a), UIO-66 (N} (b), ZnTCPc/UIO-66 (Zr) (c)

and ZnTCPc/UIO-66 (Nbj (d).
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Fig. 5. Thermogravimetric analysis for pure ZnTCPc, UlO{@8), UIO-66 (NH),
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— UI0-66 (Zr)

—— Ul 0-66 (NH2)
——ZnTCPc/UIO-66 (Zr)
—— ZnTCPc/UIO-66 (NH2)

- --7ZnTCPc 7=

————

Absorbance (a.u.)

30 40 500 600 700 800
Wavelength (nm)
Fig. 6. UV-vis diffusion reflectance absorption spectraR®) of ZnTCPc, UIO-66

(Zr), UIO-66 (NH), ZnTCPc/UIO-66 (Zrand ZnTCPc/UIO-66 (NB).



—27ZnTCPc

—— ZnTCPc/UIO-66 (Zr)
——ZnTCPd/UIO-66 (NH2)
— UI0O-66 (Zr)

—— UI0-66 (NH2)

Absorbance (a. u.)

T v T v T T T T T T
550 600 650 700 750 800
Wavenumber (nm)

Fig. 7. UV-vis spectra of ZnTCPc, UIO-66 (Zr), UIO-66 (MHZNTCPc/UIO-66 (Zr)

and ZnTCPc/UIO-66 (Nb).



(@) (b)

ZnTCPc ZnTCPc

ZnTCPc/UIO-66-NH2
-CO-NH

ZnTCPc/UIO-66-NH2

Intensity (a.u.)
Intensity (a.u.)

UI0-66-NH:2 UIO-66-NH2 |,

L) L) L) L)
292 290 288 286 284 282 280 406 404 402 400 398 396 394
Binding Energy (eV)

Binding Ener gy (eV)

Fig. 8. High resolution XPS spectra of C 1s (a) and N )ftained from ZnTCPc,

ZnTCPc/UIO-66 (NH) and UIO-66 (NH).



1.0+

0.8 1

—a— blank
044 —e—2ZnTCPC
—a— UI0-66 (Zr)
—v— UI0O-66 (NH2)
—<«— ZnTCPc/UIO-66 (Zr)
—»— ZnTCPc/UIO-66 (NH2)
00 T T T T T T T T T T T T T

0 20 40 60 80 100 120
Irradiation Time/min

0.2 1

Fig. 9. Photocatalytic degradation of MB over the as-prepasamples under

visible-light irradiation ¥ > 420 nm).



1.0

1st 2nd 3rd 4th

0.8+

C/Co

0.4+ ]

0.2+ n

00 T T T T T T T T T T T T T T T T T T U T
0O 60 1200 60 1200 60 1200 60 120
Time (Min)

Fig. 10. Photocatalytic recycle degradation of MB over ZIPB3JIO-66 (NH) under

visible-light irradiation § > 420 nm).



0.020- ©8
IPA
0.0154 o2
<
E
X
0.010-
| EDTA
0.005 7/
0.000 /%

Samples

Fig. 11. Effects of different scavengers on the degradatioiB in the presence of

ZnTCPc/UIO-66 (NH) under visible-light irradiation.



HOMO
MB_ ' h* h*
\

W

Degradation products

ZnTCPc UIO-66 (NH,)

Fig. 12. Schematic of photocatalytic degradation of MB otlee ZnTCPc/UIO-66

(NH2) under visible light irradiation.



Highlights
» UIO-66 (NH) with ZnTCPc covaently was prepared via a facile condensation

method.

» ZnTCPc/UIO-66 (NHy) showed excellent visible-light-driven MB degrading

activity.
» Tight interaction between ZnTCPc/U10-66 (NH.) led to highly catalytic stability.

> Photocata ytic activity was enhanced by high surface area and synergistic effect.



