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A defective porous metal-organic framework, UiO-66, prepared by
simply tuning the synthesis time, shows excellent efficiency for
oxidative desulfurization.

Metal-organic frameworks (MOFs) have been considered very
promising heterogeneous catalysts owing to their large
surface area and high density of active sites as well as having
highly tunable properties." UiO-type materials are a class of
MOFs based on ZrsO4(OH),(CO,);, secondary building units
(Zr6 SBUs).” The exceptional metal-ligand bond strength in
Zr6 SBUs endows UiO-type MOFs with high mechanical, ther-
mal and chemical stability,® which has made such MOFs suit-
able for many applications including chemical sensing, sorp-
tion and catalysis.* Among these UiO-type frameworks, UiO-
66 using terephthalic acid (BDC) as a linker has received the
most attention due to its relatively low cost, high stability and
large surface area.”

In catalysis, UiO-66 is commonly used as a solid support,
while few studies explore its intrinsic catalytic properties.®
This is because pristine UiO-66 lacks catalytic active sites. To
enable the application of UiO-66, defect engineering has been
reported to be a promising approach. The defects can liberate
Lewis acidic sites (Zr*" sites with unsaturated coordination)
and lead to a more open framework in UiO-66, which pro-
vides novel opportunities for applications in catalysis.” To
date, numerous works have reported the tuning of the defects
of UiO-66. In most cases, the procedures refer to replacing
the BDC linkers with monocarboxylic acids, termed modula-
tors and linker fragments.® Only a few reports tuned the de-
fects of UiO-66 by varying the molar ratio of linker to Zr-
source or synthesis temperature.>>® These defect engineering
methods always need long reaction times (>18 h).
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The sulfur compounds in petroleum-based fuel cause cata-
lyst poisoning and corrosion of equipment during crude oil
processing. They also result in the emission of harmful SO,
gases after combustion. Sulfur content limits are becoming
increasingly stringent worldwide, especially for gasoline and
diesel.’ To remove sulfur compounds from fuel, hydro-
desulfurization (HDS) has been commonly used due to its ef-
ficiency in the elimination of mercaptans, sulfides and
disulfides. However, it is less effective at the removal of re-
fractory sulfur compounds such as dibenzothiophene (DBT)
and its derivatives. In this context, cost-effective methods
that are complementary to HDS for producing sulfur-free
fuels have been developed."* Oxidative desulfurization (ODS),
as one of the most promising processes, has received consid-
erable attention due to its efficiency and low cost. In ODS, re-
fractory sulfur molecules are oxidized to their corresponding
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Fig. 1 Characterization of UiO-66 with different synthesis times. (a)
XRD patterns, (b) Raman spectra and (c) N, adsorption-desorption iso-
therms at 77 K. For clarity, the isotherms of UiO-66-1 h and UiO-66-3
h are offset along the y axis by 200 and 500 cm® g™, respectively. (d)
TGA profiles.
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polar molecules, which can be removed from fuel by simple
solvent extraction.”

By considering these points, we wish to report a facile
method to create defects in UiO-66. By simply tuning the syn-
thesis time, a series of defective UiO-66 materials were
obtained and their catalytic activities in ODS were also exam-
ined. The synthesis of MOFs generally involves the formation
and dissolution of nuclei, where the synthesis time plays a
significant role. Therefore, controlling the synthesis time will
tune the formation of the MOFs. In the current work, UiO-66
with defects was prepared by stirring a mixture of ZrCly,
terephthalic acid, aqueous NHzand DMF at 110 °C for differ-
ent reaction times. Then, the products were separated by cen-
trifugation and washed with DMF and methanol and denoted
UiO-66-t (¢ stands for synthesis time and the time unit is
hours). Details of the synthesis are presented in the ESL.{ The
XRD patterns suggest a highly crystalline nature and are in
good agreement with the simulated pattern reported in the
literature,>® revealing the successful synthesis of UiO-66
(Fig. 1a). The full width at half maximum (FWHM) values of
the samples were calculated. Almost all the FWHM values of
the selected diffraction peaks decrease with increasing syn-
thesis time (Fig. S1t), which indicates that the crystallite size
of the as-synthesized UiO-66 increases with synthesis time
according to the Scherrer equation. The crystallite size is gen-
erally considered inversely proportional to the defect concen-
tration in crystalline solids."® Thus, a fast synthesis of UiO-66
may result in more defects in the framework. Moreover, the
growth of the UiO-66 is also observed in the SEM images,
where the average particle size increases with synthesis time
from ca. 15 nm to ca. 210 nm (Fig. S2 and Table S1t), which
further confirms the XRD results.

Raman spectroscopy was also employed to confirm the de-
fects in the UiO-66-t samples. The bands located at 1474-
1420 cm™' are associated with carboxylate-related stretches,
which provide information about the linkers missing from
Ui0-66.>"¢ For ideal UiO-66, two distinct bands can be ob-
served in this range. In Fig. 1b, the band around 1450 cm™
is gradually separated into two bands with increasing synthe-
sis time, indicating the reduction of linker defects within the
frameworks of UiO-66 samples with long synthesis time.

The porous structures of the UiO-66-¢t samples were evalu-
ated using the N, sorption isotherms at 77 K (Fig. 1c and
S3t). The UiO-66-t samples show large specific surface areas,
all exceeding 1000 m> g™'. In contrast to pristine UiO-66,
which features a microporous structure, the UiO-66-t, espe-
cially the quickly synthesized samples (UiO-66-0.5 h, UiO-66-1
h, Ui0-66-3 h) exhibit type-IV isotherms with an H3-type hys-
teresis loop between relative pressure P/P, = ~0.7-1.0, indi-
cating the presence of mesopores in the quickly synthesized
samples. The pore size distributions obtained from a non-
local density functional theory model also suggest the broad
mesopore distributions in the UiO-66-t samples (Fig. S47).
The formation of mesopores in microporous MOFs via tuning
the synthesis time has also been observed by S. Dai's group.™*
Table S21 summarizes the pore parameters for the UiO-66-¢
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samples. With long synthesis times, the mesopores decrease
while the micropores greatly increase. Generally, the large
pores usually contain abundant defects.”*'® This indicates
that the quickly synthesized UiO-66 samples probably possess
a high concentration of defects, which is in accordance with
the XRD and Raman results.

TGA is one of the most accessible methods that can pro-
vide information about missing linker defects in MOFs,"® al-
though it has come under criticism because the assessment
only considers missing linkers but not missing inorganic
bricks in the framework."”>'” For perfect UiO-66, each
Zrs04(OH), core connects to 12 linkers, while one linker brid-
ges two metal cores, thus the structural wunit is
Zrs0,4(OH),4(BDC)s. Upon heat treatment, the removal of sol-
vents and dehydroxylation of the Zr6 cluster are completed at
ca. 400 °C, giving an inner cluster of ZrsO4(BDC)e.>*>** The
decomposition of the BDC linker starts at ca. 450 °C, finally
forming ZrO, in air. If the end weight is normalized as 100%,
the weight around 400 °C for the ZrsOs(BDC)s should ideally
reach 220%. The TGA curves of the UiO-66-t samples are
presented in Fig. 1d. The normalized weight around 400 °C
for all the UiO-66-t samples is clearly below the expected
value (220%). The apparent concentrations of the missing
linker defects in Ui0-66-0.5 h, UiO-66-1 h, UiO-66-3 h, UiO-
66-5 h, UiO-66-10 h, UiO-66-15 h and UiO-66-20 h are esti-
mated to be 32%, 33%, 35%, 38%, 35%, 28% and 19%, re-
spectively. These values are probably inaccurately estimated
due to the fact that missing inorganic brick defects likely co-
exist in the synthesized UiO-66.">"” However, it still indicates
that the quickly synthesized UiO-66 samples possess abun-
dant missing linker defects.

More missing linker defects can create more acid sites in
UiO-66. NH;-TPD is an effective method for identifying the
acid content in solid materials. Thus, NH;-TPD was carried
out in this work. As shown in Fig. S5, the NH; desorption of
UiO-66-0.5 h is higher than that of UiO-66-15 h, revealing the
higher acid concentration of UiO-66-0.5 h. This further
proves that rapid synthesis results in more defects in UiO-66.

An amorphous phase may be formed in the UiO-66 sam-
ples with a high concentration of defects.'® However, only
traces of amorphous phases are observed in the as-
synthesized UiO-66 samples, considering the intensive peaks
of the XRD patterns and Raman spectra (Fig. 1a and S67).
Thus, these findings can conclude that the defective UiO-66
samples were successfully prepared via tuning the synthesis
time and that rapid synthesis offers abundant defects in UiO-
66.

In ODS, H,0, has been widely used as the oxidant owing
to its environmental friendliness and low cost."® The defects
liberate unsaturated Zr** sites in UiO-66, which can interact
with H,0, to form Zr-peroxo complexes.”® The Zr-peroxo
groups are very active in the oxidation of sulfur substrates to
their corresponding oxide products®*' (Scheme 1). In this
work, the oxidation of DBT using UiO-66-t was studied in ace-
tonitrile. As shown in Fig. 2a, all the UiO-66-t samples exhibit
catalytic activity and their activities decrease expectedly with
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Scheme 1 The reaction of DBT oxidation using defective UiO-66 as a
catalyst and H,O, as an oxidant.
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Fig. 2 (a) Catalytic activities of UiO-66 with different synthesis times
(H20,: 0.05 mL). (b) Effect of H,O, amount (time: 15 min). (c) Leaching
test (H,O,: 0.05 mL). (d) Control experiments (H,O,: 0.05 mL, time: 60
min). Catalyst: 5 mg; temperature: 60 °C; DBT in acetonitrile: 2 mL
(1000 ppm of sulfur).

increasing synthesis time. The UiO-66-0.5 h and UiO-66-1 h
display the best activity, with nearly complete oxidation of
DBT after only 20 min of reaction time. Moreover, the current
work also investigated the catalytic performance of UiO-66
prepared using a solvothermal method (named UiO-66-S).
UiO-66-S has a similar particle size but fewer defects as com-
pared with the UiO-66-5 h (Fig. S2 and S77), while its activity
is significantly lower than that of UiO-66-5 h (Fig. S87). This
indicates that the defects in UiO-66 play a more important
role in the oxidation of DBT. Thus, the high activities of UiO-
66-0.5 h and UiO-66-1 h can be ascribed to their highly defec-
tive structures.

Optimization of the usage of H,0, was carried out with
Ui0-66-1 h (Fig. 2b). After a 15 min reaction, the oxidation of
DBT hardly happens without H,0,. The oxidation process
using 0.05 ml of aqueous H,0, shows a notably higher oxida-
tion efficiency (70%) than that with 0.025 ml (46%). Upon
further increasing the amount of H,0, to 0.075 ml, no signif-
icant improvement in oxidation efficiency is observed. For
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this, 0.05 ml of aqueous H,0, was selected for this oxidation
reaction. The heterogeneity of UiO-66-t was also investigated.
The leaching test was performed on the UiO-66-1 h. The cata-
lyst was separated from the mixture after a 10 min reaction
and the reaction continued with the remaining filtrate. As
shown in Fig. 2c¢, the oxidation of DBT almost immediately
stops after the catalyst is removed, confirming the heteroge-
neity. For comparison, control experiments were carried out
using ZrO,, BDC and a ZrO,-BDC mixture as the catalysts
(Fig. 2d). The results show that all of these control catalysts
exhibit nearly no activity for the oxidation reaction, which in-
dicates that the activities of the UiO-66-t samples do not orig-
inate from the possible presence of ZrO, and uncoordinated
BDC.

Since UiO-66-1 h shows excellent catalytic activity for the
oxidation of DBT, its activity for the desulfurization of a
model oil containing DBT was evaluated. Fig. 3a suggests
that UiO-66-1 h exhibits a high efficiency for the removal of
DBT in n-octane, with 97% DBT removal after a 1 h reaction.
The reusability of UiO-66-1 h for the ODS reaction was also
investigated. At the end of the reaction, the catalyst was sepa-
rated by centrifugation, washed with methanol and dried at
80 °C, then used again. As shown in Fig. 3b, UiO-66-1 h
shows poor recyclability. The sulfur removal shows signifi-
cant decrease from 97% to 68% after only one run. XRD and
N, sorption were used to examine the stability of the UiO-66-
1 h. The results demonstrate that the reused UiO-66-1 h has
a similar structure to the fresh one (Fig. S97), indicating the
stability of UiO-66-1 h. Therefore, the deactivation of UiO-66-
1 h is not caused by the collapse of UiO-66-1 h. The reason
for the deactivation is probably due to the strong adsorption
of sulfone (oxidized product of DBT) on the active sites of
UiO-66-1 h. This phenomenon has also been observed by M.
Zhu's group.*?

Conclusions

In summary, this work presents a facile method for creating
defects in UiO-66 via tuning the synthesis time. The struc-
tural analysis reveals that fast synthesis facilitates the forma-
tion of defects in UiO-66, and the defects are beneficial for
the catalysis. The quickly synthesized samples UiO-66-0.5 h
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Fig. 3 (a) Catalytic profile of UiO-66-1 h for ODS. (b) Performance of
the recovered UiO-66-1 h (time: 60 min). Catalyst: 50 mg; H,O,: 0.5
mL; DBT in n-octane (1000 ppm sulfur): 20 mL; acetonitrile: 20 mL;
temperature: 60 °C.
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and UiO-66-1 h possess a high concentration of defects and
show excellent performance in the oxidation of DBT. We be-
lieve that this time modulation method can inspire more
work on the design of advanced defective MOFs.
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