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Defect engineering can be a promising approach to improve the photocatalytic performance of metal—
organic frameworks (MOFs). Herein, a series of defective NH,-UiO-66(Zr) materials were synthesized via
simply controlling the synthesis temperature, with concentrated HCl as the modulator and then these
as-prepared samples were used to systematically investigate the effects of their structural defects on
photocatalytic CO, reduction. Remarkably, these MOFs with defects exhibit significantly enhanced
activities in photocatalytic CO, reduction, compared with the material without defects. The defect
engineering creates active binding sites and more open frameworks in the MOF, and thus facilitates the
photo-induced charge transfer and restrains the recombination of photo-generated charges efficiently.
The current work provides an instructive approach to improve the photocatalytic efficiency by taking
advantage of the structural defects in MOFs, and could also inspire more work on the design of

rsc.li/rsc-advances advanced defective MOFs.

Introduction

MOFs are an emerging class of porous materials constructed
from metal-containing nodes (also known as secondary
building units, or SBUs) and organic linkers, which have been
extensively studied over the past two decades and shown
a variety of applications.'” In the skeleton of MOF materials the
metal-oxo clusters could act as inorganic semiconducting
quantum dots while the organic linkers serve as antennas to
activate these semiconducting quantum dots by ligand-to-metal
charge transfer (LMCT) upon photoexcitation, which makes
MOF-based photocatalysis possible.* In addition, some func-
tional MOFs are good at CO, capture due to their large surface
area and tunable interactions with CO,, especially facilitating
the photocatalytic reduction of CO,.* It is well known that the
conversion of CO, into valuable chemicals and/or fuels utilizing
solar energy is one of the most promising approaches to solve
these problems associated with both global warming and
energy shortage. Zirconium-based MOF UiO-66, based on Zrg-
0,4(OH),(CO,);, SBUs, has emerged as a promising platform for
potential application in photocatalytic CO, reduction.®” In its
crystal structure, hexanuclear zirconium oxyhydroxide clusters
are linked via terephthalate (1,4-benzenedicarboxylate, BDC)
bridges to form a face-centered-cubic net that is notable for its
high degree of topological connectivity (12 connected nodes),*°
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a design feature considered responsible for its unusually high
thermal and chemical stability. Like many other canonical
MOFs, UiO-66 forms the basis of an isoreticular family, ie.,
Hf(v), U(wv), Th(iv) or Ce(iv) can substitute Zr(w),"*** and
a number of different dicarboxylates can be used instead of
BDC. For example, by substitution of BDC in UiO-66(Zr) with 2-
aminoterephthalate anion (ATA), isostructural NH,-UiO-66(Zr)
can be obtained, and they have a photocatalytic activity in H,
production and CO, reduction and can catalyze the trans-
formation of various organic compounds into their corre-
sponding  oxygenated  products upon  visible-light
irradiation.™™*® However, their photocatalytic performance,
especially in CO, reduction, is still not satisfactory due to the
high recombination rate of the photo-induced charges."

It has been recently reported that the defect engineering of
MOFs can be a promising approach for tailoring their physi-
cochemical properties such as stability, magnetism, gas
adsorption, and catalytic activity.”** It is common to use the
concepts of heterogeneity and structural disorders of different
nature interchangeably with the term “structural defects”. UiO-
66 has been considered as a model system, when one deals with
defective MOFs, and two types of defects have been proposed to
exist in its framework: missing-linker defects and missing-
cluster defects.*>*® Thereinto, the missing-linker defects incor-
porated by the so-called modulator approach can liberate Lewis
acidic sites (zr*" sites with unsaturated coordination) and lead
to a more open framework in UiO-66, providing novel oppor-
tunities for application in catalysis.>”>* For example, the cata-
Iytic activity of defective UiO-66(Zr) for several Lewis acid
catalyzed reactions can be drastically increased by the
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combined use of trifluoroacetic acid and HCl during the
synthesis, leading to the missing of the linkers.”” In addition, it
has been reported that the creating defects in UiO-66 via tuning
the synthesis time is beneficial for the oxidation of dibenzo-
thiophene.?® These results have inspired further studies and at
the same time raise the flag for the need of high-quality struc-
tural investigations on defective MOFs, based on both advanced
experimental and computational simulation and modeling
techniques. Presently, to our knowledge, research in the field of
defect characterization and in turn the defect engineering of
MOFs is empirical and function-driven while only a few studies
have been focused on elucidating detailed structure—property
relations guided by an atomistic and mesoscopic level of
quantitative understanding. Moreover, the study of defect
engineering as the way to improve the photocatalytic perfor-
mance of MOFs is still rare.’**

Herein, we wish to report a facile method to create defects in
NH,-UiO-66(Zr). Via simply tuning the crystallization tempera-
ture, a series of defective NH,-UiO-66(Zr) samples were obtained
in the present of hydrochloric acid as a modulator and then
their photocatalytic activities in CO, reduction were also
examined. In the current work, an attempt is to elucidate the
effects of the introduced defects in the MOF on the photo-
catalysis in combination of advanced characterizations with the
photocatalytic reaction and to open the possibility of using
defect engineering as a new avenue to improve the photo-
catalytic performance involved with MOF-based materials.

Experimental
Chemicals

Zirconium(v) chloride (ZrCl,), 2-aminoterephthalic acid
(H,ATA), concentrated hydrochloric acid (HCI), N,N-dime-
thylformamide (DMF), sodium sulfate (Na,SO,), sodium
carbonate (Na,COj;), sodium bicarbonate (NaHCO;), and
methanol (MeOH) were purchased from Aladdin Industrial Co.
Triethanolamine (TEOA) and acetonitrile (MeCN)
purchased from Shanghai Chemical Reagent Co. All reagents
were used as received without further purification.

were

Synthesis procedure

Defective NH,-Ui0-66(Zr). ZrCl, (0.250 g, 1.072 mmol) and
H,ATA (0.268 g, 1.483 mmol) were dissolved in anhydrous DMF
(50 mL) at room temperature. Concentrated hydrochloric acid
(10 mL) was added to the mixture. Then the obtained mixture
was stirred for 30 min and transferred into a 100 mL Teflon-
lined stainless steel autoclave and heated for 24 h at the
desired temperature. The final product was filtered, washed
with DMF and methanol, extracted in a Soxhlet extractor with
methanol, and vacuum-dried at 353 K. The obtained samples
were named as Zr-MOF-T (T = 353 K, 393 K, 433 K, and 473 K,
respectively).

Defect-free NH,-UiO-66(Zr). ZrCl, (0.250 g, 1.072 mmol) and
H,ATA (0.268 g, 1.483 mmol) were dissolved in anhydrous DMF
(50 mL), then 0.15 mL deionized water was added. Afterwards,
the above mixture was stirred at room temperature for 30 min

37734 | RSC Adv., 2019, 9, 37733-37738

View Article Online

Paper

and transferred into a 100 mL Teflon-lined stainless steel
autoclave and heated at 473 K for 24 h in an oven. The obtained
sample was named as Zr-MOF-DF (DF: defect-free).

Characterization

The powder X-ray diffraction (XRD) patterns were collected on
a D8 Advance X-ray diffractometer (Bruker) using Cu Ka radia-
tion (A = 0.1541 nm) in a scanning range of 3-50° at 2° min~".
The textural properties of the prepared samples were deter-
mined by N, adsorption/desorption at 77 K using an ASAP 2020
apparatus (Micromeritics Instrument Corp.). The samples were
degassed in vacuum at 453 K for 15 h prior to adsorption
measurement. The thermogravimetric analysis (TGA) was per-
formed in flowing air on a STA-449C instrument (Netzsch) with
a heating rate of 5 K min~". The Fourier transform infrared (FT-
IR) spectra were recorded on a Nicolet NEXUS670 spectrometer
(ThermoFisher) with a resolution of 4 cm ™. The UV-vis diffuse
reflectance spectra (UV-vis DRS) were recorded on a Nicolet
Evolution 500 Spectrophotometer (ThermoFisher) with BaSO,
as reflectance standard from 200 to 800 nm. The scanning
electron microscope (SEM) was carried out on a S-4800 appa-
ratus (Hitachi) equipped with a field emission gun. The X-ray
photoelectron spectroscopy (XPS) was carried out on Thermo
Scientific EscaLab 250Xi using Al Ka radiation (ThermoFisher).
The photoluminescence (PL) spectra were recorded on a F-7000
spectrometer (Hitachi) excited at 326 nm. The photocurrent
(PC) analysis was carried out with a CHI760E workstation
(Shanghai Chenhua Instruments Co.) in a conventional three-
electrode cell using a Pt plate and an Ag/AgCl electrode as the
counter electrode and reference electrode, respectively. The
photocatalyst powder deposited on the fluoride tin oxide (FTO)
substrate was employed as the working electrode and a quartz
cell filled with 100 mL 0.2 M Na,SO, electrolyte was used as the
reaction system. A 300 W PLS-SXE 300D xenon lamp (Beijing
Perfectlight) system was applied as the excitation light source
equipped with a UV cutoff filter and an IR-cut filter, which was
the same light source for the photocatalytic reactions.

Photocatalytic reaction

Prior to reactions, the photocatalysts were treated under
vacuum at 453 K to remove any adsorbed impurities. After the
photocatalyst (50 mg) was added into a reaction flask, it was
degassed and purged with CO,. A mixture of MeCN and TEOA
(60 mL in total) with a volume ratio of 5 to 1 was degassed by
CO, to remove dissolved O,, and then injected into the reaction
flask. The photocatalytic reaction was carried out under the
irradiation of a 300 W Xe lamp with a UV-cut filter and an IR-cut
filter (800 nm = A = 420 nm) for 10 h. The formed HCOOH was
detected by an ion chromatography (930 Compact IC pro,
Metrosep) with a Metrosep A supp 5250/4.0 column. A mixture
of 3.2 mM Na,CO; and 1.0 mM NaHCO; was used as eluent. The
gaseous reaction products were also analysed using a GC (Agi-
lent 6890A) with a HP-5 capillary column for flame ionization
detector (FID) and a 5A molecular sieve packed column for
thermal conductivity detector (TCD). For the reusability test,
after the reaction, the photocatalyst was separated from the

This journal is © The Royal Society of Chemistry 2019
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reaction medium, repeatedly washed with MeOH twice, and
then dried overnight in a vacuum oven at 453 K.

Results and discussion

NH,-UiO-66(Zr) samples with tunable defects were synthesized
from a mixture containing ZrCl, and H,ATA in DMF, with the
addition of concentrated HCl as the modulator at different
reaction temperatures. For comparison, the near defect-free
NH,-UiO-66 was prepared according to the previously reported
procedure with slight modification.*® As shown in Fig. 1, the
XRD patterns of Zr-MOF-T (T from 353 to 473 K) and Zr-MOF-DF
suggest a highly crystalline nature and are in good agreement
with the simulated pattern reported in the literature,® revealing
maintenance of the cubic close packed structure of NH,-UiO-
66(Zr) during the defect formation, even though the concen-
trated HCI was used in the preparation. However, a very broad
peak in the low-angle region (3-7°, 26) can be observed in the
XRD patterns of the defective samples by comparing with that of
Zr-MOF-DF, indicating the presence of defect nanoregions
(inset in Fig. 1).>»**** Furthermore, the relative intensity of the
broad peak, correlated with the concentration of these defects,
increases with increasing the crystallization temperature.
However, the XRD pattern of Zr-MOF-483 K shows an amor-
phous phase, implying that the framework of the MOF will be
collapsed, when the synthesis temperature is above 473 K. The
obtained samples were further investigated by SEM to examine
their morphologies. As seen in Fig. 2, the defective Zr-MOF-T
samples possess a relatively low crystallinity with irregular
shaped particles in comparison with Zr-MOF-DF that shows
octahedral crystals without apparent surface defects. The
adsorption isotherms of N, on the five synthesized samples at
77 K are shown in Fig. 3. It is known that the calculated
geometric surface area of a defect-free NH,-UiO-66(Zr) with 12
linkers per node is 700 m* g~ *.3° As can be seen, the Brunauer-
Emmett-Teller (BET) surface areas of the defective samples are
larger than that of the defect-free one and of the theoretically
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Fig.1 XRD patterns of Zr-MOF-T and Zr-MOF-DF samples. The inset
shows the low-angle (20 = 3-7°) region of the obtained XRD patterns.
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Fig. 2 SEM images of Zr-MOF-353 K (a), Zr-MOF-393 K (b), Zr-MOF-
433 K (c), Zr-MOF-473 K (d), and Zr-MOF-DF (e and f).

calculated one and continuously increase with increasing the
crystallization temperature. Zr-MOF-473 K, for example,
exhibits the largest BET surface area (1133 m* g~ ') and pore
volume (0.63 cm® g™'), about 49% and 65% higher than the
corresponding values of Zr-MOF-DF (758 m”> g " and 0.38 cm®
g~', shown in Table 1), implying that a higher crystallization
temperature results in more vacancies in the MOF. The pore
size distributions of Zr-MOF-T samples (inset in Fig. 3) obtained
by the density functional theory (DFT) calculation show three
maxima at ca. 0.8, 1.2, and 1.5 nm, which can be interpreted as
the tetrahedral cages, the octahedral cages and/or the tetrahe-
dral cages with missing linkers, and the octahedral cages with
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Fig. 3 Adsorption—desorption isotherms of N, on Zr-MOF-T and Zr-
MOF-DF samples at 77 K. The inset shows the pore-size distributions
for the prepared samples extracted from the N, adsorption isotherms
calculated by DFT.
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Table 1 BET surface areas and pore volumes of Zr-MOF-DF and Zr-
MOF-T samples

Sample Sper (Mm* g7 Viotal” (em® g7
Zr-MOF-DF 778 0.38
Zr-MOF-353 K 915 0.46
Zr-MOF-393 K 982 0.51
Zr-MOF-433 K 1028 0.54
Zr-MOF-473 K 1133 0.63

4 Single point adsorption total pore volume at P/P, = 0.985.

linkers
35,36

missing
respectively.

The TGA results might provide some quantitative informa-
tion on structural defects. It is well known that the structural
unit of a defect-free NH,-UiO-66(Zr) is ZrsO,(OH),(ATA)s. Upon
heat treatment, the removal of the solvent and the dehydrox-
ylation of the Zrg cluster would be completed at about 550 K,
giving an inner cluster of ZrsOg(ATA)e.*” The decomposition of
the ATA linkers occurs at about 573 K, finally forming the only
solid product of ZrO, in air atmosphere. Thus the weight at
about 573 K for ZrsO6(ATA)s should ideally reach 232% when
normalized to the final end weight as 100%. As shown in Fig. 4,
the normalized weight at about 573 K for the near defect-free Zr-
MOF-DF sample (235%) is in good agreement with the theo-
retical value while the ones for all the Zr-MOF-T samples are
clearly below the theoretical value, indicating that the obtained
defective samples possess abundant missing-linker defects. The
apparent concentrations of the missing-linker defects in Zr-
MOF-T (T from 353 to 473 K) are estimated to be 11%, 17%,
19%, and 22%, respectively. These values are probably over-
estimated due to the fact that the missing metal-cluster defects
likely coexist in the defective Zr-MOFs. However, it holds the
general trend that the degree of the defects increases with
increasing the crystallization temperature during the synthesis.

Considering all the above, it is apparent that the defective Zr-
MOFs were successfully prepared and the linker deficiencies
can be tailored by controlling the synthesis temperature with

and/or the defectrelated nano-regions,

350
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E\D./ .......... --- ZrgOg(ATA)g: 232%
=
R
()
=

Zro,

350 450 550 650 750 850 950 1050
Temperature (K)

Fig. 4 TGA curves of Zr-MOF-T and Zr-MOF-DF samples.
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concentrated HCl as the modulator. Differently, a high
synthesis temperature can lead to the formation of a defect-free
UiO-66.%* This difference might be related to the presence of
amino group on the organic linker 2-aminoterephthalic acid
used in the current study but a clear explanation cannot be
given at this moment. During crystal formation, HCI counter-
acts the deprotonation of the dissolved carboxylic acids and
favors the competitive incorporation of ATA with increasing
temperature, leading to the formation of inherent defects either
from misconnections or dislocations during the crystallization
of Zr-MOFs.>”?** However, an amorphous phase will be
formed, when the synthesis temperature is above 473 K, leading
to the collapse of Zr-MOF framework due to the corrosivity of
concentrated HCI, especially for the amine-functionalized UiO-
66.

To study the influence of structural defects on photo-
catalysis, photocatalytic CO, reduction was performed using
TEOA as the sacrificial agent upon visible-light irradiation, and
these results are shown in Fig. 5. All the defective Zr-MOF-T
samples exhibit photocatalytic activities in CO, reduction and
their activities increase expectedly with increasing the synthesis
temperature. For example, Zr-MOF-473 K displays the highest
activity with about 129.8 pmol g. ' h™' of the HCOOH
produced in 10 h irradiation, much higher than that of Co-
doped NH,-MIL-125(Ti) (38.4 pmol g, ' h™').* Moreover, the
photocatalytic performance of the defect-free MOF was also
investigated and its activity is significantly lower, compared to
those of Zr-MOF-T samples. This indicates that the defects in
NH,-UiO-66(Zr) play an important role in photocatalytic CO,
reduction. In addition, a five-run experiment of photocatalytic
CO, reduction over Zr-MOF-473 K was carried out to check the
reusability (Fig. 6). Obviously, the recycling use of the photo-
catalyst for five runs shows no obvious decrease in the photo-
catalytic activity. The XRD and FT-IR characterization results for
the used photocatalyst after the 5™-run reaction are almost
identical to those for the fresh one (Fig. 7), suggesting that the
prepared catalyst is stable enough during the photocatalytic
reaction.

150

-
N
©
™

120
104.6

©
o
1

73.4

HCOO" / pmol g™* h'
[}
o

30

2
N
Fig. 5 Amount of the produced HCOOH over Zr-MOF-T and Zr-
MOF-DF samples upon visible-light irradiation (800 nm = A = 420
nm). Photocatalyst: 50 mg, MeCN/TEOA volume ratio: 5/1, total
solution volume: 60 mL.
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Fig. 6 Reusability of Zr-MOF-473 K in CO, reduction upon visible-
light irradiation.

In theory, missing-linker defects will result in a change of the
environment of the affected Zr atoms, which often lowers their
unoccupied d orbitals and increases charge transfer likelihood,
therefore, improving the photocatalytic activity.*® To verify this,
the PL and PC experiments were further carried out to investi-
gate the photogenerated charge separation efficiency of the
defective samples. As shown in Fig. 8, the PL spectra of Zr-MOF
samples exhibit an emission peak at around 480 nm when
excited at 326 nm. Such a peak is greatly weakened with an
increase in the structural defects with increasing the synthesis
temperature, indicating that the defective Zr-MOFs can

(a)
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A A A
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@
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Fig. 7 XRD patterns (a) and IR spectra (b) of the fresh and used Zr-
MOF-473 K.
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Fig. 8 Photoluminescence spectra of Zr-MOF-T and Zr-MOF-DF
samples excited at 326 nm.
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Fig. 9 Transient photocurrent responses of Zr-MOF-T and Zr-MOF-
DF samples in 0.2 M Nay,SO4 aqueous solution upon visible-light
irradiation (800 nm = A = 420 nm).

significantly prohibit the recombination of the photo-generated
charge. The transient photocurrent density responses of the
photocatalysts in an on-off cycle mode are shown in Fig. 9.
Upon visible-light irradiation, all the defective Zr-MOF catalysts
show much higher photoelectric currents in comparison with
Zr-MOF-DF, among which Zr-MOF-473 K exhibits the highest
photocurrent response. Based on these results, it can be infer-
red that the effects of the structural defects on the ligand-to-
metal charge transition are highly dependent on the number
of defects and their configuration. For a sufficient number of
the missing linkers, the defects in Zr-MOFs will facilitate the
photo-induced charge transfer and restrain the recombination
of photo-generated charge efficiently, which is beneficial for
further photocatalytic steps.

Conclusions

In summary, the defective Zr-MOFs were successfully prepared
and the linker deficiencies can be tailored via simply controlling
the synthesis temperature with concentrated HCl as the
modulator. Compared to the defect-free MOF, the defective
ones exhibit significantly enhanced activities in photocatalytic
CO, reduction. This defect engineering creates the active

RSC Adv., 2019, 9, 37733-37738 | 37737
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binding sites and more open frameworks in the MOF, thus
facilitates the photo-induced charge transfer and restrains the
recombination of photo-generated charge efficiently, resulting
in a higher photocatalytic activity.
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