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UiO-66 and its derivative consisting of zirconium oxide clusters and terephthalate-based linkers stand out
as some of the most extensively studied metal—organic frameworks (MOFs) for various applications owing
to their exceptional stability as compared with other MOFs. However, practical applications often require
the rapid synthesis of highly crystalline UiO-66 and its derivatives and the facile engineering of their
defects. Herein, we present the rapid formation of UiO-66 at ambient pressure under microwave
irradiation. More importantly, we control the defectivity of UiO-66 simply by modulating microwave
power. Lower microwave power results in more defective UiO-66, exhibiting higher textural properties
than theoretical values, attributable to the concurrent increase in the linker and cluster defects in the
framework. The most defective UiO-66 in this work exhibits unexpectedly high CO,/N, adsorption
selectivity (ca. 41), far surpassing that of all other previously reported UiO-66 (<ca. 25). Both the
experimental and computational results confirm that the unusually high CO,/N; selectivity of the most
defective UiO-66 is likely due to the relatively high concentration of energetically favorable adsorption

Received 24th September 2024 sites generated under microwave irradiation. Computational studies at the molecular level confirm that
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the unexpectedly high CO, heat of adsorption is due to surface heterogeneity, specifically the local
DOI: 10.1039/d4ta06814a distribution of defective sites with varying terminations, rather than the overall concentrations of each

rsc.li/materials-a terminal group in the UiO-66 crystal.

aminoterephthalates (i.e., UiO-66-NH,), thereby enabling
precise modification of pore sizes and surface functionalities.®

Conventional solvothermal synthesis of UiO-66 requires
reaction temperatures above 80 °C typically for more than 24

1 Introduction

UiO-66, consisting of zirconium oxide clusters and tere-
phthalate linkers, exhibits exceptional structural stability under

thermal, acidic, aqueous and high-pressure conditions, attrib-
uted to the robustness of the zirconium-oxide clusters in its
crystalline framework and the high coordination number of
zirconium centers.' This inherent stability renders it an ideal
candidate for many applications including acidic gas adsorp-
tion,> catalysis,® sensors* and water purification.® Furthermore,
the terephthalate linker of UiO-66 can be readily substituted
with  its functionalized counterparts such as 2-
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hours.*” For example, Lillerud et al.* first synthesized UiO-66
solvothermally at 120 °C for 24 hours. Later, the same group®
examined the effects of synthesis temperatures ranging from
100 °C to 220 °C for a fixed synthesis time of 20 hours on the
UiO-66 structure. They found that lower temperatures created
more defects in the framework, consequently increasing the
surface area to ca. 1475 m> g~ from ca. 1110 m> g~ *. It was
hypothesized that higher synthesis temperatures helped “iron
out” these defects by shifting the solution equilibrium in favor
of linker-Zr bonds. Farha et al.® reported a facile solvothermal
synthesis of UiO-66 at 80 °C overnight by adding hydrochloric
acid (HC]) to the synthesis solution. They observed that UiO-66
was formed within 2 hours with HCI, while no UiO-66 was
formed without HCI in the same period. UiO-66 synthesized
with higher HCI concentrations exhibited a surface area of up to
ca. 1580 m* g, compared to ca. 730 m*> g~ * of UiO-66 synthe-
sized with the least amount of HCI. This increase in surface area
was attributed to the creation of more defects due to the loss of
linkers in the framework. It is reported that strong acid inhibits

This journal is © The Royal Society of Chemistry 2025
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deprotonation of the linkers, thereby increasing defects in the
UiO-66 structure.®

To reduce required temperature for the solvothermal
synthesis of UiO-66, Farha et al.* proposed a two-step synthesis
approach where the time-consuming second step (18 hours)
could occur at a lower temperature than the conventional sol-
vothermal method. First, they started with zirconium propoxide
(zr(OC3H;),4) as a zirconium source and then converted it into
Zrs04(OH,4)(OAc);, (OAc = CH3;COO, acetate ligand) as
secondary building units (SBUs) by carrying out a solvothermal
reaction at 130 °C for 2 h. In the second step, UiO-66 linkers
were added to the solution of the pre-formed SBUs to replace
the labile acetate ligands coordinated to the zirconium oxide
cluster, thereby forming UiO-66 crystals even at 25 °C for 18
hours. They reported that the textural properties of the obtained
UiO-66 were similar to textural properties of those previously
reported from the conventional solvothermal synthesis method.
Furthermore, they engineered defects in UiO-66 by varying
temperature in the second step from 25 °C to 130 °C, where
more defective MOFs were obtained at the lower temperature.

As a rapid and energy-efficient alternative, microwave-
assisted synthesis methods have been investigated for the
synthesis of various MOFs including UiO-66 and its
derivatives.'*” Microwaves (MWs) can provide rapid volumetric
heating throughout the synthesis solution, leading to shorter
reaction time and improved energy efficiency.'>'®* However,
most reported MW-based synthesis approaches required the
reaction temperature to be fixed at certain elevated temperature
throughout reactions, mimicking conventional solvothermal
synthesis, while their detailed conditions such as MW power,
radiation time, and temperature may vary (see Table
S1t).1315717:1920 For example, Li et al.'” first synthesized UiO-66
using MW heating with acidic modulators. The synthesis solu-
tions were irradiated at 100 °C for 2 hours, resulting in the
highest surface area of ca. 1661 m> g~ when benzoic acid was
used. Efforts have also been made to develop continuous flow
reactor synthesis of MOFs to increase production throughput
compared to the conventional batch method in an autoclave.”
Kim et al.*® proposed a MW-assisted continuous tubular reactor
for the synthesis of UiO-66, achieving this with a MW residence
time of 10 minutes and a reaction temperature of 120 °C. These
advancements highlight the potential of MW-assisted synthesis
methods in the rapid production of MOFs, offering both effi-
ciency and scalability. It is noted that all MW-assisted synthesis
of UiO-66 reported so far used ZrCl, as the metal precursor as
summarized in Table S1, indicating that MW heating was
effective in overcoming the relatively high activation energy for
forming SBUs.

Over the last decade or so, UiO-66 has garnered significant
interest for CO, capture due to its remarkable moisture stability
along with its relatively high surface area.”> Moisture stability is
crucial for practical CO, capture where water vapor is commonly
present in gas streams such as post-combustion flue gases.*
Walton et al.”* reported that solvothermally synthesized UiO-66
showed a CO, uptake capacity of ca. 0.55 mmol g~ * at 0.15 bar
CO, and a CO,/N, selectivity of ca. 22.8 at 25 °C. D'Alessandro
et al.” investigated defective UiO-66 synthesized by MW heating
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in the presence of acid modulators for CO, capture applica-
tions. The defective UiO-66 showed lower CO, uptake compared
to its pristine counterpart synthesized without acids. They
suggested that although defective UiO-66 samples possessed
a higher surface area, the larger pore size created by defects
hindered the confinement of CO, molecules within the frame-
work, resulting in reduced CO, uptake in defective samples.
However, there are no studies on systematic generation of
defects and their structures and their effects on the carbon
capture properties of the resulting defective UiO-66.

Here, we report a rapid one-pot MW-assisted approach,
where UiO-66 could be rapidly formed under much shorter MW
irradiation (i.e., 90 seconds) than typical cases (i.e., several
minutes to hours). Since zirconium propoxide is used as the
metal precursor, unlike previous reports, our MW synthesis
does not require preheating of the precursor solution, thereby
considerably simplifying the synthesis process. More impor-
tantly, the defectivity of UiO-66 was systematically varied by
controlling MW power. Finally, the CO,/N, adsorptive separa-
tion properties of MW-synthesized UiO-66 with different
defectivities were measured and compared with those of their
counterparts synthesized under conventional heating. More-
over, we employed computational techniques to investigate the
structure of UiO-66 with different types of defects, focusing on
properties such as geometric pore volume and surface area.
Molecular simulations were conducted to examine how CO,
binding energy varies with the defect number and termination
type. The variation in CO, heat of adsorption is an important
metric to explain the presence of defective structures with high
CO,/N, selectivity.

2 Experimental section
2.1 Materials

Zirconium(rv) propoxide solution (Zr(OCsH;);, 70 wt% in 1-
propanol), terephthalic acid (TA, 98%), acetic acid (>99.7%),
dimethylformamide (DMF, >99%), and methanol (MeOH,
>99.8%) were purchased from Sigma-Aldrich. All chemicals
were used as received without further purification.

2.2 Microwave-assisted synthesis of UiO-66

Precursor solutions were prepared by dissolving 0.2 g of TA and
0.6 g of the Zr(OC;H5), solution in a mixture of 16 ml of acetic
acid and 28 ml of DMF. The prepared solution was then
transferred to a MW-inert glass tube, followed by MW radiation
at a fixed MW power for 90 s in a MW synthesizer (CEM,
Discover-SP w/ActiVent®). The MW power was varied from 50 W
to 200 W. The resulting samples are denoted as xW where x is
the MW power. After the reaction, the glass tube was allowed to
cool naturally to room temperature (RT). The synthesized
powders were subsequently collected through centrifugation at
8000 rpm for 15 min and subjected to a single wash with DMF
(20 ml) followed by washing twice with MeOH (20 ml each).
Finally, the collected powders were dried at 150 °C for 1 day in
a preheated oven for characterization. The detailed conditions
are summarized in Table S2.1 For comparison, synthesis of UiO-
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66 was performed in a heated oil bath with magnetic stirring
under the same conditions. Syntheses were conducted at room
temperature, 50 °C, and 100 °C in closed round bottom flasks
for 3 h to obtain sufficient powders for further characterization.
The resulting samples are denoted as TH-y where y is the
synthesis temperature.

2.3 Characterization

Powder X-ray diffraction (PXRD) patterns were acquired using
a Miniflex II X-ray diffractometer from Rigaku, employing CuKo
radiation (A = 1.5406 A). Scanning electron microscope (SEM)
images were captured using a JEOL JSM-7500F instrument,
operating at an acceleration voltage of 5 keV and utilizing
a lower secondary electron image (LEI) detector. Thermogravi-
metric analysis (TGA) was performed with a Q5000 apparatus
(TA Instruments) in a temperature range of 25-800 °C with
a ramp rate of 5 °C min~' under an air flow rate of 50 cm®
min~'. Nitrogen isotherms at 77.3 K were recorded using an
Autosorb iQ-C-MP instrument from Anton Paar Quanta Tec.
Before obtaining isotherms, powder samples were degassed at
150 °C for 24 h. BET surface area was estimated at p/p, of 0.01-
0.1 and micropore volume was estimated by the ¢-plot method at
plpo of 0.2-0.5. Pore size distribution was estimated by the non-
local density functional theory (NLDFT) method. Adsorption
isotherms for CO, and N, were obtained using an ASAP 2020
Plus instrument (Micromeritics) at temperatures of 30 °C and
40 °C, over an absolute pressure range of 0.0002 to 1 bar. Before
conducting the gas adsorption experiments, the samples were
degassed under vacuum at 150 °C. The isosteric heat of
adsorption (AH,qs) for CO, was determined by applying eqn (1)
and (2) and fitting the adsorption isotherms to a virial-type
equation (eqn (3)).”°

AH,4(n) = R- Za,-ni )]
=0
AHgdS =R-ay (2‘)
1 m . m .
lnpzlnn—i—?Za,-n'—o—Zb;n’ (3)
i=0 =0

where AHYq, is the heat of adsorption at zero coverage, p is the
pressure in kPa, 7 is the total amount adsorbed in mmol g™, T
is the temperature, R is the ideal gas constant, q; and b; are virial
coefficients, and m and n represent the number of coefficients,
which were determined when the fitting results met an R value
of >0.99.

2.4 Molecular simulation

Static binding energies for CO, at 0 K were determined using
the dispersion-corrected semi-empirical DFT-D3 density func-
tional theory method. All computations were carried out with
the CP2K/QUICKSTEP simulation package,* employing a plane-
wave energy cut-off of 500 eV and a Gamma-point mesh for
Brillouin zone sampling. The projector-augmented-wave (PAW)
method described the interactions between core and valence
electrons, while the generalized gradient approximation (GGA)
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of the Perdew-Burke-Ernzerhof (PBE) functional®” was used for
the exchange-correlation functional. Core electrons were rep-
resented by Goedecker-Teter-Hutter (GTH) PBE pseudopoten-
tials.?® The optimized Gaussian basis sets (MOLOPT)* used
TZV2P-MOLOPT contracted Gaussian basis sets.

The initial position of CO, in the periodic cell of defective
and defect-free UiO-66 tetrahedral cages was determined via
classical simulated annealing, where the temperature was
progressively lowered to enable the gas molecule to achieve an
optimal configuration through rotations, translations, and
repositioning with predetermined probabilities. This heating
and cooling process was repeated in several cycles, with forty
heating cycles performed, reaching a maximum temperature of
1000 K and a final temperature of 100 K.

Static binding energies (AE) at 0 K were calculated using the
formula:

AE = Eclusler+CO2 - Ecluster - E‘CO2 (4)

where Ecjuster+co,» Ecluster ad Ego, represent the total energies of
the cluster + CO, complex, the cluster, and the isolated CO,
molecule, respectively.

To study the effect of defects on structural properties of UiO-
66, Zeot++ was used to estimate the surface area, the total pore
volume and other structural properties including the largest
cavity parameter (LCD) and pore limiting diameter (LPD).*®
Surface area and atomistic pore size distribution were estimated
using a N, probe of 1.86 A.

3 Results and discussion

3.1 One-pot ambient pressure MW-assisted synthesis of
Ui0-66

Fig. S1 and Table S11 compare our MW-assisted approach with
previously reported MW methods. A couple of differences can
be observed. First, our approach utilizes Zr(OC;H-), as a metal
source with acetic acid as a modulator, whereas conventional
MWe-assisted methods use ZrCl,. Zr(OCsH>), is chosen because
it enables formation of UiO-66 even at temperature as low as 20
°C due to the formation of more labile intermediate zirconium
oxide clusters capped with acetate ligands while hydroxylated
intermediate zirconium oxide clusters are formed with
ZrCl,.***3%%* This difference allows for much milder synthesis
conditions such as 50 W for 90 s without the need for relatively
high reaction temperatures above 100 °C, typically required in
previous MW-assisted syntheses (see Table S171).>**7'° Second,
our MW synthesis is carried out under ambient pressure
whereas most of the previous MW syntheses were under
autogenous pressures. Ambient pressure synthesis combined
with the above-mentioned lower MW power and shorter
synthesis time provides our MW synthesis with a significant
advantage in cost-effective large-scale production of MOFs. In
summary, our MW synthesis is carried out at autogenous
temperature under ambient pressure while conventional MW
syntheses are conducted at fixed temperature under autogenous
pressure (i.e., solvothermal conditions).

This journal is © The Royal Society of Chemistry 2025
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Fig. S21 shows photographs captured during the UiO-66
synthesis process under MW irradiation. As depicted in
Fig. S2a-d,f the higher the MW power the faster the reaction,
leading to the formation of a more turbid dispersion. For
instance, MW radiation at 200 W enabled formation of UiO-66
crystals in 90 seconds (see Fig. S2at). It is noted that the final
temperature of the solution, when irradiated at 200 W, reached
approximately 126 °C. No significant volume change was
observed before and after MW irradiation (see Fig. S37), sug-
gesting that though the reaction pressure was maintained at
ambient pressure, there was no concentration change. Without
MW, however, it took over 90 minutes for the precursor solution
to transition into a translucent dispersion of UiO-66 particles at
RT (Fig. S47). The yield of UiO-66 is presented in Fig. S5, which
increases as MW power increases. This can be attributed to the
faster reaction due to more rapid heating of solutions as MW
power increased.

3.2 Crystallinity and morphology of UiO-66

Fig. 1 presents the XRD patterns of the obtained powders at
different MW powers. While the diffraction patterns closely
resemble the simulated pattern of UiO-66, variations in peak
intensities are observed with changes in MW power. It is known
that the defects of UiO-66 (i.e., crystallinity) influence diffrac-
tion peak intensities with higher defects corresponding to lower
intensities.®® As can be seen in the figure, the peak intensity
gradually increases as MW power increases from 50 W to 200 W,
particularly noticeable at a 26 of approx. 7.4°, corresponding to
the (111) plane. This increase in the (111) peak suggests
a decrease in defects as MW increases. The quantitative analysis
of the defects of the obtained powders is presented in Section
3.3. Furthermore, an additional broad peak in the 26 range of 3—-
5° emerges and becomes more prominent as MW power
increases (see the inset of Fig. 1). As with other MOFs, UiO-66
exhibits two types of defects: linker defects (missing linkers)
and cluster defects (missing metal clusters). Unlike linker
defects, cluster defects in UiO-66 result in reo nanoregions,
inducing an additional broad peak at 26 of 2-7°.%%*3% This
observation indicates that as MW power increases, cluster
defects increase while defectivity (both linker and cluster
defects) decreases.

Fig. 2 presents the SEM images of the obtained UiO-66
powders at varying MW power. As seen in the figure, the
particle size increases from ca. 330 nm to ca. 1 pm as MW power
increases (see Fig. S71). As explained in the previous section,
higher MW power means a faster temperature increase and
higher final temperature, leading to faster crystal growth. The
samples prepared at 150 and 200 W display a typical well-
defined octahedral morphology while the morphology of the
100 W sample is slightly less defined. In contrast, the sample at
50 W shows a poorly defined octahedral morphology with
macroscopic defects (see the inset image in Fig. 2a). The
macroscopic defects of the 50 W sample (Fig. 2a) are likely due
to its highest defectivity (i.e., poor crystallinity).

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 PXRD patterns of UiO-66 synthesized under MW irradiation
with varying MW power.

3.3 The defectivity of UiO-66

The defectivity of MOFs has significant effects on the properties
of MOFs. As such, we attempted to control the defectivity of
Ui0-66 by simply modulating MW power rather than by varying
acidic/basic modulators as reported in other previous studies.
According to Farha et al.,' when Zr(OC3H>), is used as the metal
source, labile intermediate zirconium oxide clusters (ZrsO4(-
OH)4(OAc);,) are formed. At elevated synthesis temperatures,
the capping ligands (i.e., acetates) of these clusters become
more labile, facilitating increased linker replacement and
resulting in less defective UiO-66. Fig. 3a presents the TGA
thermograms of UiO-66 samples synthesized with varying MW
power. Fig. S81 outlines a comprehensive procedure to estimate
linker deficiencies per Zrs unit (i.e., defectivity) from the TGA
results.**** Fig. 3b shows the estimated defectivity (denoted as
d) of UiO-66 as a function of MW power. The estimated

Fig. 2 SEM images of UiO-66 prepared under MW irradiation with
varying MW power: (a) 50 W, (b) 100 W, (c) 150 W, and (d) 200 W.
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Fig. 3 (a) TGA thermograms of UiO-66 synthesized under MW irra-
diation with varying MW power and (b) defectivity (d) of MW-assisted
synthesized UiO-66 as a function of MW-radiation power.

defectivity aligns well with the XRD analysis, indicating
a decrease in the defectivity as MW power increases (i.e., as
temperature increases), consistent with the observation by
Farha et al.* As presented in Fig. 3a and S8b, the weight loss
up to ca. 390 °C, which is attributed to the dehydroxylation and
the decomposition of acetate ligands, decreases with increasing
MW power. It is noted that the loss of acetate groups (ca. 325-
390 °C) is markedly reduced as MW power increases (Fig. S8b¥),
indicating that the samples prepared at higher MW power have
fewer capping acetate ligands present. For example, approxi-
mated weight ratios of decomposed acetate/hydroxyl are 3.5 in
the 50 W sample and 0.94 in the 200 W sample respectively,
which were estimated from integrating DTG peaks in Fig S8b.t
In other words, capping acetate ligands of the intermediate
clusters are more readily replaced by linkers at higher MW
power (i.e., more rapid heating and higher temperature),
consequently forming less defective UiO-66.

3.4 Textural properties of UiO-66

Fig. S97 and 4a present N, isotherms at 77 K and estimated BET
(Brunauer-Emmett-Teller) surface area and micropore volume
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Fig. 4 (a) BET surface area and micropore volume of UiO-66
synthesized under MW irradiation as a function of MW power and (b)
pore size distribution of UiO-66 with varying MW power.

of UiO-66 samples as a function of MW power. Table S37
summarizes the textural properties of the samples along with
their defectivity. The theoretical surface area and pore volume
of defect-free UiO-66 are known to be ca. 954 m* g * and ca.
0.426 cm® g, respectively.*® As shown in Fig. 4a and Table S3,1
as MW power increases (i.e., as defectivity decreases), both BET
surface area and micropore volume decrease from ca. 1731 m>
g ' to ca. 1148 m”> g~ " and from ca. 0.638 cm® g~ to ca. 0.444
cm?® g7, respectively. Notably, the obtained surface areas are
comparable to or higher than the theoretical values and the
previously reported results by MW-assisted synthesis methods
(see Table S17). As discussed above, UiO-66 samples synthesized
at lower MW powers are more defective and contain more
acetate terminal groups than hydroxyl terminal groups. It is
surmised that higher defectivity in the UiO-66 framework would
generate more micropores (with pore widths less than 2 nm),
resulting in increased microporosity (i.e., higher BET surface
area and higher micropore volume), as shown in Table S3.+
Fig. 4b shows the pore size distribution of UiO-66 synthe-
sized at different MW powers. UiO-66 possesses two different
kinds of cages with diameters of ca.7.5 A (tetrahedral cage) and
ca. 12 A (octahedral cage).® The least defective sample (200 W)
exhibits a pore size distribution similar to theoretical values
with two peaks located at ca. 7.0 A and 12 A. As defectivity

This journal is © The Royal Society of Chemistry 2025
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CO, uptake (line) at 0.15 bar and CO,/N; selectivity (bar) as a function
of MW power.
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Fig. 6 CO, isosteric heat of adsorption of the MW-assisted synthe-
sized UiO-66 with varying MW power.

increases with decreasing MW power, the peak corresponding
to the tetrahedral cage shifts towards larger pore widths from
ca. 7.0 A to ca. 9.4 A with a corresponding decrease in pore
volume, while the peak of the octahedral cage remains at ca.12
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with the highest defectivity respectively: CO, heat of adsorption at
zero CO; coverage (blue bar) and CO,/N, IAST selectivity (red bar).

A. From 150 W to 50 W, two additional peaks emerge at ca. 16 A
and 20 A, indicating the presence of larger pores. Moreover, the
pore volume of these larger pores increases as MW power
decreases. It has been reported that the disordered nanoregions
created by cluster defects in UiO-66 form larger cavities with
a width of ca. 17 A, while linker defects create smaller cavities
with a width of ca. 8.9 A.*” Based on the results discussed above,
it seems that the density of both linker defects and cluster
defects (i.e., defectivity) of UiO-66 increases as MW power
decreases.

3.5 CO, and N, isotherms of UiO-66

Fig. 5a presents the single gas adsorption isotherms of CO, and
N, at 30 °C. Fig. 5b shows the corresponding Ideal Adsorbed
Solution Theory (IAST) CO, uptake at 0.15 bar and CO,/N,
adsorption selectivity as a function of MW power. The IAST
calculation using GraphIAST®® is based on the CO, and N,
partial pressures of 0.15 bar and 0.85 bar, respectively. As shown
in Fig. 5b, the CO, uptake capacity decreases from ca. 0.39
mmol g~ to ca. 0.23 mmol g~ (ca. 41% decrease) as MW power
decreases (i.e., as defectivity increases). This trend is somewhat
counter-intuitive because the N, porosimetry shows increasing
surface areas and pore volumes with increasing defectivity
(Fig. 4a and Table S37). This reduction in the CO, capacity
could, however, be attributed to a diminished gas confinement
effect resulting from enlarged pores associated with increased
defectivity. Davis et al.** emphasized the importance of the
confinement effect for CO, adsorption at low pressures, and
D'Alessandro et al.’® observed a similar trend, with CO, uptake
decreasing at 1 bar but increasing at 35 bar as UiO-66 became
more defective and its surface area increased. In other words,
narrower pores are more effective up to a certain limit where the
adsorbate size exceeds the pore size.* As defectivity (d)
increases, the enlarged pores up to ca. 9.4 A resulting from
linker defects, along with the larger pores of ca. 16 A and 20 A
due to cluster defects, increase, thereby reducing the confine-
ment effect. This leads to decreased CO, uptake despite the
increase in surface area and pore volume.
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Fig. 5b shows the CO,/N, selectivity as a function of MW
power exhibiting a different trend from the CO, uptake capacity.
From 200 W (0.73d) to 150 W (0.83d), the selectivity decreases
from ca. 26 to ca. 21. When further decreased to 50 W (1.84d), the
selectivity is enhanced significantly from ca. 21 to ca. 41
(approx. 95% increase). Fig. 6 presents the isosteric heat of
adsorption of CO, calculated based on the isotherms obtained
at 30 °C and 40 °C using virial analysis (eqn (1)—(3)).>* It is noted
that all isotherms fit well to the virial equation (eqn (3)) with R*
values exceeding 0.999 (Fig. S11 and S127). Both 200 W (0.73d)
and 150 W (0.83d) samples exhibit a similar heat of adsorption
and a typical trend where the CO, heat of adsorption decreases
slightly as the CO, uptake increases. When examined at lower
CO, coverage (<ca. 0.1 mmol g '), the 150 W sample shows
slightly higher heat of adsorption than the 200 W sample while
the trend becomes reversed at higher CO, coverage (>ca. 0.1
mmol g~ *). This is likely due to the reduced CO, confinement
effect as pore sizes increase, resulting in decreased CO,/N,
selectivity from ca. 26 (200 W) to ca. 21 (150 W). The 100 W
sample shows lower heat of adsorption across the entire CO,
coverage than the samples prepared at 150 W and 200 W, likely
due to further enlarged pores. The increase in the selectivity
from ca. 21 (150 W) to ca. 25 (100 W) may be attributed to
a greater reduction in N, uptake than CO, resulting from a more
pronounced reduction in the gas confinement effect. However,
the 50 W (1.8d) sample displays unexpectedly high CO, heat of
adsorption at low CO, coverage (<ca. 0.2 mmol g~ ') and much
pronounced surface heterogeneity where the heat of adsorption
decreases from ca. 41 k] mol™" to ca. 24 k] mol™* as the CO,
coverage increases. Consequently, the most defective sample
(50 W) exhibits the highest CO,/N,, selectivity (ca. 41) at 0.15 bar
CO, and 0.85 bar N, (Fig. 5b). As CO, loading increases,

however, CO, heat of adsorption ultimately decreases

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta06814a

Open Access Article. Published on 29 November 2024. Downloaded on 3/1/2026 5:42:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

comparable to less defective samples (100 W, 1.1d) due to
reduced CO, confinement effects from larger pore sizes.

To examine the nature of the unexpectedly high CO, heat of
adsorption and the surface heterogeneity of the 50 W sample,
UiO-66 samples were synthesized using a thermal (TH) method
at varying temperatures. As presented in Fig. S10a,} the defec-
tivity of the sample increases and the CO,/N, selectivity
decreases as temperature increases. Fig. S10d{ presents the CO,
isosteric heat of adsorption of the thermally prepared UiO-66
samples, showing the expected trend of the heat of adsorp-
tion. Fig. 7 compares the CO, heat of adsorption at zero CO,
coverage and CO,/N, selectivity of samples with the highest
defectivity prepared by MW (50 W-1.8d) and thermal (RT-1.5d)
methods. As observed, the MW sample (50 W) exhibits a CO,
uptake capacity of ca. 0.23 mmol g~ ' and a CO,/N, selectivity of
ca. 41 while the TH sample (RT) shows a CO, uptake capacity of
ca. 0.28 mmol g’1 and a CO,/N, selectivity of ca. 18.4. It is worth
mentioning that the 50 W sample displays the highest IAST
CO,/N, selectivity, surpassing all UiO-66 reported so far (Table
S4+).14243141 This surprisingly high CO,/N, selectivity of the 50
W sample strongly suggests that though similar in the defec-
tivity, the MW sample contains different defects and their
distribution as compared to the TH sample.

3.6 Molecular simulation results for defects in UiO-66

To understand the distribution of different defects and their
effects on CO,/N, adsorption in the MW sample, computational
studies were conducted to identify adsorption sites and binding
energies. Consistent with previous studies,***”** the hydroxyl
group inside the tetrahedral cages of UiO-66 was identified as
the strongest site for CO, adsorption. Consequently, a cluster
model was created from a Zr metal-oxide structure with 12
linkers, cleaved from the UiO-66 cell. Both defective and perfect
cluster models were simulated using a 35 x 35 x 35 A cell size.
The impact of missing linkers on CO, interaction energy was
modelled by removing one BDC linker at a time and replacing it
with acetate or hydroxyl groups to balance the charge and study
the effect of different capping. Fig. 8 illustrates the procedure
for removing a single organic linker at a time, while terminating
the defect with either hydroxyl (Fig. 8b) or acetate groups
(Fig. 8c). The results show that the binding energy increases
with the presence of defective sites terminated with —-OH
groups, while acetate terminations result in lower binding
energies compared to the pristine tetrahedral cage of UiO-66.
The distribution of defects and type of defect influence the
availability of high-binding CO, sites, leading to improved CO,/
N, selectivity. In each unit cell, the distribution of defects can
lead to concentrated defects (e.g., three neighbouring missing
organic linkers), resulting in higher heat of adsorption.
Therefore, the highest CO, heat of adsorption observed in
the 50 W sample at low loading can be attributed to surface
heterogeneity, specifically the local distribution of defective
sites with different terminations. The 50 W sample also showed
the greatest variability in the heat of adsorption as a function of
CO, loading, further highlighting the impact of heterogeneous
local defect concentration. Combination of experimental and
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simulation studies suggests that the 50 W sample likely
possesses a more uneven distribution of -OH and -acetate
terminations compared to other samples, with a higher local
concentration of -OH terminations. This leads to the highest
CO, heat of adsorption at low coverage, despite the 50 W sample
having the lowest overall concentration of CO,-philic hydroxyl
groups among the UiO-66 samples. As these high-energy sites
(i.e., hydroxyl-terminated sites) become occupied by CO,, the
heat of adsorption converges with that of the 100 W sample,
leaving acetate-terminated and defect-free sites.

We have also investigated the surface area of UiO-66 as
a function of the number of linker deficiencies per Zr, unit (i.e.,
defectivity) and the type of termination. As shown in Fig. 9, the
computational results align well with the experimental data for
both surface area (Fig. 9a) and geometric pore volume (Fig. 9b),
especially when defects are terminated with hydroxyl groups. It
is worth noting that when organic ligands are completely
removed, creating Lewis acid sites, the surface area is higher
than the values reported in the experiments. The computational
results also highlight the increase in PLD values as the number
of defects increases (Table S5t). The increase in PLD values
complements the observed increase in the geometric pore
volume.

4 Conclusions

In this study, we have introduced a novel one-pot MW-assisted
synthesis of UiO-66. It was found that highly crystalline UiO-66
could be rapidly formed as fast as ca. 90 s of MW irradiation,
yielding textural properties comparable to textural properties of
those previously prepared using MW methods that require
much longer time and higher MW power. These improvements
were enabled by the use of zirconium propoxide as the metal
precursor, which created more labile reaction intermediates for
UiO-66 formation, along with MW irradiation that provided
rapid, uniform heating throughout the solution. More impor-
tantly, the defectivity of UiO-66 can be controlled by simply
varying MW power. As MW power decreases, the defectivity of
UiO-66 increases and its textural properties increase. Surpris-
ingly, the most defective UiO-66 prepared at 50 W of MW power
showed unexpectedly high CO, heat of adsorption at zero
coverage and unusual surface heterogeneity, displaying the
highest CO,/N, IAST selectivity (ca. 41) outperforming all other
UiO-66 reported previously. Molecular simulations confirm that
the unexpectedly high CO, heat of adsorption of the 50 W
sample might be due to surface heterogeneity, specifically the
local distribution of defective sites with different terminations.
These results suggest that our MW-assisted synthesis method
enables creation of high-energy defect sites for CO, adsorption,
not possible by conventional thermal methods.

While the rapid synthesis protocol presented here is ex-
pected to enhance UiO-66 production by improving energy
efficiency and reducing synthesis time, further studies are
needed to assess the suitability of this method with the organic
zirconium salt for large-scale production of UiO-66 and its
derivatives. Additionally, the variations in gas adsorption
properties by adjusting UiO-66 defectivity, as clarified in this
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work, would provide guidelines for future applications of UiO-
66 produced by the proposed synthesis method. These
insights extend not only to CO, separation using UiO-66 as the
adsorbent and membrane but also to CO, conversion as
a heterogeneous catalyst.
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