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Metal–organic frameworks (MOFs) have introduced heterogeneity in their homogeneous matrix to create
new functions that cannot be realized by each MOF individually. In this study, we chemically combined
two different MOFs (UiO-66 and HKUST-1) in granola-type granules (termed as HKUST-1^UiO-66) to
create a heterojunction of pores in nanocrystalline particles. The structure, morphology, elemental compo-
sition, and pore environment were characterized to confirm that two types of pores are in conjunction all
over the HKUST-1^UiO-66 granules. We found that the HKUST-1^UiO-66 granules showed an
enhanced CO2 sorption capacity than its constituents due to the complexity and the heterojunction of
pores inside. Moreover, the HKUST-1^UiO-66 granules present four and two times higher formaldehyde
removal capacity than those of the HKUST-1 and UiO-66 samples, respectively.
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Introduction

Heterogeneous structures typically exist in nature, providing
unique functions for the introduction of ingredients, mois-
ture, and other guest molecules. Synthetic materials have
been chasing the introduction of heterogeneity by inter-
mingling different units together within a single body, giv-
ing rise to new functions that cannot be realized with a
single material (1–8). Metal–organic frameworks (MOFs)
are synthetic and crystalline materials with homogeneous
pores, which are advantageous for designing a pore environ-
ment to have desired properties (9–11). Recently, heteroge-
neity has been introduced to MOFs in various forms,
involving not only the backbone, but also the interior space
of the MOFs (12–14). Heterogeneity has added new benefits
and functions to the library of MOFs and has increased the
diversity of these porous materials. In particular, the intro-
duction of heterogeneous pores within MOFs proved that

the different pore architectures in a single body of MOFs
could enhance the sorption kinetics, behavior, and capacity
for the guest molecules (15–17). In our previous studies
(18,19), we also showed that heterogeneous pores embed-
ded in basal MOF crystals enhance the carbon dioxide
(CO2) and methane (CH4) storage properties at both a low
temperature and an ambient temperature. In the present
study, we combined two different MOFs—each composed
of different organic linkers and metal oxide units—in gra-
nola-type granules to obtain a heterojunction of pores within
a single particle. Specifically, HKUST-1 [Cu3(BTC)2
(BTC = 1,3,5-benzenetricarboxylate)] was synthesized in
nanocrystalline form and granulized with UiO-66
[Zr6O4(OH)4(BDC)6 (BDC = 1,4-benzenedicarboxylate)]
during the growth of UiO-66 in its preparation solution
(Scheme 1), which yielded HKUST-1^UiO-66 granules.
This process intermingled the pores from the HKUST-1 and
UiO-66 and thus created heterojunctions between two differ-
ent pores. The structure and composition of the HKUST-
1^UiO-66 granules were characterized, and it was proven
that the UiO-66 functioned as a binder and combined
HKUST-1 nanoparticles in the granules. The HKUST-

[Correction added on 14 February 2021, after first online publica-
tion: Some figures were incorrectly swapped and have been rep-
laced from Scheme 1 to Figure 3, Figure 1 to Scheme 1, Figure 2
to Figure 1 and Figure 3 to Figure 2.]

Article
DOI: 10.1002/bkcs.12185 S. Jang et al.

BULLETIN OF THE

KOREAN CHEMICAL SOCIETY

Bull. Korean Chem. Soc. 2021, Vol. 42, 315–321 © 2021 Korean Chemical Society, Seoul & Wiley-VCH GmbH Wiley Online Library 315

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fbkcs.12185&domain=pdf&date_stamp=2021-01-09


1^UiO-66 granules were tested for carbon dioxide (CO2)
and formaldehyde (HCHO) sorption at a low temperature
and room temperature, respectively. We found that the
amount of carbon dioxide sorption was significantly larger
for the HKUST-1^UiO-66 granules than for the HKUST-1
and UiO-66 particles. Interestingly, the formaldehyde
removal capacity from the air for the HKUST-1^UiO-66
granules at the parts-per-million (PPM) level was four and
two times higher than those for the HKUST-1 and UiO-66
samples, respectively. These unique gas uptake behaviors
were attributed by the complexity and the heterojunction of
pores in the granola-type HKUST-1^UiO-66 granules.
In previous studies, MOFs were combined with different

organic/inorganic nanoparticles to obtain heterogeneous
structures (20–30), but these studies focus on combining
MOFs with other class of functional materials. Different
pores of MOFs have been previously incorporated by
impregnating either different organic linkers or metal oxide
units (31–35), defects (12,36,37), and meso/macropores
(38,39), as well as by coating MOFs with other MOFs (40–
42). However, the current study shows that two different
pores from different MOFs can be junctioned in granola-
type granules at a nanocrystalline level and enhance gas
sorption properties.

Results and Discussion

Preparation and Characterization of the HKUST-
1^UiO-66 Granules. To demonstrate the pore hetero-
junctions in granola-type granules, we selected two struc-
tures: HKUST-1 and UiO-66. These MOFs were chosen
because they have different crystal structures comprising
different organic linkers and metal oxide units. HKUST-1
is composed of a Cu oxide cluster and a BTC linker, and
UiO-66 is composed of Zr oxide units and a BDC linker.
Nanocrystalline HKUST-1 was synthesized from a mixture
of Cu(OAc)2�H2O and H3BTC dissolved in a mixture of N,

N-dimethylformamide (DMF), EtOH, and water at the
ambient temperature, followed by washing three times with
DMF and acetone. The resulting HKUST-1 particles had a
size of approximately 50 nm, as indicated by scanning elec-
tron microscopy (SEM) (Figure 1(a)). The crystallinity of
HKUST-1 was assessed using powder X-ray diffraction
(PXRD) patterns. The resulting diffraction patterns matched
the simulated one from the crystal structure of HKUST-1
(Supporting Information Figure S1), indicating that the syn-
thesized nanoparticles had the identical crystalline structure
of HKUST-1. After the HKUST-1 nanoparticles were dried,
they were dispersed in a UiO-66 preparation solution con-
taining ZrCl4, H2BDC, and formic acid in DEF. Once the
HKUST-1 nanoparticles were dispersed in pure DEF, the
mixture became opaque. When ZrCl4, H2BDC, and formic
acid were added and fully dissolved in the HKUST-1 mix-
ture, the solution became transparent and bluish. This is
because the HKUST-1 nanoparticles were solvated in the
presence of H2BDC in the DEF, as proven in the previous
study. The preparation solution was heated at 120�C for
72 h, and then bluish precipitates were formed, providing
the HKUST-1^UiO-66 granules. The HKUST-1^UiO-66
granules were washed three times with DMF and MeOH
before drying. The resulting HKUST-1^UiO-66 granules
were examined via SEM. The SEM images indicated that
the granules had an octahedral shape with a size of approxi-
mately 250 nm. Interestingly, the surfaces of the HKUST-
1^UiO-66 granules were uneven, and small rounded lumps
were observed all over the particles. This is unusual consid-
ering that the surface of UiO-66 is even and flat. The small
rounded lumps were considered to be HKUST-1
nanoparticles entangled and bound by UiO-66, which
resembled granola granules. Once the HKUST-1^UiO-66
granules were cut in half using a cross-sectional polisher,
HKUST-1 was also observed as small rounded lumps (inset
of Figure 1(b)). Additionally, the HKUST-1^UiO-66 gran-
ules were examined using scanning transmission electron

Scheme 1. Preparation and concept of the granola-type MOF granules (HKUST-1^UiO-66 granules).
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microscopy (STEM), and their elemental compositions
were determined via EDX elemental mapping. The STEM
image indicated that there were small and round lumps in
octahedron particle as observed in SEM (Figure 1(c)). The
elemental-mapping images showed that Cu from HKUST-1

and Zr from UiO-66 existed together throughout the parti-
cles (Figure 1(c)), indicating that the HKUST-1 nano-
crystals were well intermingled with UiO-66 to make the
granules. The homogeneous distribution of Cu and Zr indi-
cates that the HKUST-1 particles are well distributed in and

Figure 1. Characterization of the HKUST-1 and HKUST-1^UiO-66 granules. (a) SEM image for HKUST-1 nanoparticles. (b) SEM
image for the HKUST-1^UiO-66 granules (inset: cross-sectional image for a HKUST-1^UiO-66 granule. (c) STEM and elemental map-
ping images for a HKUST-1^UiO-66 granule. (d) STEM and elemental mapping images for the ground piece of a HKUST-1^UiO-66
granule. (e) PXRD patterns of HKUST-1^UiO-66 granules in comparison with UiO-66 and HKUST-1. (f) Digested 1H NMR spectra for
HKUST-1^UiO-66 granules and UiO-66 and HKUST-1 samples.
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out of the granules. Each region for Cu and Zr was not
clearly distinguished due to the small size of HKUST-1 (c.
a. 50 nm) encapsulated in UiO-66. There was a possibility
that the HKUST-1 nanoparticles only existed in the outer
parts or surfaces of the granules; thus, we ground the gran-
ules and then conducted STEM observations and elemental
mapping again, as shown in Figure 1(d). The STEM image
in Figure 1(d) indicates that small rounded lumps also
existed in the broken piece of the granules. The elemental
map indicates that Cu from HKUST-1 and Zr from UiO-66
were also present together in the broken piece. These
results suggest that HKUST-1 nanoparticles were combined
and entangled with UiO-66 all over the HKUST-1^UiO-66
granules.
The crystal structures of the HKUST-1^UiO-66 granules

were examined via PXRD, and the resulting patterns are
shown in Figure 1(e). The diffraction patterns of the
HKUST-1^UiO-66 granules exhibited diffraction peaks
corresponding to HKUST-1 and UiO-66. The diffraction
peaks of the granules in the range of 2θ = 5�–10� matched
those of UiO-66, and the diffraction peaks in the range of
2θ = 10�–15� matched those of HKUST-1. The results indi-
cated that the HKUST-1^UiO-66 granules consisted of
HKUST-1 and UiO-66 crystal structures. We investigated
the quantitative ratio of HKUST-1 and UiO-66 in the
HKUST-1^UiO-66 granules using digested proton nuclear
magnetic resonance (1H NMR) spectroscopy. As HKUST-1
and UiO-66 are composed of BTC and BDC linkers,
respectively, the 1H NMR peaks corresponding to each
linker were used to determine their quantitative ratio within
HKUST-1^UiO-66 granules. Each of HKUST-1, UiO-66
and HKUST-1^UiO-66 granules was decomposed and dis-
solved in an HF-digested solution and subjected to 1H
NMR spectroscopy (Figure 1(f)). The chemical shifts for
BTC and BDC in HKUST-1^UiO-66 granules were not
exactly same with those in HKUST-1 and UiO-66 due to
the presence of the different charged ions in each NMR
solution. The resulting NMR spectra indicated that BTC
and BDC linkers existed together, and their molar ratios
were 47–53%, respectively. Considering the chemical com-
positions of the two MOFs, the mass ratios of HKUST-1
and UiO-66 were 49.2 wt% and 50.8 wt%, respectively.
We measure Fourier-transform infrared (FTIR) spectros-
copy for HKUST-1, UiO-66 and HKUST-1ɅUiO-66 and
found that HKUST-1^UiO-66 granules showed absorption
peaks originated from both UiO-66 and HKUST-1
(Supporting Information Figure S2)
Nitrogen and Carbon Dioxide Sorption for HKUST-
1^UiO-66 Granules. The permanent porosity of the
HKUST-1^UiO-66 granules was determined through nitro-
gen (N2) gas adsorption isotherm measurements, and the
results were compared with the isotherms for the HKUST-1
and UiO-66 samples (Figure 2(a)). The isotherm for the
HKUST-1^UiO-66 granules exhibited Type I behavior
similar to that observed for UiO-66 and HKUST-1
(Figure 2(a)). The Langmuir surface area of the HKUST-

1^UiO-66 granules was 1680 m2/g. This value is in
between 1310 m2/g for HKUST-1 and 1920 m2/g for UiO-
66. The surface area of the granules was proportional to the
ratio of HKUST-1 and UiO-66 in the granules. The pore-
size distribution for HKUST-1^UiO-66 granules was

Figure 2. (a) N2 adsorption isotherms at 77 K with adsorption and
desorption points represented by closed circles and open circles,
respectively (P/P0, relative pressure). (b) and (c) CO2 adsorption
isotherms at 195 K and 298 K with adsorption and desorption
points represented by closed circles and open circles, respectively
(P/P0, relative pressure).
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within the range of pore size for HKUST-1 and UiO-66
(Supporting Information Figure S3).
We tested the CO2 sorption of the HKUST-1^UiO-66

granules at a low temperature (195 K) and a room tempera-
ture (298 K) to investigate the effect of the heterojunction
in the granules (Figures 2(b) and (c)). CO2 was selected
because it has a quadrupole interaction and thus can be
highly affected by pore environments of the granules.
When the CO2 sorption was tested at the low temperature,
the uptake capacity (420 cm3/g) of the HKUST-1^UiO-66
granules was 1.6 and 1.4 times higher than those of the
HKUST-1 (258 cm3/g) and UiO-66 (290 cm3/g), respec-
tively. Moreover, the HKUST-1^UiO-66 granules
exhibited two-step CO2 uptake behavior, in contrast to the
HKUST-1 and UiO-66 samples. The HKUST-1^UiO-66
granules exhibited first-step CO2 uptake at a low pressure
(P/P0 < 0.05), similar to the HKUST-1 and UiO-66 sam-
ples. The second-step uptake for the granules was observed
at higher pressures (0.2 < P/P0 < 0.4), and the amount of
CO2 uptake in this step was larger than that in the first step.
Interestingly, the second-step uptake was not observed in
the HKUST-1 or UiO-66 and only appeared in the
HKUST-1^UiO-66 granules. This unique behavior should
be originated from the heterojunction inducing attractive
interaction with CO2 in the HKUST-1^UiO-66 granules.
The detailed mechanism needs to be investigated in a future
study via a detailed sorption analysis combined with PXRD
measurement. The effect of ratio between the HKUST-1
and UiO-66 on the CO2 uptake behavior should also be
examined to find the mechanism and way to utilize the
granules. When the CO2 uptake was measured at room tem-
perature, the HKUST-1^UiO-66 granules exhibited the
lowest uptake capacity among the samples tested (Figure 2
(c)). We believe that this is because thermal energy at room
temperature is too high to make any interaction of CO2

within the HKUST-1^UiO-66 granules. These results indi-
cate that the heterojunction of pores within the HKUST-
1^UiO-66 granules induces unusual uptake behavior once
the intermolecular interaction of the absorbate is sufficiently
strong.
Formaldehyde Removal Capacity for HKUST-1 Ʌ UiO-
66 Granules. These findings suggest that the HKUST-
1^UiO-66 granules would be efficient for the removal of
formaldehyde from the air, as formaldehyde is a sticky
compound even at ambient temperature and pressure condi-
tions owing to its strong interaction with adsorbents
(43,44). Formaldehyde is an environmentally harmful gas
existing in trace amounts in the air (45–48), and MOFs are
promising absorbents for efficiently removing it from the
air (49–54). The formaldehyde removal capacities of the
samples were tested using a specially designed process, as
shown in Figure 3(a). The process consisted of two steps
for measuring the removal capacities at different formalde-
hyde concentrations: the first step involved mixing air and
formaldehyde at the desired concentration in the gas cham-
ber, and the second step involved measuring the reduction

in the concentration of formaldehyde after the circulation of
the gas in the chamber through the sample. After the pro-
cess was repeated at different concentrations, the resulting
capacities were plotted to obtain a sorption isotherm of
formaldehyde under the ambient temperature and pressure
conditions (Figure 3(b)). We compared the formaldehyde
removal capacities of HKUST-1^UiO-66, HKUST-1, and
UiO-66. The total uptake capacity of the HKUST-1^UiO-
66 granules was 11.3 mg/g at a formaldehyde concentration
of 30 ppm, which was four and two times higher than those
of the HKUST-1 (2.8 mg/g) and UiO-66 (4.9 mg/g),
respectively. These results correspond well with those
observed for the CO2 sorption uptake at low temperature.
Moreover, the HKUST-1^UiO-66 granules did not release
the adsorbed formaldehyde, even at low concentrations,
whereas HKUST-1 did. This indicates that the UiO-66
binding the HKUST-1 particles in the granules participated
in the sorption process and exhibited its own characteristic
desorption behavior; it did not release the adsorbed formal-
dehyde at low concentrations. Environmentally toxic gases
such as formaldehyde are better not to be released back into
the environment after the removal. Therefore, we believe
that this compound can be used for removing environmen-
tally harmful gases from the air, particularly, in air
purifiers.

Figure 3. (a) Schematic diagram for the process measuring form-
aldehyde uptake capacity. (b) Isotherm showing the amount of
uptake for formaldehyde in HKUST-1^UiO-66 granules and UiO-
66 and HKUST-1 particles.
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Conclusion

The nanocrystalline HKUST-1 was entangled with UiO-66
during the growth of UiO-66 to obtain granola-type MOF
granules. This process intermingled two different pores
from the HKUST-1 and UiO-66, and resulted in the pore
heterojunction in the granules. The structure, morphology,
elemental composition, and pore environment were charac-
terized to confirm that two types of pores are in conjunction
all over the HKUST-1^UiO-66 granules. We found that
the HKUST-1^UiO-66 granules exhibited unusual and
enhanced CO2 sorption comparing to the HKUST-1 and
UiO-66 samples. Moreover, the formaldehyde removal
capacity for the HKUST-1^UiO-66 granules was 11.3 mg/
g at a concentration of 30 ppm, which was four and two
times higher than those for the HKUST-1 (2.8 mg/g) and
UiO-66 (4.9 mg/g), respectively. We believe that the pro-
posed approach is useful in creating heterojunctions of
pores and widening the diversity of MOFs for various
applications.
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