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Metal–organic framework crystal–glass composite (MOF CGC) materials consist of a crystalline MOF

embedded within a MOF–glass matrix. In this work, a new synthetic route to these materials is

demonstrated through the preparation of two ZIF-62 glass-based CGCs, one with crystalline ZIF-67 and

the other with crystalline UiO-66. Previous attempts to form these CGCs failed due to the high

processing temperatures involved in heating above the melting point of ZIF-62. Annealing of the ZIF-62

glass above the glass transition with each MOF however leads to stable CGC formation at lower

temperatures. The reduction in processing temperatures will enable the formation of a greatly expanded

range of MOF CGCs.
Introduction

Metal–organic frameworks (MOFs) contain metal nodes and
organic ligands connected into networks. They possess
extremely high internal surface areas and chemically tunable
functionalities.1–3 Over 70 000 crystalline MOFs have been
recorded in the Cambridge Structural Database.4 Of these,
several are now sold commercially, primarily for gas storage
applications, though additional uses in catalysis,5 water har-
vesting,6 and molecular separations7 have also been proposed.
The physical forms and morphologies adopted by MOFs are of
great interest in commercialization because traditional pro-
cessing techniques, such as milling and sintering, are oen
hindered by the low mechanical stability of crystalline MOFs.8,9

Considerable progress has been made, however, in the
production of binder-free commercial structures which contain
appreciable porosity.10
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A further complication results from the susceptibility of
MOFs to chemical degradation.9 Zeolitic imidazolate frame-
works (ZIFs) for example, have been shown to be highly prone to
degradation via acid catalysed Zn–N bond hydrolysis, which
causes progressive collapse of the crystal structure accompa-
nied by a reduction in internal surface area.11,12 Other MOFs
that are relatively stable in acid, such as UiO-66 and MOF-545,
are unstable to basic conditions.13

Various strategies have been proposed to enhance the
processability and stability of crystalline MOFs, including
modulated synthesis and post-synthetic modication,13 sol–gel
processing,14 and fabrication of MOF based composites such as
mixed matrix membranes (MMMs).15,16 In this latter example,
crystalline MOF particles are dispersed in a polymer matrix,7,17

though poor interfacial compatibility between the polymer and
crystalline MOF component leads to several related issues such
as the formation of interfacial mesoporous voids and aggrega-
tion of the MOF component.18,19 Matrices possessing both good
processability and compatibility with crystalline MOFs are
therefore highly sought aer.

The recent discovery of MOFs which form glasses20–22 opens
up possible opportunities to solve processability and compati-
bility issues, by using a MOF–glass as a binder. ZIFs are a subset
of MOFs containing tetrahedral metal ions, which are linked by
imidazolate (Im, C3H3N2

�) derived bidentate ligands and have
structures closely related to zeolitic silica polymorphs. In
particular, ZIF-62, [Zn(Im)1.75(bIm)0.25] (bIm, benzimidazolate,
C7H5N2

�), has been shown to form a glass of identical compo-
sition (referred to as agZIF-62), by quenching from the liquid at
ca. 437 �C in an argon (Ar) atmosphere. Bulk, transparent and
bubble-free forms have previously been prepared by remelting
This journal is © The Royal Society of Chemistry 2020
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and annealing agZIF-62 above its glass transition temperature
(Tg) of 318 �C.23 The absence of recrystallisation of the glass
upon reheating, or slow cooling, is ascribed to the volume
collapse from open crystalline to dense glass.24

We have previously fabricated MOF crystal–glass composites
(MOF CGCs), in which crystalline MIL-53 [Al(OH)(O2C–C6H4–

CO2)] or UiO-66 [Zr6O4(OH)4(O2C–C6H4–CO2)6] were dispersed
within an agZIF-62 matrix.25 The composites were fabricated by
heating a mixture of crystalline ZIF-62 and MIL-53 or UiO-66
under Ar to 450 �C, i.e. above the melting point (Tm) of ZIF-62,
before cooling back down to room temperature. The crystal-
linity was preserved in MIL-53 CGCs but UiO-66 was found to
undergo partial decomposition due to the high temperatures
involved in composite formation.25

MOF CGCs may have promise in applications in gas
adsorption, membrane separation, and photocatalysis, though
the range of MOF CGCs which may be synthesized by this high-
temperature route is however limited at present. Major prob-
lems are that the high processing temperatures result in (i) the
partial or complete thermal decomposition of the crystalline
component, or (ii) the dissolution of chemically compatible
ZIFs in the liquid at high temperature (i.e. ux melting).

Motivated to develop lower temperature methods for the
synthesis of MOF CGCs, we present here a new strategy for MOF
CGC fabrication. Specically, mixtures of pre-synthesized agZIF-
62 and crystalline MOF were annealed at 400 �C, a temperature
which is sufficiently above Tg (318 �C) but still below Tm (ca. 440
�C) such that ZIF-62 can be considered within its supercooled
liquid regime and the glass has effectively melted.

To highlight the advantages of this method of preparation,
ZIF-67 (the isostructural cobalt(II) analogue of ZIF-8), and UiO-
66 were chosen as the crystalline components. The former has
been reported to undergo ux-melting within the liquid state of
ZIF-62,26,27 whilst the latter undergoes partial decomposition.25

Thus far, stable MOF crystal-glass composites have therefore
not been formed from either ZIF-67 or UiO-66. These two crys-
talline MOFs therefore represent ideal candidates on which to
attempt to form MOF CGCs using this new processing route.

Here, we use powder X-ray diffraction and X-ray total scat-
tering to show the retention of crystallinity among the crystal-
line component of MOF–CGCs upon annealing with agZIF-62
above its Tg. Morphology and component distribution within
the CGCs are characterized using scanning electron microscopy
(SEM), scanning transmission electron microscopy (STEM), X-
ray energy dispersive spectroscopy (EDS), and scanning elec-
tron diffraction (SED). Thermomechanical analysis (TMA) and
chemical stability testing demonstrated improved thermo-
mechanical stability compared to the pure crystalline
precursors.

Results and discussion
Structural integrity

Samples of ZIF-62, ZIF-67 and UiO-66 were synthesized
following previously reported methods (full details in
Methods).28–30 A sample of agZIF-62 was obtained by melting
ZIF-62 at 450 �C for one minute under Ar, followed by ball
This journal is © The Royal Society of Chemistry 2020
milling the cooled sample with 2 � 7 mm stainless steel balls at
25 Hz for 5 minutes to reduce particle size (Fig. S1†). Samples of
crystalline ZIF-67 or UiO-66 were then mixed with the pre-
fabricated agZIF-62 by grinding in a mortar, with 20%, 50%, and
80% weight fractions (wt%) of the crystalline component. The
mixtures were pressed into pellets with a diameter of 13 mm
and a thickness of 1 mm. Pressures of 10 tons (750 MPa) for
CGCs containing ZIF-67, and 2 tons pressure (151 MPa) for
CGCs containing UiO-66 were used, to avoid the reported Zr–
OCOO bond breakage in UiO-66 upon compression.31 The
formation of bulk pellets prior to heating was necessary to
promote close contact between grains, and resultant coales-
cence of the highly viscous ZIF-62 liquid at the treatment
temperatures.

The pellets formed prior to heating are referred to as
(‘MOF’)(agZIF-62)(X/Y) in keeping with prior literature, where X
and Y indicate the percentage by mass of the crystalline and
glass components respectively. For example, a non-heat treated
pellet of 80 wt% ZIF-67 and 20 wt% agZIF-62 is referred to as
(ZIF-67)(agZIF-62)(80/20).

MOF CGCs were then fabricated by heating the pelleted
mixtures at 400 �C for 5 hours under Ar to remelt the agZIF-62
component (Fig. 1a). The CGCs obtained upon cooling are
referred to as (‘MOF’)X(agZIF-62)Y. For example, a CGC with
80 wt% ZIF-67 and 20 wt% agZIF-62 is referred to as (ZIF-
67)0.8(agZIF-62)0.2. The preservation of crystallinity in both ZIF-
67 and UiO-66 was conrmed by X-ray diffraction (Fig. 1b, S2,
and Table S1†), in contrast to previous efforts at CGC fabrica-
tion using these systems.25,26 The samples of (ZIF-67)0.8(agZIF-
62)0.2 and (UiO-66)0.8(agZIF-62)0.2 (Fig. 1c and d) were macro-
scopic solid pieces, demonstrating the bulk samples obtained
using this approach.

Synchrotron X-ray total scattering measurements were
performed on (i) pure samples of agZIF-62, UiO-66 and ZIF-67,
(ii) the physical mixtures aer pressing, though prior to
remelting; and (iii) the three MOF CGCs formed aer melting
(Fig. 2 and S3†). The structure factors, S(Q), for ZIF-67, UiO-66,
physical mixtures and CGCs contain extensive Bragg scattering
as expected. The intensity of Bragg scattering from ZIF-67
decreased in the pelletized mixture, consistent with reported
partial pressure induced amorphization,32 and then again
aer CGC formation (Fig. 2a, b and S3†). The results are
consistent with those in Fig. 1b, conrming retention of
crystallinity within the CGCs, though this appears slightly
reduced in the MOF–CGCs compared to the pressed physical
mixtures. The pair distribution functions (PDFs), D(r), of
agZIF-62, ZIF-67, (ZIF-67)(agZIF-62)(80/20) and (ZIF-
67)0.8(agZIF-62)0.2 are similar below 7.5 �A (Fig. 2c, e, S3c†),
though contain subtle differences such as the position of peak
i.26 Long range oscillations beyond 8 �A persist in the CGC
sample, as expected, though weaken with decreasing weight
fraction of ZIF-67 in CGCs (Fig. S3c†). The PDFs of the UiO-66
CGCs display characteristic peaks of both agZIF-62 and UiO-
66, (Fig. 2d, e).25 Like those for the ZIF-67 CGC, long range
correlations in the CGCs (ascribed to Zr–Zr correlations) also
weaken with decreasing weight fraction of UiO-66 (Fig. S3d†).
Chem. Sci., 2020, 11, 9910–9918 | 9911
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Fig. 1 Fabrication of bulk monolithic CGCs. (a) Schematic diagram of fabrication procedure. (b) X-ray diffraction patterns of as synthesized ZIF-
67 and UiO-66, alongside patterns from the CGCs. Data normalized for each sample using the intensity of the most intense peak. Optical images
of (c) (ZIF-67)0.8(agZIF-62)0.2 and (d) (UiO-66)0.8(agZIF-62)0.2, scale bar of 5 mm.
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Phase distribution

The surface morphologies of both physical mixtures and CGC
samples were observed by SEM, and the corresponding distri-
bution of metal centres on the surface measured by EDS (Fig. 3,
Fig. 2 X-ray total scattering. (a and b) structure factors, S(Q), of agZIF-62
pair distribution functions, D(r). (e) Scheme of peak assignment of PDF pa
red; H, omitted for clarity.

9912 | Chem. Sci., 2020, 11, 9910–9918
S4–S7†). Both (ZIF-67)(agZIF-62)(X/Y) and (ZIF-67)X(agZIF-62)Y
exhibit relatively dense surfaces (Fig. 3, S4–S6†), indicating
close contact between ZIF-67 and agZIF-62. The EDS maps of Zn
and Co show separated phases of agZIF-62 and ZIF-67 in both
, ZIF-67, UiO-66 physical mixtures and CGCs. (c and d) Corresponding
tterns. Zn, blue; C, dark green; N dark yellow; Co, light blue; Zr, grey; O,

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Surface morphology and elemental distribution of CGCs. SEM
images and EDS maps of metal centres on the surface of CGCs (a and
b) (ZIF-67)0.5(agZIF-62)0.5 and (c and d) (UiO-66)0.5(agZIF-62)0.5.
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(ZIF-67)(agZIF-62)(X/Y) and (ZIF-67)X(agZIF-62)Y. Surface cracks
are apparent in regions dominated by the ZIF-67 in the case of
all non-heat treated pressed samples mixtures (Fig. S5 and S6†),
though appear far less prevalent in the heat treated 50% sample
(Fig. 3).

The surfaces of (UiO-66)(agZIF-62)(X/Y) and (UiO-66)X(agZIF-
62)Y were far less uniform, consistent with the lower pressures
applied for pelletisation being insufficient to force close contact
between the viscous ZIF-62 liquid and UiO-66 particles during
remelting. Cracks at the boundaries between agZIF-62 and UiO-
66 in both (UiO-66)(agZIF-62)(X/Y) and (UiO-66)X(agZIF-62)Y
were located in representative EDS mappings (Fig. 3, S5, S7†).
These were not observed between ZIF-67 and agZIF-62, sug-
gesting better interfacial contact for ZIF-67 CGCs.

The (ZIF-67)0.5(ZIF-62)0.5 sample was ground into a powder
and characterized using scanning transmission electron
microscopy (STEM) to investigate the CGC microstructure
Fig. 4 Scanning transmission electron microscopy. MOF CGC parti-
cles in a (ZIF-67)0.5(ZIF-62)0.5 sample. (a and b) ADF images showing
particle morphology, (c and d) crystallinity maps showing the number
of Bragg peaks as a function of probe position in SED data. (e and f)
compositional maps of Zn and Co metal centres from STEM-EDS
mapping. Arrows used to indicate correlation between the presence/
absence of diffraction with that of Co/Zn.

This journal is © The Royal Society of Chemistry 2020
(Fig. 4). Scanning Electron Diffraction (SED) was used to map
the number of detected Bragg diffraction peaks measured at
each probe position as the electron probe was scanned across
the sample to reveal the location of crystalline phases in the
MOF-CGCs, as shown in Fig. 4c and d. These are in effect
qualitative maps of crystallinity as determined by the presence
of Bragg peaks in crystalline domains and absence of Bragg
peaks in non-crystalline regions (Fig. S8†).

The maps of the crystalline regions demonstrate close
contact between crystalline and non-crystalline regions.
Comparison with compositional maps showing the distribution
of metal centres, obtained via STEM-EDS mapping of the same
particles and shown in Fig. 4e and f, conrms that the crystal-
line regions, indicated with red arrows in Fig. 4b, d and f,
correspond to cobalt-rich regions, as expected for ZIF-67.
Conversely, amorphous regions, indicated with blue arrows in
Fig. 4a, c and e, also correspond to the presence of Zn-centres,
consistent with the agZIF-62 domains in (ZIF-67)0.5(ZIF-62)0.5.

Gas uptake properties

N2 sorption isotherm experiments were performed to investi-
gate the porosity of the CGCs (Fig. 5, S9–S11†). The BET surface
area of a pure sample of ZIF-67 decreased by 27%, from 1744 to
Fig. 5 Gas sorption. N2 gas isotherms at 77 K of (a) ZIF-67 series, and
(b) UiO-66 series. Solid circles represent adsorption, and hollow circles
represent desorption.

Chem. Sci., 2020, 11, 9910–9918 | 9913
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Fig. 6 Thermo-mechanical properties. Linear thermal expansion of (a)
agZIF-62 and (b) ZIF-67 series measured by TMA.
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1269 m2 g�1 upon pelletisation (Fig. 5a, S9a†). For UiO-66, the
corresponding drop was 16%, from 1120 to 941 m2 g�1 (Fig. 5b,
S9b†). A near-identical percentage decrease in BET surface area
for the physical mixtures was observed upon pelletization, with
a decrease of 29% in the case of (ZIF-67)(agZIF-62)(80/20)
(1389 m2 g�1 to 981 m2 g�1), and 16% for (UiO-66)(agZIF-
62)(80/20) (817 m2 g�1 to 683 m2 g�1). These decreases are
ascribed to the known partial collapse of both frameworks
under pressure.31 The effect of heat treatment on the pure
sample pellets was also investigated, where in the case of ZIF-67,
heating at 400 �C for 5 hours under Ar, i.e. the same condition
for CGC formation, resulted in a very slight increase in gas
sorption capacity (Fig. 5a), attributed to the removal of
remaining solvent molecules in the framework. For UiO-66,
a drastic decrease was noted (Fig. 5b). This is consistent with
previous reports, which ascribed the decrease to the dehydrox-
ylation of the inorganic cluster at ca. 300 �C.33,34

In contrast, CGC formation resulted in only a slight decrease
in gas sorption capacity in both cases (Fig. 5). For example, BET
surface areas decreased from 981 m2 g�1 (ZIF-67)(agZIF-62)(80/
20) to 901 m2 g�1 (ZIF-67)0.8(agZIF-62)0.2, and from 683 m2 g�1

to 632 m2 g�1 from (UiO-66)(agZIF-62)(80/20) to (UiO-
66)0.8(agZIF-62)0.2.

As expected, the gas sorption quantity of CGCs increases
with the weight fraction of MOF crystals in the CGCs (Fig. S11†).
The decrease in BET surface area of the CGC relative to that of
the mixture for ZIF-67 is non-linear with the weight fraction of
the ZIF-67 (Fig. S11c†). This implies a strong interaction
between ZIF-67 and agZIF-62 in the CGC, causing partial
collapse or blockage of the pores of ZIF-67. The equivalent BET
surface area decrease for UiO-66 on CGC formation is approxi-
mately proportional to the weight fraction of UiO-66.
Macroscopic thermal expansion

The thermal expansivities of the unit cell of numerous crystal-
line MOF structures have been reported from changes to the
crystal unit cell determined by renement of variable temper-
ature X-ray data.35–37 However, it can be argued that the
macroscopic thermal expansion of the formed bulk material is
just as important.38 This has been rarely reported for MOFs, due
to problems in forming bulk samples for measurement by
thermomechanical analysis (TMA).

Here, the linear thermal expansion of a sample of agZIF-62
was measured for the rst time, alongside the expansivities of
pellets of MOF crystals, physical mixtures and CGCs (Fig. 6 and
S12†). The glass sample, agZIF-62, was found to possess an
average coefficient of thermal expansion (CTE) of 35 � 10�6 K�1

between 35 �C and 275 �C. This is much higher than that of
silica-based inorganic glasses (0.59–8.5 � 10�6 K�1), and lower
than that of most polymers (45–200 � 10�6 K�1), although we
note that some polymers have a lower CTE, such as Kapton (20
� 10�6 K�1).39,40 This intermediate thermal expansion is
perhaps expected given the inorganic–organic bonding within
the system, but is nevertheless a beautiful example of the hybrid
nature of the physical properties of bulk MOF systems, along-
side the hybrid chemical properties oen touted. A soening
9914 | Chem. Sci., 2020, 11, 9910–9918
point, equivalent to the glass transition, was noted at 320 �C
(Fig. 6a).

The pellets of physical mixtures and CGCs (Fig. 6b, S12†)
display a lower thermal expansivity than agZIF-62 over 100 �C,
which is in agreement with the non-uniform nature of the
sample and the presence of macroscale defects within the bulk
solid. The absence of deformation (inferred from the scatter in
data points) at low temperatures of the (ZIF-67)0.8(agZIF-62)0.2
sample is mainly attributed to the strong interaction between
agZIF-62 and ZIF-67 in the CGC. However, in the case of UiO-66,
deformation of (UiO-66)0.8(agZIF-62)0.2 was inferred from the
start of measurement (Fig. S12†), which is caused by the dehy-
droxlyation of UiO-66 during remelting.

Chemical stability

The chemical stability of MOFs, particularly with respect to
humid conditions or aqueous solutions, is also of great concern
given proposed applications in catalysis and gas separation
containing acidic or basic components in gas streams e.g. SO2,
NH3.9,12 In the eld of glasses, chemical stability is highly
sought aer for display technologies and protective screens.41

The chemical stability of both agZIF-62 and MOF–CGCs in
aqueous solutions was therefore investigated (Fig. 7).

Specically, the mass loss per surface area of agZIF-62 was
measured aer soaking a pellet of agZIF-62 in a given aqueous
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Chemical stability in aqueous acid and base. (a) Weight loss and
(insets) surface SEM images of agZIF-62 after soaking in aqueous
solutions with pH 2–14 at room temperature for 7 days. (b) BET surface
areas of pellets of crystalline–glass mixtures and CGCs before, and
after soaking in aqueous solution at pH 5 for ZIF-67 series or pH 12 for
UiO-66 series at room temperature for 7 days.
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solution at room temperature for 7 days (Fig. S13†), which is
a widely used method for assessing the stability of glasses.40 No
obvious weight loss of agZIF-62 was observed in the pH range of
5–12 (Fig. 7a), indicating agZIF-62 is stable in this pH range.
Apparent corrosion on the surface was however observed by
SEM at pHs lower than 5, and higher than 12 (Fig. 7a), though
no re-crystallization was found aer the soaking experiments
(Fig. S14†). The stability of agZIF-62, i.e. stable in all but very
basic conditions and unstable in strongly acidic conditions, is
consistent with previous observations on crystalline ZIFs, which
is caused by the relatively high pKa values of azoles.9

The chemical stability of CGCs was judged by comparing the
N2 adsorption quantity, e.g. BET surface area (Fig. 7b, S15†),
XRD pattern (Fig. S16†), and SEM images (Fig. S17†) before, and
aer soaking them in aqueous solutions. Pellets of pure MOF
crystals were also investigated for comparison. The samples
containing ZIF-67 were soaked in aqueous acid at pH 5 for 7
days, and UiO-66 containing samples were soaked in an
aqueous base at pH 12 for 7 days. A dramatic decrease in the
BET surface area from 1269 m2 g�1 to 365 m2 g�1 was observed
This journal is © The Royal Society of Chemistry 2020
for a pellet of pure ZIF-67 aer soaking, whilst only a slight
decrease in BET surface area from 901 m2 g�1 to 805 m2 g�1 was
found in the case of (ZIF-67)0.8(ZIF-62)0.2 aer soaking (Fig. 7b).

Hysteresis in the N2 gas isotherm of pellet of ZIF-67
(Fig. S15a†) is broadly consistent with the degradation infer-
red by decreases in the intensity of Bragg peaks in the XRD
pattern (Fig. S16a†), and the sheet-like morphology on the
surface observed by SEM (Fig. S17a†). This is also consistent
with the literature and is associated with a reduction in surface
area.11,12 Strikingly, the degradation of ZIF-67 in the CGC was far
less pronounced than that in the pellet of pure ZIF-67, indi-
cating that (ZIF-67)0.8(ZIF-62)0.2 possesses better stability in
aqueous acid than the pellet of pure ZIF-67. This may be
attributed to the lower water uptake of (ZIF-67)0.8(ZIF-62)0.2 than
that of the pellet of pure ZIF-67 (Fig. S18a†), which slows down
the rate of hydrolysis of Co–N coordination bonds. The lower
water uptake of (ZIF-67)0.8(agZIF-62)0.2 is attributed to the
strongly hydrophobic nature of agZIF-62 and the unique inter-
facial structure between agZIF-62 and ZIF-67 in the CGC.

In the case of UiO-66, however, a severe decrease in BET
surface area was found for (UiO-66)0.8(ZIF-62)0.2 aer soaking,
in comparison to a pellet of pure UiO-66 (Fig. 7b). This decrease
in surface area is consistent with the decrease in intensity of
Bragg peaks in the corresponding XRD pattern (Fig. S16b†).
This may be caused by the dehydroxylation of UiO-66 in the CGC
during remelting that leads to defects in UiO-66. The presence
of existing defects in UiO-66 in the CGC favour further defect
formation,12 leading to amorphization, although (UiO-
66)0.8(agZIF-62)0.2 possesses lower water uptake than the pellet
of UiO-66.

Conclusions

The new strategy for fabrication of MOF–CGCs presented here
requires lower temperatures than previous methods. The work
on UiO-66 also highlights the need for more in-depth studies on
the thermal stability of crystalline MOFs,42 in order to fully
understand mechanisms of thermal collapse. The fabrication of
CGCs containing UiO-66 and ZIF-67 are however evidence of the
wider applicability of the synthetic route proposed here, as
previous attempts resulted in the thermal decomposition of the
crystalline component or dissolution within the glass matrix.
Further suitable crystalline MOF candidates might also be
identied using a recent review on the thermal stability of
MOFs, which lists temperatures of decomposition of several
MOF families.42

The lower temperatures also lead to better preservation of
porosity within the formed CGCs toward N2. The thermal
expansion of a MOF–glass was investigated for the rst time and
found to be intermediate between inorganic and organic poly-
mers – showing that it is not just the chemical properties of
MOFs which are hybrid in nature. A signicant improvement in
thermo-mechanical properties and chemical stabilities of the
CGCs compared with pellets of the pure crystalline MOFs was
noted, and bulk monolithic CGCs of the type fabricated here
may show promising applications in membrane separation and
photocatalysis.
Chem. Sci., 2020, 11, 9910–9918 | 9915
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Methods
Synthesis

ZIF-62. Zinc nitrate hexahydrate (1.65 g, 5.54 � 10�3 mol),
imidazole (8.91 g, 0.13 mol), and benzimidazole (1.55 g, 1.31 �
10�2 mol) were dissolved in N,N-dimethylformamide (DMF, 75
ml) in a screw-top jar. Themixture was then placed in an oven at
130 �C for 48 hours. The product was cooled to room temper-
ature and washed by DMF before being dried at 40 �C for 24
hours in an oven.28

ZIF-67. Cobalt nitrate hexahydrate (1.829 g, 6.29 � 10�3

mol), 2-methlyimidazole (1.067 g, 13.0 � 10�3 mol) were dis-
solved in DMF (80 ml), and then placed in an oven at 120 �C for
24 hours. The product was cooled to room temperature and
washed by DMF. The sample was then evacuated at 130 �C
under vacuum for 24 hours.29

UiO-66. Zirconium(IV) chloride (0.59 g, 2.53 � 10�3 mol) and
terephthalic acid (0.63 g, 3.79 � 10�3 mol) were dissolved in
DMF (75 ml) in a teon-lined autoclave, and then hydrochloric
acid (37 wt%, 0.37 ml) and glacial acetic acid (99.99%, 0.75 ml)
were added. The mixture was then placed in an oven at 120 �C
for 96 hours. The product was cooled to room temperature and
washed by DMF before being dried at 40 �C for 24 hours in an
oven. The evacuation was done at 150 �C under vacuum for 24
hours if needed.30
Fabrication of bulk samples

The agZIF-62 powders were fabricated by heating ZIF-62 under
Ar to 450 �C at a ramping rate of 20 �C min�1, without
isothermal segment, in a tube furnace, and then naturally
cooling to room temperature. The agZIF-62 powders were then
ball milled along with 2� 7 mm diameter stainless steel balls at
25 Hz for 5 min to homogenize the particle size.

The bulk agZIF-62 pellet was fabricated by remelting of
agZIF-62 powders.23 Specically, 150 mg of agZIF-62 powder was
pressed into a pellet with a diameter of 13 mm under 10 tons for
1 min, and then heated under Ar to 400 �C at a ramping rate of
20 �C min�1 and held for 5 hours in a tube furnace, followed by
naturally cooling to room temperature.

The bulk ZIF-67 pellet was fabricated by pressing 150 mg
evacuated ZIF-67 powder under 10 tons for 1 min. The bulk UiO-
66 pellets were fabricated by pressing 150 mg evacuated UiO-66
powder under 2 tons and 10 tons at rst, though the loss of
porosity was signicant due to the bond breakage of UiO-66
aer compression. Thus, the bulk UiO-66 pellet was fabri-
cated by pressing 150 mg of unevacuated UiO-66 powder under
2 tons for 1 min.

A series of MOF CGCs with different mass fraction, e.g.
20 wt%, 50 wt% and 80 wt%, of ZIF-67 or UiO-66 were prepared.
The MOF crystal and agZIF-62 powders were mixed by grinding
in a mortar for 5 min. Subsequently, the 150 mg mixture was
pressed at 10 tons (for ZIF-62 containing mixture) or 2 tons (for
UiO-66 containing mixture) for 1 min, and then heated under Ar
to 400 �C at a ramping rate of 20 �Cmin�1 and held for 5 hour in
a tube furnace, followed by naturally cooling to room
temperature.
9916 | Chem. Sci., 2020, 11, 9910–9918
Powder X-ray diffraction (XRD) analysis

Room temperature powder XRD analysis (2q ¼ 5� to 40�) were
collected with a Bruker-AXS D8 diffractometer using Cu Ka (l ¼
1.540598�A) radiation and a LynxEye position-sensitive detector
in Bragg–Brentano parafocusing geometry. The 2q step size was
0.02�, with 1 s per step. Pawley renements were performed
using TOPAS-Academic Version 6.43
Synchrotron X-ray total scattering and pair distribution
function analysis

X-ray total scattering data were collected on the I15-1 beamline
at the Diamond Light Source, UK using an X-ray wavelength of
0.161669 �A (76.7 keV). Samples were loaded into borosilicate
glass capillaries of 1.17 mm (inner) diameter. Data from the
samples, empty instrument and empty capillary were collected
in the region of �0.4 < Q <�26 �A�1 and processed using the
GudrunX soware.44,45
Scanning electron microscopy (SEM) and energy dispersive X-
ray spectrometer (EDS)

The surface morphologies and element mapping of samples
were observed by using a high-resolution scanning electron
microscope, FEI Nova Nano SEM 450 equipped with a Bruker
silicon dri EDS spectrometer. All samples were coated with
gold prior to imaging.
Scanning transmission electron microscopy (STEM)

Analytical STEM was used to perform crystallinity mapping
based on scanning electron diffraction (SED) and composi-
tional mapping based EDS. Data was acquired using a JEOL
ARM300F at the Diamond Light Source, UK tted with a high-
resolution pole piece, cold eld emitter, and JEOL spherical
aberration correctors in both the probe forming and image
forming optics. The instrument was operated at 200 kV and
aligned in an uncorrected nanobeam conguration and using
a 10 mm condenser aperture to obtain a convergence semi-angle
of <1 mrad and a diffraction limited probe diameter of ca. 5 nm.
Data was acquired with a scan step size of ca. 5.2 nm and
a camera length of 20 cm. The probe current was ca. 2 pA. A
Merlin-medipix direct electron detector, which is a counting
type detector, was used to record the electron diffraction pattern
at each probe position with an exposure time of 1 ms per probe
position leading to a total electron uence of ca. 5 e�A�2 based
on the probe current, exposure time, and assuming a disk-like
probe of the diameter above. SED data was acquired over
a raster scan comprising 256 � 256 probe positions and each
diffraction pattern comprised 512 � 512 pixels. EDS maps were
acquired from the same regions, following SED acquisition,
using a larger probe current, obtained using a 100 mm
condenser aperture, to generate sufficient X-ray counts.

SED data were processed using an open source Python
library, pyxem-0.10.0,46 to nd diffraction peaks in every
measured diffraction pattern using a difference of Gaussians
method, which involves subtracting a blurred version of the
diffraction pattern from a less blurred version of the diffraction
This journal is © The Royal Society of Chemistry 2020
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pattern. EDS data were processed using the open-source
HyperSpy Python library to produce maps for each X-ray emis-
sion line of interest (Zr Ka, Zn Ka), which were extracted by
integrating an energy window and background subtracted by
linear interpolation from adjacent regions of the spectrum
without other X-ray peaks present.47

Gas adsorption

N2 gas adsorption isotherm measurements were conducted on
a Micromeritics ASAP 2020 instrument. Around 50 mg sample
was used for each measurement. All samples were degassed at
200 �C for 6 hours prior to the adsorption/desorption test.

Thermomechanical analysis (TMA)

TMA was performed by using TMA Q400 system of TA instru-
ments at heating rate of 5 �C min�1 under 0.05 N static force in
the temperature range from 30 �C to 400 �C.
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12 R. Han, N. Tymińska, J. R. Schmidt and D. S. Sholl, J. Phys.

Chem. C, 2019, 123, 6655–6666.
13 S. Yuan, L. Feng, K. Wang, J. Pang, M. Bosch, C. Lollar,

Y. Sun, J. Qin, X. Yang, P. Zhang, Q. Wang, L. Zou,
Y. Zhang, L. Zhang, Y. Fang, J. Li and H.-C. Zhou, Adv.
Mater., 2018, 30, 1704303.

14 T. Tian, Z. Zeng, D. Vulpe, M. E. Casco, G. Divitini,
P. A. Midgley, J. Silvestre-Albero, J.-C. Tan, P. Z. Moghadam
and D. Fairen-Jimenez, Nat. Mater., 2018, 17, 174–179.

15 T. Kitao, Y. Y. Zhang, S. Kitagawa, B. Wang and T. Uemura,
Chem. Soc. Rev., 2017, 46, 3108–3133.

16 W. J. Koros and C. Zhang, Nat. Mater., 2017, 16, 289.
17 G. Liu, V. Chernikova, Y. Liu, K. Zhang, Y. Belmabkhout,

O. Shekhah, C. Zhang, S. Yi, M. Eddaoudi and W. J. Koros,
Nat. Mater., 2018, 17, 283–289.

18 H. B. Park, J. Kamcev, L. M. Robeson, M. Elimelech and
B. D. Freeman, Science, 2017, 356, eaab0530.

19 S. Yu, S. Li, S. Huang, Z. Zeng, S. Cui and Y. Liu, J. Membr.
Sci., 2017, 540, 155–164.

20 T. D. Bennett and S. Horike, Nat. Rev. Mater., 2018, 3, 431–
440.

21 T. D. Bennett, J.-C. Tan, Y. Yue, E. Baxter, C. Ducati,
N. J. Terrill, H. H. M. Yeung, Z. Zhou, W. Chen, S. Henke,
A. K. Cheetham and G. N. Greaves, Nat. Commun., 2015, 6,
8079.

22 S. S. Nagarkar, H. Kurasho, N. T. Duong, Y. Nishiyama,
S. Kitagawa and S. Horike, Chem. Commun., 2019, 55,
5455–5458.

23 S. Li, R. Limbach, L. Longley, A. A. Shirzadi, J. C. Walmsley,
D. N. Johnstone, P. A. Midgley, L. Wondraczek and
T. D. Bennett, J. Am. Chem. Soc., 2019, 141, 1027–1034.

24 A. Qiao, T. D. Bennett, H. T. Tao, A. Krajnc, G. Mali,
C. M. Doherty, A. W. Thornton, J. C. Mauro, G. N. Greaves
and Y. Z. Yue, Sci. Adv., 2018, 4, eaao6827.

25 J. Hou, C. W. Ashling, S. M. Collins, A. Krajnc, C. Zhou,
L. Longley, D. N. Johnstone, P. A. Chater, S. Li,
M.-V. Coulet, P. L. Llewellyn, F.-X. Coudert, D. A. Keen,
P. A. Midgley, G. Mali, V. Chen and T. D. Bennett, Nat.
Commun., 2019, 10, 2580.
Chem. Sci., 2020, 11, 9910–9918 | 9917

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc04008h


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 5
/1

6/
20

24
 4

:3
1:

53
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
26 L. Longley, S. M. Collins, S. Li, G. J. Smales, I. Erucar, A. Qiao,
J. Hou, C. M. Doherty, A. W. Thornton, A. J. Hill, X. Yu,
N. J. Terrill, A. J. Smith, S. M. Cohen, P. A. Midgley,
D. A. Keen, S. G. Telfer and T. D. Bennett, Chem. Sci., 2019,
10, 3592–3601.

27 S. M. Collins, K. E. MacArthur, L. Longley, R. Tovey,
M. Benning, C.-B. Schönlieb, T. D. Bennett and
P. A. Midgley, APL Mater., 2019, 7, 091111.

28 M. Gustafsson and X. Zou, J. Porous Mater., 2013, 20, 55–63.
29 R. Banerjee, A. Phan, B. Wang, C. Knobler, H. Furukawa,

M. O'Keeffe and O. M. Yaghi, Science, 2008, 319, 939–943.
30 J. H. Cavka, S. Jakobsen, U. Olsbye, N. Guillou, C. Lamberti,

S. Bordiga and K. P. Lillerud, J. Am. Chem. Soc., 2008, 130,
13850–13851.

31 Z. Su, Y.-R. Miao, G. Zhang, J. T. Miller and K. S. Suslick,
Chem. Sci., 2017, 8, 8004–8011.

32 Z. Su, Y. R. Miao, S. M. Mao, G. H. Zhang, S. Dillon,
J. T. Miller and K. S. Suslick, J. Am. Chem. Soc., 2015, 137,
1750–1753.

33 L. Valenzano, B. Civalleri, S. Chavan, S. Bordiga,
M. H. Nilsen, S. Jakobsen, K. P. Lillerud and C. Lamberti,
Chem. Mater., 2011, 23, 1700–1718.

34 A. D. Wiersum, E. Soubeyrand-Lenoir, Q. Yang, B. Moulin,
V. Guillerm, M. B. Yahia, S. Bourrelly, A. Vimont, S. Miller,
C. Vagner, M. Daturi, G. Clet, C. Serre, G. Maurin and
P. L. Llewellyn, Chem.–Asian J., 2011, 6, 3270–3280.

35 D. Dubbeldam, K. S. Walton, D. E. Ellis and R. Q. Snurr,
Angew. Chem., Int. Ed., 2007, 46, 4496–4499.

36 L. B. d. Bourg, A. U. Ortiz, A. Boutin and F.-X. Coudert, APL
Mater., 2014, 2, 124110.

37 S. J. Baxter, A. Schneemann, A. D. Ready, P. Wijeratne,
A. P. Wilkinson and N. C. Burtch, J. Am. Chem. Soc., 2019,
141, 12849–12854.
9918 | Chem. Sci., 2020, 11, 9910–9918
38 R. N. Widmer, G. I. Lampronti, B. Kunz, C. Battaglia,
J. H. Shepherd, S. A. T. Redfern and T. D. Bennett, ACS
Appl. Nano Mater., 2018, 1, 497–500.

39 R. A. Orwoll, Densities, Coefficients of Thermal Expansion, and
Compressibilities of Amorphous Polymers, Springer New York,
New York, NY, 2007.

40 J. E. Shelby, Introduction to Glass Science and Technology, The
Royal Society of Chemistry, 2005.

41 J. C. Mauro, C. S. Philip, D. J. Vaughn and M. S. Pambianchi,
Int. J. Appl. Glass Sci., 2014, 5, 2–15.

42 C. Healy, K. M. Patil, B. H. Wilson, L. Hermanspahn,
N. C. Harvey-Reid, B. I. Howard, C. Kleinjan, J. Kolien,
F. Payet, S. G. Telfer, P. E. Kruger and T. D. Bennett,
Coord. Chem. Rev., 2020, 419.

43 A. Coelho, TOPAS-Academic (Version 6), Coelho Soware,
Brisbane, 2016.

44 A. K. Soper and E. R. Barney, J. Appl. Crystallogr., 2011, 44,
714–726.

45 A. K. Soper, Sci. Technol. Facil. Counc. Tech. Rep., RAL-TR-
2011-013, 2011.

46 D. N. Johnstone, P. Crout, J. Laulainen, S. Høgås,
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