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Flexible Metal-Organic Frameworks as CO, Adsorbents en
Route to Energy-Efficient Carbon Capture

Xuan Yao, Kyle E. Cordova, and Yue-Biao Zhang*

Innovation in the realm of adsorbents for carbon capture is a necessity for
meeting the carbon neutrality goal by 2060. Flexible metal-organic frameworks
(MOFs) hold great promise for energy-efficient carbon capture as a direct result of
their high working capacity, high selectivity, and intrinsic thermal management
during gate-opening adsorption. In this review, the development and recent
progress of flexible MOFs are summarized, the reported methods for control over For
flexibility are outlined, and the challenges and potential solutions of these
materials toward practical carbon capture are discussed. It is envisioned that a
deep molecular understanding of the adsorption mechanism in conjunction with
a handle over gate-opening phenomena is a critical element for promoting the

performance and large-scale application of flexible MOFs.

1. Introduction

According to the United States National Oceanic and
Atmospheric Administration (NOAA), the concentration of
CO, in the atmosphere exceeded 400 ppm in 2020, a primary
contributor to the Earth, reaching its highest temperature rise of
1.1°C.** The Paris Agreement was signed to limit global warm-
ing by 2°C (1.5 °C as the higher goal).If the global temperature
rises 0.5 °C over the limit, the number of people suffering from
water shortage would double and if the temperature rises another
0.5°C, a number of insect species for crop pollination would
become extinct and food shortage would occur worldwide.!*
Aside from reducing emission from conventional energy
consumption,”’ an alternative approach is to capture CO, from
point-source emission in a similar manner as to what happens
directly from the atmosphere by vegetation and hydrology
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systems every day. As the CO, content in
industrial exhaust (e.g., associated gas
and flue gas) is typically higher than what
is found in the atmosphere, there is a need
to develop chemical and material technolo-
gies for increasing the efficiency of carbon
capture.

traditional  liquid  absorption
methods of carbon capture, dilute alkali
solutions, such as monoethanolamine or
mixed KOH/K,COj3 solutions, are used to
absorb CO,, and then CO, is regenerated
through heating.!) During the regenera-
tion process, the energy consumption is
high, which leads to increased costs and
extra energy serving as the basis for addi-
tional CO, emission. According to a report
in 2018, when CO, is delivered at 15 MPa, the design requires
either 8.81 GJ of natural gas, or 5.25 GJ of gas, and 366 kWh of
electricity, per ton of CO, captured.®® At the same time, the
equipment corrosion problem created by alkali solutions
accelerates its aging, which again causes extra cost. To solve
the problems existing for alkali absorbents, solid adsorbents
are recommended to prevent equipment corrosion, and there
have been solid-state chemisorption materials such as amine-
modified mesoporous silica proposed for use.”” On the other
hand, physical adsorption usually requires lower energy change
than chemical absorption, which means that it is not necessary
for an extra energy supply for cooling the materials when captur-
ing and heating them at the stage of CO, regeneration.’®!
Therefore, the solid physical adsorbents can lead to a safer,
cheaper, and more environmentally friendly way for carbon cap-
ture.”’! Zeolites are typical solid CO, physical adsorbents known
for their high adsorption affinity,'” but their performance in the
presence of atmospheric moisture and the energy consumption
for CO, regeneration is unsatisfactory. By the end of the 20th
century, the rise of reticular chemistry prompted the rational
synthesis of porous materials and as a result, thousands of
metal-organic frameworks (MOFs) were reported."!] The heat
during gas adsorption on MOFs is typically lower than zeolites,
and due to their rational synthesis, MOFs have been developed as
effective and selective adsorbents under humid conditions,™?
which positions them to a better choice for carbon capture than
zeolites.['* In addition, MOFs can also be designed as catalysts to
CO,, which provide the possibility for sequential carbon capture
and conversion.*

There are various strategies for carbon capture from CO,/N,/
CH, gas mixture using porous materials. First, given the smaller
dynamic diameter of CO, molecules compared with most other
gases, a good method for direct air capture (DAC) and
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low-pressure flue gas is to narrow the pore size so that the porous
materials adsorb CO, selectively."” This is similar to the molec-
ular sieve effect, which means that ultramicroporous materials
like SIFSIXs are widely studied.*® Also, as the interaction of
CO, molecules directly with the aperture walls of the framework
materials is usually stronger than others, another choice is to
enhance the interaction with CO, by introducing functional
groups to the organic linkers of MOFs like amine or carboxyl
groups.l'”! Furthermore, there can be open metal sites in some
MOFs, which can provide a powerful CO, adsorption site close to
chemical adsorption.®

The working conditions of different types of carbon capture
technologies requires different design methods for MOFs. For
DAC, the CO, uptake at a partial pressure of 0.4-1 mbar is quite
important and the competitive adsorption of water and CO, must
Dbe solved. For postcombustion capture, similar to DAC, satisfac-
tory uptakes of CO, at low partial pressure and hydrophobicity
are needed. For precombustion capture, the influence of water
is weaker as the pressure is usually high, while the demand
in working capacity and selectivity is higher. However, on the
premise of restraining the regeneration energy consumption,
the question arises of how to balance the working capacity
and selectivity. If large gas uptake is undifferentiated, selective
adsorption can be difficult. Researchers have made great strides
in solving this problem by controlling the structure of MOFs to
fabricate them with narrow channel windows for large selectivity
and pore volume for large capacity, such as the case of JNU-3.I'")
The rational design of MOFs embodying such standards is not
easy, and other universal methods remain needed. With the rise
in circular carbon economy, balancing the carbon regeneration
energy consumption, working capacity, and selectivity of MOFs
is quite difficult.

Flexible MOFs are a class of MOFs featuring structural
transformation upon external stimuli, such as guest inclusion,
heat, pressure, or illumination.?®! Before and after phase trans-
formation, the pore structure and the adsorption properties of a
flexible MOF will change; therefore, the flexibility (especially
reversible flexibility) can be divided into many types, including
breathing, swelling, and interpenetration displacement.[2=2’]
Under appropriate stimuli, flexible MOFs can exhibit both high
selectivity and working capacity with the change of structure and
aperture. Furthermore, framework expansion during phase
transformation is usually endothermic, so heat released during
adsorption that typically disturbs adsorption performance can be
neutralized, which is called intrinsic thermal management.*
Put simply, flexible MOFs can balance the three crucial standards
for carbon capture, working capacity, selectivity, and energy con-
sumption cost, which meet the requirements for precombustion
capture. In addition, for some hydrophobic flexible MOFs with
lower pressure of structure transformation, the flue-gas capture
properties are also promising.

2. Gate-Opening Adsorption for Higher Working
Capacity
Gate-opening adsorption is typically used to describe the adsorp-

tion performance of specific gases in flexible MOFs. When the
partial pressure of a given adsorbate gas is below a threshold
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value, flexible MOF structures contract, resulting in low uptake.
Upon increasing the partial pressure, the structure then trans-
forms to an open phase, leading to enhanced uptake. In most
cases, the increase in uptake can be sudden; thus, when the work-
ing pressure condition is close to the threshold value, the usable
working capacity will be larger than rigid frameworks that have
similar uptake capacity.

Kaneko and co-workers reported a MOF termed ELM-11
([Cu(BF,),(4,4"-bipyridine),],).*> The MOF achieved gate-
opening adsorption to N,, CO,, and Ar (Figure 1b). The authors
attributed gate-opening adsorption to the interaction of hydrogen
bonds. Kanoh, Kajiro, and co-workers observed expansion at a
macroscopic crystal level corresponding to CO, adsorption.
When the partial pressure of CO, reached 34.7 kPa at 273K,
an abrupt volume increase occurred to the MOF packed in a cell
(Figure 1e).”® Later in 2011, the authors also reported a method
to regulate the gate pressure through changing the pretreatment
solvent and the temperature for activation, which suggested that
ELM-11 has a different flexible response under different condi-
tions (Figure 1c).*””) Kaskel, Bon, and co-workers developed
in situ powder X-ray diffraction (PXRD) measurements during
CO, and butane adsorption at 273 K. A change in the PXRD
patterns was observed and the partial pressure of the adsorbates
is in accordance with the gating pressure according to the adsorp-
tion isotherms. After aligning the CO, adsorption isotherms at
273 and 195 K, it is obvious that aside from the gating pressure of
the observed structural transformation, another step of
adsorption occurs under a partial pressure of ~0.3, which
suggests that second gate-opening adsorption accompanied with
structural transformation exists (Figure 1d).*® Kanoh and
co-workers observed the double-step structural transformation
and gate-opening adsorption of ELM-11 from both PXRD pat-
terns and CO, adsorption isotherms at 195 K. Different PXRD
patterns of ELM-11 were acquired at the gating pressure accord-
ing to the CO, adsorption isotherms, and the PXRD pattern of
the structure after the second step is quite similar with the
pattern calculated for the CO,-adsorbed structure at the same
pressure (Figure 1g). The report also indicated that interlayer
expansion occurs twice in sync with gate-opening adsorption.'**!

C. Serre, G. Férey, and co-workers reported MIL-53-Cr
(Cr(OH)(bdc), bdc = benzenedicarboxylic acid) as a water-stable
Cr-based MOF that exhibits a very large breathing effect.*” This
breathing effect was observed when the MOF adsorbed water
molecules, in which the framework shrinks and the pore size
decreases (Figure 2a). Furthermore, the authors reported
different adsorption behaviors for CO, and CH, with the hyster-
esis of CO, adsorption isotherms, proving that the flexibility of
MIL-53-Cr can also be triggered by CO, at high-pressure
conditions.®!] To enhance the selectivity, MIL-53-Cr was pre-
treated by hydrating the internal pore environment. This enabled
MIL-53-Cr to prohibit the entrance of nonpolar molecules, such
as CH,, without impacting the step response of CO, over 1 MPa
(Figure 2b).?? In practical application scenarios, MOFs will be
compacted in a bed-type system where a gas mixture can be intro-
duced thereafter. The selective adsorption of CO, by the chosen
MOF will lead to a pure CO,-free outlet. Researchers usually sim-
ulate the situation through dynamic breakthrough experiments,
in which the flow rate and gas flow pressure into the MOF bed
can be controlled and the off gas can be analyzed with an online
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Figure 1. a) 2D sheet structure (up) and stacking structure (bottom) of ELM-11. b) Adsorption behavior of CO, on ELM-11 at 273 K pretreated at different
temperatures. c) Adsorption isotherms of CO, at 273 K on activated ELM-11 (blue) and activated ELM-11 pretreated by methanol, ethanol, and propanol
(purple, red, and green, respectively). d) In situ PXRD patterns of ELM-11 corresponding with CO, adsorption at 273 K. e) Expansion of the volume of ELM-11
at the macroscopic crystal level with adsorption of CO, at different partial pressures. f) CO, adsorption isotherms of ELM-11 (semilog plot) measured at
different temperatures (green, 195 K; light blue, 253 K; blue, 273 K; red, 298 K). g) PXRD patterns of ELM-11 at 195 K (blue, after pretreatment [P/P, = 0.001];
red, after the first step [P/P, = 0.013]; green, after the second step [P/P, = 0.60]). a,e) Reproduced with permission.’?”! Copyright 2006, American Chemical
Society. b) Reproduced with permission.”®! Copyright 2001, Elsevier. ¢) Reproduced with permission.’”} Copyright 2011, American Chemical Society.
d) Reproduced with permission.?®! Copyright 2014, Elsevier. f,g) Reproduced with permission.”! Copyright 2016, American Chemical Society.

gas chromatograph or mass spectrometer. To overcome the coad-
sorption of CO, and CH, during the breakthrough measurement
of MIL-53, the authors controlled the gas mixture’s molar ratio
and test pressure. Accordingly, a change in the breakthrough
curve shape indicated adequate separation capabilities of MIL-
53-Cr under prescribed working conditions (Figure 2c).*!
Around the same time, Denayer and coworkers functionalized
the linker used to construct MIL-53-Al with amino functional
groups. Subsequent adsorption isotherms demonstrated that
MIL-53-Al-NH, achieved better selectivity due to the material’s
higher affinity toward CO,. Indeed, breakthrough measurements
confirmed that MIL-53-A1-NH, excelled in the dynamic separa-
tion of CO,/CH, (Figure 2d).**

Kitagawa and co-workers reported a 2D MOF,
[Cuy(dhbc),(bpy)], (Where Hdhbc = 2,5-dihydroxybenzoic acid
and bpy = 4,4'-bipyridine), that adopted a sheet-like structure
(Figure 3a).*>! The dhbc linkers in two distinct layers are stag-
gered, which naturally produce pores. As the n—n stacking
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between the two sheets can be influenced by guest molecules,
the MOF transforms to an open phase, leading to hysteretic
adsorption of specific gases such as, CHy, O, and N,. The large
difference in gating pressure to different gases may lead to the
selective adsorption of CO, when controlling the partial pressure
because the gating pressure of CO, is quite low (=0.4 bar)
(Figure 3b). The discoveries of MIL-53 and [Cu,(dhbc),(bpy)],
and their gas adsorption properties are regarded as pioneering
discoveries in flexible MOFs. Both reports describe the gate-
opening effect during adsorption, which is interesting in that
although the basis for structural transformation in flexible
MOFs may be different, the produced gate-opening adsorption
effects are the same and can be capitalized on to enhance
CO, separation processes.

After flexible MOFs were first studied by Kitagawa and G. Férey,
the selective adsorption of CO, over N, or CH, inspired the field to
pursue the design and synthesis of flexible MOFs for practical car-
bon capture. A well-studied route for the rational synthesis of
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Figure 2. a) The phase transformation of MIL-53. b) The adsorption isotherms of CO, and CH, on MIL-53-Cr before and after hydration via immersing the
material in water. c) The dynamic breakthrough curves for CO, separation on MIL-53-Cr. d) The adsorption isotherms and dynamic breakthrough curves of
CO,/CH4 over MIL-53-Al-NH,. a) Reproduced with permission.*® Copyright 2002, American Chemical Society. b) Reproduced with permission.®? Copyright
2006, Wiley-VCH. c) Reproduced with permission.®*! Copyright 2009, American Chemical Society. d) Reproduced with permission.**! Copyright 2009,
American Chemical Society.
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Figure 3. a) The single layer and stacking structure of [Cu,(dhbc),(bpy)],. b). CO,, CH4, O,, and N, adsorption performance on [Cuy(dhbc),(bpy)]a.
Reproduced with permission.?>! Copyright 2003, Wiley-VCH.
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flexible MOF:s is to fabricate a pillar-layer framework system. Li and
co-workers reported two flexible microporous MOFs (termed
MMOFs), [Zn,(bpdc),(bpe)]-2DMF  (where bpdc = 4,4’-biphenyl
dicarboxylate, bpe = 1,2-bis(4pyridyl)-ethane, and DMF = N,N’-
dimethyl formamide) and [Zn,(bpdc),(bpee)]-2DMF (where bpee
= 1,2-bis(4-pyridyl)ethylene), with the two organic building units
serving as a “linker” and a “pillar” (Figure 4a).*® Interestingly from
a design strategy viewpoint, the bpdc building units were observed
to twist upon adsorption of polar molecules like CO,. This enabled
these MMOFs to achieve single-component selective adsorption of
CO, over N, with a separation ratio of 99:1 and 294:1 for
[Zn,(bpdc),(bpe)-and [Zn,(bpdc),(bpee)]-at a partial pressure of
CO, of 0.16atm, which is typical for CO, in the flue gas.
Analysis of the exhaust after flue gas adsorption showed that
the [Zn,(bpdc),(bpee)]-2DMF realized a separation ratio of 84:1
for CO, and N; at 50 °C (Figure 4b). Later, Chabal and co-workers
used Raman and infrared (IR) spectroscopy to investigate the flex-
ibility transformation of [Zn,(bpdc),(bpee)]-2DMF during CO, and
N, adsorption.””) Combined with density functional theory (DFT)
calculation, the authors suggested that upon adsorption of CO,, the
angle between the two benzene rings of bpdc changes and the
length of the C=C bond in bpee shortens, thereby producing flex-
ibility within the overall framework (Figure 4c). Furthermore, upon
simulating the adsorption site of CO,, the authors were able to
identify the competitive interactions of the C=C bonds and
C—C inter-rings with CO, as the reason for the rearrangement
of adsorbed CO, molecules, all of which contribute to higher
CO, uptake.

3. Flexibility Control for Ideal Selectivity

In practical scenarios, the CO,-containing gas stream is a
complex, multicomponent mixture. Even if according to the

(a) [Zn,(bpdc),(bpe)]-2DMF

www.small-structures.com

single-component adsorption isotherms of a flexible MOF, the
selectivity of CO, over CH,4 seems to be high, structural transfor-
mation accompanied with increased pore size can lead to coop-
erative adsorption of CO, and methane. In addition, it is not easy
to fit the adsorption isotherms of a flexible MOF because of gate-
opening adsorption. As a result, ideal adsorbed solution theory
(IAST) is not applicable for predicting separation performance;
therefore, equilibrium multicomponent adsorption experiments
or dynamic breakthrough experiments are important to assess
the selectivity of CO, over CH4 on a flexible MOF. Long and
co-workers discovered that when a flexible MOF, Co(bdp) (where
bdp = 1,4-benzenedipyrazolate), remains contracted, its pore
diameter is slightly larger than the dynamic diameter of CO,,
yet it is narrower than that of CH, (Figure 5a).*® Previously, this
MOF was reported for methane storage because CH, can also
trigger the phase transformation above a partial pressure of
15 bar.?* In pressure swing adsorption measurements using
CO, and CH,, Co(bdp) adsorbed a large amount of CO, near
15 bar with little CH, uptake. The multicomponent pressure
swing adsorption also revealed a reasonable selectivity of CO,
over CHy,, especially when carrying out the measurement with
an equilibrium CO,/CH, molar ratio of 6:94 (selectivity =61
+ 4) (Figure 5b). After fitting the adsorption isotherm collected
across a range of temperatures, it was suggested that the higher
calculated enthalpy of adsorption for CO, when compared with
CH, better satisfied the endothermic demand of Co(bdp).
Though the gate-opening adsorption of flexible MOFs can be
capitalized in creative ways, a question persists as to how
researchers can adapt flexible MOFs to the dynamic conditions
(i.e., pressure, temperature, circulation, among others) found in
practical applications.?? In this context, the precise control of
flexibility appears to be difficult, but several reported attempts
have suggested moving forward. A primary concern in control
over flexibility is the crystal size dependence as typically
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Figure 4. a) The structure of [Zn,(bpdc),(bpe)]-2DMF and [Zn,(bpdc),(bpee)]-2DMF. b) CO, and N,/CH,4 adsorption isotherms of the two MMOFs.
¢) The IR and Raman spectra for [Zn,(bpdc), (bpee)]-2DMF in the presence and absence of CO,. a,b) left: Reproduced with permission.*®? Copyright
2010, Royal Society of Chemistry. right: Reproduced with permission.*! Copyright 2010, Wiley-VCH. c) Reproduced with permission.®”l Copyright 2011,

American Chemical Society.
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Figure 5. a) Front view of Co(bdp) before and after adsorbing CO,. b) Multicomponent pressure swing adsorption of CO, and CH, on Co(bdp).
c) Breakthrough curves of CO, and CH, with different flow rates (open symbol: 15 sccm; filled symbol: 5 sccm) over Co(bdp). Reproduced with

permission.®® Copyright 2018, American Chemical Society.

MOFs with uniform and large crystal sizes have better coopera-
tivity. Specifically, the crystal size of a given flexible MOF can
influence the gate-opening pressure, and in extreme crystal size
conditions, these MOFs may undergo a shape memory effect or
in other words, lose flexibility.

Kitagawa and co-workers modulated the crystal size of a
twofold interpenetrated flexible MOF [Cuy(bdc),(bpy)],.[*”
Acetic acid was initially added and reacted with copper (II) ions.
This was followed by reacting a mixture of the newly formed
copper acetate with H,bdc and bpy, so that the crystal size is con-
trolled at a submicrometer stage. The crystal size was observed to
change with the concentration ratio of acetic acid and the result-
ing adsorption isotherms gradually changed with the crystal size.
This proved that the barrier of transformation in a given flexible
MOF is caused by kinetic suppression with large crystal size
being more difficult to overcome (Figure 6). In situ PXRD meas-
urements coupled to methanol adsorption isotherms indicated
that the crystal structure of mesosize retains an open phase after
the desorption of methanol and does not transform. It is only
when the crystal is heated to over 200 °C that the MOF trans-
forms to the contraction phase, yet the structure reversibly recov-
ers its open phase after adsorption. Similar dynamic structural
flexibility was also observed for [Cu,(bdc),(bpy)], during CO,
adsorption. In the context of CO, separation, the gating adsorp-
tion effect is quite essential because it can define the working
capacity for carbon capture.
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Crystal size-dependent flexibility is not necessarily a peculiar
phenomenon. From 2010 to 2012, Kaskel, Brunner, and
co-workers reported a series of MOFs termed the DUT-8 series
(M,(2,6-ndc),(dabco), where 2,6-ndc = 2,6-naphthalenedicarbox-
ylate and dabco = 1,4-diazabicyclo[2.2.2]octane)).*") The flexibil-
ity of DUT-8-Ni and DUT-8-Co was proven through '**Xe nuclear
magnetic resonance (NMR) spectroscopy measurements along-
side PXRD analysis. The selective high-pressure adsorption of
CO; versus CHy, N, and O, on DUT-8-Ni provides further indi-
cation of the gate-opening adsorption behavior of the
framework. Kaskel, Bon, and co-workers altered the synthesis
conditions to prepare DUT-8-Ni with submicrometer crystal size
and measured the N, adsorption isotherms for different crystal
sizes (Figure 7a).*l The N, adsorption performance indicates
that for crystals of DUT-8-Ni with a size below 500 nm, the
structure remains rigid in the expanded phase after solvent
removal with no observed gating adsorption (Figure 7b).
Electron paramagnetic resonance (EPR) and IR spectroscopies
confirmed a large concentration of defects in smaller crystals
of DUT-8-Ni, which may be the reason for the observed struc-
tural rigidity.

It is noted that the interaction between a given framework and
CO, can sometimes not be strong enough to drive the
expansion of a flexible framework and, in these cases, it may
be necessary to regulate the transformation in alternative ways.
A representative example is that of (Me,NH,)[In(ABDC),] (where

© 2022 Wiley-VCH GmbH
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Figure 7. a) SEM image demonstrating the crystal size between flexible (up) and rigid (bottom) DUT-8-Ni. b) Different adsorption performances of
flexible (1) and rigid (2) DUT-8-Ni. Reproduced with permission.??! Copyright 2017, Royal Society of Chemistry.

ABDC = 2-aminobenzene-1,4-dicarboxylate),

also known as

SHF-61.1*) SHF-61 achieves a porous structure after the removal

of different solvent molecules.

Brammer and co-workers

reported that for solvent molecules like DMF, the framework
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can exhibit continuous-breathing behavior during activation with
the MOF ultimately settling into a contracted phase (Figure 8a).
However, for solvent molecules such as CHCl;, SHF-61 retains
its expanded phase even after desolvation. Furthermore, when
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the framework is in its contracted phase, CO, cannot produce the
breathing effect even at high pressures, so the uptake of CO,
remains as low as CH, or even lower over 5 bars of pressure
(Figure 8D). It is only when a few DMF molecules are remaining
within the framework that CO, can trigger structural transforma-
tion to the expanded phase. In situ PXRD measurement revealed
SHF-61’s different responses to CO, and CH, when DMF is
present within the framework. Accordingly, when SHF-61 was
partially activated, distinct selective adsorption between CO,
and CH,4 was performed (Figure 8c,d).

4. Practical Challenges and Potential Solutions

It follows that if there is gate-opening adsorption over a suitable
pressure range, flexible MOFs have a high potential for use in the
carbon capture process. However, in practical scenarios, especially
at high pressure, challenges still pose in process engineering that
can impact flexible MOF performance beyond pure chemistry.
One such challenge is the crushing of MOF crystals. This
problem was identified in 2013, when Farha, Yildirim, and co-
workers attempted to increase the packing density of HKUST-
1 ([Cu3(TMA),(H,0);],, where TMA = trimesic acid), in which
they found that upon physically crushing the MOF crystals,
the working capacity for methane storage was impaired.[**
Especially for flexible MOFs, there can be another trigger besides
high working pressure, which is that as the structural transfor-
mation occurs, the cell volume usually changes, and the
expansion—shrinkage process will sometimes lead to crystals being
crushed even if the pressure of the adsorption—desorption cycles is
low. This finding points to a potential problem faced by flexible
MOFs in that, if a given MOF crystal is crushed, then the flexibility
of the structure may also be lost even if porosity is retained. When
the crystal size approaches the mesosize scale, the gate opening
adsorption performance disappears and the superior properties
of flexible MOFs become unstable over the course of multiple-
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cycle use. Kaskel and co-workers observed crushing of a
flexible MOF, DUT-98 (ZrgO4(OH),(CPCDC),(H,0),, where
CPCDC = 9-(4-carboxyphenyl)-9H-carbazole-3,6-dicarboxylate)
after adsorption experiments of N, (at 77 K), CO, (at 195 K),
n-butane (at 273K), and various alcohols (at 298K)
(Figure 9a).1*”! Although the pressure was not high, significant
differences were observed between the adsorption isotherms
and the scanning electron microscope (SEM) images, indicating
a close relationship between the adsorption performance change
and the crushing of DUT-98’s crystals (Figure 9b,c). To solve the
problem of crushing, a reasonable route to pursue is the pelleti-
zation of flexible MOFs as pellets can partly resist the pressure
and the flexible behavior will remain. Zhao and co-workers com-
pacted flexible MOFs, MIL-53(Al)-OH and MIL-53(Al)-(OH);,
into 8.5mm pellets and demonstrated that the adsorption
isotherms with gate-opening effects were maintained
(Figure 9d,e).*°! Unfortunately, the pellets were crushed after
high-pressure CH, adsorption experiments. A better way to
use flexible MOFs is to construct them through stronger
chemical bonds as the crushing of these MOF crystals is usually
accompanied with the breaking of their bonds. Covalent organic
frameworks (COFs) are constructed by organic linkers exclu-
sively through covalent bonds,*”) and there have been several
reports of these materials having flexibility and gate-opening
adsorption behavior.*®) The application of flexible COFs in
carbon capture in the future is extremely attractive because of
the high bond energy of noncoordinative covalent bonds.
Another challenge is that of slipping-off. When performing
dynamic breakthrough experiments, the outlet gas contains a
small concentration of CO, initially because the uptake of
CO; on flexible MOFs below the partial pressure of the gate-
opening effect is quite poor. This means that the flexible
MOF cannot complete separation under low CO, partial pressure
and gas-flowing conditions. At higher total pressure conditions,
the uptake of CO, at low partial pressure cannot cover the
amount of CO, in a given gas mixture usually. An example is

© 2022 Wiley-VCH GmbH
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Co(bdp), in which the authors reported the dynamic break-
through measurement with CO, and CH, being detected at
the outlet at the same time, indicating that there is no effective
separation (Figure 5c).*® Indeed, this was different from the
result of multicomponent adsorption. A different work reported
by Sotomayor and Lastoskie proved that this slipping-off phe-
nomenon also exists in ELM-11 (Figure 10a).** According to
the work developed by Miyahara, Tanaka, and co-workers,>%
ELM-11 was used for the separation of CO,/CH, with the gate
response to CO, occurring around 50 kPa with a different MOF,
HKUST-1, being introduced to address the slipping-off
(Figure 10b). Even though the selectivity of CO,/CH, on
HKUST-1 (8.67) is not as high as ELM-11 (82.3), HKUST-1 pos-
sesses a decent CO, uptake below a partial pressure of 50 kPa,
which  successfully overcomes ELM-11's  slipping-off
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(Figure 10c). The two-MOF system can produce pure CH, from
a mixture of CO,/CH4 with the majority of CO, (over 80%)
being captured by ELM-11, which reflects the high working
capacity of flexible MOFs.

A final challenge is the machine shaping of flexible MOFs.
Because the cell volume may shrink and expand with changes
to a given flexible MOF’s structure, the volume of single crystals
may alter in a range when shaping, which causes difficulties to
film building and fabrication in confined space. Flexible binders
are thought to help with the shaping of flexible MOFs with their
flexibility being maintained. Hartmann and co-workers
reported a facile and effective approach to shape MIL-53(Al)
(Figure 11a).®" They used methyl cellulose (MC 400 and MC
4000) as organic binders to shape MIL-53(Al) to extrudates.
PXRD experiments and N, adsorption isotherms at 77K
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indicated that crystallinity and porosity were retained after shap-
ing (Figure 11b,c). A small relative reduction of 1.5-10.6% pre-
vails over extrudates with different organic binders reported
before. The following in situ PXRD experiment corresponding
to CO, adsorption (Figure 1le,f) and high-pressure CO, and
CH, adsorption isotherms (Figure 11g) proved that the shaped
MIL-53(Al) retains its ability to undergo structural transforma-
tion and gate-opening adsorption. The enhancement of mechan-
ical and chemical stability of the extrudates is proven by vertical
crushing stress tests and immersion in organic solvents. When
5wt% of MC 4000 is used, the probability of failure of the
extrudates is below 10%. Furthermore, the extrudates are stable
in n-heptane for more than 9 months. Amino-functionalized
MIL-53(Al) was also shaped in a similar manner and the flexibil-
ity was retained as well. Another solution for shaping flexible
MOFs is to rely on rational synthesis to produce flexible
MOFs that only change the pore aperture feature instead of cell
volume when gate-opening adsorption occurs. Indeed, new and
improved methods to address this challenge are needed.

5. Outlook

Flexible MOFs have great potential for energy-efficient carbon
capture because of their greater working capacity, ideal adsorp-
tion selectivity, and intrinsic thermal management. Molecular
understanding of the adsorption mechanisms plays an important
role in further propelling flexible MOFs into practical applica-
tions. Advanced characterizations, such as in situ gas adsorption
crystallography and spectroscopy, in conjunction with molecular
simulation, are useful for uncovering adsorptive sites, host-guest
interaction, guest—guest arrangement, and the energy barrier for
structural transformation.”? Material discovery powered by arti-
ficial intelligence is a powerful tool in the large-scale screening of
desired MOFs with superior performancel®* and when coupled
with automated high-throughput experiments, is favorable for
accelerating the synthesis of targeted flexible MOFs.**]
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