REVIEWS I

The chemistry of metal—organic
frameworks for CO, capture,
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Abstract | The carbon dioxide challenge is one of the most pressing problems facing our planet.
Each stage in the carbon cycle — capture, regeneration and conversion — has its own materials
requirements. Recent work on metal-organic frameworks (MOFs) demonstrated the potential
and effectiveness of these materials in addressing this challenge. In this Review, we identify the
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Reticular chemistry of metal-organic frameworks
(MOFs) has emerged as a powerful tool for producing
porous materials and precisely designing their interior
to address the world’s energy and environmental prob-
lems'. Of these, CO, capture and utilization stand out as
particular challenges that the field of MOFs is well posi-
tioned to address**. Specifically, the chemistry of MOFs
has been developed to the point that one can rationally
and systematically modulate the interplay between the
MOF structure and the desired properties. Over the past
25 years, four crucial developments have enabled MOFs
to become promising candidates for CO, applications.
The first is the invention and expansion of reticular
chemistry — the design, functionalization and struc-
tural variation of porous, crystalline and extended solid
materials'. A natural outcome of reticular chemistry is
the realization of designable solids that serve specific end
functions. Second, the marriage of molecular chemistry
with framework chemistry has led to molecular-level
control and atomically precise chemical transformations
to be carried out within extended solids*. Third, the dis-
covery of ultrahigh porosity and thus unprecedented
surface areas has led to the real possibility of holding and
compacting large quantities of gases in a confined space
for extended periods of time. The fourth crucial devel-
opment is the concept of ‘heterogeneity within order,

specific structural and chemical properties of MOFs that have led to the highest capture
capacities, the most efficient separations and regeneration processes, and the most effective
catalytic conversions. The interior of MOFs can be designed to have coordinatively unsaturated
metal sites, specific heteroatoms, covalent functionalization, other building unit interactions,
hydrophobicity, porosity, defects and embedded nanoscale metal catalysts with a level of
precision that is crucial for the development of higher-performance MOFs. To realize a total
solution, it is necessary to use the precision of MOF chemistry to build more complex materials
to address selectivity, capacity and conversion together in one material.

whereby structurally and chemically different compo-
nents are brought together to function synergistically
within a framework®.

With these concepts for structural design in hand,
MOFs have been applied to the various components of the
CO, cycle (FIC. 1). In the early years of the field, MOFs with
large surface areas were used for CO, capture, concen-
tration and ultimately storage and transport. For exam-
ple, a gas cylinder filled with MOF-177 (Zn,0(BTB),;
BTB=4,4",4"-benzene-1,3,5-triyl-tribenzoate), a mat-
erial with a Brunauer-Emmett-Teller (BET) surface
area of 4,500 m?g™", can capture and store nine times
the amount of CO, than the same gas cylinder without
the MOF®. Following this, the tunability of the internal
pore environment of MOFs has also been exploited to
enhance the framework affinity towards selective CO,
capture from mixed gas systems at low pressures (con-
ditions typical for exhaust and flue gas streams)> Once
purified and concentrated, CO, can be used as a source for
chemical feedstock. Indeed, MOF researchers have at their
disposal the full arsenal of both molecular inorganic and
organic reactivity to install chemically well-defined cata-
lytic active sites either within or covalently attached to the
MOF backbone structure. Remarkably, an extensive class
of materials, supported by precision and well-developed
molecular chemistry, has emerged as being capable of
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Figure 1| Chronology of key achievements made in the field of MOFs and CO,.
Over the past two decades, significant discoveries have been made (and continue to
be made) with respect to applying metal-organic frameworks (MOFs) to various
components of the CO, cycle. PSA, pressure swing adsorption; TSA, temperature swing
adsorption; VSA, vacuum swing adsorption; BPDC, biphenyl-4,4’-dicarboxylate; PAET,
poly(3-acetoxyethylthiophene); TED, triethylenediamine.

effectively addressing the various major components of
the carbon cycle (FIG. 1).

In this Review, we identify the structural and chemical
features of MOFs that give rise to their most promising
performance in the capture, regeneration and conversion
of CO,. We also evaluate the approaches used to employ
MOFs at each stage of the CO, cycle and assess the rele-
vance of these approaches to practical conditions.

Criteria for post-combustion CO, capture

A principle advance in the chemistry of CO, capture came
with the development of reticular chemistry'~*. Indeed, the
flexibility with which one can tailor a given MOF allows
for the optimization and enhancement of CO, capture
properties. The majority of research on developing MOFs
for CO, capture has focused on reversible adsorption —
a process that significantly lowers the need for energy
input during regeneration and overcomes a key challenge
of using traditional sorbents such as monoethanolamine
solutions. As a result, the structures of MOFs have since
been systematically developed, fine-tuned and studied in
detail. In this section, we highlight important structural
features that have been targeted in the development of
MOFs for CO, capture under post-combustion condi-
tions. These features, which are illustrated in FIG. 2, are: the
presence of accessible coordinatively unsaturated metal
sites in the pores; integration of heteroatoms within, as
well as covalently linked functionality to, the backbone;
specific interactions of MOF building units; hydro-
phobicity of the pores; and a hybrid of these structural
features. We note that aside from the representative exam-
ples provided from each category discussed below, there
exists a large body of research that could not be included.
Accordingly, we report a comprehensive comparative
summary, ranked by uptake, of all MOFs reported since
2012 for application in post-combustion CO, capture.
We only include MOFs reported before 20121n cases
where such structures have the benchmark performance
in a specific category (Supplementary information
(sections 1,2; tables 1-10)).

Coordinatively unsaturated metal sites. MOFs endowed
with coordinatively unsaturated metals take advantage
of Lewis acidity, which is afforded by partial positive
charges on metal sites. MOFs with these sites exhibit rela-
tively high heats of CO, adsorption (Q,) at low pressures,
thus leading to substantial selectivity and CO, uptake.
This is important when considering the case of CO, cap-
ture from flue gas: the larger quadrupole moment and
greater polarizability of CO, compared with N, leads to
a stronger electrostatic interaction with an exposed metal
site. Accordingly, one of the most well-studied series of
MOFs is M-MOF-74 (M,(2,5-DOT); 2,5-DOT =2,5-
dioxidoterephthalate, M =Mg(11), Zn(11), Mn(11), Fe(11)
and Ni(11), among others)”'*. The benchmark material in
this series, Mg-MOF-74, has the highest uptake capac-
ity (27.5wt%) ever reported under standard conditions
(298K and 1bar)®. The structure of M-MOF-74 com-
prises 1D secondary building units (SBUs) connected
by 2,5-DOT linkers to form hexagonal channels that are
~12 A in diameter. Each M ion is only five-coordinate
following evacuation of the guest molecules, thus allow-
ing the access and efficient binding of CO, (in an end-on
manner) to the sixth coordination site. This binding mode
for CO, is typically observed in MOFs containing coor-
dinatively unsaturated metal sites®. The effectiveness of
this structural feature in Mg-MOF-74 is highlighted by
the high initial Q value of 47k] mol™ (REF. 10). Although a
study of breakthrough gas measurements found dynamic
uptakes to correlate well with thermodynamic uptake
measurements, exposure to moisture was shown to reduce
the CO, uptake of the top-performing Mg-MOF-74
(REF. 15). This is because of competitive coordination of
water molecules to the coordinately unsaturated metal
sites and is a real challenge to overcome when using
MOFs with such structural features. Notwithstanding a
major synthetic discovery to ‘protect’ the coordinatively
unsaturated metal sites, there is little left to explore for this
structural feature in realistic post-combustion CO, cap-
ture applications. However, as we elaborate in the follow-
ing subsection, the coordinatively unsaturated metal sites
can be exploited to tether heteroatoms that are capable of
mitigating the problem of competitive water adsorption.

Heteroatoms. The incorporation of heteroatoms within
the backbone or as part of a covalently bound func-
tionality, especially those that possess high polarity
and, in some cases, a nucleophilic nature, have shown
great promise for offering strong interactions with CO,.
Aromatic amines are one such functionality that has been
investigated. Using CAU-1 (Al,(OH),(OCH,),(BDC-
NH,),-xH,0; BDC-NH, = 2-aminoterephthalate), a
framework containing aluminium hydroxide clusters
linked by BDC-NH,, a moderate CO, uptake of 15wt%
at 298K and 1bar was achieved with an accompanying
high initial Q, value of 48 k] mol™ and CO,/N, selectiv-
ity's. Heteroaromatic amines, in which non-coordinat-
ing nitrogen atoms are part of the aromatic ring and are
thus free to interact with guest molecules, have also been
investigated. An interesting example of a heteroaromatic
amine is Zn(btz) (btz=5-bis(5-tetrazolo)-3-oxapentane),
which has a tetrazolate unit with two non-coordinating
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Figure 2 | Important structural design features of effective MOF adsorbents for
selective CO, capture. a | Coordinatively unsaturated metal sites, as exemplified by the
secondary building unitin Mg-MOF-74. b | Covalently linked polar functionalities,

such as an aromatic amine in CAU-1. ¢ | Heteroatomic amines, such as in Zn(btz)
(btz=5-bis(5-tetrazolo)-3-oxapentane), where non-coordinating N atoms are a
component of the linker but are free to interact with CO,. d | Alkylamines, either primary,
secondary or tertiary, tethered to coordinatively unsaturated metal sites (for example,
mmen-Mg-IRMOF-74-1I; mmen = N,N-dimethylethylenediamine) or covalently bonded to
the organic linker. e | Specific non-metallic interactions within the backbone (or pores)

of a MOF structure (for example, SIFSIX-2-Cu-i (Cu(dpa),(SiF,); dpa =4,4"-dipyridylacety-
lene)), which induce strong quadrupolar interactions with CO,. f | Hydrophobicity and/or
pore metrics for selectively capturing CO, in the presence of water (for example,
ZIF-301). Colour code: C, black; O, red; N, green; F or Cl, purple; H, white; Si, dark green;
and Mg, blue. The surrounding MOF structures are shown in pale orange.
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nitrogen atoms. The resulting sodalite structure exhib-
its an uptake of 18 wt% CO, at 298K and 1bar (REF. 17).
A method for further maximizing uptake is to use sev-
eral types of heteroatomic sites within a single frame-
work. In early work on heteroatoms, it was found that
using adeninate (ad) as a linker to construct a 3D frame-
work, termed bio-MOF-11 [Co,(ad),(CO,CH,),], was a
highly effective strategy for enhancing CO, uptake'.
Adeninate has several different functionalities, includ-
ing aromatic amine, pyrimidine and diazole groups,
of which the latter two are involved as linkages in con-
structing the framework. We note that both the small
pore size (5.8 A) and the presence of internal pores con-
taining both a free aromatic and heteroaromatic amine
lead to a higher degree of interaction between the frame-
work and CO,. As a result of these structural features,
bio-MOF-11 displayed an uptake of 15.3 wt% at 298 K
and 1.1bar, and a CO,/N, selectivity of 75, as determined
by ideal adsorbed solution theory'®".

The incorporation or grafting of dialkylamines within
MOFs has also been proven as a promising approach to
increase CO, uptake. The advantage of such systems is
that CO, is adsorbed in a chemisorptive process, which
typically leads to higher selectivity and uptake at pres-
sures (1-2bar) relevant to carbon capture from flue gas.
In addition, alkylamine functionalities overcome the
challenge of competitive adsorption of CO, in the pres-
ence of water. The first example of grafting dialkylamines
in MOFs was reported in 2008 using MIL-101(Cr)
(Cr,(EOH)(H,0),0(BDC),:xH,0; BDC=terephthalate)
in which the amines are bound to Cr (REF. 20). However,
the grafted material was not tested for CO, uptake at
the time. In a subsequent report, ethylenediamine (en)
was grafted onto Cu(11) in the structure of CuBTTri
(H,[(Cu,Cl),(BTTri),]; BTTri=1,3,5-tris(1H-1,2,3-
triazol-5-yl)benzene)?'. This structure is composed
of Cu,Cl SBUs linked by a tritopic triazolate with one
non-coordinating nitrogen atom. It was found that
the en-functionalized CuBTTri (1.6 wt% CO, uptake)
outperforms the parent framework (0.92 wt%) at low
pressure (~0.06 bar) and 298 K. This result is proba-
bly due to the much higher Q, value (~90kJ mol™")
of the dialkylamine-functionalized material, which
was in stark contrast to the Q, value (20 kJ mol™) of
the unfunctionalized parent CuBTTri. A follow-up
report demonstrated how a stoichiometric amount of
N,N-dimethylethylenediamine (mmen), a secondary
amine, could be tethered to the Cu(11) atoms of the SBU
to enhance CO, uptake to 15.4wt% at 298 K and 1bar,
corresponding to 15% higher uptake than the original
material. The mmen-functionalized CuBT Tri exhibited a
CO,/N, selectivity of 327at 0.15bar CO,, 0.75bar N, and
298K, as calculated by ideal adsorbed solution theory.
Again, the Q, value was very high (96 k] mol™), indicat-
ing a chemisorptive process. The coordinatively unsatu-
rated metal sites of Mg-IRMOEF-74-1I (Mg,(dobpdc);
dobpdc=4,4'-dioxido-3,3'-biphenyldicarboxylate) have
also been exploited for grafting mmen (REF. 23). It was
shown that mmen-Mg-IRMOEF-74-I1 has an uptake of
14.5 (12.1) wt% CO, at 1 (0.1) bar and 298 (313) Kwith a
high Q, value of 71kJ mol™".
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Although grafting of dialkylamines has proven eff-
ective in increasing the uptake and selectivity of CO,
under dry conditions, it was not until 2014 that this
strategy was extended to assess the performance of
MOFs under more realistic humid conditions. This
was a natural progression as alkylamine-functionalized
frameworks form covalent bonds with CO, and not with
water. Accordingly, the organic linker of the expanded
version of Mg-MOF-74, known as Mg-IRMOF-74-111
(Mg,(DH3PhDC); DH3PhDC =2',5'-dimethyl-3,3"-
dihydroxy-[1,1":4',1"-terphenyl]-4,4""-dicarboxylate),
was covalently functionalized with a range of aromatic,
primary, secondary and tertiary amines and tested for its
CO, capture properties under wet flue gas conditions*
(FIG. 3). Of these functionalized frameworks, the most
effective was found to be the primary alkylamine, with an
uptake of 12.7wt% at 298 K and 1.1 bar. Dynamic break-
through experiments showed no difference in the per-
formance of this material under dry or wet (65% relative
humidity) conditions, whereas that of the methyl-func-
tionalized control experiment showed a loss of 80% in
capacity under wet conditions. Although this discov-
ery is promising for the selective capture of CO, in the
presence of water, the achieved uptake falls short of the
top-performing materials (albeit under dry conditions).
Thus, the future of using heteroaromatic amine groups
for CO, capture in MOFs lies in increasing the density of
alkylamines within the framework.

Other heteroaromatic functional groups, such as
imines and amides, have been used with varying degrees
of success™?*. For example, linkers comprising amide
moieties are conspicuous because of their rigidity and
potential for increasing the affinity of the framework
towards CO,. However, it was recently shown that the
preferential CO, binding sites in the amide-containing

framework MFM-136 [Cu(C ,H,,N,0,)(H,0),] were
dominated by multiple phenyl rings on the linker, as
opposed to the amide functionalities themselves?. This
is not to say that CO, has no interaction with amide
units; rather, it merely suggests that the CO,-amide
interaction is a minor contributor in amide-based MOFs
with high CO, uptake. Indeed, there is a continued need
for a deeper experimental understanding of framework-
CO, interactions to determine the structural features
responsible for strong CO, adsorption performance.

SBU-based interactions. Similar to the partial pos-
itive charge of a coordinatively unsaturated metal,
strong interactions with CO, can be induced with non-
metallic functional groups that are part of the SBU.
This is observed for the frameworks SIFSIX-1-Cu
(Cu(4,4'-bpy),(SiF,); 4,4’-bpy =4,4'-bipyridine) and
SIFSIX-2-Cu-i (Cu(dpa),(SiF,); dpa=4,4"-dipyridylac-
etylene), which display CO, uptake capacities of 19.1
and 19.2wt% at 298 K and ambient pressure, respec-
tively — the highest uptake reported for a MOF without
coordinatively unsaturated metal sites??. More recently,
the use of monodentate hydroxide moieties as capping
ligands was demonstrated to be effective for strongly
adsorbing CO, in the presence of water™. Specifically, a
series of isostructural MOFs, MAF-X25 (Mn",Cl,(bbta);
bbta=1H,5H-benzo(1,2-d:4,5-d’)bistriazolate),
MAF-X250x [Mn"Mn"™(OH)Cl,(bbta)], MAF-X27
[Co",Cl,(bbta)], and MAF-X270x [Co"Co™(OH)
ClL,(bbta)], showed that by introducing an exposed mono-
dentate hydroxide, the CO, adsorption increased by up
to 50% relative to the parent MOF structure. Owing to
the strong, selective binding of CO,, MAF-X270x exhib-
ited no loss in dynamic CO, uptake under dry or humid
conditions™. However, further investigations are needed
to determine whether these frameworks with such SBU-
based interactions are recyclable under actual flue gas
conditions, which will assess their ability to withstand
prolonged use for CO, capture.

Hydrophobicity. Although polar functional groups
have the advantage of stronger interactions with CO,
as a method of increasing both uptake and selectiv-
ity, installing hydrophobicity is an alternative for the
capture of CO, by simple exclusion of water from the
pores. The hydrophobic series of zeolitic imidazolate
frameworks (ZIFs), ZIF-300 (Zn(2-mIm),(bbIm), ;
2-mIm = 2-methylimidazolate, bbIm = 5(6)-bromo-
benzimidazolate), ZIF-301 (Zn(2-mIm),,,(cbIm), .
cbIm = 5(6)-chlorobenzimidazolate) and ZIF-302
(Zn(2-mIm), ,(mbIm), ,;; mbIm = 5(6)-methyl-
benzimidazolate), demonstrated that CO, uptake is
equally effective under dry conditions and in the presence
of 80% humidity*'. In addition, these ZIFs were proven to

Figure 3 | IRMOF-74-l1l with alkylamine functionality for the chemisorption of
CO, in the presence of water. The structure of Mg-IRMOF-74-Ill or Mg,(DH3PhDC) is
depicted in space-filling form. Lining the pore walls of Mg-IRMOF-74-Ill is a covalently
linked alkylamine functionality that, when exposed to CO,, reacts to form a carbamate.
This occurs even in the presence of nitrogen gas and water vapour. Colour code for
space-filling form: C, grey; O, red; and Mg, blue. Colour code for guest molecules:

C, grey; O, red; H, white; and N, green. DH3PhDC, 2',5"-dimethyl-3,3"- dihydroxy-
[1,1":4',1"-terphenyl]-4,4"-dicarboxylate.

be recyclable over three consecutive trials without loss of
performance, which is an added benefit of using hydro-
phobic frameworks. Alternatively, post-synthetic modi-
fication is a useful tool for introducing hydrophobicity
within a MOF material. In one such case, polynapthylene
(PN) was formed within MOF-5 [Zn,O(BDC),] by first
loading the pores with 1,2-diethynylbenzene monomers.
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Through heating, a Berman cyclization and subsequent
radical polymerization occurred to afford polynapthyl-
ene. As a consequence, the PNCMOF-5 material doubled
the CO, capacity, increased the CO,/N, selectivity by a
factor of about 25 and maintained >90% CO, capacity
under humid conditions®>*.

In general, MOF materials that solely rely on hydro-
phobicity for the selective capture of CO, over water suffer
from poor uptake (owing to a lack of strong CO, binding
sites) in comparison with MOFs with other structural
features. Although hydrophobic frameworks are a signif-
icant step in the right direction for applying MOFs under
practical conditions, there remains a noticeable absence
in combining all positive structural features within one
material. The future for hydrophobic MOFs involves the
design of such a framework with coordinatively unsatu-
rated metal sites or heteroatoms, which are shielded from
water by the hydrophobicity of the framework.

Hybrid approaches. The goal of hybrid systems is to
maximize the density of strong binding sites that pro-
mote strong interactions with CO,. The best examples
of this approach are MOFs constructed from Cu(1r)
SBUs with a triazole linker that has non-coordinating
nitrogen atoms™, JLU-Liu20 (Cu(TADIPA),(DABCO);
TADIPA =5,5'-(1H-1,2,4-triazole-3,5-diyl)diisophtha-
late, DABCO = 1,4-diazabicyclo[2.2.2]-octane) and JLU-
Liu21 [Cu,(TADIPA),(H,O),]; a triazole- and pyri-
dine-containing linker?®, (Cu(Me-4py-trz-ia);
Me-4py-trz-ia = 5-(3-methyl-5-(pyridin-4-yl)-
4H-1,2,4-triazol-4-yl)isophthalate); a triazine linker
in CuTDPAT (Cu,(TDPAT)(H,0),; TDPAT =2,4,6-tris
(3,5-dicarboxylphenylamino)-1,3,5-triazine)*® or
CuTATB-60 (Cuy(H,0),(TATB),; TATB =4,4",4""-s-
triazine-2,4,6-triyl-tribenzoate)?’; and by includ-
ing amide functionalities as part of the linker back-
bone*. Finally, a mixed linker MOF, Zn,(tdc),(MA)
(tdc =2,5-thiophenedicarboxylate, MA = melamine),
containing a Zn(11) paddlewheel cluster, dangling aro-
matic and heteroaromatic amines, as well as a thioether
group, was shown to exhibit an exceptionally high
uptake (27.0wt%) at 298 K and 1bar, although the spe-
cific binding sites have yet to be identified*. The hybrid
approach has led to MOFs that possess the structural
features identified to give high capacity. Although such
structures exhibit notable CO, uptake, their perfor-
mance has not been assessed in the presence of water
and under dynamic separation conditions. This is not as
much a design problem as it is a lack of full evaluation
and application of the materials.

CO, capture from air and natural gas

CO, capture in confined environments. Certain environ-
ments involving the transport of humans in a confined
space present their own challenges in the build-up of
CO, due to respiration. Over time, CO, build-up in
sealed spaces, such as spacecraft and submarines, can
adversely affect their occupants. Rising concentrations
of CO, in these environments have been linked to head-
aches and lethargy, which has prompted a safe exposure
limit of 1% CO, to be imposed®’. However, the capture of
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low-concentration CO, represents a significant challenge
because of the difficulty in designing materials with
sufficiently strong interactions at low coverage without
the need for a large energy input for regeneration*'.
Recently, NbOFFIVE-1-Ni [NiNbOF;(pyrazine),-2H,O],
containing 2D Ni(11) pyrazine layers intercalated with
(NbOF;)*" anions, was shown to be a viable material
for this application*’. As a result of the polar pore walls
(inducing strong interactions) and ideally sized square
channels (which are perfect pockets for CO, adsorp-
tion), NbOFFIVE-1-Ni was able to adsorb 8.2 wt% CO,
under dynamic breakthrough conditions with 1% CO, in
dry N,. We note that the uptake reduced to 5.6 wt%
under 75% relative humidity*. Although other MOFs,
which have been functionalized with dialkylamines**,
outperform NbOFFIVE-1-Ni under these condi-
tions, the lower energy input needed for regenerating
NbOFFIVE-1-Ni is an attractive feature for the uptake
oflow-concentration CO, uptake. There is a vast space to
explore for designing new materials with higher capacity
than NbOFFIVE-1-Ni, while keeping in mind the key
structural features that make this MOF promising.

CO, capture for natural gas upgrading. The separation
of CO, from CH, is an important process for natural
gas sweetening because CO,, in the presence of mois-
ture, is corrosive and lowers the energy efficiency**.
Typically, the same structural features of MOFs used for
post-combustion CO, capture apply here with the added
advantage of exploiting the different kinetic diameters of
CO, (3.3A) and CH, (3.8 A) by adjusting the pore size®.
Among the best performers is UTSA-49 (Zn(mtz),;
mtz=5-methyl-1H-tetrazolate) with a reported selectivity
of 33.7at 298 K for an equimolar mixture of CO, and CH,
(REF. 46). The key features of this tetrazolate framework
are the uncoordinated heteroaromatic nitrogen atoms
and two types of small pore openings (2.9 A x3.6 A and
3.6 Ax4.0 A), both of which favour CO, uptake over CH,.
Recently, a mixed-metal ZIF, ZIF-204 (Zn,Cu,(Im),;
Im =imidazolate), was proven to be effective for selec-
tively capturing CO, from a ternary gas mixture of CO,,
CH, and H,0 — conditions that are practical for biogas
sources”. In this report, the dynamic CO, capacity was
relatively small (1.6 wt%), yet the presence of water did
not negatively impact the performance of the material.
Furthermore, two polymorphic MOFs, Qc-5-Cu-a and
-B [Cu(quinoline-5-carboxylate), ], were constructed and
demonstrated to be capable of size-selectively adsorbing
CO, even in a humid environment. This is an interesting
discovery because the pore size was tailored to promote
molecular sieving of CO, over CH, (REF. 48). Many studies
have focused on using different functional groups and
structural features of MOFs for enhancing the CO,/CH,
selectivity, including coordinatively unsaturated metal
sites', hydroxyl groups® and ionic frameworks™.
Because MOF-based separations are maturing to the
point that the water challenge for selective CO, capture
is now being addressed, the next phase must certainly
focus on the removal of other problematic natural gas
impurities, such as H,S. To date, there are relatively few
reports detailing the stability of MOFs in the presence
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of H,S, let alone the selective capture of CO, in the pres-
ence of H,S (REFS 51-54). Surely, this is the next grand
challenge to overcome before the full implementation of
MOFs as a solution for natural gas upgrading.

Short-term CO, storage and transport

Although the most desirable outcome for the capture and
purification of CO, is its use by the chemical industry as
a starting material, it is unrealistic to expect more than a
small fraction of anthropogenic CO, to be recycled with
such large quantities being produced annually. Thus,
the question of how to store and, potentially, transport
CO, arises. In this brief section, we focus our atten-
tion on those MOFs that have been evaluated for their
potential in CO, short-term storage. The most impor-
tant feature for this application is an ultrahigh uptake
at elevated pressures (10-50 bar). Generally, the most
successful MOFs demonstrate extremely high BET sur-
face areas of 4,000-7,000m*g"" (REFS 55-62), with many
also possessing coordinatively unsaturated metal sites.
The latter are successful for CO, storage because com-
petition for adsorption with water is absent. The highest
reported gravimetric uptake is 74.2 and 73.9wt% at 298 K
and 50 bar for MOF-200 (Zn,O(BBC),; BBC=4,4",4"-
(benzene-1,3,5-triyl-tris(benzene-4,1-diyl))triben-
zoate) and MOF-210 ((Zn,0),(BTE),(BPDC),;
BTE=4,4'4"-(benzene-1,3,5-triyl-tris(ethyne-2,1-diyl))
tribenzoate, BPDC = biphenyl-4,4’-dicarboxylate),
respectively®>. However, with other methods of CO,
storage, such as carbon capture and sequestration tech-
nologies that offer immense storage capacity at low cost,
the use of MOFs for long-term storage is considered
impractical at present.

CO, regeneration

A full CO, capture process requires the design of an inte-
grated capture and release process that enables efficient
regeneration of the material and subsequent processing
of CO, (that is, injection, storage or further utilization)®.
An ideal process for regeneration must involve minimal
energy input to remove the vast majority, if not all, of the
CO, adsorbed and result in no degradation in perfor-
mance. To this end, the weaker the binding energy of CO,,
the more efficient the release process will be, because this
requires less energy and results in the least disturbance to
the framework. Current technologies for the regeneration
of the adsorbent materials have focused on pressure swing
adsorption (PSA), vacuum swing adsorption (VSA) and
temperature swing adsorption (TSA)**.

In PSA and VSA, CO, is adsorbed at a given pres-
sure and released by lowering the pressure. The differ-
ence between the two methods is that in a VSA process,
CO, is adsorbed at close to ambient pressure, whereas
PSA uses elevated pressures, typically ranging from 8to
28bar (REF. 66). Because pre-combustion flue gas streams
are pressurized, PSA is better suited for CO, separation
in the pre-combustion stage, whereas VSA is applicable
for ambient pressure post-combustion streams. PVSA is
a hybrid of both systems, with an elevated input pres-
sure and a desorption pressure below ambient pressure.
Early work on the use of PSA for MOFs was performed

on CuBTTri, Mg-MOF-74, MOEF-177, Be-BTB
[Be,,(OH),,(BTB),] and Co(BDP) (BDP =1,4-benzen-
edipyrazolate) by measuring the single-component iso-
therms of CO, and H, up to 40bar (REF. 67). The MOFs
with coordinatively unsaturated metal sites, namely
CuBTTri and Mg-MOF-74, exhibited the highest work-
ing capacities and also outperformed zeolite 13X and
activated carbon. Subsequent efforts were made to sim-
ulate an industrial PSA process using a pelletized form of
MIL-53(Al) [AI(OH)(BDC)]**¢. With a flow of 87% CH,
and 13% CO,, 92.8% of the methane input was recovered
at a purity of 99.4% at 4bar and 303 K, with a desorption
pressure of 0.1 bar.

TSA is another common method for material regen-
eration by heating the adsorbent to drive off adsorbed
molecules®>”. In general, porous solids (<2]J g K™) have
the advantage of much lower heat capacities than con-
ventional monoethanolamine solutions (3-4Jg 'K,
depending on concentration), which makes the TSA
process attractive. In the case of MOFs, MOF-177 and
MOF-74 (REF. 71) have both been evaluated for their ability
to be regenerated by TSA®.

To date, there have been relatively few studies regard-
ing the regeneration of MOFs using a VSA system.
In early work, VSA was shown to be inefficient with
HKUST-1 (Cu,(BTC),; BTC=1,3,5-benzenetricarbo-
xylate) when compared with TSA. This was attributed
to the unsuccessful regeneration of the coordinatively
unsaturated metal sites”. In a different study, HKUST-1
was exposed to a feed of 13-16% CO, in dry N, at 2bar
and 308 K, with desorption occurring at 0.15bar. From
this, the working capacity of HKUST-1 was 2.22mmol g™
with 63% CO, recovery”. In another study, UiO-66
[Zr,0,(OH),(BDC)] was investigated as an adsorbent
for a PVSA process under both dry and wet simulated
flue gas mixtures™. The conditions used included pres-
surizing the inlet gas to 2bar at 328 K with 15% CO, and
9% moisture and desorption at 0.15bar. However, only
low purity (~60%) CO, was collected and there was a
25% drop in CO, capacity when moisture was present.

CO, separation by MOF membranes

The use of membranes for gas separation technologies
has gained attention as an alternative to pressure, tem-
perature and/or vacuum swing adsorption because
it has lower energy consumption and infrastructure
costs in conjunction with easier modes of operation’.
Historically, polymers have been used owing to their
low production costs, mechanical flexibility and ease
of processability’. However, polymeric membranes
suffer from short lifetimes and limited thermal and
chemical stability””. When polymeric membranes are
applied to the separation of CO, under flue or natural
gas conditions, it is difficult to avoid plasticization of
the polymers and a trade-off arises between achieving
high permeability versus high selectivity”®”®. MOFs
have increasingly been viewed as a viable material for
use in membrane-based gas separation processes owing
to their capability in overcoming the challenges pre-
sented by polymeric membranes®. Indeed, consider-
able achievements have been made using MOF-based
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membranes for increasing both the selectivity and per-
meability parameters in CO,-containing gas separation
processes, as illustrated in FIC. 4.

Pure MOF membranes. In 2005, the first synthesis of
a pure MOF-5 thin film was reported, in which a bot-
tom-up approach was used. In this study, nucleation of
the MOEF-5 crystals occurred on self-assembled organic
monolayers, terminated by carboxylic acid functional
groups that were attached to a Au(111) substrate®'.
However, it was not until 2009 that a MOF-based mem-
brane (MOF-5 on porous alumina) was fabricated and
proven to be capable of being used for the separation
of gases®. Accordingly, single-component gas permea-
tion studies demonstrated that the diffusion of simple
gases (CO,, H,, CH,, N, and SE,) follow Knudsen dif-
fusion behaviour (that is, pore size is comparable to the
size of these gas molecules)®. In another study, a uni-
formly distributed ZIF-8 [Zn(2-mIm),] membrane was
solvothermally synthesized on a ZnAl-NO,-layered
double hydroxide layer grown on a porous alumina
substrate. This composite membrane achieved a CO,/
CH, separation factor that is indicative of a molecu-
lar-sieving mechanism. Furthermore, it was reported
that the permeance of CO, in the CO,/CH, mixture
was higher than for that found in the CO, single-
component gas stream®. The separation of CO, from H,
was demonstrated using the 2D framework Zn,(bIm),
(bIm =benzimidazolate) exfoliated to 1 nm thickness®.

Mixed-matrix membranes
e € ry
(-]
o® 0% .

Polymeric membranes

Former (1991)
upper bound

COz permeability, P (barrer)
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This ultrathin membrane achieved high permeance while
still accomplishing a high selectivity of >200at 393 K and
1 bar for a 1:1 mixture of CO, and H,. This selectivity
was attributed to size exclusion, because only H, can
penetrate a defect-free material.

The advantages of using MOFs for such applications
do not solely originate from their structural features.
Rather, by using different synthetic techniques, a con-
tinuous membrane can be grown in a highly-orientated
manner towards a specific channel that affords ben-
eficial properties. In 2011, this idea was realized when
a continuous membrane of ZIF-69 (Zn(cbIm)(nIm);
nlm =2-nitroimidazolate) was synthesized on a porous
alumina substrate through a secondary seeded-growth
method, in which the interstitial gaps were closed dur-
ing secondary growth of the crystals®. The authors found
that, with the help of a previous study®, ZIF-69 could
be synthesized in a highly-orientated manner along its
¢ axis. This led to 1D channels with 7.8 A pore openings
that were perpendicular to the substrate. Binary gas
permeation studies on equimolar gas mixtures of CO,/
CH, and CO,/N, demonstrated that both the selectiv-
ity (separation factors of 6.3 and 4.6 for CO,/N, and
CO,/CH,, respectively) and permeations (103.4 and
102.3x10°molm~=s'Pa! for CO,/N, and CO,/CH,,
respectively) of CO, are higher than those found for the
single-component permeation.

In 2012, the secondary seeded-growth method
was used to fabricate continuous bio-MOF-1
[Zny(ad),(BPDC),0-2Me,NH,] membranes supported
on porous stainless steel substrates®®*. In this report,
various levels of bio-MOF-1 layering were studied to
compare the separation performance as a function of
membrane thickness®. The three-layered bio-MOF-1
membrane was found to have the highest CO, perme-
ance (11.9x107molm™s'Pa™') and CO,/CH, selectivity
(2.6). In a continuation of this work, the secondary seed-
ed-growth method was later used to synthesize continu-
ous membranes of bio-MOF-13 [Co,(ad),(butyrate),] on
porous alumina substrates™. The rationale for using bio-
MOF-13 was based on its small pore sizes (3.2-6.4 A),
high surface area and attractive CO, uptake capacity.
The separation performance of the resulting mem-
brane was shown to have high CO, permeance (10
molms™ Pa™) leading to CO,/CH, separation selectivi-
ties of 3.1-3.8. The separation performance was near the
upper bound for polymeric membranes when included
in the revisited (2008) Robeson plot™ (FIG. 4).

More recently, a breakthrough was reported for the
synthesis of a continuous, anionic zeolite-like MOF,
50d-ZMOF-1 (In(ImDC),(C,N,H,)]-(DME) ; ImDC =
imidazoledicarboxylate, DMF = N,N-dimethyl-

Figure 4 | Selectivity versus CO, permeability compared to the Robeson upper bound
curves for pure polymeric, mixed-matrix and pure MOF membranes. The relationship
between the CO,/N, gas pair selectivity and CO, permeability is compared to the
Robeson upper bound curves for pure polymeric membranes, mixed-matrix membranes
and pure metal-organic framework (MOF) membranes. The general trend is increased
selectivity towards CO,/N, with the use of mixed-matrix membranes (shown with MOF
nanoparticles embedded within) and increased permeabilities for pure MOF membranes
(shown on a porous substrate) when compared to traditional polymeric membranes.

Each membrane depicts the separation of CO, from a gaseous mixture containing N,.
Colour code for gas molecules: C, grey; O, red; and N, green.

formamide), membrane®. Through gas mixture perme-
ation measurements, mimicking the conditions of both
flue and natural gas, the permeation selectivity towards
CO, was determined to be 10.5 and 4, respectively. These
findings were rationalized as adsorption-driven perme-
ation behaviour that resulted from the anionic nature
of the framework in conjunction with the relatively
small pore size (4.1 A) of the MOF. Nevertheless, there
has been an increasing number of reports of new pure
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MOF or ZIF membranes that target CO, separation®*
(Supplementary information (section 3; tables 11,12)).

In general, MOFs that combine a small pore aperture
(within the range of the kinetic diameter of the target
gas) with relatively high CO, affinity are the best can-
didates for use in membrane-based separations. This
is primarily owing to the fact that small apertures and
high CO, affinity positively influence the diffusion and
solubility parameters that dictate the effectiveness of the
gas separation process. Looking forward, outstanding
challenges exist in overcoming the complexity that is
inter-crystalline growth, which often precludes a MOF
from being used in membrane technology.

Mixed-matrix MOF membranes. Although considerable
results have been achieved with pure MOF membranes
in terms of enhancing selectivity, there remain signif-
icant hurdles for attaining satisfactory performance
according to industrial standards (that is, combining
high permeability and high selectivity). This is primar-
ily because of defects in the membrane from cracks and
pinholes and from grain boundary defects, which pro-
vide easy lanes for gas molecules to pass through. The
incorporation of MOF nanoparticles as a filler within
continuous polymer membranes is a technically viable
alternative, because the high separation performance of
the porous frameworks could then be combined with
the satisfactory processability and mechanical stability
of polymers.

The first mixed-matrix membrane containing a MOF
(Cu BPDC-TED/PAET; TED = triethylenediamine,
PAET = poly(3-acetoxyethylthiophene)) was reported
in 2004, in which single gas permeation measurements
were carried out leading to a CO,/CH, selectivity of
3.2 (REF. 96). There have been many reports since on
the use of a wide range of MOF and polymer combi-
nations (Supplementary information (section 3; tables
11,12)). For example, mixed-matrix membranes com-
posed of polyimide and Mg-MOF-74 were fabricated
and subjected to gas permeation measurements under
conditions relevant for flue gas to assess where the mem-
brane was effective in removing CO, (REF. 97). In another
study, a ZIF-90/6FDA-DAM (6FDA-DAM =2,2-bis(3,4-
carboxyphenyl) hexafluoropropane dianhydride-diami-
nomesitylene) mixed-matrix membrane was fabricated
and subjected to binary gas permeation measurements
(298K, 2bar and 1:1 CO,/CH,). This mixed-matrix
membrane exhibited both enhancement in CO, per-
meability (720 Barrer) and exceptional selectivity (CO,/
CH, =37)%. Many strategies have been adopted to
improve the gas separation properties of mixed-matrix
membranes®, including post-treatment of the mem-
brane'®, post-synthetic modification'”’, improving inter-
facial adhesion between the MOF fillers and polymer'®,
as well as modulating the membrane morphology to pro-
mote the performance (that is, permselectivity, solubility
and diffusivity) to meet industrial standards'®. However,
there are outstanding concerns that remain, including
the need to address lower generated permeation from
mixed-matrix membranes and solidification, and defect
formation as a result of higher MOF loadings.

Reduction and hydrogenation of CO,
Photocatalytic reduction of CO,. Low efficiency and
yield are the major shortcomings of photocatalytic CO,
reduction. This process involves multi-electron steps
that produce various products, including carbon mon-
oxide, methanol, methane, formaldehyde, formic acid
and higher-order hydrocarbons. With the wide range
of products that may be formed, there is the challenge
of controlling the selectivity for a desired product.
Additional challenges include the low solubility of CO, if
the reaction is performed in aqueous solution as well as
the competition of hydrogen generation with CO, reduc-
tion. A relatively poor understanding of the process and
the difficulty in elucidating the mechanisms may make
the design of the optimal material challenging.

The first example of photoreduction in MOFs
was accomplished with modified UiO-67 (Zr,O,
(OH),(BPYDC); BPYDC = 2,2"-bipyridine-5,5"-dicar-
boxylate) by replacing the BPDC linker with 4.2 wt%
BPYDC linker that had -Re(CO),Cl bound to the
nitrogen atoms'* (Supplementary information (sec-
tion 4; table 13)). This photoactive MOF was used to
reduce CO, to CO with a turnover number (TON) of 5in
6 hours and a CO,/H, selectivity of 10. However, this sys-
tem operated under ultraviolet light, thus others sought
to extend photoactivity to the visible light region. The
same system of UiO-67 with ~Re(CO),Cl catalyst bound
to the linker was investigated to study the effects of cat-
alyst loading on activity, with a relatively low loading
of 13% found to be the optimal amount'”. The activity
was enhanced sevenfold by growing the Re-incorporated
MOF on Ag nanocubes to spatially subject the photo-
active MOF to intensified electric fields due to surface
plasmons'®. There have also been examples of using Ti-
(REF. 106), Fe- (REF. 107), Al- (REF. 108), Cd- (REFS 109,110),
Gd- (REF. 111), and Y-based'? MOFs, in addition to the
Co-based ZIF-9 [Co(bIm),] (REF. 113), sometimes with
additional photoactive metal centres.

The most common method for CO, reduction to for-
mate also uses Zr-based MOFs, in particular UiO-66 and
-67 platforms. The use of UiO-67 modified with a Ru(1r)
photosensitizer and Mn(1) catalyst grafted onto the
linker was shown to reach a similar TON as the previous
example of UiO-67 with -Re(CO),Cl (REF. 114), although
it was less selective for formate production. It is note-
worthy that the TON was only reduced by 25% when
the CO, was diluted to 5% with Ar, with a concomitant
drastic improvement in selectivity, thus demonstrating
the promise of materials with high selectivity for CO,.
To further exploit the visible light region, the linkers in
UiO-66 and -67 were modified to include amino func-
tional groups conjugated with the phenyl ring from the
linker. The resulting system absorbs light in the visible
region and serves as an antenna for catalytically active
metal oxide clusters'®. Further tuning of these Zr-based
MOFs was achieved by combining the amino-function-
alized linkers with the post-synthetic incorporation of
Ti(1v) instead of Zr(1v)"'*!V, The Ti(1v) cluster has the
appropriate redox potential energy to accept electrons
from the terephthalate linker. This post-synthetic incor-
poration of Ti(1v) was done to modify the band structure
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of the framework and to use Ti(1v) as a mediator for the
photoreduction of CO, to formate. One of the most active
MOFs to date for photoreduction to formate without
an additional homogeneous photosensitizer is another
Zr-based MOF, NNU-28 (Zr,O,(OH),(L); L=4,4"-
(anthracene-9,10-diylbis(ethyne-2,1-diyl))dibenzoate),
which contains an anthracene linker'®. This structure
displayed a TON of 18 over the course of 10 hours
under visible light irradiation. This enhanced activity
is attributed to the dual catalytic centres of the anthra-
cene linker and the metal oxide cluster that comprise
the framework.

Although the majority of photocatalytic products
lead to CO or formate, other products have also been
shown to form. An Al-based MOF with a Cu-containing
porphyrin active centre, Cu-TCPP-(AIOH),
(TCPP-H,=4,4"4",4""-(porphyrin-5,10,15,20-tetrayl)
tetrabenzoate), was used'’, with CH,OH as the predom-
inant product. The full reduction of CO, to CH, has also
been accomplished photocatalytically following the pyrol-
ysis of Ti-based MIL-125-NH, (Ti,0,(OH),(BDC-NH,),)
with gold nanoparticles'®. Finally, a MOF may be used as
a composite material, such as with a metal nanoparticle.
In this approach, a core-shell motif could be used or the
nanoparticles may be bound to the MOF surface. This
core-shell material has been achieved with TiO, nano-
particles as the shell and HKUST-1 as the core'?’. This
construct combines the high selectivity of HKUST-1 for
CO,, improving CO, conversion and reducing the pro-
duction of H,, with effective charge separation between
the nanoparticles and the MOF. Although most stud-
ies were performed in the liquid phase, this process is
achieved in the gas phase, taking advantage of the high
CO, uptake of MOF materials.

In summary, the variety of systems used and the prod-
ucts obtained show the versatility and future potential of
MOFs for photocatalysis. We have highlighted numer-
ous approaches to improve the photochemical reduction
of CO,. These approaches, which are depicted in FIG. 5,
include the use of different SBUs and linkers, grafting the
active site onto the linker (and the combination of these
two as the source of active sites), and composite materials
with nanoparticles. Although a molecular photosensitizer
along with a co-catalyst shows the highest activity in
terms of TON, it has been possible to design one MOF
system containing a photosensitizer as part of the frame-
work with highly selective activity and high TON, thus
fully utilizing MOFs as the stand-alone catalytic system
with no additives needed.

Electrocatalytic reduction. Electrocatalysis is an alter-
native means of CO, reduction that involves a current
applied through a voltage bias. A large overpotential is
often used to obtain a substantial yield, which is attrib-
uted to the initial formation of the CO, radical intermedi-
ate before reduction'?, the formation of which has a high
activation energy barrier. The challenges in catalyst design
are therefore to select a water- and acid-stable catalyst
that can operate with a low overpotential to reduce the
undesirable hydrogen by-product and enhance selectivity
for a particular product from CO,.

REVIEWS

The first report of electrocatalytic CO, reduction with
a MOF was performed using a Cu(11) rubeanate frame-
work containing coordinatively unsaturated metal
sites'?. In this work, formic acid was produced almost
exclusively starting from CO,, with a TON consistently
higher than that of a Cu electrode, which was used as a
comparison at all applied potentials. This high selectivity
was attributed to the relatively weak adsorption of CO,
to the ionic Cu(1r) site in the MOF when compared with
the adsorption strength of CO, to metallic Cu. Despite
the high selectivity for the conversion of CO,, a Faradaic
efficiency of only 30% was achieved, with a large amount
of H, by-product formed. HKUST-1 was also used for
CO, reduction in DMF'*. The use of non-aqueous sol-
vent led to the production of oxalic acid with 90% selec-
tivity, which was proposed to occur by dimerization of
CO,. Similar to the previous example, the Faradaic effi-
ciency was relatively low (51%) and the mechanism was
attributed to the reduction of Cu(11) to Cu(1) followed by
electron transfer to the bound CO.,.

The concept of combining the advantages of homo-
geneous and heterogeneous catalysis is exemplified with
the use of a cobalt porphyrin motiflinked by 1D alumin-
ium oxide rods [AL,(OH),TCPP-Co], with the resulting
structure made into a thin film coated on a conductive
substrate'?® (FIG. 6). The use of thin film MOFs allows
both mass and charge transport to be optimized by con-
trolling the thickness of the films. This maximizes per-
formance through facilitating CO, access to the active
site while keeping the CO, in contact with the electrode
at all times. Indeed, selective CO, reduction to CO
was achieved with a TON of 1,400 over 7 hours and a
Faradaic efficiency of 76% in aqueous conditions. It was
further shown by spectroelectrochemical studies that
Co(11) contained within the porphyrin unit was reduced
to Co(1) as part of the catalytic cycle.

The thin film MOF approach was extended to iron
porphyrin units in MOF-525 [Zr,O,(OH),(TCPP-Fe),]
to effectively concentrate the number of active centres
for maximum turnover'?. The Zr-based framework
was found to convert CO, to CO in DMF and tetrabu-
tylammonium hexafluorophosphate as the electrolyte
with a TON of 272 in just over 4 hours, although H, was
produced in a 1:1 ratio with CO. Addition of 2,2,2-trif-
luoroethanol as a weak Bronsted acid increased current
densities, leading to a TON of 1,520 over 3.2 hours,
again with high H, production. The active centre was
postulated to be Fe(0), because catalytic currents were
noted at more positive potentials than that of the Fe(1/0)
redox couple.

Hydrogenation of CO, using MOF-nanoparticle com-
posites. Another approach combining Cu nanoparticles
with UiO-66 (a ‘heterogeneity within order’ strategy) has
the dual advantage of the MOF protecting the chem-
ically sensitive Cu nanoparticles, and a synergistically
enhanced activity. Using this approach, an eightfold
increase over the benchmark catalyst and up to 100%
selectivity for methanol over CO was recorded'””. The
reason for the high activity was the incorporation of
the nanoparticles inside the MOF rather than on the
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a Linker-based strategies for improving photophysical properties of MOFs
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Figure 5| Strategies for improving photochemical CO, reduction. Photochemical CO,
reduction performance can be improved by modification of the linker or the secondary
building unit (SBU), or by introducing heterogeneity within ordered metal-organic
framework (MOF) structures. a | Modification of the linker to enhance visible light
absorption in successive generations by first incorporating aromatic amines and then
anthracene units. Grafting redox active metal centres onto a linker was also explored,
first with bipyridine for coordinating Re(1) or Mn(1), and then with porphyrin units chelating
Cu(n). These modifications lead to augmented light absorption and improved redox
activity. b| The replacement of Zr(iv) with Ti(1v) into the Zr,O,(OH),(-CO,),,SBU was
investigated for adjusting the energy levels in the band structure of the MOF, resulting in
greater redox activity under visible light irradiation. ¢ | Optimization of the loading of —
Re(CO),Cl grafted onto the linker combined with coating a 16 nm MOF thin-film around
silver nanoparticles led to an increase in CO, photoreduction by an order of magnitude.
BDC, terephthalate; BDC-NH,, 2-aminoterephthalate; ADBEB, 4,4-(anthracene-9,10-
diylbis(ethyne-2,1-diyl))dibenzoate; BPDC, 4,4-biphenyldicarboxylate; BPYDC,
2,2"-bipyridine-5,5"-dicarboxylate; [TCPP-H,], 4,4',4” 4""~(porphyrin-5,10,15,20- tetrayl)
tetrabenzoate. Colour code: C, black; O, red; N, green; Clor Br, purple; Mn or Re, yellow;
Ti, yellow polyhedra; and Zr, blue polyhedra.

surface. A recent extension of this approach came with
the use of a UiO-bpy MOF, which anchored Cu/ZnO,
nanoparticles within the pores to avoid agglomera-
tion'?. The resulting Cu/ZnO,@MOF catalyst achieved
high selectivity (100%) and activity (space-time yield of
2.598 veor Kg(cyy " h™) for methanol synthesis from CO,.

CO, conversion for fine chemicals

Chemical exploitation of CO, is a parallel development
to carbon capture and sequestration that may assist in
the reduction of CO, emissions. In this scenario, CO, is
treated as a C1 chemical feedstock for the synthesis of
fine chemicals'*'*. In particular, the synthesis of cyclic
organic carbonates through the cycloaddition of CO, into
epoxides is a primary target for industrial applications.

General considerations. There is a growing number of
MOFs that have been utilized as heterogeneous cata-
lysts for the formation of cyclic organic carbonate mole-
cules™"** (Supplementary information (section 5; table
15)). In general, the catalytic activity of MOFs arises
from three different structural characteristics (FIC. 7).
The first is coordinatively unsaturated metals acting as
Lewis acidic sites; these are derived from the SBU and/or
the linker. In general, such systems require the use
of a Lewis basic co-catalyst to be optimally effective.
In addition, Lewis basic functionalized linkers can also
act as the site of CO, fixation. The third characteristic
that imparts catalytic activity is Lewis acidic or basic
defect sites within the structure or on the surface of the
MOE. These catalysts are active even when there is no
readily discernible active site available.

Defect-driven catalysis. The earliest reports of MOFs
used for the cycloaddition of CO, to epoxides were solely
based on structural defect sites. Accordingly, MOF-5
was the first MOF used, in which CO, was coupled with
propylene oxide in the presence of #-Bu,NBr co-catalyst
to form propylene carbonate'*. The MOF-5/n-Bu,NBr
co-catalyst system led to very high yields of propylene
carbonate (97.6%) and was proven to maintain activity
over at least three cycles (96% yield in the third cycle).
It is worth noting that per cent yields (as opposed to
per cent conversion) are often provided for propylene
oxide because it is highly volatile (boiling point = 34°C)
and cannot be separated upon CO, decompression after
the reaction. Although no active site was directly evi-
denced, the authors showed that both MOF-5 (primary
catalyst) and #n-Bu,NBr (co-catalyst) were essential for
product formation, because without these the yield sig-
nificantly decreased. Indeed, given that the Zn,0O SBU
is fully saturated, and that defect sites have previously
been proposed and reported for this structure'*, cataly-
sis is thought to occur at these imperfections within the
crystal structure.

In 2012, ZIF-8 was reported as an effective catalyst
in the cycloaddition of CO, to epichlorohydrin to form
chloropropene carbonate as the main product'®. As a
result of surface defects, derived from strong Lewis acidic
Zn(11) sites, in addition to the basic nitrogen atoms from
the imidazolate linkers, ZIF-8 was demonstrated to be
highly active in epichlorohydrin conversion (up to 98.2%
at 100 °C) without the need for a co-catalyst or solvent
system. To improve the selectivity and yield, ZIF-8 was
functionalized on the surface with ethylenediamine
(termed ZIF-8-f). This post-synthetic modification tech-
nique was successful in increasing the epichlorohydrin
conversion to 100% as well as increasing the selectivity
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Figure 6 | Electrocatalytic reduction of CO, to CO by a Co-porphyrin-containing MOF. The challenges in designing
an electrocatalytically active metal-organic framework (MOF) include the need for a water- and acid-stable material
that operates with a low overpotential. Furthermore, the growth and orientation of MOF thin films, which affect the
resulting mass and charge transport properties of the material, are crucial for electrochemical applications. Significant
success has been achieved by incorporating the advantages of homogeneous electrocatalysts (that is, porphyrin active
sites) within a MOF structure (for example, Al,(OH,)TCPP-Co). The inset shows that the active site is at the metal centre
in the porphyrin unit, in this case with Co(i1) being reduced to the catalytically active Co(1). [TCPP-H,], 4,4',4",4""-
(porphyrin-5,10,15,20-tetrayl)tetrabenzoate; V, voltage. Colour code: C, black; O, red; N, green; backbone of porphyrin

units, light red; and AL, blue polyhedra.

(73.1%) for and yield (73.1%) of chloropropene car-
bonate at the milder temperature of 80 °C. This report
demonstrated that combining strong Lewis acid defect
sites at the surface with post-synthetic modification tech-
niques is a beneficial strategy for taking advantage of and
enhancing the catalytic performance of MOFs.

Inorganic SBU-driven catalysis. MOF-74 was first used
as a catalyst for cyclic organic carbonate synthesis in 2012
(REF. 136). In this report, the Co-MOF-74 structure was
shown to effectively catalyse the cycloaddition of CO, to
styrene oxide (96% conversion) in chlorobenzene with-
out the need for an ammonium co-catalyst under rela-
tively low pressure (20 bar) and temperature (100°C). The
authors pointed out that the conversion decreased as a
function of decreasing temperature, which is most likely
because of the lower solubility of CO, in chlorobenzene.
Furthermore, under optimal conditions, this system was
recyclable with no loss in conversion percentage over at
least three cycles.

The Lewis acidic gea-MOF-1 is constructed from tri-
capped trigonal prismatic [Y,(u,-OH),(u,-OH),(0,C-) 4]
clusters stitched together through the tritopic 1,3,5-
benzene(tris)benzoate linker'?. Because of its exposed
Y (111) centres throughout the extended framework, gea-
MOFE-1 was exploited as a heterogeneous catalyst with
tetrabutylammonium bromide (TBAB) as a co-catalyst
for the cycloaddition of CO, and various functionalized
epoxides. Under the modest conditions of 120°C, 20 bar
CO,, gea-MOF-1 exhibited high cyclic carbonate prod-
uct conversions (85-94%) over 6 hours. However, upon
comparison with the homogeneous YCL/TBAB catalyst
system, the gea-MOF-1 was found to be ten times less
active (turnover frequency of 1,067 hour' compared with

98 hour ™). Nevertheless, compared with the heterogene-
ous Y(111)-based analogue Y,0,/TBAB, gea-MOF-1 led
to a greatly increased conversion, TON and frequency.

Linker-promoted catalysis. In 2009, the use of MOF-5
as a catalyst for the cycloaddition of CO, to epoxides
was further advanced, whereby multivariate (MTV)
MOE-5 [Zn,0(BDC) (BDC-NH,),_ ] was constructed
on the premise that integrating an —-NH, functionality
on the BDC linker would be beneficial in terms of CO,
fixation and subsequent activation (carbamate inter-
mediate)*®. Accordingly, the MTV-MOF-5 with 40%
BDC-NH, incorporation within the structure was found
to be an active catalyst alongside tetraethyl ammonium
bromide in producing propylene carbonate (63% yield)
from CO, and propylene oxide. In 2016, a nitrogen-rich
triazole linker and Cu-based MOF was synthesized'®.
This MOF featured exposed nitrogen groups in conjunc-
tion with Lewis acid Cu(11) catalytic sites — the former
for enhancing CO, capture and the latter for increasing
catalytic activity. Accordingly, the MOF catalyst, with
tetra-n-butylammonium bromide as a co-catalyst, was
shown to be active for the synthesis of various cyclic car-
bonates under low CO, pressure (1 bar) and temperature
(25°C) in a solvent-free environment.

SBU-linker based catalysis. An interesting approach
to incorporating both Lewis and Brensted acid sites
within a single framework was recently demonstrated
in USTC-253 (Al(OH)(Spbdc); Spbdc=4,4"-dibenzoic
acid-2,2’-sulfone) and its defect-engineered analogue
USTC-253-TFA (TFA =trifluoroacetate)'*’. USTC-253
and USTC-253-TFA are isoreticular to elongated MIL-53
(REF 141) and MOF-253 [AI(OH)(BPYDC)] (REF 142) with
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Figure 7| Proposed mechanism for the catalytic cycloaddition of propylene oxide with CO, by Hf-NU-1000 to form
a cyclic carbonate. a,b | The catalytic nature of Hf-NU-1000 is based on its inorganic secondary building unit (SBU),

in which an epoxide (that is, propylene oxide) is bound to a proton from a capping hydroxide ligand**°. ¢ | From there, Br-,
produced from tetra-n-butylammonium bromide, attacks the least sterically hindered carbon of the epoxide to open the
ring. d | Finally, CO, inserts to form an alkylcarbonate anion, which subsequently undergoes ring-closing to form the cyclic
carbonate product. Colour code: C, black; O, red; Br, purple; H, white; Hf(iv) ions, blue polyhedra; and Hf-NU-1000 SBU,

ball-and-stick inset.

the only difference arising from functionalization of the
linker with a sulfone group. The structure is composed
of alternating Al(111)-OH chain SBUs and is character-
ized by the presence of coordinatively unsaturated Al(11r)
sites lining the pores. Missing linker defects were shown
to increase the CO, uptake capacity of USTC-253-TFA
by 167% as compared to the pristine parent USTC-253.
Because of the easily accessible Bronsted (-OH groups
in SBUs) and Lewis (coordinatively unsaturated metals)
acid sites in conjunction with the increased CO, adsorp-
tion properties of USTC-253-TFA, cycloaddition reac-
tions of CO, to propylene oxide were carried out at room
temperature with TBAB as a co-catalyst at a notably low
CO, pressure of 1bar. The resulting propylene carbonate
was obtained in a higher yield (81.3%) when compared
with the defect-free USTC-253 (74.4%).

Recently, it was reported that the isoreticular func-
tionalization of MOF-505 (Cu,(bptc)(H,0),(DMF).;
bptc=3,3",5,5"-biphenyltetracarboxylate) with an
azomacrocycle-based linker led to the synthesis of
a new MOF with nbo topology, termed MMCE-2

(Cu,(Cu-tactmb)(H,0),(NO,),; tactmb=1,4,7,10-
tetraazacyclododecane-N,N',N"",N'"-tetra-p-methyl-
benzoate)'®. By metallating the azomacrocycle in situ
during the MOF construction, the resulting MMCEF-2
framework had a high density of Lewis acid Cu(1) sites.
Consequentially, MMCF-2 produced a propylene car-
bonate yield (95.4%) much higher than that obtained
using the non-metallated, isoreticular MOF-505 (48%)
under the mild conditions of 1 bar CO, and room tem-
perature. The high catalytic activity of MMCEF-2 was
extended to various substituted epoxides, including buty-
lene oxide, resulting in an 88.5% yield of butylene car-
bonate under the same conditions. However, when using
larger epoxide substrates, the yields of the corresponding
cyclic carbonates decreased drastically — a phenomenon
that was attributed to size exclusion.

MOFs for this application have reached a level of
maturity for molecular catalytic systems with high yields
under moderate conditions. The next obvious step is to
use CO, as a monomer in copolymerization reactions
with various epoxides to make commodity polymers.
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Indeed, this has been done, albeit in a two-step process,
with propylene oxide and CO, using HKUST-1 (REF. 144).
However, it remains to be seen whether MOFs will be
explored over a larger substrate scope or if these mat-
erials will be used for other polymerization reactions,
including the polymerization of olefins.

Future perspectives
The potential of MOFs for satisfying the demands of
every aspect of the CO, cycle (TABLE 1) has captured
the imagination of scientists, with rapid progress being
made in the field, as reflected by the exponentially ris-
ing number of publications in this area. With the early
phase of discovery and proof-of-concept for CO,-related
applications now well established, the focus of the field
is shifting from fundamental aspects to practical con-
siderations. Specifically, the field is increasingly testing
materials under conditions applicable to commercial
and real-world use, including separation from multiple
component mixtures at low concentration and in the
presence of water'**, and developing means to recover
CO, and recycle the MOFs for long-term use.
However, it is important to note that their remains
much to be addressed before MOFs for CO,-related
applications are used commercially, as listed in TABLE 1.

REVIEWS

Although overcoming the challenge of capturing CO, in
the presence of water was a big step forward, water is not
the only impurity in flue gas, which also contains car-
bon monoxide, nitrogen oxides and sulfur oxides. Any
technology developed for post-combustion CO, capture
based on MOFs must be able to operate sufficiently and
effectively in the presence of these other contaminant
molecules. However, there has been little research car-
ried out in this area. Current research movements are
centred around testing materials under real conditions
with actual flue gas and using a regeneration cycle based
on PSA, TSA or VSA, or through the use of membranes.
The goal then must be to establish the working capacity
of a material in industrially relevant conditions rather
than simply assessing the overall uptake. The majority of
the foundational work in MOF chemistry has relied on
many assumptions, such as static gas uptakes being appli-
cable to dynamic systems, and derived gas selectivities,
which make use of single-component isotherms instead
of mixtures. The path forward must focus on developing
parameters for assessing the performance of MOFs in
dynamic settings.

From a structural point of view, targeting MOFs
with coordinatively unsaturated metal sites remains a
popular research direction. However, considering the

Table 1| Achievements of MOFs applied to the different components of the CO, cycle

Carbon cycle component

Post-combustion capture

Capture in confined
spaces

Natural gas upgrading

Storage
Regeneration of MOFs

MOF-based membranes

for separation

Photocatalytic reduction

Electrocatalytic reduction

Conversion to fine
chemicals

Achievements using MOFs

* Tunable structure to improve capture properties
* High capacity and selectivity over N,
e Selective capture in the presence of humidity

* High capacity at low concentrations (~1% CO,)
¢ Adsorption occurs in the presence of humidity

* Tunable pore metrics to improve capture properties
* High capacity and selectivity over CH,
* Selective in the presence of humidity

e Ultrahigh porosities have led to unprecedented capacities

* Lower energy costs for MOFs in comparison to traditional
sorbents
¢ Proof-of-concept achieved with moderate recoveries

* Both pure and mixed-matrix MOF membranes outperform
polymeric membranes in terms of permselectivity
e Fabrication is mature

e Tunable structures for optimization of bandgaps and light
absorption

e Accessibility of catalytic active sites

* High selectivity achieved for CO and formate

 High turnover number with low overpotentials

* Moderate selectivity

* Properly orientated thin films to maximize mass and
charge transport

¢ High yields and conversions under moderate conditions
for cycloaddition to epoxides

e Catalytic structural features identified and readily
exploited

Future directions and challenges

* Combine high capacity with high selectivity in the
presence of humidity

e Assess dynamic adsorption properties in real flue gas
streams

* New MOFs with suitable pore walls and environment to
improve capacity
e Large-scale deployment considerations

* Removal of problematic natural gas impurities, notably
H,S
e Structural stability towards H,S

* High cost

e Limited number of MOFs studied for regeneration
processes
¢ Benchmark MOFs yet to be studied

* Prevent defects in membrane films
® Increase permeation from mixed-matrix membranes
* Improve processability

e Increased visible light absorption

* Conversion to fully reduced species or higher
hydrocarbons

* Higher activity

e Integration into a flow reactor as opposed to a batch
process

* Few impactful reports, which are limited to porphyrin-
containing MOFs

® Thorough understanding of the electrocatalytic
process

e Conversion to fully reduced species and higher
hydrocarbons

* Use CO, as monomer for one-step copolymerization
reactions with epoxides

® Use CO, as monomer in copolymerization reactions
with olefins
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composition of flue gas, this is unlikely to be a successful
approach despite the strong CO, uptake performance.
Instead, heteroatomic frameworks with tailored pore
metrics and environments hold the greatest promise for
further improving the performance of MOFs under prac-
tical conditions. The purpose of controlling the pore met-
rics and hydrophobicity is to exclude other competing
gas molecules, such as water and methane, by maximiz-
ing interactions with CO,. In this regard, combinations
of functional groups are an exciting research direction,
because the high density of binding sites, when com-
bined with an appropriate pore geometry and environ-
ment, could maximize the number of CO,-framework
interactions. To better understand the mechanism of
CO, capture, it is highly desirable to continue to take
advantage of the crystalline nature of MOFs to experi-
mentally probe the structural and chemical changes that
occur during CO, adsorption and desorption. Indeed,
research in this direction has recently yielded some excit-
ing results”"**8, In combination with testing under real-
world conditions, a better understanding of this would
most certainly help guide future research.

Strong progress has been made in photo- and electro-
catalytic CO, reduction using MOFs, with new materials
being readily designed with improved light absorption,
redox chemistry through bandgap tuning, and/or supe-
rior conductivity and charge mobility. With several suc-
cessful catalysts for the selective production of CO and
formate, the next step is to move towards the develop-
ment of a selective MOF catalyst for the controlled pro-
duction of fully reduced species, such as methane and
higher alkanes. Realizing this, in conjunction with the
progress made in CO, capture and separation, would
complete the carbon cycle loop by enabling anthro-
pogenic CO, to be captured, purified and recycled as
a reusable source of energy. The ultimate goal of CO,
conversion is slowly being addressed by the flexibility
with which catalysts can be designed into MOFs through
either molecular means or by encapsulation. It is clear
that reticular chemistry, as exemplified by MOFs, will
continue to have a major role in providing new, robust
materials, especially those with structures that are built
from synergistic components, to fully address the CO,
challenge'®.
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