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This article presents an overview of the current state of the art in the structure determination of
microporous carbon-capture materials, as discussed at the recent NIST workshop “Integrating
Crystallographic and Computational Approaches to Carbon-Capture Materials for the Mitigation of
Climate Change”. The continual rise in anthropogenic CO, concentration and its effect on climate
change call for the implementation of carbon capture technologies to reduce the CO, concentration in
the atmosphere. Porous solids, including metal-organic frameworks (MOFs), are feasible candidates for
gas capture and storage applications. However, determining the structure of these materials represents
a significant obstacle in their development into advanced sorbents. The existing difficulties can be
overcome by integrating crystallographic methods and theoretical modeling. The workshop gathered
experimentalists and theorists from academia, government, and industry to review this field and identify

approaches, including collaborative opportunities, required to develop tools for rapid determination of
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Accepted 19th August 2024 the structures of porous solid sorbents and the effect of structure on the carbon capture performance.

We highlight the findings of that workshop, especially in the need for reference materials, standardized
DOI: 10.1039/d4ta04136d . - . . .
procedures and reporting of sorbent activation and adsorption measurements, standardized reporting of

rsc.li/materials-a theoretical calculations, and round-robin structure determination.

known as parts per million (ppm)) for the first time in May
2023.* At the current rate of increase, the CO, concentration will
The concentration of carbon dioxide (CO,) in the atmosphere reach double the pre-industrial revolution value of about 280
continues to rise, exceeding 424 pmol mol ' (colloquially wmol mol™" within 50 years. The continual rise in
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anthropogenic CO, concentration and its effect on climate
change call for the implementation of Carbon Capture and
Storage (CCS) technologies to reduce CO, emissions, such as
the removal of CO, from industrial gas streams or, even better,
the implementation of so-called negative emissions technolo-
gies (NETs),? such as direct-air capture (DAC). Unlike removing
CO, from emitters such as coal-fired power stations, DAC can
be, in principle, done anywhere. However, the concentration of
CO, in the atmosphere is orders of magnitude lower than that
in post-combustion flue gas, making DAC more challenging. In
this document we refer to DAC as carbon capture technologies
starting from near atmospheric CO, concentrations (424 pmol
mol "), and point source capture (also known as post-
combustion capture or flue-gas capture) as starting from
elevated CO, concentrations (roughly 200 000 pmol mol ™ *).?

Materials of interest for capturing CO, both from point sour-
ces, such as industrial waste streams, and for DAC include liquid
sorbents and solid sorbents. Porous solids have several features
that are useful for carbon capture. They can provide a very large
effective surface area per mass or volume for physical or chemical
adsorption. Porous solids that are crystalline provide a uniform
pore distribution that makes it efficient to filter species by size or
degree of chemical interaction. The thermodynamics of carbon
capture and release may also be more favorable for solid sorbents
than for liquid amines as cycles such as pressure or temperature
swings do not involve costly liquid heating.

Naturally porous crystalline materials include octahedral
molecular sieves such as a-MnO,, zeolites, porous coordination
polymers (PCPs), of which an important subset is porous metal-
organic frameworks (MOFs), and covalent organic frameworks
(COFs). All of these classes encompass multiple examples, but the
PCP/MOF and COF classes are particularly rich because, given
one structure, an endless number of similarly-terminated organic
ligands can, in principle, be substituted to make new structures
with the same framework topology and local coordination.

This report pays special attention to flexible PCP/MOF and
COF materials,** which are interesting as they typically exhibit
large structural changes in response to changes in the envi-
ronmental conditions, such as temperature, pressure, or gas
adsorption, often reversibly and without bond breaking. For
instance, the flexible MOF MIL-53(Cr), undergoes a narrow-pore
— large-pore transition (see Fig. 1), with one lattice dimension
changing from 7.85 A to 13.04 A, a change that is much larger
than encountered in typical responsive bulk solids such as
piezoelectrics.®

Fig. 1 Narrow pore (np) and large pore (lp) structures of the flexible
MOF MIL-53(Cr). The Cr atoms are green, C grey, O red and H small
yellow. The Cr-Cr distances shown changes from 7.85 A in the np
phase to 13.04 A in the Ip phase.
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The features that make porous crystalline materials inter-
esting can also make structure determination a challenge.
Structures may be “more than the sum of their parts”, as the
connectivity in MOFs may not reflect preconceived notions;
complex organic ligands may bend and twist, the overall
structure may distort, and the system may be flexible and
change structure upon absorption of CO, and other species.
Compounds may be difficult to synthesize in single-crystal form
yet still have useful properties. For such systems, it is important
to determine their structures, but the structures may be too
complicated to solve from powder diffraction alone.

NIST contributes to measurement science related to climate
via multiple programs, including the NIST project on Carbon
Capture and Carbon Sequestration.” The NIST workshop
“Integrating Crystallographic and Computational Approaches
to Carbon-Capture Materials for the Mitigation of Climate
Change”, was held at the NIST National Cybersecurity Center of
Excellence building in Rockville, Maryland, October 31-
November 1, 2023, to provide a forum for experimentalists and
theorists from academia, government, and industry who are
working on the structural aspects of CO, capture and seques-
tration materials to review the current state of the art in this
field and discuss opportunities for collaborative research
required to develop tools for rapid determination of the struc-
tures of porous solid sorbents and the effect of structure on the
carbon capture performance.

In Section 2-5, this report discusses the state of the art of
experimental, theoretical, and computational modeling of the
structures of solid sorbents for CO, capture as presented at the
workshop. Section 6 provides a brief overview of some of the
industrial concerns in this field. In Section 7, we discuss the
outstanding issues that were brought up at the workshop and
provide suggestions for further work. Section 8 presents our
conclusions and suggests action items. This article does not aim
to be a comprehensive review of the topics covered. Rather, we
present the topics side-by-side, each providing context for the
others and reflective of the aforementioned workshop. In doing
so, we aim to further the dialog between these sub-disciplines.
How the relevant properties are being modeled and measured
affects what aspects of the structural characterization are
important to study, and vice versa. There are many different
material systems that are being considered for carbon capture
technologies — and many ways that these materials might be
implemented in a carbon-capture system (e.g. sorbents vs.
membranes). The discussions of the state of the art of each
aspect of this rich field of study provides context for the others.

For the sake of brevity, many of the compounds in this work
are described using abbreviated names as given in the literature
rather than by their full chemical nomenclature.

2. Cutting-edge experimental
structural characterization methods

Scattering (X-ray, neutron, and electron) methods are a powerful
tool for structural determination. This section details the
progress of single-crystal and powder diffraction techniques,
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with particular emphasis on their applications to crystalline
porous materials for carbon capture.

2.1 Single-crystal diffraction

We must know the structure of a porous absorbent material to
fully explain its gas adsorption behaviour. The structure of
porous materials, such as MOFs and zeolites, is commonly
determined using X-ray and neutron diffraction data collected
from single-crystals. In situ X-ray diffraction is a powerful
method for studying structural changes in porous crystals upon
gas adsorption. Such studies can even reveal the binding sites
and structural distortions associated with CO, adsorption in
flexible MOFs, provided that the MOF remains crystalline.?

One new research avenue being pursued with single-crystal
diffraction is dynamic responses of structures to stimuli. The
beamline NSF's ChemMatCARS at the Advanced Photon Source
(APS) at Argonne National Laboratory has been outfitted with an
environment cell that allows for a single crystal to be exposed to
different environments (e.g. temperature changes or sorbate
gasses) as the structure is being measured.® This allows for the
study of structure dynamics in situ that would be missed in
traditional ex situ experiments. For example, an ex situ study in
2009 of the Co-based MOF [Co(AIP)(bpy)o.s(H,0)]-2H,O found
several structural changes upon heating and/or exposure to
other solvents.' In particular, they found a structural change to
an anhydrous phase that had the same space group with a much
smaller ag-axis length but little change in the other lattice
parameters. A dynamic in situ study of the same material™
showed that one of the water molecules leaves suddenly,
causing an abrupt change in the g-axis length and also the
lattice angle @, resulting in a shearing of the lattice as the
ligands deform. As the material is dehydrated further, the other
water molecules leave the structure gradually, which brings the
lattice back to a similar § value as in the starting trihydrate. This
shearing and “un-shearing” action as the structure is dehy-
drated is not evident in the end members and, therefore, not
observable by ex situ studies. Only by measuring the structure in
situ could this multi-stage dehydration mechanism be uncov-
ered. A dynamic in situ study of ethanol incorporation in the
same [Co(AIP)(bpy)o.s(H,O)]-2H,O system revealed further
details of chemical transformations in this MOF.*?

2.2 Powder diffraction

While single-crystal diffraction is extremely useful, it can be
challenging to obtain crystals of MOFs large enough for
diffraction measurements via typical synthesis methods such as
precipitation from solution. Furthermore, even when the
synthesis route is successful, the crystals may crack or break
apart as the solvent is removed or under adsorbate pressure.
The structural studies of most MOFs therefore rely on X-ray (and
to a lesser extent, neutron) powder diffraction measurements.*?

Powder diffraction has its advantages. Because of the ease of
sample preparation, it is applicable to more materials and,
because there is no need to orient the specimen in a particular
way, it is easier to perform in operando studies. With powder
diffraction, it is possible to study MOFs as synthesized - with
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small crystals and loaded with a solvent. Then the structure can
be measured as the solvent is removed under vacuum and heat,
and again as material is dosed with gas species.

The wide applicability of powder diffraction makes it espe-
cially useful for studying flexible MOFs. As noted in Section 1,
these materials can have large changes in the structure between
a closed and an opened state. Often the flexible structure opens
more easily for one gas over another, which is useful for many
gas separation applications. For example the MOF Co(bdp)
(where bdp®>~ = 1,4-benzenedipyrazolate) attains a large CO,
capacity while approaching complete exclusion of CH,."* In situ
X-ray powder diffraction shows that CO, adsorption is associ-
ated with expansion of the pores of this flexible MOF and that
templating of the pores by a specific arrangement of CO,
molecules upon adsorption must be invoked to explain the
continued high selectivity of CO, over CH, at higher pressures
(=1500 kPa).

Another interesting use case for in operando X-ray powder
diffraction is cooperative adsorption. An example is Fe-
containing MOFs such as Fe,Cl,(bbta) and Fe,Cl,(btdd) which
have Fe initially in the high spin state. As the material adsorbs
the gas, the Fe acquires the low spin state, which a concurrent
change in the bond lengths. As a result, more open metal sites
are exposed, and the material can adsorb more gas.” This
behavior leads to a stepwise adsorption curve that could be
especially useful for gas-separation applications as a large
change in uptake occurs for a small change in pressure.

X-ray and neutron powder diffraction were also used to
confirm that two sorbate molecules could adsorb on a single
metal site in the MOF Mn,(dsbdc).*® This could be a useful
feature in the search for materials that can adsorb a large
amount of CO,.

2.3 Electron diffraction and serial diffraction

Although powder diffraction is useful when sufficiently large
single-crystals are not available, a major problem is that the
information in the peak positions and intensities may not be
enough to determine the unit cell, let alone to refine the
structure, especially in the case of large low-symmetry unit cells
present in many MOFs. 3D electron diffraction (3D ED)
methods can help. Electron diffraction does not require large
samples: single-crystal electron diffraction data can be obtained
for crystals that are only tens of nanometers across - much
smaller dimensions than can be probed even with microfocused
synchrotron X-ray beams. The 3D ED data can be obtained using
different techniques, such as automated diffraction tomog-
raphy, precession-assisted electron diffraction tomography,
continuous rotation electron diffraction, and microcrystal
electron diffraction, which have become increasingly popular
for studying the structure of porous materials.'” Electrons have
a much stronger interaction with the samples than x-rays,
making it possible to acquire strong signals from light
elements like Li and H, albeit at the expense of added
complexity caused by multiple scattering events (dynamical
scattering). Because of this complication, electron diffraction
was of limited use for structural refinements until relatively

This journal is © The Royal Society of Chemistry 2024
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recently. The main operating principle of 3D ED is to acquire
a series of diffraction patterns as the sample is rotated along
high-index crystallographic directions and then refine the
structure from the whole set.’® In this way, the structural
refinement can rival or even exceed the accuracy of X-ray
methods due to the sensitivity of ED to light elements; this is
especially true when using dynamical refinement techniques.
There are various data-collection schemes including continu-
ously rotating the sample as the images are acquired, which
minimizes exposure time and therefore beam damage. The
choice of the optimal strategy and data collection mode
depends on the sample. For example, nanoparticles with a size
of a few tens of nanometers, especially when agglomerated, are
best investigated using scanning transmission electron
microscopy (STEM), combining the acquisition of electron
diffraction data with crystal-tracking routines'® as shown in
Fig. 2.

Together, these factors make 3D ED techniques increasingly
popular for studying structures of porous materials. Combining
automated electron diffraction tomography with X-ray powder
diffraction or spectroscopic methods, like solid state nuclear
magnetic resonance (NMR), is particularly powerful, providing
invaluable insight into property-guiding structural details.”®
Many MOF crystal structures have been already solved from
microcrystalline powders, such as MOF Zr-CAU-30 (ref. 21) or
Zn-CAU-37, where even the structural evolution from as-
synthesized to activated material was revealed.**

Another way to get the full single-crystal diffraction infor-
mation from powder samples is with serial diffraction. In this
technique a stream of powder particles is flowed into the
diffraction beam. This technique captures single-crystal
patterns from a large number of crystallites in the stream and
uses the cumulative information to solve the structure. This
approach avoids the need for mounting and orienting single-
crystals, but requires novel sample-delivery methods. Not only
does serial diffraction allow for the study of small crystallites,
but because of the flow of particles it is an especially useful
technique for studying the dynamics of structures. The
diffraction measurements can be performed at a time delay
from the application of a change in the environment, therefore
the time resolution is only limited by the photon dynamics.
Furthermore, since the powder particles only pass through the
beam once, it is possible to use serial diffraction to study
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Fig. 2 Settings of the FAST-ADT data acquisition module including
nano beam diffraction, TEM/STEM imaging and dedicated crystal
tracking routines.*®
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irreversible processes. The high brightness at beamlines such
as ChemMatCARS at the Advanced Photon Source upgrade
(APS-U) are projected to provide strong enough signal to enable
such serial diffraction techniques.*?

2.4 Quantum crystallography

Quantum crystallography is a technique that - rather than
simply refining the atomic positions as is done in typical crys-
tallographic structural refinements - performs the task itera-
tively by fitting the wavefunctions derived from the molecule's
structure, thereby achieving accurate structure factors. This
process involves continuous adjustments of the molecule's
structure until the calculated wavefunction and the updated
model structure factors agree. This represents a dynamic
interplay between experimental data and theoretical modeling,
leading to a comprehensive understanding of the atomic and
electronic structure of molecules within crystals.

Typical crystallographic structural refinements assume
spherical atomic structure factors that are independent of the
structure (in the so-called Independent Atom Model (IAM)).
Quantum crystallography forgoes these approximations; instead
it directly refines the electron density allowing for aspherical
structure factors that can be compared with quantum mechanics
calculations.” This technique requires collecting diffraction data
with high accuracy, high resolution, and a strong signal to noise
ratio. Beamlines such as NSF's ChemMatCARS at the APS-U are
projected to have unrivaled brightness and beam coherence thus
enabling quantum crystallography.”>** Quantum crystallography
could be useful for any system where the assumption of atoms as
spherical scattering centers is too restrictive — materials with, for
example: strong covalent or hydrogen bonds, magnetic
moments, and filled f-shells. Porous materials, especially those
with guest molecules, could exhibit these effects as exemplified
in the spin-state transition of Fe in Section 2.2, and strong
distortions (leading to aspherical electron clouds) as discussed in
Section 3.1.

3. Structural modeling

Some porous materials cannot be grown as large single crystals
and have structures or structural changes that are too compli-
cated to be solved by powder diffraction alone. Other porous
materials have substitutional disorder or are even amorphous.
As complicated as such systems are, they expand the universe of
potentially useful gas adsorption materials. This section
discusses the state of the art in structural determination and
a description of these systems. Ultimately, of course, materials
to be used as DAC sorbents on a commercial scale will need to
be produced reliably in large quantities, even if single crystals
cannot be grown. Thus, development of methods that combine
powder diffraction with other characterization methods and
with computational approaches such as DFT, as well as in situ
measurements and predictions of structural change and
performance, will become critical in determining and selecting
the optimal systems for DAC and CO, reduction or removal
(CDR) on a commercial scale.

J. Mater. Chem. A, 2024, 12, 25678-25695 | 25681
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3.1 Combining experiments and density functional theory

In many structural models of porous materials, the component
molecules - the secondary building units (e.g., the metal clus-
ters and organic linkers in MOFs) - are treated as rigid bodies.
Some flexible materials can be treated this way by modeling the
framework of a MOF (or similar) as a flexible mechanical truss.?”
But what if the secondary building units themselves are flex-
ible? One approach is to start with a structural model generated
from rigid building units and then use density functional theory
(DFT) to relax the atomic coordinates.

DFT structural optimization is a particularly powerful tool in
conjunction with powder diffraction on large-unit-cell MOFs
that are difficult to grow as single crystals. Powder diffraction
can provide the lattice parameters and suggest the topology of
the MOF, while DFT can provide finer structural details. This
fact has been demonstrated with the case of crystalline metal-
coordinated cavitand crystals, which shatter upon removing
the solvent, but whose unit cell reverts back to the original
lattice parameters when the solvent is re-introduced.?® Since the
transformation of the lattice is reversible, it was inferred that
the connectivity of the underlying structure is maintained after
the shattering. Refining structural models from powder XRD
data using the DFT-based structure optimizations was able to
confirm that there was a volume change of 30%, and that the
ligands rotate for the material to become denser. This volume
change can then explain earlier observations of stepwise CO,
adsorption behavior. In a similar study of structural changes in
Ni-Bpene upon CO, adsorption, DFT calculations confirmed the
hypothesis of staged ligand rotation as CO, is adsorbed and the
pores become larger.*

Similarly, DFT-assisted structure refinement can be used to
study other flexible porous materials such as hydrogen bonded
frameworks and interdigitated molecular crystals.*®** These
materials are highly flexible, and using powder diffraction to
determine unit-cell distortions followed by DFT relaxation of
atomic coordinates, validated against the powder XRD data,
shows that molecular building units are highly distorted from
their shape in isolation. These materials are typically amor-
phous in a solvent but crystalize through solvent evaporation.
However, using different solvents for this process can produce
different structures despite starting from the same precursors.
Furthermore, reversible transitions between structures are
possible by crystallizing using one solvent, then dissolving and
recrystallizing from a different solvent. DFT-based structural
refinement is a powerful technique for studying these highly
flexible materials, which are gaining interest as potential NETs
due to their CO, adsorption properties.’*"*?

3.2 Mixed-metal structures

Mixing metal species in otherwise identical MOFs can provide
an additional degree of control over the structure resulting from
the synthesis. Some possible outcomes are uniform mixture,
complete segregation, partial segregation, discrete domains,
and chemical ordering. Beyond these familiar types of ordering,
mixing metal species can indirectly lead to changes in the
microstructure. For example, a variety of such effects occur in
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the Zn-PF1 system with the partial substitution of various
species for Zn.*® Substitution of 50% of Zn with Mn leads to Zn-
Mn ordering, while substitution of Zn by Co results in a char-
acteristic core-shell arrangement. The latter is thought to be
due to preferentially dissolving the initially formed Zn-based
crystals, then recrystallizing on the outside of structure as
more linker is available in the solution. Mixtures of La and Yb-
based RPF-4 have a similar re-dissolve mechanism that leads to
the crystal shape with holes when lanthanum is present in high
concentration. If starting from equimolar La: Yb mixture, bulk
measurements show an equiatomic ratio of La to Yb, whereas
the microanalysis using energy dispersive X-ray spectroscopy
(EDX) reveals the system to crystallize into the two end
members with molar ratios of 1:9 and 9:1 La to Yb. However,
by changing the linker to one with higher steric bulkiness, such
as the carborane based linkers, can allow for a homogeneous
mixture of up to 8 different rare-earths.**

Most mixed-metal MOFs are synthesized by creating a single
solution of the metal components and organic linker with the
solvent. This synthesis route assumes that the framework of the
MOF will form with the desired composition, but this is not
always the case. An alternative synthesis method is to use a pre-
formed heterometallic molecular complex as precursor for the
MOF structure. Using heterometallic complexes to synthesize
the MOF can provide a higher degree of control over the
structure. For example, it may be possible to create a specific
pattern of the arrangements of the different metals. Starting
with a metal-organic complex having the metals arranged with
a specific ratio, a MOF can be created by a ligand to linker
exchange reaction (see Fig. 3). This synthesis pathway was
successfully used to create MIL-69 with a Ga to Ni molar ratio of
7:1.* Despite the metals having different valence states (Ga®*
and Ni*"), these cations occupy the same site in the structure.

3.3 Amorphous structures

While most of this report emphasizes porous crystalline mate-
rials, related amorphous materials can also maintain porosity
and adsorb gasses such as CO,. Crystallographic structure
refinement cannot be applied to amorphous materials.
However, the short-range order in the latter can be described
using the pair distribution function (PDF), which can be
determined experimentally. Conceptually, the geometric PDF
can be constructed by picking a central atom, then counting the
number of atoms as a function of distance away from this

[Ga,NiFy(Piv),] -

Ga7Ni-MIL-69

Fig. 3 Molecular diagrams showing a ligand to linker reaction to form
a mixed-metal MOF. Adapted from ref. 35 with permission from the
American Chemical Society copyright 2022.

This journal is © The Royal Society of Chemistry 2024
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central atom, repeating this process with each atom as the
central atom and summing the results. Experimentally, the PDF
is determined as the Fourier transform of the scattered intensity
measured over a wide range of scattering vectors. The PDF
description applies to all materials - crystalline, amorphous,
and even liquid - allowing for a direct comparison between
crystalline and noncrystalline structures.

One example of the utility of the PDF is its application to
describe the structural transitions in ZIF-4. The base ZIF-4
structure on heating first transforms to an amorphous phase
and then to a ZIF-zni phase. The PDF of ZIF-4 and the inter-
mediate amorphous structure are nearly identical at short
distances. This implies that the ligand coordination of the Zn
ions is preserved in the amorphous phase which contains
a continuous random network of Zn tetrahedrally coordinated
by imidazolate linkages.** This behavior is similar to how the
SiO, tetrahedra are preserved between quartz and glass, the
difference being that the network is crystalline for quartz and
amorphous for glass.

The information from the PDF can provide insight into how
to improve the adsorption behavior. For example, knowing that
the local structure is preserved upon melting ZIFs allowed for
the development of ZIF-MOF composites that have high CO,
capacity. Because its local structure is preserved, ZIF-62 could
be melted to form the matrix of a composite with MIL-53(Al),
a flexible crystalline MOF very similar to MIL-53(Cr) described
in the Introduction. The interaction of MIL-53(Al) with the local
structure of the ZIF-62 material stabilizes the large-pore
configuration of MIL-53(Al) over the narrow-pore configura-
tion, leading to a higher CO, capacity than for MIL-53(Al)
alone.”

The PDF can be constructed for any type of matter, whether -
crystalline or amorphous, and therefore could serve as useful
feedback for MOF synthesis. As mentioned in earlier sections,
the synthesis of crystalline MOFs can be challenging. XRD
measurements typically only provide binary feedback on the
results of this synthesis, while PDF might be able to provide
more granular feedback by showing how the local structure of
the product compares to that of the target material.

4. Property measurement and
modeling

Sections 2 and 3 discussed the structure of nanoporous mate-
rials for carbon capture. This section discusses many of the
performance issues related directly or indirectly to the structure
of porous materials for CO, capture: stability, competitive
adsorption, thermal transport, and CO, conversion, and how
these properties can be measured and modeled.

4.1 General considerations

The material selection for carbon capture applications relies on
incomplete information, often using high CO, uptake or
working capacity as an indicator of performance. The perfor-
mance of a sorbent for DAC, however, is not solely determined
by the equilibrium uptake and working capacity. A fuller view of

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry A

the adsorption behavior must consider the competitive
adsorption of CO, with the other species in the air: N,, O, H,O,
etc. As many sorb/desorb refresh cycles involve heating the
system, the temperature dependance of competitive adsorption
is also important. Further, all of this information only considers
thermodynamic equilibrium and provides no information on
the kinetics — which is important for industrial DAC facilities to
determine cycle times.

The scale-up and commercialization of sorbents for DAC
depends further still on factors beyond even this comprehen-
sive view of the adsorption behavior. The synthesis and what
reagents are required for a given sorbent material must be
considered. How scalable is the synthesis of the precursors,
such as the metal-organic clusters or organic linkers? The
stability of the structure — especially in the real-world conditions
that include H,O and possible contaminants — will affect the
viability of the sorbent. Many DAC facilities use gas contactors
that consist of pelletized beds. Others use macroporous
supports that are decorated with sorbents. In any case, the
manufacturability of the sorbent into needed form is also
a selection criterion. Organizations conducting techno-
economic assessments of sorbents for DAC must consider
each of these factors.

One concern limiting the commercialization of materials
like MOFs is the lack of information resources that provide
insight into the criteria outlined above. Much of the current
effort in this field of research is involved in developing new
prediction tools, and new databases to assess the performance
and viability of sorbent materials. Crucially, since many of the
criteria center around scalability and real-world conditions,
there are ongoing efforts to develop new experimental resources
which can provide context to the modeling predictions or assess
the criteria directly.

4.2 Stability

A basic requirement of a porous solid for practical carbon
capture is that it be thermodynamically and mechanically
stable. Machine learning (Section 5) was used to investigate the
thermodynamic and mechanical stability of a database of 50
000 hypothetical MOFs, finding previously unknown structures
with good stability.*® A website has been developed to dissem-
inate the ML MOF stability data and allow the user to harness
these data to make predictions on the stability of new MOFs.*

4.3 Sorbent performance

The National Energy Technology Laboratory (NETL) is devel-
oping a DAC test center. This facility enables the performance
characterization of DAC materials and systems at: lab-scale
(material testing 0.1 kg per day of CO,), bench scale (testbed
reactors at 4 kg per day of CO,), and pilot facility scale (test DAC
facilities at 30 kg per day of CO,). This facility allows for the
evaluation of many types of regeneration cycles. The pilot
facility scale testing allows for the testing of DAC modules
under different environmental conditions.

Using fibers as sorbents allows for a wide variety of form
factors and designs of the DAC system. For example, the
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polymer PIM-1 can be tagged with amines to create the PF-15-
TAEA fiber sorbent. This can then be used in an electro-
spinning process to be formed into a flexible mat. The solubility
of the fiber material opens the possibility of wet-spinning or 3D
printing the material into various form factors. In particular,
the PF-15-TAEA material shows very good regeneration.*’ This is
therefore a material that shows promising DAC performance
and can be readily fabricated into contactors with high surface
area.

Beyond directly adsorbing the gas into sorbent materials,
one way to capture CO, from the atmosphere is by using
membranes that are selectively permeable. The polymers used
in these membranes can be highly selective for CO,, however
their permeability is very low limiting their performance. One
approach to resolve this is to add MOFs to the membranes to
increase the permeability forming Mixed Matrix Membranes
(MMMs).

Computational force field modeling has been used to screen
over one million candidate MMMs involving two thousand
different MOFS, to predict the cost per metric ton for CO,
removal.** Promising materials have been identified that are
predicted to combine high permeance, high CO,/N, selectivity,
and low cost per metric ton of CO, removal. It has been found
that force fields developed to account for MOF framework
flexibility do a better job of predicting adsorption performance
than force field models that keep the framework rigid.*
Framework flexibility also means that porous materials with
pore-limiting diameters (PLDs) of the average crystallographic
structure that appear too small for gas sorbates to diffuse may
allow for diffusion in reality. Thus high-throughput computa-
tional screening of candidate porous adsorption materials
based solely on average crystal structures should not eliminate
materials with PLDs that are close to the target sorbate molecule
(e.g., CO,) size and would otherwise be considered too small.

Zeolites are not as widely explored for carbon capture as
MOFs but used in practice for many separation applications,
and similar force-field modeling approaches are applied to
investigate their gas adsorption barrier. The effect of framework
flexibility on sorption properties in zeolites was found to be
generally smaller than that for MOFs.*” On the other hand, DFT-
based molecular dynamics simulations show again that the
flexibility of the windows in zeolites can be crucial to explain
sorbate diffusion when these windows are barely large enough
for molecules to pass through.*

Zeolites and MnO, octahedral molecular sieves are examples
of porous materials that may contain additional ions in the
pores. DFT studies predict that changing the size or charge of
the ionic species will change the nature of CO, adsorption and
interaction with the ions.*

Many reports focus on discovering new materials that
further optimize geometric descriptors like the gravimetric
surface area or pore volume, which are viewed as a surrogate for
high CO, uptake that itself is a surrogate of performance. In
order to selectively adsorb a target gas species (e.g. CO,),
a material should have the appropriate PLD and largest cavity
diameter (LCD). This design criterion can be challenging to
satisfy, however, as any solvent molecules used during the
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synthesis can become trapped in the pores. This is one of
several factors that make Al-formate an attractive candidate
sorbent material for DAC: during the synthesis, Al(OH); reacts
with formic acid to form the Al-formate - ie. the solvent
becomes the linker in material. Al-formate has a PLD of 1.97 A,
which is near ideal for adsorbing CO,. Meanwhile, the N,
adsorption isotherm for Al-formate is similar to that of non-
porous materials. Because of the flexibility of the Al-formate
structure, the CO, adsorption at 270 K is low, but there is
a gate-opening transition allowing for high adsorption at 297
K.** Furthermore, as seen in the O, adsorption, Fe substitution
for Al in the Al-formate structure can increase the kinetics.*
Another major attraction of Al-formate is the cost. Due to the
relative abundance of Al(OH); and formic acid and relative ease
of synthesis, Al-formate based sorbents for DAC are an
economical option and could even form the basis of Al-based
carbon cycle with a CO, packing efficiency 96.35% of dry ice.*

Some flexible MOFs have pores that are open in the presence
of the solvent, close as the solvent is removed, but open again
under the pressure of certain adsorbates - a behavior that leads
to a highly selective, stepwise adsorption. These flexible MOFs
can form nanotraps for specific guest molecules, acting as a gate
for the particular adsorbate. Such nanotraps often interact with
the guest molecules through hydrogen bonding, so that specific
gas species will cause the gate-opening while others do not. This
mechanism can provide high selectivity in very challenging
separations. For example, in the separation of C,H, from CO, -
important for flue gas capture applications - a hydrogen-
bonding-based nanotrap was shown to have very high selec-
tivity and capacity for C,H, as determined by in situ infrared
spectroscopy measurements.*® Methane (CH,) is a much more
potent greenhouse gas than CO,,*” so CH, separation from N, is
an important application. However, a strong interaction is
needed for extracting CH, from air. The flexible MOF ATC-Cu
with hydrogen-bonding-based nanotraps for CH, was found to
adsorb 2.90 mmol g of CH, at 298 K and 100 kPa, with
a significant selectivity for CH, over CO,.** A combination of
single-crystal X-ray diffraction and DFT calculations was used to
determine the preferred CH, adsorption sites and uncover
principles for engineering suitable pores.

4.4 Thermal transport

Back when MOFs were being considered for natural gas storage
in vehicles, studies identified MOFs that were able to store large
amounts of CH,, but these materials have yet to be used
industrially. One of the major issues that was largely overlooked
at the time was heat transfer. To be practical, refueling of cars
should take minutes. But the adsorption of CH, to the MOFs is
exothermic.” Therefore, refueling was limited by the thermal
conductivity, requiring hours to fill the tank.

The same issue is present for sorbents for DAC. Industrial
scale DAC facilities need to be able to adsorb and desorb
quickly, so there is a need for sorbents with high thermal
conductivity. However, there are still many open questions
about how to model heat transfer in MOFs. Are phonons
meaningful carriers? The unit cells of many MOFs are on the
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same length scale as the thermal phonon wavelengths. How do
pore size and shape matter? How is the thermal conductivity
affected by gasses? In classical atomistic simulations, tech-
niques such as equilibrium molecular dynamics can extract
thermal conductivity from autocorrelation functions, while
non-equilibrium molecular dynamics can apply thermal gradi-
ents and extract the thermal conductivity from the heat flow.
However, unlike most materials (including clathrates which
have trapped gasses), the guest molecules in MOFs can adsorb,
desorb, and diffuse through the material. The ambiguity of how
to model MOFs can lead to disagreements on seemingly simple
questions, such as whether MOFs become more or less ther-
mally insulating with more adsorbed gas. One group found that
more gas led to more phonon scattering and therefore more
thermally insulating behavior.>® A different group found that
adding the sorbates adds new thermal pathways that leads to
more thermally conducting behavior.>* The prevailing thought
is that both of these terms are active, and it is highly system
dependent as to which term dominates. Experimental studies
on HKUST-1 show a decrease in thermal conductivity as various
liquid adsorbates are incorporated.® The effects of defects on
thermal conductivity in MOFs has also been explored. Surpris-
ingly, the modeled thermal conductivity of UiO-66 increases for
certain hypothetical arrangements of missing linker defects.*

4.5 Catalysis

Directly adsorbing CO, from the atmosphere is fundamentally
challenging. Local electric fields in porous materials can readily
attract polar sorbents such as H,O. However, CO, and many
other gas species in air, including N, and O, are non-polar but
polarizable. Among other requirements, sorbents for CO, direct
air capture via physisorption must rely on separating it from
other non-polar gasses by their differences in polarizability.>*
Because of this basic challenge, alternatives to adsorbing CO,
might be considered. Instead of simply capturing CO, from the
air for subsequent storage, an alternative strategy is to chemi-
sorb CO, and directly catalyze it into a more useful feedstock.
CO, reduction reactions can be distinguished by the number of
H'/e” as well as by the reaction potential. One promising
strategy is to use a MOF as a chromophore and source of meta-
stable hydrogen, accessed by photo-activation of the MOF in the
presence of a H-atom source. Generally, the process is thought
to “photodope” the framework by generating an electron/hole
pair with sufficient energy to hydrogenate a substrate but not
form H,. In this regime, CO, reduction products may then be
controlled the number of H'/e ™ available for the reaction, which
should be proportional to various aspects of the photo-
irradiation process. Although not relaying the hydrogen atoms
onwards to reduce CO,, the proof-of-concept of using MOF
cluster nuclearity as a platform to control H-atom concentration
was presented in MIL-125. In an initial report, Mayer and
colleagues suggested the MOF could deliver two H'/e™ pairs
through proton-coupled electron transfer reactions for
hydrogen evolution in the presence of 2-propanol.**® However,
subsequent theory-led studies revealed that MIL-125 could
exceed (4H'/e” pairs), and the limit was dictated by the
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frameworks instability to forming H, rather than existing as
a metastable H-atom source.”” Ignoring the difference in elec-
trochemical potential required to perform the hydrogenation,
this result suggests use of MIL-125 as a catalyst for CO, reduc-
tion would not select for reaction pathways by H-atom source,
but rather by MOF-cluster nuclearity. Thus, to then reduce CO,,
one promising pathway is to couple the H-loaded MOF to
a conventional catalyst such as transition metal nanoclusters
(e.g., Pt or Cu), and limit the product distribution by irradiation
time of the MOF. In this case, the excitons can migrate to the
active metal catalyst, achieving higher conversion in the photo-
limited H-atom bath.*®

5. Machine learning applications in
porous materials

Machine learning (ML) techniques have a powerful potential to
accelerate science, especially in the field of porous materials and
the nascent field of DAC. At the most basic and general concep-
tual core, ML techniques treat all problems as the search for
a mathematical function that takes some input domain and
makes prediction in the output domain. The key to applying ML is
in casting the problem at hand into this framework. There are
myriad ways that ML can be applied to DAC issues. For example,
ML can be used to predict the adsorption behavior of new
materials. The space of possible MOFs is very large, and ML
models can make predictions quickly and can therefore be used
as screening tools to identify MOFs of interest. Additionally, ML
can be used to compile and organize the state of the assembled
body of knowledge in the field, e.g., by identifying correlations
between feature in a database or mining the literature for research
topics. These efforts can help accelerate adsorption science by
identifying gaps in the knowledge base or prioritizing avenues of
study. ML can also help accelerate the study of structural trans-
formations in porous materials by generating accurate force field
models that are much faster than DFT calculations.

A word of caution in the use of ML models especially in the
field of porous materials for adsorption applications: any ML
model trained on a database will inherit the biases of that
database.*® There is a strong positive result bias in the litera-
ture.®®* For example, it would be difficult to accurately predict
the structural stability of new materials if only stable materials
are reported, without any examples of unstable materials to
learn from. Furthermore, since even modern large language
models LLMs struggle to connect different ways of reporting
information in the material science domain,* there is great
need for the standardization of reporting adsorption research.
For example, an ML model mining the literature would have
difficulty accurately determining the context of adsorption
curves if they are inconsistently reported - e.g., one paper might
include the measurement conditions in legend of a figure, while
another might state elsewhere in the manuscript that all
measurements were performed at a certain relative humidity. It
is important, then, to understand and keep in mind the biases
and limitations of the ML models used in their application to
adsorption science.
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5.1 Predicting adsorption

ML tools can be used to directly predict the adsorption behavior
of materials. One example is using ML models to narrow the
search space of materials to those that warrant further study by
predicting performance measures. Starting with the QMOF
database of MOF materials,**® Steckel et al.®® trained a ML
model to classify whether MOFs have high or low uptake of CO,
at 400 pmol mol ! CO,. While the predictions were sensitive to
the exact type of ML model used, the featurization was found to
have higher importance. In addition to the commonly used
material descriptors such as smooth overlap of atomic positions
(SOAP),*”%* the revised autocorrelation functions (RACS)*
method and stoichiometric features, the inclusion of density
and surface area dramatically improved the ML's ability to
classify the CO, uptake.

One early concept was to use atomic property weighted
radial distribution functions (AP-RDF) as descriptors for
MOFs, then train support vector machines to classify them by
whether their CO, uptake is above or below a given threshold.”
This workflow functions as a high-throughput screening
protocol to identify sorbents of interest. Later work used
gradient boosted decision trees (GBDTs) to predict the uptake
as well as the selectivity. GBDTs are particularly well suited to
including many different descriptors, so AD-RDFs could be
used along with geometric features (e.g. surface area, density,
void fraction, and pore size) resulting in an improved
screening tool.”

Once ML models are trained to predict multiple properties of
interest, they can be incorporated into larger workflows that
seek to discover new, high performing materials. For example,
Zhang et al. used Monte Carlo tree search to identify MOFs that
not only had high CO, uptake, but were also hydrophobic.”
Similarly, Kim et al. used their ML models in a Bayesian active
learning framework.” In the search for mechanically stable
zeolites, this framework iteratively predicts the bulk and shear
moduli of zeolites, adds those to the database, and suggests the
next materials to study and repeats this process. A recent review
covers the uses of ML methods in CO, capture, storage, trans-
portation, and utilization, and provides an outlook as to the
impact of such ML methods in the future of this research.” ML
models can also be used to improve the accuracy of predictions
of sorbent materials and their interactions with adsorbates such
as CO,. ML models have found use as surrogate functions for
force fields (FF) in molecular simulations. Even some
commercial DFT packages are now implementing tools to train
ML-FFs on the trajectories from DFT geometry
optimizations.””® ML force fields fit on DFT data have been
used to correctly capture the negative thermal expansion of
some zeolites with higher accuracy than available classical force
fields (see Fig. 4). ML-based force fields have also shown
excellent agreement in energy and forces between DFT and the
ML-based FF simulations for both MOFs and zeolites.” Recent
work has demonstrated the ability of ML-based FFs to predict
adsorption isotherms®® and diffusion coefficients®* for CO, in
MOFs using Monte Carlo and molecular dynamics simulations
respectively.
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Fig. 4 Unit-cell volume as a function of temperature for a pure-silica
LTA zeolite demonstrating negative thermal expansion; experimentally
measured results” are compared with simulations using a classical
force field’® and an ML-based force field.”*-7¢

5.2 Database curation and literature mining

Another way to use ML is to construct maps of the current state
of the research on porous materials. MOFs can be thought of as
constructed from secondary building units (SBU's, i.e. metal-
organic blocks and organic linkers) on a certain topology. The
abstract mathematical space of combinations of SBU's and
topologies has only been sampled very locally with vast regions
of this space still under-explored. Geometric fingerprints such
as the maximum included sphere, and gravimetric surface area
are important, but those descriptors are insufficient as they do
not encode the chemistry. Revised autocorrelations consider
products and differences on the molecular graph to capture the
chemical information. The RACs are constructed from graph
edit distances starting at, for example, a metal site and
considering a set number of bonds away. In this way, RACs
build up features that describe the local chemical environment.
RACs could be constructed by starting at a single metal atom or
aggregated across all atoms in the SBU. Moosavi et al®
combined the geometric fingerprints with the chemical RACs
features to train ML models to predict the CO, working capacity.
When trained on experimental databases (i.e. CoreMOF*®), the
chemical features were found to be more important, but when
trained on hypothetical databases (i.e. BW-DB,** ToBaCCo®>*®)
the importance of the geometric features increased signifi-
cantly. The RACs descriptors show that most hypothetical MOF
databases severely under-sample the metal variety when
compared to experimental databases.’®**

Under-sampling, or imbalance in databases of sorbents is
a pervasive problem. The activation stability of a MOF relates to
whether or not it could be activated (solvent removed without
the structure collapsing) under heat and vacuum - in ML
parlance this would be a classification problem. The thermal
stability of a MOF can be characterized by the temperature of
degradation of the MOF structure - a regression problem. Large
language models (LLMs) could be used to mine the literature to
gather information about the activation stability of MOFs, but
the literature tends to under-report MOFs that could not be
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activated and activation protocols that didn't work. Further
complicating the task for LLMs is the inconsistency of naming
conventions - the MOF HKUST-1, for example, has 5 different
names in the literature: HKUST-1, Cu-BTC, Cu;BTC,, MOF-199,
and Basolite™ C300. The naming problem can be circumvented
by mining structure databases (i.e. CoreMOF®), and cross-
referencing against databases that map structure to manu-
scripts (i.e. CSD¥), then finally using the LLMs to mine the
manuscripts. Despite these difficulties, Nandy et al.**** could
use a similar workflow to test the generally accepted wisdom
that “Zr MOFs tend to be stable”.®” They found that while many
Zr MOFs are stable, there was a strong dependence on the
number of Zr atoms in the SBU as well as the linker identity (see
Fig. 5). The ML models trained on the stability data with the
geometric and chemical (RACs) features gave insights as to how
to engineer stability into MOFs. Swapping functional groups,
for instance, could improve the predicted stability. In one
example, fluorinating the linkers improved the thermal stability
of a Cu-based MOF.

In classical FF for MD simulations, it is difficult to accurately
capture the interaction of the sorbent and H,O. Yet, those
interactions are vitally important for DAC in real-world condi-
tions which include humidity. The alternative to inaccurate FFs
for MD simulations has typically been computationally expen-
sive DFT calculations. One way to address this problem is with
ML models for FFs trained on DFT calculations, as mentioned
in the previous subsection. In order to fully realize the efficacy
of such ML FFs, a large database of DFT calculations is needed.
To that end, the OpenDAC database®** was created, which
consists of 40 million DFT calculations of total energy and
atomistic forces. These data points were created by taking
snapshots of DFT relaxation trajectories of MOFs with added
sorbents. The OpenDAC database considers experimentally
validated sorbent materials, as collected in the CoreMOF data-
base,?>% and their interactions with both CO, and H,O. This
OpenDAC database enables the training of ML models that
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Fig. 5 Four Zr MOFs from the extracted thermal stability dataset and
their corresponding thermal decomposition temperatures (Ty4) shown
inset. The MOFs are ordered from least to most thermally stable, with
increasing T4 from left to right, with refcodes from the Cambridge
Structural Database (CSD) shown for all. Within each MOF, the linkers
and metals making up the MOF are shown, with the coordinating
oxygen atoms coloured by translucent circles. Atoms in MOFs are
coloured as follows: white for hydrogen, gray for carbon, blue for
nitrogen, red for oxygen, orange for phosphorus, yellow for sulphur,
and light blue for zirconium. BOHJOZ is commonly known as MOF-
801, XICYIT is commonly known as DUT-67, and WIZMAVO2 is
commonly known as UiO-67. Reprinted from ref. 88 with permission
from the American Chemical Society copyright 2021. Further
permissions related to the material excerpted should be directed to
the ACS.
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Fig. 6 (Top): The OpenDAC 23 dataset was created from MOFs taken
from the CoreMOF dataset, which was expanded by introducing
missing linker defects. One or more adsorbates were then placed in
the pores of the MOF and a DFT relaxation was performed. The final
dataset contains nearly 40 million DFT single points. (Bottom): Over
240 MOFs in the OpenDAC dataset were found to be promising for
direct air capture. MOFs with CO, binding energy <—50 kJ mol™* and
with a stronger binding to CO, than H,O were considered promising.
Adapted from ref. 90 with permission from the American Chemical
Society copyright 2024.

predict the atomic forces and total energies from the 3D atomic
positions. One example model is a Graph Neural Network
(GNN), where each atom is a node and bonds to each neighbor
is an edge, that uses message passing between neighboring
atoms to predict the atomic forces and adsorption energies
from the graph embedding.***® Because the model was trained
on the OpenDAC database, and predicts forces and energy from
atomic arrangements, it can be used as the FF to perform
structure relaxations and then predict the adsorption behavior
for materials that are not in the OpenDAC database - the ML FF
generalizes to other materials well. This approach can therefore
be used to study how defects in MOFs, such as missing linkers,
affect the adsorption behaviour (see Fig. 6).

6. Industrial considerations

Industrial participants at the workshop brought up practical
issues in using materials for CO, reduction or removal. While
not all of these issues are directly related to the structure
determination problem, people working in this field should be
aware of them.

The field of NETs such as DAC is moving rapidly and there is
a great need for standardization. Direct air capture does not
necessarily mean using a single material to remove CO, from
the atmosphere in one step - it may prove more practical to use
multiple materials and stages in the removal process. For
example, how to handle humidity in the input stream is still an
open question: whether to dry the incoming gas in a first stage
or use sorbents that preferentially adsorb CO, over H,O. There
is also rapidly developing research around regeneration cycles.
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Traditionally, regeneration was achieved with cycles based on
a temperature-swing, a pressure- (or vacuum)-swing, or both.
However, using steam for regeneration, which takes advantage
of the competitive adsorption of H,O over CO, to drive off the
CO,, has lately gained traction in the literature. Recent studies
have also considered electro-swing regeneration cycles. In the
related field of carbon capture and storage there are recent
proposals on the use of supersonic input streams to address
similar gas separation challenges.””*® To date, there has been
much more industrial adoption of chemisorption despite being
much more structurally and chemically complex than phys-
isorption. As there are still ongoing debates about facility and
contactor design and which materials are likely to be commer-
cially viable for various applications, the standards developed in
the field of NETs should be neutral to and robust in respect to
these specific design considerations and rapid technological
developments, and they should focus instead on
reproducibility.

7. Outstanding issues

This section discusses the outstanding issues in structure
determination of porous materials for carbon capture, and the
measurement science and standards development that is
needed to resolve the remaining bottlenecks, as discussed in
the workshop discussion sessions.

7.1 Structure measurements and reporting

The single-crystal community has standardized the Crystallo-
graphic Information File (CIF) format for reporting the struc-
tures of materials. However, while there have been some
standardization efforts for the case of powder diffraction, as for
example, pdCIF*® and the powder diffraction file,* these have
not yet gained widespread adoption in reports in the literature,
and there are no similar efforts for total scattering data (Bragg
peaks plus diffuse scattering) or its Fourier transform, an
atomic pair distribution function, which encode information
about the local and nanoscale atomic order.

One important detail in crystalline sorbent materials is
where the guest molecules reside within the structure. Partic-
ularly relevant guest molecules for materials for DAC are the
solvents used in the synthesis, and the common gas species in
air: CO,, H,0, N,, and O,. Standard crystallographic description
may not be the best way to report the structural information of
interest. For example, adsorbed CO, in a crystallographic
structure report will list the position and occupancies of the
carbon and oxygens separately. It may be more sensible to
describe the CO, as a unit, but there is no standard procedure
for this.

Another major limitation of current structure-reporting
schemes is that often the structures are not clearly linked
together. While common structure reporting formats like CIF
do include fields for temperature and other conditions, these
can be under-utilized, or insufficient. Relevant to sorbents for
DAC, how best should structures be presented across complex
thermal histories - like, for instance, repeated heating and
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cooling across several adsorption refresh cycles? this example
would be relevant for studying the degradation mechanisms of
sorbents for DAC. This issue of linking data is further com-
pounded when considering flexible materials. One method for
addressing it might be to report both an open and a closed
structure. But how should deformation or flexural trajectories
then be reported? Or structural degrees of freedom? For
example, a MOF might have a linkage that is free to rotate, in
which case there is not a point-to-point trajectory of structural
changes in response to some external stimuli, but rather
a closed path of structures about which the material can freely
move. Such information is often lost.

Another ambiguity in reporting concerns specifying the
method that was used to determine the structure and its
sensitivity to various atomic species, and associated uncer-
tainties. X-rays do not have a strong interaction with low-Z
elements. So, if reporting the structure of a MOF from X-ray
diffraction measurements, how were the positions of the H
atoms determined? Were they assumed from a common bond
distance, the result of some other measurement, refined from
some starting position using the measurement at hand, or
determined from a geometry relaxation using molecular
dynamics (with what force-field?) or DFT (with what exchange
functional)? It is important to be able to distinguish what
information about the structure was experimentally confirmed
versus predicted from theoretical calculations.

Thus far, this discussion has focused on the long-range
structure of crystalline materials, but there is even more
ambiguity in reporting short-range order or amorphous
systems. Several important sorbents can have amorphous
structures, yet there is no codified means of reporting what
structural information is known about such systems.

It is common practice for the atomistic structure of intrin-
sically porous materials to be described in terms of geometric
features such as the PLD, pore volume, and the gravimetric or
volumetric surface area. These features serve as a generic proxy
for diffusion rate or adsorption capacity for gas species. While
some characteristics, such as the mass of the formula unit and
unit-cell volume, are well defined, others, like the surface area,
do not have rigorous mathematical definitions. One option is to
forgo the use of these geometric features in favor of measured or
predicted diffusion rates and capacities of the various gas
species, which would more closely reflect the reality of the
material behavior. The geometric features can still be useful (for
example as descriptors for machine learning) if the method of
calculating them is also reported. In order to determine the
surface area of a porous material, some specific convention
must be applied. This could involve picking a threshold of
electron density, rolling a sphere of a certain radius around the
structure, or approximating with the largest sphere that fits
inside the structural voids - then reporting the area that results.
Each method will produce a different value for the surface area,
so it is important to capture the details of the method in the
reporting. A future study should survey the common methods
for determining the surface area and other geometrical features
of materials and research how strongly they differ across the
methods.
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7.2 Larger-scale structure

Beyond the details of the atomic order, other characteristics,
like structural defects and particle morphology, can have
a strong impact on the performance of materials as sorbents. It
is well known that zeolites tend to contain stacking faults,****%
whereas MOFs are more likely to incorporate point defects. It is
still an open question how to best measure and report the defect
structure in porous materials.

Different synthesis routes can yield different particle
morphologies. In the mixed-metal MOFs discussed above, the
particles generated by some synthesis methods were long
cylindrical crystallites with an open channel through the axis,
and compositionally graded in the radial direction. In
composites of flexible MOFs with zeolite glasses, the interaction
at the interface can hold the flexible MOF in the open structure
configuration. The field needs a standard way of describing the
shape, size, composition gradients, and connectivity of these
sorbent materials.

In actual applications, there are many arrangements for how
sorbent materials can be brought into contact with the gas
mixture. In one approach, sorbents are pressed into a pellet and
used as a molecular sieve in the gas stream. In this case, the
particle packing in the pellet is critical to describe in order to
understand how much gas might bypass the filter. Other
designs have decorated the silica supports with sorbent mate-
rials, or used a flat support that the gas flows over. There is
currently a lack of standardized description for the structure of
the gas contactors and how different morphologies affect the
gas/solid interactions of interest. A range of research methods
exist that could elucidate this ambiguity of the larger-scale
structure at the fundamental level, such as in situ small-angle
X-ray and neutron scattering studies carried out under
defined gas-sorption pressure and thermal conditions. Such
measurements can help establish a quantitative link between
microstructure and morphology, crystal structure, and sorption
performance.

7.3 Adsorption measurements

Characterizing the adsorption behavior of a material for use in
DAC processing suffers greatly from an absence of standards.
Other adsorption applications often deal with separating gasses
with molecular concentrations on the order of a few percent.
However, since DAC involves CO, molecular concentrations of
400 pmol mol ', special care must be taken with the adsorption
measurements to ensure the signal is not dominated by artifacts
and that the measurements are comparable across laboratories.
Adsorption measurements at these concentrations of CO, are
very sensitive to considerations like the dead volume in the gas
flow of the measurement apparatus. Recently, McGivern et al.'®
constructed a measurement apparatus designed specifically to
ensure accurate adsorption measurements at these low concen-
trations of CO, relevant for DAC. Further complicating DAC
relevant adsorption measurements is the competitive adsorption
with H,O. In real world conditions, H,O is generally present in
atmospheric air (typically at a molar concentration 10 to 100
times that of CO,) and can be in competition with CO, for
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adsorption sites. This necessitates adsorption measurements as
a function of gas mixtures with H,O in order to realistically
characterize adsorption behavior DAC.

One consideration that is often not captured with current
methods of reporting adsorption behavior is the activation
protocol that was used. After synthesis, porous materials like
MOFs can have adsorbed solvent molecules left over from
various synthesis steps. Exposure of MOFs to sulfur-based
gasses can result in chemisorption of the sulfur, permanently
modifying the adsorption sites.’**'*> Any measured uptake of
CO, molecules into a material will depend on whether there
were already CO, molecules, H,O molecules, or in fact any guest
molecules adsorbed into the structure. It is therefore common
practice to activate the material by desorbing any guest mole-
cules with some combination of heating the samples or pulling
vacuum. Unfortunately, while such activation is common
practice, it is not standardized and furthermore depends on the
nature of the adsorbent material. In any case, the details are
often not reported.

There are many measurement devices that can be used to
determine the isothermal adsorption of materials, but there are
few standards for reporting all the relevant information.
Particularly important to capture are the activation protocols
mentioned above, the details of the instrumentation used to
measure the adsorption, and the conditions of the measure-
ment. A recent report surveying isothermal adsorption
measurements in the literature found that approximately 20%
of reported data should be considered outliers.'® At least part of
this discrepancy was due to how humidity is recorded in the
conditions: a base gas with a relative humidity (for example:
a binary mixture of CO, + N, vs. the “binary” mixture of CO, + N,
at 50% relative humidity as reported in ref. 107, or stating the
effects of various target gasses of interest while noting the
relative humidity of those elsewhere as in ref. 104). While
reports specifying relative humidity in the conditions do
provide the necessary information, using the relative humidity
convention treats water vapor differently from every other gas
species. As such, this convention obfuscates the fact that non-
zero relative humidity means there is an additional gas
species. One solution is to report the humidity with the absolute
partial pressure, which describes water vapor on the same scale
as all the other gas species. In addition to documentary stan-
dards, reference materials for isothermal adsorption are
urgently needed. Particularly relevant to DAC is the study of
adsorption at atmospheric conditions: 400 pmol mol " of CO,,
in competition with H,0, O,, and N,. Having reference mate-
rials would enable round-robin studies to compare these diffi-
cult measurements across laboratories and compare
measurements of adsorption across measurement techniques.
The reference materials for these measurements need not
necessarily be among the most promising sorbents for DAC but
should definitely be sorbent materials with well-known
composition and structure that can therefore be expected to
have repeatable behavior. As such, the authors suggest the
zeolite 13X as a possible reference material for urgently needed
round-robin studies.
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Dynamic Column Breakthrough (DCB) measurements (also
sometimes referred to simply as breakthrough measurements)
are becoming increasingly popular to characterize the adsorption
performance. These measurements reiterate the need for refer-
ence materials, with a standardized activation protocol, and
a standardized packing or pelletizing protocol. As instruments
for such measurements are often custom-built, the reporting of
these measurements also needs to include information about the
instrumentation design and type of contactor in order for the
results to be comparable across laboratories. There are many
ways that these materials might implemented in a DAC system
(e.g. sorbents vs. membranes). Sorbents are typically optimized
for strongly adsorbing CO,, whereas membranes are typically
optimized for minimizing the CO, adsorption and instead
maximizing the CO, mobility. It therefore might be important to
design and calibrate DCB instruments that can operate in both
extremes. Furthermore, the fluid-dynamics equations of state or
dimensionless numbers could enable the direct comparison of
measurements across instrumentation design and across flow
rates. DCB instruments can measure the adsorption uptake as
well as the desorption. The DAC industry would therefore greatly
benefit from round-robin studies of sorbents using DCB instru-
ments at atmospheric gas concentrations and potential DAC-
relevant refresh cycle conditions.

7.4 The role of machine learning

ML algorithms can and have accelerated sorbent research.
However due to the aforementioned lack of standardization of
the measurements, theoretical predictions, and the reporting
thereof, the implementation of these algorithms is limited.

Furthermore, there are several concerns with the application
of ML to porous material research. Many workflows use ML as
a screening tool to filter out materials that are not of interest.
These ML tools are by definition less accurate than the source of
the data that were used to train them. ML algorithms are well
known to extrapolate poorly, and the domain where the model
is interpolating can sometimes be obfuscated making it difficult
to know when the ML model is extrapolating. Given these
accuracy limitations, how likely are false negative predictions?
In other words, how likely will the ML model mistakenly filter
out a high performing material? Care must be taken in evalu-
ating ML models used as screening tools to characterize their
false negatives, especially when extrapolating.

Another common pitfall with ML models is the bleeding of
information from the training set to the test set. In the material
sciences. This can happen, for example, when the test materials
are too similar to the training materials. Here the meaning of
“similar” depends on the context of what question the ML model
is trying to answer. If the goal is to have an ML model that can
generalize across MOF structures to predict some property, then
the test set might leave out all materials with certain metal
clusters, certain linkers, and certain nets in order to ensure that
the test set is sufficiently distinct from the training set.

It is worth noting that ML models are not unbiased, they
inherit the biases in the training data. For example, DFT
struggles to accurately capture the effects of van der Waals and
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hydrogen bonding. Yet many MOFs and other porous materials
primarily interact with the guest molecules through hydrogen
bonding. Training an ML model on DFT data is therefore also
likely to poorly capture the behavior of materials where
hydrogen bonding is the dominant interaction. This issue can
be compounded when the training data have heterogeneous
bias or fidelity. Adsorption, for example, can be measured by
many different styles of instrumentation as mentioned above —
these data would have heterogeneous bias since each type of
measurement would have its own sensitivities, artifacts, and
biases. If the training database includes adsorption data from
several of these instrument designs, a ML model might struggle
to generalize if this heterogeneity is not explicitly accounted for.

As mentioned above, another major factor limiting the
application of ML models (especially those mining the litera-
ture) is the lack of consistent reporting. In the field of MOFs and
porous materials, perhaps the two biggest reporting issues are
the names of the materials (as mentioned in Section 5.2), and
the reporting of activation protocols (as mentioned in Section
7.3). Since there are no commonly accepted naming conven-
tions for MOFs, many materials appear in the literature under
several names. This can be confusing even for human
researchers, and would require a major step in sophistication of
LLMs without hard-coding the multiple names of materials. It is
well known that the history of environmental conditions
applied to a MOF (e.g., activation protocol) will affect its
adsorption performance. Yet, there is no accepted standard
method to report this condition history and activation protocol.
Any ML models trained on data without this information will
lack the necessary context to interpret the adsorption data.

Each of these issues highlight the need for more reference
data in this field. There is a clear need for databases that clearly
and consistently report the name of the sorbent material, its
structure (atomistic, defect, and macrostructure), how it was
synthesized, how it was activated, and how it was measured.
These databases must include the relevant metadata in order
for ML models to be able to account for any heterogeneity that
may be present or to appropriately generalize. Further, standard
methods of splitting out the test set of the database should be
developed and agreed upon, especially for common use cases or
avenues of research. The availability of more reference data will
dramatically improve the applicability of ML tools, which could
further accelerate the critically needed research of porous
materials for carbon capture applications.

8. Conclusions

The need to reduce the concentration of atmospheric green-
house gasses such as CO, calls for affordable technologies to
remove these gasses from the air. Physical negative emissions
technologies will require methods to separate CO, from an
initial mixture of about 424 pmol mol ! CO, in N,, O,, H,0 and
other gasses. Microporous solids can play a role in decarbon-
ization, as there are many known microporous solids with
selectivity for adsorbing CO, over other gasses. Various families
of microporous materials, such as metal-organic frameworks
with metal “nodes” and organic “linkers”, have members with
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different pore sizes, shapes, and connectivities, offering the
possibility of engineering ones with desired properties. Rational
engineering of such materials, however, will require a detailed
knowledge of their structures.

Porous materials for carbon capture have many properties
that can make structure determination challenging. Such
properties include, large unit cells, a large number of internal
degrees of freedom of organic ligands, structural changes upon
gas adsorption, the lack of large single crystals for structure
solving and refinement, and various levels of disorder.

Exciting advances have occurred. Experimentally, there have
been advances in in situ single-crystal and powder diffraction
and in electron diffraction measurement capabilities. Compu-
tationally, advances in computer power and algorithms such as
machine learning, have led to more rapid computation of
hypothetical structures and prediction of their gas capture
performances. The NIST workshop provided a forum for
experimentalists and theorists working on the structural
aspects of CO, capture and sequestration materials to interact
and review the current state of the art in the field and discuss
collaborative opportunities for the research required to develop
new tools for the rapid determination of structure and its effects
on the performance of porous solid sorbents.

The authors determined several action items based on
presentations and discussions at the workshop. One action item
is to develop a stable, reproducible reference material such as the
zeolite 13X in sufficient quantity to support CO, adsorption
measurements, along with standard procedures for activation,
flow rate, etc. More effective CO, sorbents should also be
considered, subject to their life-cycle stability and ability to
manufacture in sufficient quantity. DFT calculations underpin
much force field development and machine learning in the field
of porous adsorption materials, but different groups use
different functionals for their calculations, and MOFs have many
properties such as relatively strong dispersion forces and often
low elastic moduli that make their calculated structures partic-
ularly sensitive to the functionals used. It would be useful to
conduct a computational round-robin to compare predictions of
different DFT and force-field codes for selected porous materials
such as MIL53(Cr). In the area of database generation and
curation, we should determine what extension to the Crystallo-
graphic Information File (CIF) format would be useful to provide
information related to DAC. NIST, as an institution supporting U.
S. industry by advancing measurement science and standards, is
positioned to play a key role in accomplishing these goals.

Disclaimer

Any mention of commercial products in this report is for
information only; it does not imply recommendation or
endorsement by NIST.
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