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Data-Driven Innovation in Metal-Organic Frameworks
Photocatalysis: Bridging Gaps for CO, Capture and
Conversion with FAIR Principles

Claudia Bizzarri* and Manuel Tsotsalas™

Metal-organic frameworks (MOFs) have emerged as key materials for carbon
capture and conversion, particularly in photocatalytic CO, reduction. However,
inconsistent reporting of essential parameters in the literature hinders informed
decisions about material selection and optimization. This perspective highlights
the need for a user-friendly, centralized database supported by automated data
extraction using natural language processing tools to streamline comparisons
of MOF materials. By consolidating crucial data from scientific literature, such
a database promotes efficient decision-making in material selection for CO,
capture and utilization. Emphasizing the significance of open-source initiatives
and the principles of FAIR data—ensuring data are Findable, Accessible,
Interoperable, and Reusable—a collaborative approach to data management and
sharing is advocated for. Making the database-accessible worldwide enhances
data quality and reliability, fostering innovation and progress in CO, capture and
conversion using MOF materials. Additionally, such databases are valuable in
creating artificial intelligence tools to assist researchers in the discovery and

synthesis of MOF materials for CO, capture and conversion.

1. Introduction

Climate change and global warming are among the most
pressing environmental challenges today, raising global
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awareness about the need for immediate
action.! The increasing levels of carbon
dioxide (CO,), a significant greenhouse
gas, must be urgently addressed.
Researchers are exploring various tech-
nologies to capture, store, and utilize
CO,, transforming it into valuable chem-
icals that can serve as feedstocks or
fuels—thus promoting a circular econ-
omy. These technologies, collectively
known as carbon capture and utilization
(CCU), focus on SEQUESTering CO,
from industrial emissions or directly
from the air for application in diverse
processes.”” The sustainability of conver-
sion methods is greatly enhanced when
powered by renewable energy sources,
with sunlight being the cleanest and most
abundant option available.!

The development of new and efficient
materials that enables the adsorption and
photo-driven conversion of CO, is funda-
mental and should take into consideration that CO, is usually
kinetic and thermodynamic inert.! Natural photosynthesis
exemplifies the fixation of CO, and solar energy into highly valu-
able chemicals (e.g., carbohydrates). In artificial photosynthesis,
or rather in light-driven CO, conversion, the natural process is
simplified; specifically, two components are needed: a photosen-
sitizer and a catalyst, which can sometimes be combined into a
single material known as a “photocatalyst.” In this perspective,
we emphasize the importance to act rapidly in finding economi-
cally viable solutions to capture and convert CO, into useful prod-
ucts by means of solar energy. To support this goal, accessible
and user-friendly databases that consolidate existing knowledge
on CO, capture and conversion will assist researchers worldwide,
enhancing collaboration and the potential to find sustainable
answers to the problem of climate change. Moreover, these data-
bases should be capable of extracting important information
from reports and articles and be machine-readable to boost
efficiency. Researchers are now encouraged to report their
data according to the FAIR principles—ensuring that data are
Findable, Accessible, Interoperable, and Reusable. The
National Science Foundation emphasizes that data management
plans should align with these principles to maximize the value of
research data.”! Similarly, the German Research Foundation
(DFG) supports the long-term archiving and open access of
research data in line with the FAIR principles.!”) Moreover, jour-
nals such as those published by the Royal Society of Chemistry
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advocate for the implementation of FAIR data principles to
advance scientific research.”) We envision a new publishing sys-
tem where, in addition to communicating research through
manuscripts, researchers can accurately input numerical data
that aid in categorizing and extrapolating information using arti-
ficial intelligence® (AI) tools. Machine learning (ML) is a rapidly
evolving subfield in Al. By integrating ML tools directly into
accessible and machine-readable databases, researchers can
more efficiently generate, test, and advance scientific models
for CO, capture and conversion.”’

In this perspective, we discuss the specific requirements of a
research data ecosystem focused on metal-organic frameworks
(MOFs) as sorbent materials for carbon capture and photocata-
Iytic conversion. A critical issue is the lack of standardized data
and measurement protocols. To accelerate the development of
new materials for CCU, it is essential to establish unified and
reproducible characterization protocols. Developing a compre-
hensive database will serve as a valuable resource for both aca-
demic and industrial researchers, facilitating the sharing of
standardized data and comparison of different MOF candidates
and process conditions. Additionally, connecting such special-
ized databases to larger material science repositories like
NOMAD! or the Materials Genome Initiative!'! will enhance
data accessibility and promote interdisciplinary collaboration.

2. MOFs in CO, Capture and Conversion

MOFs are an important class of crystalline porous materials,
built from modular building blocks consisting of metal nodes
and organic linkers.'” By changing the metals and/or the
organic moiety, the physical and chemical properties as well
as the geometrical structure of the MOFs can be tailored toward
a desired application.

2.1. MOFs for CO, Capture

Carbon capture follows two main processes, physisorption (i.e.,
intermolecular interactions such as van der Waals forces) or
chemisorption (i.e., a covalent or ionic bond is formed between
the adsorbent material and the CO,)."*) In chemisorption, func-
tional groups, usually amines, react reversibly with CO, to form
carbamides. Upon heating or steam regeneration, the CO, is
released and the sorbent material regenerated. The MOF mate-
rial acts in this case as the solid support for the amines, enabling
access to the active sites within the porous structure. In physi-
sorption, the CO, adsorbs to a solid sorbent material, usually
a microporous material. In addition to MOFs, the most common
materials are zeolites and porous carbon."* Due to their large
design space in composition and structure, MOFs offer the pos-
sibility to tailor their properties toward optimal sorbent character-
istics, providing an ideal platform to address the challenges
related to energy and sustainability.*!

2.2. MOF in Photocatalytic CO, Reduction

For the last 20 years, MOFs have been actively explored as suit-
able materials in the heterogeneous photo-driven CO, reduction
(Figure 1).'" The advantage of using MOF instead of
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homogeneous systems is related to the higher robustness of
the materials and the possibility of separating the (photo)catalyst
from the reaction mixture, to be recycled. Moreover, the modu-
larity of construction makes available the incorporation of
different units with distinct functionalities. For example, their
adjustable porosity not only can be tuned to selectively capture
CO; but also enhance the catalytic surface area, when compared
to other heterogeneous photocatalytic semiconductors. An addi-
tional effect of uniform porosity is the scattering of incident light
along the internal channels, intensifying the possibility of
absorption in the inner core of the MOF.['” Likewise, as other
semiconductors, their bandgap should be modulated according
to the photocatalytic reaction they should promote, together with
spatial electronic separation, which could be achieved through
charge confinement, avoiding the photogenerated charge recom-
bination. In particular, to activate and reduce CO, upon irradia-
tion, the electrons are promoted to the conduction band of the
MOF, which is represented by the lowest unoccupied molecular
orbital of the metal cluster and should lay above the reduction
potential of the proton-assisted CO, half-reaction (see Section
3.2). However, to design efficient photocatalysts that are able
to exploit solar energy and convert it to chemical energy, the
material should absorb in the visible region of electromagnetic
radiation. Therefore, the bandgap should be lower than 3.1eV
(corresponding to a wavelength 1 > 400 nm).

The spatial separation and modulation of the properties is pos-
sible thanks to the modification of the metal oxo-clusters and the
organic linkers, and the enormous amount of research done in
this respect demonstrates the customizability of these materials.
In addition to their potential as semiconductor photocatalysts,
MOFs offer an attractive platform to anchor supramolecular
structures, promoting stabilization of the molecular (photo)
catalytic species, without decreasing their efficiency, they would
have in homogeneous systems. These functionalized materials
are usually obtained by modifying the organic linker, that bears
a chelating unit, in addition to the carboxylate groups used to
coordinate the metal nodes of the MOF. In this way, the active
metal center can be incorporated on the MOF backbone.
Interestingly, the same modified organic linker can be the ligand
for diverse metal centers, acting either as a photosensitizer
(enhancing the light-antenna effect of the final functional mate-
rial), or as a catalyst. Examples of such organic linker are 1,10-
phenanthroline dibenzoate!™ and 2,2’-bipyridine-dibenzoate.!**!
A further example is shown by tetrakis(4-carboxyphenyl) porphy-
rin that can be linked or grafted to MOF structures through the
carboxylate groups, and at the same time, the macrocycle can
coordinate different transition metals, such as Fe,?” Ni*!
Cu,?? or Zn,** generating stable and efficient photocatalysts.

Nevertheless, a systematic approach, supported by automated
data extraction and ML, is essential to provide straightforward
comparison of MOF materials and successfully targeting effi-
cient and sustainable photo-induced processes. Researchers
nowadays rely considerably on recent or less recent reviews, to
have a valuable overview of the state of the art of a certain topic.
Many worthwhile reviews on photocatalytic CO, reduction by
MOF-based materials have been recently published,**! highlight-
ing the considerable interest in this subject. However, a lack of
standardized fashion of reporting the results in the original full
articles makes the comparison and, thus, the reutilization of data
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Figure 1. a) Schematic representation of the possible light-induced CO; reduction that may happen in MOFs. b) Examples of possible linkers and metallic
parts of the MOF. c) Simplified diagram to visualize the major processes involved upon photoexcitation: after light absorption, electron—hole pairs are
generated and the excited MOF undergoes an electron transfer, reducing a catalytic moiety (which could be internal or external) that will reduce CO,.
A sacrificial electron donor (D) will restore the ground state of the photocatalyst.

extremely difficult.”®! In fact, optimization of the MOF structures
is only one of the main parameters that should be considered for
a certain goal (e.g., photocatalytic CO, reduction).

3. Challenges in MOF Research for CCU
Applications

3.1. Lack of Standardized Data and Measurement Protocols

In the case of carbon capture, the description of MOF sorbent
properties in literature is not well standardized.*® Therefore,
direct comparison of different MOF materials for carbon capture
is challenging. In addition, the relevant performance metrics
for carbon capture highly depend on the composition of the
carbon source and the carbon capture systems including pre-
combustion, oxy-fuel combustion, post-combustion, and direct
air capture (DAC) (e.g., the concentration of CO, streams in point
sources is orders of magnitude higher than in ambient air for
DAC). In addition, the high regeneration temperature, water con-
tent, and reactive components in the gas mixture of CO, pose
additional constraints to the material that need to be considered.
Synthesizability, cost, and availability of the starting materials
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also need to be considered. The adsorption process involves
multiple parameters, necessitating the fine tuning of the exact
process parameters with the material properties toward the exact
CO, source.””) Even when only considering one process (e.g., the
DAC process), the environmental conditions such as humidity
and temperature can vary strongly depending on the location
of the DAC plant. The exact properties of the ideal sorbent mate-
rial are therefore strongly process dependent and cannot be
generalized.

Readers seeking a detailed discussion on CO, capture materi-
als, including key characteristics such as adsorption capacity,
adsorption isotherms, selectivity, and stability, are encouraged
to consult refs. [28]. We emphasize that the development of stan-
dardized measurement and reporting protocols should be a
collaborative effort within the research community. Consensus-
driven standards are essential for advancing carbon capture
research and ensuring the reliability and comparability of results.
In recent literature, several reporting guidelines can be identified
to make sorbent research more reproducible and comparable
across different research labs.*”!

Previous studies have suggested several key measurements for
evaluating new sorption materials for carbon capture applica-
tions. CO, adsorption capacity, representing the maximum
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amount of CO, a material can adsorb under specific conditions,
has been highlighted as a fundamental metric. Additionally,
adsorption isotherms, particularly in the low-pressure range,
have been emphasized for their relevance in capturing CO, from
atmospheric sources or flue gases. The selectivity of materials,
particularly their preference for adsorbing CO, over other gases
such as nitrogen and oxygen, has also been frequently noted.
Kinetic studies, which assess the rate of adsorption and desorp-
tion, have been recommended as important for determining the
efficiency of the process. The literature also stresses the impor-
tance of thermal stability, as it indicates the ability of a material to
withstand repeated thermal cycles during regeneration. Physical
stability and mechanical robustness under operational condi-
tions have been similarly emphasized, alongside chemical stabil-
ity, which ensures resistance to impurities commonly present in
flue gases that could degrade the material. The influence of water
vapor on sorbent performance has been recognized as a crucial
factor in maintaining CO, capture efficiency. Working capacity,
defined as the difference between the adsorption and desorption
under operational conditions, and cyclic stability, which assesses
the material’s performance over repeated adsorption—desorption
cycles, have been consistently recommended as critical indicators
of long-term performance and reusability in these studies.*”!

In addition to such general guidelines, targeted measurement
protocols toward specific applications of carbon capture and spe-
cific material classes need to be defined. For example, the follow-
ing characterization methods were suggested by J. Young et al.?"!
for researchers in material science targeting DAC applications
using amine-functionalized sorbents: 1) half-time of CO, adsorp-
tion at 0.4 mbar of CO, and 25 °C; 2) CO, adsorption isotherm at
25 °C with a focus on the Henry regime; 3) H,O adsorption iso-
therm at 25 °C; 4) density; 5) thermal conductivity; and 6) cyclic
stability including the presence of O,.

3.2. Complexities in Photocatalytic Processes

A promising way to decrease the amount of CO, in the atmo-
sphere and concomitantly addressing the exploitation of more
sustainable energy sources is the photocatalytic CO, reduction.
To achieve CO, reduction, the (photo)catalyst has to overcome
high energetic barriers, due to the intrinsic inertness of this mol-
ecule. The basic reduction processes are assisted by protons and
have more favorable thermodynamics, although various reaction
steps are still needed (Table 1). In particular, we can differentiate
the multi-proton and multi-electron transfer reactions to produce
C1 products, such as CO, HCHO, CH;0H, and CH,, and those
thatlead to C2+ products, like ethanol, ethane, acetic acid, and so
on.*? Although the standard reduction potentials of such reac-
tions are advantageous, they still suffer from high kinetic barrier.

Mechanistically, the photo-driven process promotes the redox
reaction of the catalyst, facilitating the uptake or the loss of elec-
trons because of the formation of the excited state of the photo-
active species. More in detail, the (supra)molecular dye upon
absorption of a photon populates the lowest excited state, which
is long-lived enough to undergo an electron-transfer process.
Depending on whether the dye is luminescent, we can establish
if a reductive quenching (so the photocatalyst is reduced) or an
oxidative quenching (in this case the dye is oxidized) occurs. At
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Table 1. Energy requirements for the proton-assisted CO,RR.

Standard reduction
potential [V] vs NHE?

CO, reduction reaction (CO,RR)

CO, +e~ — CO;" -1.91
CO, +2H* +2e~ — CO + H,0 -0.53
CO, +2H* +2e~ — HCO,H -0.61
CO, + 4H* +4e~ — HCHO + H,0 -0.48
CO, +6H* +6e~ — CH;OH + H,0 -0.38
CO, +8H* +8e~ — CH, +2H,0 -0.24
2CO, + 8H* +8e~ — CH3CO,H + 2H,0 -0.30
2C0O, + 12H* +12e~ — C,H, + 4 H,0 0.06
2C0O, + 12H* +12e~ — C,H;0H + 3H,0 0.08
2C0, + 14H* + 146~ — C,Hg + 4 H,0 -0.27

INHE = normal hydrogen electrode.

the end, the electron is transferred to the catalytically active spe-
cies that is able to bind CO, and fosters the proton-assisted
reduction to various possible products, depending on how many
electrons the catalyst can handle.

That is why the development of (photo)catalysts is essential to
reduce the activation energy, increasing the reaction kinetics.
Moreover, the use of heterogeneous catalysts may promote the
formation of multi-electron-reduced products, since the charge
accumulation on the surface would be beneficial instead of
the limited reduction species of the single-molecular homoge-
nous catalysts. Understanding of the relation between (photo)
catalysts properties and efficiency will positively influence the
strategic design of the next material. Moreover, several factors
would affect the outcome in the reaction, such as the morphology
and structure of the catalyst, defects and vacancies, and active
surface areas.*¥ Moreover, endeavors should be taken for plan-
ning large-scale implementation, developing sustainable catalytic
materials based on earth-abundant resources.*’! Thus, the
advancement of a practical solar fuel technology could be easily
achieved.

3.3. Performance Parameters for the Assessment of Carbon
Capture and Photo-Driven CO, Reduction

Surveying the literature on MOFs for photo-driven CO, reduc-
tion, we encountered some parameters, that should be always
reported to facilitate a straightforward comparison among the
different functional materials.

At present, there are many studies focusing on engineering
MOF materials, according to different combinations of
metal nodes and organic linkers, with the final goal to improve
photocatalytic performance. Nevertheless, every single
component in photocatalysis contributes to overall efficiency.
Factors like solvent, temperature, additives, power, and time
of the irradiation may greatly influence the final performance
as well as the composition (and selectivity) of products.
Moreover, in heterogeneous systems, total (photo)catalytic effi-
ciency may be affected by mass transfer, thus diffusion is an
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important factor, which depends on inherent properties of the
semiconductor, such as adsorption capacity and pore size, and
on external conditions, such as the stirring velocity inside the
reaction batch or the flow stream. Therefore, for the assess-
ment of efficiency of a certain MOF in regard to carbon capture
and utilization by means of light, standardized parameters
should be given.**

3.3.1. Productivity

The efficiency of a catalyst is usually defined as the number of
product moles per catalyst moles (for homogeneous catalysis) or
number of active sites (for heterogeneous catalysis). Classically,
this ratio is defined as turnover number (TON), which should not
be confused with the turnover frequency (TOF), that is the
amount ratio between products moles and catalyst active sites
per unit of time.*> Nevertheless, the use of TON is sometimes
controversial as it does not have the same definition in homoge-
neous and heterogeneous catalysis; therefore, it can generate
confusion.’® Nevertheless, the efficiency of catalytic conversion
for MOFs is often reported in TOF with pmol g~ h™" as unit.
Although the evaluation of productivity in TOF might be satis-
factory in thermal reactions, this value does not take into consid-
eration the differences that might arise from diverse light power
sources, providing different numbers of photons, influencing
greatly the outcome of the photocatalytic reaction. Thus, an
important parameter that is needed for the assessment is the
photocatalytic yield.

3.3.2. Quantum Yield

A reaction is defined as photocatalytic when the catalytic sub-
stance can facilitate the reaction upon exposure to light. Light
activation is therefore necessary to initiate and/or accelerate
the process. It means that the assessment of the efficiency in
a photocatalytic reaction should involve the number of absorbed
photons used to drive the reaction. In general, we define photo-
catalytic quantum yield (QY or ®) as the ratio between the moles
number of products and the moles of absorbed photons.
Frequently, the apparent quantum yield (AQY) is reported, which
is the ratio between the product moles and the total incident pho-
tons. Nevertheless, measuring experimentally the incident pho-
ton flux requires extreme care, and also the distance at which the
photon flux is determined might influence the final value of the
AQY.P” Quantum efficiency is a critical parameter for evaluating
the performance of a catalyst in a photoinduced reaction.
Although there is no specific threshold value of quantum yield
required for a reaction to be defined as photocatalytic—since the
definition is based on the mechanism rather than the efficacy—it
is important to emphasize that photocatalytic quantum yield is a
crucial measure of system efficiency.”® Moreover, ® should be
considered as a function of irradiation time and power.**!
Reporting this metric is essential for ensuring fair and accurate
comparisons among different studies. By standardizing the mea-
surement and reporting of quantum yield, researchers can better
assess and compare the effectiveness of various photocatalytic
systems.”o]
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3.3.3. Selectivity of the Photo-Driven Reaction

Herein, we define as selectivity of the photocatalytic process the
distribution of different products that may arise from competi-
tive catalytic pathways in the same reaction./*"! Ideally, a (photo)
catalyst is designed in a way that produces only one desired prod-
uct. However, various reaction conditions can affect the output of
the same catalyst. For example, the thermodynamics of different
CO, reduction processes are very similar (see Table 1), so that a
concomitant production of two or more different products is pos-
sible. In addition to carbonaceous products, it is common that
the selectivity toward a desired product gets lowered because
of the favored reduction potential of molecular hydrogen.*?!

4. Developing a Unified Database of MOF
Materials for CCU

Advancing CCU technologies depends on the ability to system-
atically compare and optimize materials like MOFs. However,
the absence of standardized measurement protocols and data
sharing platforms hinders progress. In this section, we advocate
for the development of a unified, FAIR-compliant database that
consolidates MOF research data for CCU applications. The com-
plexity of CCU processes requires a harmonized approach to data
collection and reporting. Without standardized measurement
protocols, comparing the performance of different MOFs
becomes challenging, leading to inefficiencies and duplicated
efforts. Standardization enables researchers to replicate studies
accurately, validate results, and build upon each other’s work.

Several initiatives are paving the way toward standardized data
sharing in the CCU community. Examples are databases of sin-
gle and multicomponent isotherms from literature!*?! as well as
the AIF format for sorption data.**) Integrating such resources
into a unified platform can significantly enhance data accessibil-
ity and utility. We advocate for a domain-specific database
because this approach allows domain experts to tailor the data
to the specific needs and requirements of the field.
Nevertheless, such domain-specific guidelines should also be
compatible with larger material science data initiatives and
built upon their resources and expertise, such as the Materials
Genome Initiative or the National Research Data
Infrastructure (NFDI).1**! Ideally, such experimental databases
are also compatible with computational material science data-
bases, such as COREMOF!*®) MOFX-DB."*”)

The use of natural language processing (NLP) tools, such as
large language models (LLMs) to extract literature results on car-
bon capture and utilization, can populate the initial database and
allow researcher to easier target their investigation to gaps in the
research landscape and identify promising targets.[*¥]
Furthermore, the use of Al techniques can complement the
missing gaps, e.g., add properties such as availability or estimate
the mechanical, thermal, or chemical stability of the materials,
even if not all such properties are measured on each material
explicitly*”! and guide the user during synthesis and characteri-
zation.’” Early research also showed potential of employing
LLMs for predictive chemistry and as autonomous agent in
chemistry.®!
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Figure 2. The research data management ecosystem for an open MOF
CCU database, designed to adhere to FAIR principles. This ecosystem
is composed of several key components: a data repository for storing stan-
dardized MOF CCU datasets. The MOF CCU database contains both his-
toric literature data and new datasets, that already are reported in a
machine-readable way, following FAIR principles. The MOF and CCU com-
munities play a crucial role to define measurement and reposting stand-
ards as well as verifying results from data extraction. Al tools play a crucial
role not only to extract and structure data but also to fill in missing data
points, thus supporting researchers in experiments and characterization.

A unified, FAIR-compliant database (see Figure 2) will signif-
icantly improve data accessibility and reuse by making standard-
ized MOF data readily available to researchers worldwide. This
enhanced accessibility facilitates collaboration and innovation,
ultimately accelerating the development of MOF materials for
CCU applications.

5. Conclusion

MOFs hold immense potential for advancing carbon capture and
utilization technologies due to their customizable structures and
exceptional properties. However, the field faces significant chal-
lenges that hinder rapid progress. The lack of standardized data
and measurement protocols leads to inconsistencies in reporting
key performance metrics, making it difficult to compare and
optimize different MOF materials effectively. Additionally, the
complexity and interconnected nature of CCU research require
researchers to process vast amounts of data from diverse sources,
which can be time-consuming and inefficient.

Developing a unified, open-access database dedicated to MOF
materials for CCU applications would address these challenges
by providing standardized and easily accessible data. Such a data-
base would facilitate direct comparison of MOF materials, enable
the identification of promising candidates, and accelerate inno-
vation in the field. Recent advancements in NLP and Al, partic-
ularly LLMs, have made it possible to automate the extraction of
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valuable data from the extensive body of scientific literature.
These tools significantly reduce the difficulty and time required
for data extraction, making the creation and maintenance of a
comprehensive database feasible now.

By harnessing Al and NLP technologies to populate the data-
base, researchers can more efficiently navigate the complex
research landscape. Automated data extraction allows for the con-
tinuous updating of the database with the latest findings, ensur-
ing that researchers have access to the most current information.
This development not only streamlines the research process but
also empowers scientists to manage and share their data effec-
tively, adhering to FAIR principles.

In summary, addressing the challenges in MOF research for
CCU applications requires a concerted effort to standardize
methodologies and promote data sharing. The convergence of
advanced Al tools and the establishment of a unified database
make it possible to overcome existing barriers. These innovations
facilitate coordinated and collaborative efforts within the CCU
community, which could greatly accelerate the development of
new MOF materials for carbon capture, utilization, and storage,
ultimately contributing significantly to global efforts in combat-
ing climate change.
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