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Abstract: The catalytic reduction of carbon dioxide (CO,) using sustainable energy inputs is a
promising strategy for upcycling of atmospheric carbon into value-added chemical products. This
goal has inspired the development of catalysts for selective and efficient CO, conversion using
electrochemical and photochemical methods. Among the diverse array of catalyst systems designed
for this purpose, two- and three-dimensional platforms that feature porosity offer the potential to
combine carbon capture and conversion. Included are covalent organic frameworks (COFs), metal-
organic frameworks (MOFs), porous molecular cages, and other hybrid molecular materials
developed to increase active site exposure, stability, and water compatibility while maintaining
precise molecular tunability. This mini-review showcases catalysts for the CO, reduction reaction
(CO,RR) that incorporate well-defined molecular elements integrated into porous materials
structures. Selected examples provide insights into how different approaches to this overall design

strategy can augment their electrocatalytic and/or photocatalytic CO, reduction activity.

1. Introduction

The world population’s dependence on finite natural resources for energy storage and generation
can be mitigated by replacement with renewable and sustainable sources such as electricity from
wind, solar, and hydropower.™ Efforts to decarbonize our current and future energy infrastructure
are critical to addressing detrimental effects of petroleum combustion manifesting as rising global

@ Many of

temperatures, ocean acidification, and increased frequency of extreme weather events.
these phenomena can be attributed to rising concentrations of atmospheric CO,, now peaking at 421
ppm in 2022; this situation demands restoration of the carbon cycle to its natural balance as an

Bl One approach under current investigation is the direct

important step in a zero-emissions future.
air capture of CO, and its subsequent transformation into value-added products via the CO,
reduction reaction (CO,RR). CO, reduction via multi-electron, multi-proton transfer reaction

processes can effectively store sustainable energy in the form of chemical bonds.!***!

This article is protected by copyright. All rights reserved.

2

85U8017 SUOWILIOD A1) 3cedldde au Aq peusenob ase Sajoie YO ‘8sN JO SN 10} AReid18UlUO AB|1A UO (SUORIPUOD-PUe-SWLBY /W00 A3 1M ARe.d 1 [euljuo//Sdny) SUORIPUOD pue swie | 8L 88s *[£202/50/92] Uo Ariqi]auljuo A8|IM ‘Ge FuoieN /e fexieg eouaive ] eILI0}IRD JO AlUN AQ Z2TZ0E202 eWPe/Z00T 0T/I0p/W0 A8 | IM Ae.d 1 jpuluo//sdny wouy pepeojumoq el ‘60 TZST



Accepted Article

WILEY-VCH

Although CO,RR is a promising strategy to store energy derived from clean and renewable sources
and simultaneously mitigate climate change, it is thermodynamically costly to activate the linear and
symmetric CO, molecule by a single electron transfer due to the large reorganization energy
associated with producing the bent radical anion (1.9 V vs NHE).® With the inclusion of multiple
protons and electrons, CO, reduction can be achieved at more moderate potentials. However, this
multielectron, multiproton chemistry comes at the cost of product selectivity; within a relatively
narrow potential window (-0.24 to —0.61 V), a variety of carbon products such as CO, HCOOH,
HCHO, CH;0H, and CH, can theoretically be formed, but in most cases the reduction of protons to
hydrogen in the hydrogen evolution reaction (HER) is facile (0 V) and dominant over carbon-based
product formation. As such, developing catalyst platforms capable of efficient and selective CO,RR
presents one attractive avenue in solving these challenges. Moreover, applying electrochemistry
and/or photochemistry as sustainable energy inputs that drive the electron transfer processes for

U 1n terms of efficiency, CO,RR

CO,RR can guide the optimization of these platforms.
electrocatalysts require close energy matching between their onset potential and the
thermodynamic potential required for the desired CO, transformation in order to minimize the
excess energy required to drive the reaction (i.e., overpotential). Performance metrics such as
Faradaic efficiency (FE) and current density further describe the catalyst activity relative to the
electron transfer productivity and stability from electrode to catalyst. In photocatalytic CO,RR
systems, efficiency is in turn affected by photosensitization, which can be achieved by the catalyst
itself if it has productive light absorption, or by a separate photosensitizer with a matched excited
state energy (analogous to overpotential).”! Additionally, sacrificial electron donors are needed to
regenerate the active photosensitizer. Performance metrics such as the turnover number (TON) and
the quantum yield (QY) for product formation quantify the photocatalyst activity in terms of stability
and productive photon absorption (analogous to FE). Along these lines, achieving the delicate

balance between low overpotentials, high turnover frequencies (TOF), FE,QY, and the suppression of

the HER in the presence of aqueous media is essential for effective catalyst performance.

Against this backdrop, the development of homogeneous catalysts offers a valuable starting point

towards fundamental understanding of CO, activation and reduction mechanisms, where molecular
This article is protected by copyright. All rights reserved.
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complexes bearing precise chemical structures can be tuned via metal substitutions, ligand
variations, and secondary coordination sphere modifications.”> > 7' In contrast, heterogeneous
materials present greater challenges in defining active sites and reaction intermediates, but are
often more water compatible and achieve higher activities and longer life cycles compared to
homogenous congeners.[4d' ‘e & As such, bridging the interface between molecularly precise
homogeneous catalysts and polymorphous yet robust heterogeneous material catalysts, in an area
termed molecular materials, offers the possibility to draw from the best attributes of both worlds.””®
7i, 9]

Indeed, molecular materials designed to mirror aspects of both homogeneous and

heterogeneous catalysts can produce highly stable, crystalline systems with molecular modularity.

In this context, a unifying feature of an important class of molecular materials, which span covalent
organic frameworks (COFs), metal-organic frameworks (MOFs), and porous molecular cages, is the
construction of porosity from precise geometric connection of molecular building blocks (Figure 1).
In terms of biology-to-chemistry concept transfer for designing CO,RR catalysts, porous molecular
materials can serve as functional synthetic models for biological enzyme-substrate dynamics by
providing a confined space microenvironment to target increased CO, substrate diffusion and
activation for efficient conversion into value-added chemical products.[“ﬂ In this mini-review, we
highlight major classes of porous molecular materials structures for electrochemical and/or
photochemical CO,RR, including MOFs, COFs, porous molecular cages, and hybrid molecular
materials. Rather than provide a comprehensive compilation of structures, we focus on select
examples to showcase key design elements to achieving stable and active CO,RR catalysis, including
mass transport, charge transfer, light absorption, activating groups, and electrode construction

(Figure 1).
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Figure 1. Conceptual design schematic of porous molecular materials catalysts for the
carbon dioxide reduction reaction (CO,RR), comprised of discrete molecular units

combining to form functional porous materials with higher-order dimensions.

2. Key Design Features to Achieving Effective CO, Reduction Catalyzed by Porous Molecular

Materials

Effective catalysts for CO,RR using porous molecular materials must meet several criteria, including
high selectivity for reduction of the CO, substrate over competing proton substrate to avoid the off-
target hydrogen evolution reaction (HER), particularly in water, as well as suitable turnover
frequencies to match electron and/or solar flux of the sustainable energy input and long-term
stability. Porous structures provide a host of key design features that can be used to augment CO,RR
reactivity. First and foremost is mass transport, as porous structures enable higher surface areas for
diffusion and capture of substrate and/or release of products relative to non-porous analogs.
Porosity also benefits charge transfer, particularly in electrochemical CO,RR platforms where site
isolation can increase the percentage of electrochemically active sites available for catalysis by
alleviating steric blocking between electrode materials and molecular redox units and between
molecular units themselves, as well as extending charge transfer beyond the molecule into an
extended materials structure in two or three dimensions. Light absorption is another element that
can be improved by porosity, particularly in two main ways. The first benefit is in site isolation of
chromophores, enabling the properties of molecular light-harvesting entities to be translated more
directly into materials frameworks. Second, porosity also enables precise placements of donor-

acceptor pairs in defined electron-transfer pathways, without direct contact between these

Accepted Article

components. The confined space environments also provide a modular approach for introduction of

activating groups to increase CO, capture and orient substrate binding and activation, stabilize
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CO,RR intermediates, and/or release value-added products through careful tuning of the secondary
coordination sphere. Finally, in terms of electrochemical or photoelectrochemical CO,RR, porosity
can enhance electrode construction, where higher surface areas give more sites in the same three-
dimensional volume. We now provide a select set of examples of porous molecular materials,
grouped by type, that showcase these design features to augment electrochemical and/or
photochemical CO,RR chemistry. As such, a wide range of other design concepts and strategies to
constructing selective and efficient CO,RR catalysts have been reviewed previously and should be

explored for a more extensive understanding of this field.!*® °%

3. Covalent Organic Frameworks (COFs)

Reticular chemistry transforms discrete molecular building blocks into extended material scaffolds
by linking them in deliberate spatial orientations that result in predictable periodic structures;™"
such reticular materials can retain permanent porosity with molecular-level control of structure.
Covalent organic frameworks (COFs) represent one important family of reticular crystalline solids
whose molecular units are composed of functional organic ligands.”** % Such molecular materials
have been developed for applications spanning gas storage and separation, optoelectronics, drug
delivery and catalysis.®* **! The COF examples for CO,RR highlighted in this section outline how the
principles of homogeneous molecular catalyst design, such as electronic conjugation, inner and

outer-sphere activating groups, merge with porosity and electrode construction in an attempt to

create robust CO,RR materials with tunable reactivity.

3.1. Tunable Porosity and Electronics Enhance CO,RR in Porphyrin-based COFs

Privileged molecular scaffolds such as porphyrin and phthalocyanine metal complexes have been
studied extensively for electrochemical and photochemical catalytic CO, reduction.!® 7> 7% ¥ Ap
atomic level understanding of how these catalysts operate makes them ideal candidates for
incorporation into COF structures,™" ™ thus permitting the exploration of molecular properties
extrinsic to the CO, binding and activation site.

This article is protected by copyright. All rights reserved.
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Our laboratory, in collaboration with Yaghi group, reported the first examples of electrochemical
CO,RR in porous structures using COF catalysts as a prototype reticular molecular material.”® We
selected metalloporphyrins as functional COF building units and constructed COF-366-M and COF-
367-M (M= Co, Cu) catalysts from the condensation of amine functionalized metalloporphyrin nodes
with aldehyde-functionalized phenyl linker struts (Figure 2a). The sizes of the porous cavities were
predictably modified by using either mono or biphenyl linkers between the cobalt porphyrin catalytic
units, resulting in a 3 A difference between COF-366-Co and COF-367-Co. With its larger pore size,
COF-367-Co achieved a 2-fold and 5-fold enhancement in catalytic efficiency for conversion of CO, to
CO relative to its COF-366-Co and Co-TAP monomer counterparts, respectively (Figure 2b), which
was attributed to higher surface area and an increase in accessible electrochemically active centers
from 4 to 8%. Faradaic efficiencies (FEs) for selective CO production reached 91%, even in neutral pH
aqueous solvent. Beyond these molecular-level modifications, complementary materials
modifications could synergistically improve the performance of these COF platforms as CO,RR
catalysts. In one key advance, the relatively low percentage of observed electroactive centers in
first-generation COF CO,RR catalysts inspired the electrode construction that could achieve better
electrical contact with the catalytic COF material. For example, moving from deposition of the COF
powder to growing oriented thin films of the COF directly onto the electrode surface resulted in
improved current density for CO,-to-CO conversion from 5 to 45 mA/mg and turnover frequencies
(TOFs) rising from 98 to 665 h™* for COF-366-Co, with total turnover numbers (TONs) reaching 3,542.
The same electrode construction was utilized in a follow-up study, where electron withdrawing
groups incorporated at the phenyl linkers established reticular tuning as a design principle for
improving CO, reduction activity."” Indeed, substituting the phenyl linkers in a COF-366-Co platform
with the activating groups —(OMe),, —F, and —(F), resulted in molecularly precise tuning of reduction

potentials and current densities in the functional heterogeneous material (Figure 2a, c).

3.2. Enhancing Charge Transfer in Porphyrin-Based COF CO,RR Catalysts

This article is protected by copyright. All rights reserved.
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Porphyrin molecules are intrinsically highly conjugated compounds. When integrated into a COF
structure, this molecular conjugation can extend in multiple dimensions, giving rise to unique
electron transfer properties in the resulting materials that can be exploited for electrocatalysis. For
example, the use of tetrathiafulvalene (TTF) as a linker in metalloporphyrin-based COFs establishes a
catalyst framework with high charge transfer mobility. This approach offers a design strategy to
improve traditional COF electrodes, which often possess limited conductivity. Indeed, Lan and co-
workers reported that in Co-TTCOF, the TTF linkers enable rapid charge transfer from the electrode
to catalytic Co centers,'® and Co-TTCOF converts CO, into CO with a FE of 91.3% at —0.7 V vs RHE at
a rate of 1.28 s™*. Moreover, exfoliation of this COF leads to the formation of Co-TTCOF nanosheets
(~5 nm in thickness) with an improved FE of 99.7% at -0.8 V, which is attributed to its higher surface
area and more accessible active sites from this new electrode construction. Exfoliation was also
applied as a method to enhance CO,-to-CH, activity in another porphyrin-based COF

electrocatalyst.™*”!

3.3. Increasing Accessible Active Sites by Expanding COFs from 2D to 3D Materials

The COF-366-Co and Co-TTCOF examples showcase the importance of electrode construction in
optimizing active site utilization in 2D COF structures for CO,RR. A complementary approach is to
change the materials dimension of the catalyst itself. In this context, although more difficult to
design and synthesize compared to their 2D counterparts, 3D COFs offer an attractive family of
alternative platform materials for creating frameworks with intrinsic porosity that can achieve larger
surface areas and pore diameters for improved CO, uptake via mass transport.”” In one example of
CO,RR using a 3D COF, 3D—Por(Co/H)—COF,[2°b] demonstrated a FE of 92% for CO production,
compared to 82% for COF-366-Co under similar conditions, where both electrodes were constructed
from deposition of a COF catalyst ink onto a carbon electrode. The observed improvement in FE for
CO,RR was attributed to a higher number of exposed active sites in the 3D porous COF relative to its
2D congener. In a recent study, Fang and coworkers reported the 3D photocatalyst series, JUC-640-
M (M= H, Ni, Co).?" This unique stp-topologized COF combined triptycene and porphyrin building

units resulting in a low-density, ultra-porous structure achieving efficient mass transport. This was

This article is protected by copyright. All rights reserved.
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reflected in the Co derivative, JUC-640-Co, which showed unprecedented CO,-to-CO production
rates of 15 mmol g*h™ in conjunction with [Ru(bpy)s]** as a photosensitizer and BIH as a sacrificial

electron donor.

3.4. Secondary Coordination Sphere Modifications of COF Structures to Improve CO,RR Performance

In addition to augmenting charge transfer and dimensionality of molecular materials, secondary
coordination sphere approaches can be employed to improve catalytic performance of COF systems
for CO,RR. For example, the use of pendant amines as activating groups that can form adducts with
CO, can improve substrate capture for subsequent substrate conversion. Indeed, amines are
commonly used as additives in CO, capture and conversion, forming carbamate structures.”” Not
only can amines within a COF structure help capture CO,, but they can also impart high stability for
such adducts under harsh catalytic conditions. Specifically, post-synthetic solid-state reduction of a
3D COF (COF-300) or 2D COF (COF-366-M) bearing imine linkages can form the amine-linked analogs
COF-300-AR and COF-366-M-AR, respectively.”® These frameworks persist even after immersion in 6
M HCI and NaOH aqueous solutions for over 12 hours. Further, the addition of COF-300-AR material
showed improved FE for CO, reduction to CO over a bare Ag electrode (43 vs 83% at —0.85 V vs RHE)
under similar conditions. Enhancement in CO, uptake and subsequent improvement in reactivity was
observed in situ in other COF systems, which may be attributed to the reduction of imine linkages by
H, generated at the start of the photolysis.”” Finally, the introduction of charged functionalities as
activating groups has also proven successful in enhancing CO,RR activity in COF structures. In a
recent example, Co-iBFBim-COF-X (X=F~, CI, Br", and I),"* incorporates charged imidazolium groups
with variable anions to enhance the stabilization of CO, reduction intermediates through hydrogen
bonding (Figure 2d). Compared to a neutral analog, Co-iBFBim-COF-I" displayed 3.5-fold increase in

turnover frequency for the production of CO.

3.5. Phthalocyanine based COFs

This article is protected by copyright. All rights reserved.
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Cobalt phthalocyanine (CoPc) is another privileged molecular catalyst complex amenable to
incorporation into COFs for CO,RR.?® Similar to porphyrin analogs, CoPc-based COFs target
improved charge transfer from electrodes via conjugation of the linkers with its structure. In one
example, connecting CoPC in both x and y directions with phenazine linkages creates a highly
conjugated 2D COF with tetragonal topology (Figure 1e).[26"] The metal phthalocyanine units have
pore channels created by 2.2 nm distance between CoPc units. High chemical stability of CoPc-PDQ-
COF was recorded under various organic solvents as well as highly acidic/basic aqueous electrolytes
between 25 to 100 oC. Additionally, CoPc-PDQ-COF was stable over a wide range of applied
potentials (-0.32 to —-0.66 V). In comparison to the CoPc molecular analog, the PDQ-COF material
displayed a 32-fold higher TOF at a 560 mV overpotential. More recently, CoPc-derived COFs were
used to compare catalytic activities of 2D versus 3D frameworks. A 3D CoPc polyimide COF with
tetraaminophenyl adamantine linkers (Figure 2f), CoPc-PI-COF-3,%* possesses 33% electroactive
sites compared to only 5% for its 2D analog.”®® This improvement in electroactive sites and mass

transport resulted in a 1.5-fold higher current density for CO,-to-CO conversion (Figure 2g).

3.6. COFs Bearing Metal-Bipyridine Catalytic Units

In addition to porphyrin-based and phthalocyanine-based COFs, another type of privileged catalytic
unit for COF-mediated CO,RR is based on metal-bipyridine complexes, where active sites are
incorporated onto a bipyridine-based ligand strut. In this regard, rhenium tricarbonyl complexes of
the type [Re(bpy)(CO);Cl] are canonical examples of molecular CO,RR catalysts. Interestingly, these
molecular complexes are known to suffer from catalyst degradation pathways involving dimerization
of individual Re units to form inactive dimers.?” Indeed, efforts to address this deactivation pathway
in homogeneous solution include the introduction of large alkyl groups proximal to the metal center
to sterically encumber the open coordination site under catalytic conditions to prevent the
deactivation pathway.m] A complementary materials approach to prevent this type of deactivation is
to immobilize [Re(bpy)(CO);Cl] within a COF structure for site isolation. Despite the reasonable

nature of this approach, [Re(bpy)(CO)sCl] COFs reported to date show only low electrocatalytic®®

[30]

and photocatalytic™ performance for CO,RR. In one example, a conjugated triazine COF containing
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[Re(bpy)(CO);Cl] active sites (denoted Re-COF) was designed for self-sensitized CO,RR using visible
light irradiation in organic solvent, showing how light absorption can be optimized B%I After a 20-
hour reaction period, Re-COF exhibits a total turnover number (TON) of only 48, and a TOF of 750

F,2% composed of olefin linked

pumol g h™. Under similar reaction conditions, Re-bpy-sp’c-CO
pyrene and bipyridine units (Figure 2h), gave a TOF of 1040 pmol g™* h™ (TON = 18). In these studies,
the [Re(bpy)(CO);Cl]-incorporated COFs have a longer duration of catalytic activity compared to the
molecular analog but only marginally higher TONs. These results suggest that Re catalyst
immobilization within a COF matrix may slow or prevent unwanted dimerization deactivation
pathways, but also hinders catalytic reactivity. Similar trends are observed in MOF analogs.®"
Examples of Ni, Mn, and Rh as CO,RR active sites on bpy-linked COFs have also been reported and

warrant further investigation.®?

This article is protected by copyright. All rights reserved.

11

35U801 SUOWILLIOD BA[R1 8]0l ddke 3} A PeUBAO 812 DI VO 85N J0SBJNI 0 AT BUIIUO AB{IM UO (SUOIIPUOO-PUE-SLLISILLCO"AB| IW TG )BUIUO//Schi) SUO I IPUOD PU SWLS | 8U) 39S *[£202/50/92] U0 AIGIT8UIIUO 481 ‘Ge] FPUOIEEN AS[B3eg S0ueIMe T RILIOJIED JO AN Ad ZZTZ0E202 LR Z00T OT/I0p/L00 A3 1A AReic]1jou|uo//Sduy Wo1y pepeojumod ‘el ‘S0 TZST



Accepted Article

WILEY-VCH

Figure 2. Representative covalent organic framework (COFs) catalysts for carbon dioxide
reduction reaction (CO,RR). (a) Chemical structures of Co complexes of COF-366, COF-367,
and synthetically tuned analogs. (b) Tafel plots comparing electrochemical CO,RR activity
of COF-366-Co, COF-367-Co, and a molecular analog Co(TAP). (c) Current density
comparison for COF-366-Co with reticular tuning of struts with —-H, -(OMe),, —F, and —(F),4

substituents. (d) Crystal structure representation of Co-iBFBim-COF-I". (e) Structure of
This article is protected by copyright. All rights reserved.
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phenazine-linked phthalocyanine COF, CoPc-PDQ-COF. (f) Chemical structure of CoPc-PI-
COF-3 and (f) current density plot comparing the 2D, 3D, and Co-free analogs of CoPc-PI-
COF. Adapted with permission from (a, c) ref 17, © American Chemical Society 2018; (b)
ref 16, © 2015 American Association for the Advancement of Science; (d) ref 25, © 2022
Wiley-VCH; (e) ref 26a, ©Wiley-VCH; (f, g) ref 26 ¢, © 2022 Wiley-VCH; (h) ref 30b, © 2020

Royal Society of Chemistry.
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Figure 3. Representative metal organic framework catalysts for CO,RR. (a) Monolayer and
bilayer representations of Cu-porphyrin MOFs with data comparing (b) light dependent
ethanol production and (c) light dependent C2/C1 selectivity ratios between the two

catalyst compositions. (d) Depiction of electron transmission from an electrode through
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Co-PMOF. (e) Crystal structure representation of the first reported ZIF-8 and current
density plots for electrochemical CO,RR with (f) ZIF-8 synthesized from different Zn
starting material and (g) phenanthroline ligand doped (ZIF-A-LD/CB) doped versus pristine
(ZIF-8/CB). Adapted with permission from (a-c) ref 34k, © 2022 Wiley-VCH; (d) ref 34e, ©
2018 Springer Nature; (e) ref 36a, © 2006 National Academy of Sciences; (f) ref 36d, ©
2017 Wiley-VCH (g) ref 34g, © 2019 Wiley-VCH

a Catalyst Inhibition Expanded Structang
bry Aggregation Facilitates Catalysis

%\.___..-"'m % @

Fu-TPP Elsctrods  Fe-PB Blscirods.

Muhifanctional Confined Space Catalyeis
{Pesaity + Chasga)

0 W 0 N & W &
Tirrss (v}

This article is protected by copyright. All rights reserved.

14

35U801 SUOWILLIOD BA[R1 8]0l ddke 3} A PeUBAO 812 DI VO 85N J0SBJNI 0 AT BUIIUO AB{IM UO (SUOIIPUOO-PUE-SLLISILLCO"AB| IW TG )BUIUO//Schi) SUO I IPUOD PU SWLS | 8U) 39S *[£202/50/92] U0 AIGIT8UIIUO 481 ‘Ge] FPUOIEEN AS[B3eg S0ueIMe T RILIOJIED JO AN Ad ZZTZ0E202 LR Z00T OT/I0p/L00 A3 1A AReic]1jou|uo//Sduy Wo1y pepeojumod ‘el ‘S0 TZST



Accepted Article

WILEY-VCH

Figure 4. A representative porous molecular cage architecture to improve CO;RR activity
over monomeric molecular counterparts. (a) Proposed orientation adopted by planar Fe-
TPP porphyrins compared with porous supramolecular Fe-PB on an electrode, where the
3D structure facilitates mass transport (b) Schematic representation of the planar
molecular catalyst Fe-TPP transformed by porosity only (Fe-PB) or porosity and charge (Fe-
PB-2(P)). (b). Photocatalytic CO,RR results comparing activities of Fe-TPP, Fe-PB-3(N), Fe-
PB-2(P), and Fe-p-TMA under a CO,-saturated atmosphere. Adapted with permission from
(a) ref 42, © 2018 Wiley-VCH; ref 43, © 2023 Wiley-VCH.

ssingle Ir'-MOC-NH,
sbulk Ir*-MOG-NH,
sl Uig-67-NH;

]‘n\' R i

=

o L COH, COH, COH
o L‘B

X

oakegszeg

ol
!
g o=
B
TONg4n

Figure 5. Representative Metal-Organic Cages for CO,RR. (a) Structure representations of

Irlll

-MOC-NH; and (b) photocatalytic CO,RR data comparing the activity of single versus
bulk Ir"-MOC-NH,, and a known MOF analog. Adapted with permission from ref 45b, ©
2021 American Chemical Society.
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Figure 6. (a) Schematic of a hybrid molecular material exhibiting permanent porosity
generated by supramolecular self-assembly between a table-shaped porphyrin molecule
and an electroactive metal electrode surface. The Faradaic efficiency (FE) for value-added
two-carbon products generated by C-C product formation from electrochemical CO
reduction (e.g., ethylene, ethanol, acetate) is dependent on (b) molecular tuning of
porphyrin linker length and (c) identity of porphyrin metal center. Reproduced with

permission from ref 7i, © 2020 American Chemical Society.
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Table 1. Catalytic CO,RR Activity of Selected COF Catalysts
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Catalyst Product TON TOF Energy Input* FE QY Current
(Selectivity %) (%) (%) Density
COF-366-Co CO 1,352 98 h’! =550 mV 90 — 5 mAmg’
COF-366-Co CO 3,542 665 h! = 550 mV 86 - 45 mAmg’!
oriented thin film
COF-367-Co CO 3,901 165 h™ =550 mV 91 - 13 mAmg’
Co-TTCOF CcO 141,479 1.28 57! =790 mV 91.3 - 1.84 mAcm™
Co-TTCOF NSs CcO - - —0.8 V vs RHE 99.7 - -
3D-Por(Co/H)- Cco - 4610 h™! ~1.1V vs RHE 92.4 - 15.5 mAcm?
COF
JUC-640-Co Cco - 15.1 mmol g'h"  Ru(bpy);Cl,,6H,Oat 944 148 -
450 nm
COF-300-AR CcO - - —0.85V vs RHE 83 - 2 mAcm™
Co-iBFBim-COF-I" CO (100) - 3018 h! 2.4V full cell voltage 99 - 52 mAcm™
CoPc-PDQ-COF CO (96) 320,000 11412 0! = 560 mV 96 - 762 mAmg’!
CoPc-PI-COF-3 Co 35,500 065" ~1.0 V vs RHE 96 - 31.7 mAcm™
Re-COF CO (98) 48 750 umol g'h™! Self-sensitized >420 - - -
nm
Re-bpy-spc-COF CO (81) 18.7 1040 pmol Self-sensitized >420 - 0.5 -
nm
g-lh-l

*Overpotential (n), applied potential (V vs RHE), or photosensitizer/irradiation wavelength provided

This article is protected by copyright. All rights reserved.
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4. Metal-Organic Frameworks

Metal-organic frameworks (MOFs) are another class of extended crystalline solids that incorporate
modular organic linkers, but in contrast utilize metal ions or clusters as secondary building units.*
The similarity between these reticular materials and COFs leads to analogous MOF designs for CO,RR
applications, where the area is largely dominated by structures based on the heterogenization of

porphyrin and phthalocyanine catalytic units.!*> 3 33 34

Table 2. Catalytic CO,RR Activity of Selected MOF Catalysts

Accepted Article

Catalyst Product TON TOF Energy Input FE QY Current
(Selectivity %) (%) (%) Density
PCN-222 HCOO™ (100) - 3 pmol h” Self-sensitized - - -
1
>420 nm
[AL(OH),TCPP- Cco 1400 200 h! —0.7 V vs RHE 76 - 1.8 mAcm™
Co]
Cu monolayer ethanol(25.9), - - —1.4V vs RHE 41.1 - 6.89 mAcm™
ethene(12) (ethanol)
>420 nm
Cu bilayer CO, HCOO- - - —1.3 Vvs RHE 78.6 - 0.29 mAcm™
>420 nm
Co-PMOF CcO 53,433 1656 h! —0.8 Vvs RHE 98.7 - 18.08 mAcm™
ZIF-8 (SO4%) co - - ~1.8 V vs SCE 65.5 - 1.55 mAcm’™
ZIF-8 (NO3") CcO - - -1.8 Vvs SCE 69.8 - 1.25 mAcm™

This article is protected by copyright. All rights reserved.
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ZIF-8 (Acetate) co - - —1.8 V vs SCE 57.7 - 0.5 mAcm?

ZIF-8 (doped) CO - - —1.1 Vvs RHE 90.6 - 10 mAcm™

Accepted Article

*Qverpotential (n), applied potential (V vs RHE), or photosensitizer/irradiation wavelength provided

4.1. Porphyrin-based MOFs

One of the first examples of photocatalytic CO, reduction using a porphyrin-based MOF was
reported by Jiang et al, termed PCN-222.% The MOF formulated as Zrg(ps-OH)g(OH)s(TCPP), contains
metal-free porphyrin linkers and Zrg cluster nodes. It was observed that incorporating TCPP into a
MOF structure resulted in broad visible light absorption with higher molar absorptivity compared to
H,TCPP. Indeed, this allowed self-sensitized photochemical CO,RR selective for formate, resulting in
30 pL of product after 10 h of irradiation. Transient absorption studies suggest that long-lived charge
transfer states in PCN-222 prevented fast electron-hole recombination, boosting CO,RR activity. An
early example of MOFs applied to electrochemical CO,RR was reported by Yang, Yaghi, and our
laboratory. [A|2(OH)2TCPP-CO],[34a] incorporating cobalt porphyrin molecular units linked with
aluminum oxide rods in a 3D MOF structure, was fabricated into thin films of varying thickness as an
integrated electrode material. MOF thickness values between 30 and 70 nm resulted in optimal
conditions for CO,-to-CO conversion with a maximum TOF of 200 h™ and a stable current density
over 7 h. The emphasis in examining electrode construction is presented as a balance between
reactant diffusion and charge transport and was executed with the use of atomic layer deposition.
This concept was expanded upon by the Wang laboratory using MOFs constructed from Cu,(COO),
paddle wheels linked by Cu porphyrins (Figure 3a) .** The 2D MOF was utilized as either a
monolayer or a bilayer of 0.28 and 0.7 nm thickness, respectively, and demonstrated distinct
product selectivity under photocoupled electrocatalysis of CO, reduction. Interestingly, the
monolayer version favored the formation of C-C coupled products, while the bilayer generates only
C-1 products (CO, CH,, and formate). However, upon electrolysis, the authors found that within the
monolayer, more active sites are accessible to the electrode, and the generation of Cu clusters is
observed. Catalyst restructuring occurs at the Cu-O sites, irreversibly changing them to Cu-Cu sites
that can subsequently form multi-carbon products from CO,. Furthermore, the Faradaic efficiency

This article is protected by copyright. All rights reserved.
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(FE) of C-C product formation from the monolayer showed light dependence (Figure 3b, c), where

neither structural instability nor enhancement by irradiation is observed in the bilayer.

Returning to the discussion of charge transfer as a design concept for efficient CO,RR catalysis, the
use of metal clusters in MOFs is advantageous. Reductive polyoxometalates such as Z-e-Keggin
cluster, e-PMog'Mo,"'040Zn,, are electron rich aggregates that can facilitate electron transfer from
the electrode to a porphyrin active site (Figure 3d). Lan and colleagues reported that the cobalt
porphyrin-linked polyoxometalate MOF, Co-PMOF, shows excellent catalytic performance, with 99%
FE for CO, to CO and a TOF of 1656 h™.*! The design of this CO,RR catalyst system mirrors that of
Co-TTCOF, further supporting the idea that efficient, directional charge transfer can be designed into

molecular materials.

4.2. Zinc Imidazolate Frameworks

In related family of molecular materials, Zinc Imidazolate Frameworks (ZIFs) can enable CO,
reduction in MOF-type materials without the need to immobilize known molecular CO,RR catalysts.
(34 361 7IFs are class of MOFs based on zeolite topologies and contain Zn clusters and imidazolate
ligands as building units of the framework. Specifically, the ZIF-8 congener (Figure 3e) possesses high
CO, adsorption properties, and the tuning of peripheral components, such as electrolyte anions and
ligand doping, has been studied in the context of CO,RR. Indeed, work by Kang and colleagues on
ZIF-8 generated from Zn(ll) sources containing different anions (S0,>, NO5, and acetate) showed
that the SO,” derived MOF showed the highest current density for CO formation (Figure 3f), with
66% FE and catalytic stability for at least 4 hours.?* Additionally, varying the electrolyte anions
between CI, CIO,, and HCO; showed that use of a NaCl electrolyte achieved the highest FE for CO
production, credited to more facile anion exchange within the MOF cavity. Another approach taken
by Wang and co-workers towards enhancing ZIF-8 CO,RR reactivity was ligand doping with 1,10-
phenanthroline.?*8 An increase in the FE and current density (Figure 3g) for CO production from 50

to 75% was observed with phenanthroline doping, which appears to be a function of charge transfer

This article is protected by copyright. All rights reserved.
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boosting into the imidazolate sp? carbons responsible for the generation of the CO, reduction
intermediate, *COOH. We note that the studies highlighted here do not resolve the open question of
whether the Zn nodes or the imidazole ligands within these catalytic ZIF cavities are the major active

sites for electrochemical CO, reduction.

5. Porous Molecular Cages and Related Hybrid Molecular-Materials Cages

Taking extended heterogeneous molecular materials a step closer towards homogeneous molecules,
porous molecular cages provide a distinct class of crystalline, microporous materials that resemble
discrete analogs of MOFs and COFs. Unlike extended frameworks, porous molecular cages offer
intrinsic permanent porosity in homogeneous molecular form, in which each discrete
supramolecular unit can be utilized for photo- and electrocatalysis across a variety of formulations.
Included are heterogeneous electrodes, particle suspensions of varying sizes, and homogeneous

molecules in solution.

5.1. Porous Organic Cages

Porphyrin boxes (PB) are a prominent class of porous organic cages®®” assembled from six porphyrin
face units connected by eight triamine linkers, creating a hollow box-like structure with a defined

B8 Work from our laboratory in collaboration

permanent inner cavity per discrete molecular unit.
with Kim’s group has established the use of Fe- and Co-metalated PBs for electrochemical and
photochemical activation of various small molecule substrates, including oxygen,®® nitrate,"*” and
water.*" Together we reported the first application of porous organic cages for CO,RR activity.
Specifically, the porous cage Fe-PB was formulated as a water-compatible heterogeneous electrode
catalyst for direct comparison with the mononuclear analog, Fe-TPP."" % |n particular, we reasoned
that creating a heterogeneous electrode material with Fe-TPP would result in stacking of flat 2D
porphyrin molecules parallel to the electrode, thus limiting substrate accessibility and charge

transport (Figure 4a). In contrast, owing to their permanent porosity, the porphyrin boxes would

exhibit higher CO, substrate accessibility and charge transport from the electrode relative to the

This article is protected by copyright. All rights reserved.
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porphyrin monomer. Indeed, the permanent porosity and increased surface area of the 3D
porphyrin box supramolecule relative to the 2D porphyrin molecule enhanced the percentage of
accessible electroactive Fe centers for the former (54% in Fe-PB, 38% in Fe-TPP). Under
electrochemical CO,RR conditions in neutral pH aqueous media, Fe-PB generated 2-fold more CO
product than Fe-TPP, reaching 100% FE and achieving TOF values of 0.64 s while maintaining

electrochemical activity for at least 24 hours.

Building upon these results, we were successful in attempts to solubilize Fe-PB-like structures for
homogeneous CO,RR catalysis by the incorporation of 24 cationic trimethylammonium groups to
furnish Fe-PB-2(P); we then evaluated this porous cage under photocatalytic CO,RR conditions
(Figure 4b)."® The highly cationic, soluble porphyrin box platform, featuring dual second-sphere
additions of porosity and charge as activating groups, led to synergistic improvements in selective
and efficient CO,-to-CO conversion in homogeneous solution. Fe-PB-2(P) exhibited a maximum TON
of 1,168 for CO production with 97% selectivity within a one-hour photolysis experiment using
Ir(ppy)s as a photosensitizer. The direct comparison of Fe-PB-2(P), featuring both porosity and
charge, to the porosity-only porphyrin box Fe-PB-3(N), the charged-only mononuclear porphyrin Fe-
p-TMA, and the parent Fe-TPP analog showed that Fe-PB-2(P) exhibited a 41-fold higher activity over
Fe-TPP (Figure 4c) with a maximum TON of ca. 500, with the neutral porous FePB-3(N) and charged
mononuclear Fe-p-TMA catalysts displaying similar levels of activity under these conditions, with 4-
fold (TON = 50) and 6-fold (TON= 70) higher CO,RR activities compared to Fe-TPP, respectively.
Taken together, these results established that integrating dual porosity and electrostatic interactions
as activating groups onto a single platform can work in tandem to enhance photocatalytic CO,RR
activity in synergistic manner beyond introduction of a single porosity or electrostatic design
element alone. Finally, the Fe-PB-2(P) catalyst also enabled photochemical CO,RR activity under low
CO, concentrations. Indeed, in the presence of as little as 2% CO, in acetonitrile solution, Fe-PB-2(P)
retained up to 78% of its original activity compared to CO,-saturated conditions, suggesting that the

porous organic cage platforms can promote both carbon capture and conversion.
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Table 3. Catalytic CO,RR Activity of Selected Porous Molecular Cages and Hybrid Materials

Acetate (24)"

** refers to the Faradaic efficiency (FE) values

5.2. Metal-Organic Cages/Metal-Organic Polyhedra

This article is protected by copyright. All rights reserved.
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*Overpotential (n), applied potential (V vs RHE), or photosensitizer/irradiation wavelength provided

< ’ Catalyst Product TON TOF Energy Input* FE QY Current
(Selectivity %) (%) (%) Density
° M
l i Fe-PB Cco 55250  0.645s! N=510 mV 100 0.4 mAcm™
: | Fe-PB-2P CO (97) 1,168 164 min™ Ir(ppy); at 450 nm - 5.75 -
Fe-PB-3N CO (88) 50 1.9 min’! Ir(ppy); at 450 nm - - -
ReTC-MOP Cco 12,847 660 h™ Self-sensitized >420 - - -
nm
ReTC MOF 10 Cco 654 36 h! Self-sensitized >420 - - -
nm
ReTC MOF icro Cco 438 24 h! Self-sensitized >420 - - -
nm
H I'"™-MOC-NH, CO (99) 59 120 h! Self-sensitized 420 nm 6.71
single
I'"-MOC-NH, p CO (96) 20 - Self-sensitized 420 nm - - -
O Fe Cap, C2 linker Ethanol (53)" - - —0.40 V vs RHE 83 - 134 mAcm?
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Metal-organic cages (MOC), otherwise known as metal-organic polyhedra (MOP), are reticular
structures featuring connections between organic linkers and inorganic joints, and can be thought of
as discrete molecular analogs of MOFs.% 44 Like porous organic cages, MOCs/MOPs feature
intrinsic permanent porosity and can be used to make heterogeneous analogs of molecular
catalysts.[45] For example, efficient CO,RR catalysis from heterogenized Re-bpy catalysts can be
achieved under photocatalytic conditions. Choi and colleagues designed a MOP structure using the
Zr cluster ([CpsZrsO(0OH)5(C0O,)s]") linked with biphenyldicarboxylate (BPDC) struts; one BPDC unit
was substituted with a carboxylate functionalized version of [Re(CO);(bpy)(Cl)], forming 1.8 nm
particles of ReTC-MOP.*** The self-sensitized photocatalyst ReTC-MOP with molecular-like light
absorption properties displayed a TON of 12,847 for CO production over a 24-hour photolysis
experiment in acetonitrile solution. The observed high activity far surpassed the molecular analog, as
well as nano (400 nm) and micro-scaled (400 um) ReTC MOF particles constructed for comparison to
ReTC-MOP. The authors speculated that the reaction microenvironment of MOP particles dispersed
in solution could permit better access of CO, to the active site. Further dilution of MOP/MOC
particles to single cages by Su and colleagues was shown to increase utilization efficiency in Ir"-MOC-
NH,."* The MOC in this case comprises four CpsZrsus-O(p,-OH); nodes linked by an Ir(l11) polypyridyl
complex and amino-functionalized BPDC (Figure 5a). Photocatalytic assays showed a 3.4-fold
improvement in TOF for a single-cage MOC unit versus bulk Ir'"'-MOC-NH, (Figure 5b). DFT analysis of
possible mechanistic pathways suggested that the free amines in the cage can enhance CO,
reduction by acting as activating groups for increased CO, capture, akin to what was proposed for

COF-300-AR."*!

5.3. Molecular-Materials Cages

A final series of porous molecular materials to highlight for CO, reduction chemistry are hybrid
combinations of discrete molecules or cages with materials surfaces. Such systems are comprised of
molecules that can directly interact with a CO,RR-active electrode to provide systems that exhibit
permanent porosity and electrochemical activity, improving both mass transport and charge

[7i,

transfer.”" 3% *® |n one study, our laboratory developed hybrid molecular-materials porphyrin
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molecular cages that were formed between a,a,a,a-atropisomers of thioacetate-functionalized
porphyrins and a metal foil electrode. The thiols on the legs of the table-shaped porphyrin molecule
bind the electrode surface, fixing the porphyrins parallel to the electrode surface at synthetically
modular distances (Figure 6a).[4ﬁa] Using copper foil electrodes, we evaluated the reduction of CO to
value-added two-carbon products formed from C-C coupling (e.g., ethylene, ethanol, acetate) using
these hybrid materials. Both bare copper and porphyrin-functionalized hybrids produced ethylene,
ethanol, and acetate upon electrochemical CO reduction, but the addition of porosity created by the
supramolecular porphyrin cage structures led to a marked increase in FE for the latter two C-C
oxygenated products. Molecular optimization of linker length (1-4 carbon chains) showed that the
C2 linker produced optimal Faradaic efficiencies to maximize two-carbon product formation (Figure
6b). We then used the C2-spaced porphyrin cap to probe multimetallic catalysis by inserting Fe, Ni,
or Zn into the center of the porphyrin cap. Insertion of Fe as a secondary activating group resulted in
an increased ethanol selectivity, reaching 52% FE (Figure 6c). Various control experiments using
porphyrin isomers without the proper electrode capping configuration, or porphyrins without the
coordinating thiol caps, were evaluated to corroborate the importance of porous cage formation for
the observed results. In related work by Reisner, Scherman, and Han, among others, porous organic
cages and cucurbit[n]urils have been used as additives to enhance CO, diffusion at the surfaces of Cu

[37d]

and Au electrodes, respectively. Interestingly, only the CC3""" porous organic cage resulted in more

efficient CO,RR catalysis, whereas cucurbit[6]uril[46b] caused a decrease in current density.

6. Summary and Perspectives

Molecular materials are emerging as valuable class of CO, reduction catalysts that can be driven by
sustainable electrical or solar input. Indeed, these systems merge two of the most important aspects
in the development of functional catalysts: modularity and durability. In particular, the development
of functional molecular materials catalysts that exhibit permanent porosity, including COFs, MOFs,
and porous molecular cages, have led to advances in design principles that exploit both the

molecular precision afforded in homogeneous systems and the durability of heterogenous
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counterparts. In the context of CO,RR, a key property in the molecular materials space is porosity,
which can enhance the diffusion and/or capture of CO, substrate and funnel it towards the active
site of the catalyst. Furthermore, examples highlighted in this mini-review leverage the molecular
modularity of these porous materials systems via implementation of directional charge transfer,
second-sphere cationic interactions, CO, capture and activating groups, pore size manipulation, and

dimensionality.

Moving forward, many exciting opportunities merit further investigation to achieve significant
advances in molecular materials for CO,RR chemistry and related small-molecule transformations of
energy consequence. First and foremost is the development of systems that can go beyond two-
electron reduction, as the vast majority of molecular materials for catalytic CO,RR are limited to
producing CO, akin to their pure molecular counterparts. Indeed, the immobilization of a relatively
small subset of well-established molecular catalysts as active sites in these materials has been
studied extensively, therefore future efforts in the field should seek to heterogenize the rapidly
emerging body of new state-of-the-art molecular catalysts into porous structures. Another common
challenge arising in these molecularly-designed materials is how to optimize the construction of
electrodes in order to increase conductivity of the material and electroactivity of catalytic sites.
Additionally, as has been repeatedly observed in porous molecular cages, devoting more attention
to contributions of the secondary coordination sphere and leveraging these confined space
microenvironments is an important new development in enhancing CO,RR reactivity. In this context,
inspiration from recently generated molecular coordination complexes that append hydrogen
bonding and/or electrostatic moieties that aid CO, reduction offers a molecular-to-materials
roadmap for developing next-generation catalysts for combined carbon capture and fixation. These
and other avenues of basic and translation energy research will bring us closer to the larger goal of
decarbonizing our global energy infrastructure, of which CO,RR catalysis is but one part of the

puzzle.
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