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Can the carbon budget be balanced? Increasing greenhouse gas emissions and worsening environmental
effects demand that humankind find a solution for anthropogenic climate change. As a carbon recycling
strategy, the electrochemical carbon dioxide reduction reaction (CO,RR) represents a platform to convert
CO; to valuable chemicals. Despite the discovery that copper uniquely produces hydrocarbons, a lack of
suitable catalysts prevents the realization of industrial-scale applications.
frameworks (MOFs), extended networks of organic ligands and metal nodes or clusters, have found

Recently, metal-organic

application as electrocatalysts. Perhaps, this class of materials can be leveraged to tune the properties of
copper and yield a suitable CO,RR catalyst. In this review, we present new developments in the application
of copper-based MOFs (Cu MOFs) for CO,RR. Firstly, we highlight the potential of CO,RR as a solution for
carbon neutrality and proceed by overviewing CO,RR mechanisms and catalysts. We then emphasize the
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role of copper which leads to our discussion of the trends in Cu MOFs for CO,RR. We conclude by
presenting several challenges and perspectives relevant to Cu MOFs in the hope of spurring targeted
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1. Introduction

In lockstep with increasing atmospheric greenhouse gas
levels, the pressure to advance CO, utilization technologies
continues to rise. Research on CO, recycling via the
electrochemical CO, reduction reaction (CO,RR) has grown
accordingly. As the sole pure metal electrocatalyst capable of
producing valuable fuels and chemicals from CO,, copper
features extensively in CO,RR research. In parallel, metal-
organic frameworks (MOFs), extended networks of metal-
containing nodes and organic ligands, have emerged as a
class of materials with novel catalytic properties. Although
numerous reviews exist on either the use of copper' ' or
MOFs for CO,RR," " to the best of our knowledge, no such
reviews exist focusing solely on the use of copper-based MOFs
(Cu MOFs) for CO,RR. Herein, we aim to provide a critical
review of the trends in this rapid developing field. Firstly, we
motivate CO,RR as a CO, recycling platform. We then
describe CO,RR mechanisms on copper, summarize
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electrocatalysts used for CO,RR, and highlight the importance
of copper. What follows is a critical analysis and summary of
the developing trends regarding Cu MOFs used for CO,RR.
Finally, we conclude by presenting challenges and
perspectives for CO,RR on Cu MOFs.

2. CO, reduction for carbon neutrality

Owing largely to global energy and chemicals production,
anthropogenic greenhouse gas (GHG) emissions constitute
the vast majority of all GHG emissions on Earth.'® Fig. 1
illustrates the global carbon cycle, highlighting the role of
anthropogenic activities. In the decade beginning in 2012,
fossil CO, emissions and emissions from land-use change
averaged an estimated 10.8 gigatons of carbon per year (GtC
per year). These emissions resulted in rising atmospheric
CO, concentrations, 5.2 GtC per year, and uptake by ocean
and terrestrial sinks, 2.9 GtC per year and 3.1 GtC per year,
respectively.'® Assuming 2022 emissions levels, the remaining
carbon budget for a 50% likelihood to limit global warming
to 1.5 °C is estimated to last for nine years.'"® As global
warming is linked to a cascading list of environmental and
socioeconomic problems,'® balancing the carbon budget -
closing the carbon cycle — is of global concern. This is
underscored by the widespread ratification of the 2015 Paris
Agreement. As of the date of writing this paper, 195 members
of the United Nations Framework Convention on Climate

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic representation of the global carbon cycle,
highlighting effects from anthropogenic activities averaged globally for
the decade 2012-2021. Arrows designate flows. Circles designate
reserves. Cyclic arrows designate cycles. Quantities are specified in
gigatons of carbon (GtC). The budget imbalance is a measure of
imperfect data and understanding of the contemporary carbon cycle.
All uncertainties are reported as one standard deviation. Reproduced
from Friedlingstein et al.'®

Change - all but three - have formally committed to reaching
carbon neutrality by the year 2050."°

As one of three strategies of closing the carbon cycle, in
addition to decarbonization and carbon sequestration, CO,
recycling represents an important area of research requiring
development. With the continued maturation and adoption
of renewable energy, the attraction of CO,RR as a CO,
recycling platform has grown concomitantly. When powered
by renewable energy sources, the mitigation of GHGs by CO,-
RR is two-fold. Firstly, carbon dioxide is converted to valuable
chemicals and fuels, such as organic acids (e.g., formic acid,
acetic acid), alcohols (e.g,, methanol, ethanol), and/or
hydrocarbons (e.g., methane, ethylene). Secondly, the use of
renewable energy foregoes the GHG emissions that would
otherwise be emitted while producing valuable chemicals by
existing carbon-intensive technologies. Furthermore, since
oxidized carbon constitutes more than 70% of anthropogenic
GHG emissions,*” the chemical reduction of carbon sources
represents an opposite solution. As vividly put by Nitopi
et al., “carbon reduction is as of yet a missing piece of
humanity's industrial metabolism”.”

3. CO, reduction reaction (CO5RR)
mechanisms

A great number of carbon products are possible from CO,RR.
This variety is simultaneously an advantage, as it widens the
range of potential CO,RR applications, and a disadvantage,
as it hinders selectivity. An understanding of the mechanisms
from which potential products arise is essential to navigating
this duality to develop efficient catalysts. This section
describes the potential chemical products from CO,RR as
well as key insights into their reaction mechanisms. We
prioritize insights relevant to copper due to the theme of the
present review.

This journal is © The Royal Society of Chemistry 2023
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3.1. CO,RR products

Table 1 lists reduction potentials for CO,RR as calculated by
Nitopi and co-workers.” The potentials are calculated from
the Gibbs free energy of reaction wusing gas-phase
thermochemistry and Henry's Law data (for aqueous species)
from NIST.*'

The data in Table 1 highlights the inherent
thermodynamic challenge to achieving selectivity in CO,RR.
Formic acid and carbon monoxide have been identified as
economically viable targets.”> The production of chemicals
with two or more carbons (C,. products) makes CO,RR
especially attractive for fuel production.>® Yet, observe that
the reduction potentials for all 14 products lie between -0.47
to 0.21 V and that five of the C,, products listed exhibit
reduction potentials in a 0.08 V range.

The reduction potentials do not tell the whole story,
however. While thermodynamically, ethanol production
should occur before hydrogen evolution, experimentally,
hydrogen is typically the first reduction product observed.
The experimentally observed kinetics can be related to the
minimum energy path (MEP) for a given reaction
mechanism. Specifically, the activation energies and free
energy differences between intermediates along the MEP are
relevant. In accordance with transition state theory and the
computational hydrogen electrode model, large activation
energies and free energy differences between reaction
intermediates correlate with poor activities and prohibitive
overpotentials.>**> Determination of complete reaction
mechanisms as well as the rate-limiting and potential-
determining steps requires performing both computational
studies and in situ/operando experimental measurements.

3.2. Key sub-pathways in CO,RR

It is important to note that CO,RR mechanisms are by no
means concretized as much debate and work continues in
the field. CO,RR mechanisms vary depending on the catalyst
as well as the reaction conditions. Our aim here is not to give
a definitive account of CO,RR mechanisms but to highlight
important intermediates and reaction steps for CO,RR.
Accordingly, we illustrate three sub-pathways (Fig. 2). The
sub-pathways chosen feature frequently in reported reaction
mechanisms and are relevant to alcohol and hydrocarbon
formation. For a more extensive summary of CO,RR
mechanisms, we direct the reader to Section 5 of the review
by Nitopi and co-workers.”

The first sub-pathway pertains to the formation of two-
electron products CO and HCOOH (Fig. 2a). Fig. 2a shows
the mechanism for producing HCOOH. CO, undergoes a
proton-coupled electron transfer (PCET) to yield an *OCHO
intermediate bound to the surface by two oxygen atoms.
*OCHO is further reduced to HCOOH. Alternatively, the PCET
can yield a *COOH intermediate which is further reduced to
CO. In general, surface-bound oxygen species are common to
the proposed mechanisms for HCOOH production while
surface-bound carbon species are common to the proposed
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Table 1 Electrochemical reactions with reduction potentials (298 K, 1 atm). Reproduced with permission from Nitopi et al.> Copyright 2019 American

Chemical Society

Reaction

E°/[V vs. RHE]

Product/reaction name

2H" +2e" — Hy

2C0, + 2H" + 2¢” — (COOH)y)

CO, + 2H" + 2¢” — GOy, + 2H,0y

CO, +2H" + 2¢” — HCOOHy)

CO, + 4H' + 4e” — C(s) + ZHZO(”

CO, + 6H" + 6e” — CH30H(5q) + H,O

CO, + 8H' + 8¢~ — CHyg) + 2H,0

2C0, + 8H™ + 8¢~ — CH3COOHyq) + 2H,0y
2C0O, + 10H" + 10e” — CH3CHO(,q)

2C0, + 12H" + 12¢” — C,H,(y + 4H,0(
2C0, + 12H" + 12" — C,H50H(,q) + 3H,0
2C0, + 14H" + 14e” — C,Hg(y + 4H,0(
3C0, + 16H" + 16" — C,H5CHO(yq) + 5H,0y
3C0, + 18H" + 18¢” — C3H,0H5q) + 5H,0(

mechanisms for CO. Although DFT calculations suggest that
*COOH formation may thermodynamically limit CO
production,®® recent theoretical and experimental results
suggest that CO, adsorption is the rate-limiting step for both
CO and HCOOH formation on a range of transition metals.?”

The second sub-pathway goes through protonation of the
*CO intermediate (Fig. 2b). *CO is ubiquitous in CO,RR as it
has been reported as an intermediate in the proposed
mechanisms for all CO,RR products but formate.” Both
experimental and theoretical studies indicate that
hydrocarbon production on copper proceeds through a *CO
intermediate.”®**" Protonation of the oxygen atom yields a
*COH intermediate while protonation of the carbon atom
yields a *CHO intermediate.’**?

Reports indicate that on copper surfaces, the set of favoured
C; products from the *COH and *CHO intermediates
differ.>**® For example, Nie et al. reported that on the Cu(111)
surface, formation of *CHO favours methane production while
the formation of *COH favours methane, methanol, and
ethylene production.’” This implies that *CO protonation is a
selectivity-determining step.**® Thus, stabilization of the
subsequent protonated intermediate can enhance the
selectivity of particular CO,RR products. Analogously,
stabilization of the transition state of the rate-limiting step can
improve CO,RR kinetics. However, as identification of the

a 0-Cc-0 o
(o}
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H
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Fig. 2 Selected sub-pathways of CO,RR. a) Proton-coupled electron
transfer of CO, to *OCHO or *COOH. b) Proton-coupled electron
transfer of *CO to *COH or *CHO. c¢) *CO dimerization reaction. d)
C-C coupling of *CHO and *CO. Solid lines denote proton-coupled
electron transfers. Dashed arrows denote coupling reactions.
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transition state can be challenging, DFT calculations can
provide correlations for the activation energy.

For example, Liu et al. obtained linear scaling relations
correlating the free energy of the *CO — *CHO transition
state complex (H-CO*) with the adsorption energy of *CO
(Fig. 3a) and *CHO (Fig. 3b) on (211) and (111) metal
surfaces.>® Peterson and Nerskov obtained similar relations
for the adsorption energy of carbon-bound intermediates
(*COOH, *CHO, and *CH,O) vs. *CO (Fig. 3c) and oxygen-
bound intermediates (*O and *OCHj;) vs. *OH (Fig. 3d) on
fcc(211) metal surfaces.”® Such relations suggest activity
descriptors for ideal catalysts - for instance, CO adsorption
energy for CH, and C,, production.>®*®
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Fig. 3 Linear scaling relations between the adsorption energies of
important CO,RR intermediates on transition metal (211) and (111)
surfaces a) Gp.co+ VS. Gsico. b) Gp.cor vs. Gicho. Adapted with
permission from Liu et al.>®* Copyright 2017 Nature Publishing. Linear
scaling relations between the adsorption energies of important CO,RR
intermediates on transition metal FCC(221) surfaces. c) Egz [CH,O],
[CHO], [COOH] vs. Eg [CO] d) Eg [OCH3] and [O] vs. Eg [OH]. Adapted
with permission from Peterson & Nerskov.2® Copyright 2012 American
Chemical Society.
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The third sub-pathway pertains to C-C coupling.
Numerous C-C coupling mechanisms are feasible depending
on the nature of the catalyst employed. On catalysts with
adjacent active sites, C-C coupling may occur through direct
coupling of adsorbed intermediates, potentially mediated by
an electron transfer.®® Alternatively, gaseous CO may react
with adsorbed species to form similar intermediates.
Fig. 2c and d illustrate two frequently reported C-C coupling
mechanisms, CO dimerization and CO-CHO coupling.

Although the C-C coupling steps are not typically
potential-determining, the observed pH dependence of C,.
yields suggests that the C-C coupling may be rate-
determining on Cu.>**°™* Kinetic barriers of C-C coupling
steps that are not mediated by an electron transfer differ
from PCET steps in that their energetics are not influenced
in the same way by the chemical potential of aqueous
protons. Field effects and solvent stabilization primarily
influence the kinetic barriers of C-C coupling steps.*®***°
DFT calculations on the Cu(211) surface indicate that C-C
coupling proceeds more favourably for further hydrogenated
intermediates.** However, calculations on the Cu(211),
Cu(111), and Cu(100) surfaces also support the feasibility of
CO dimerization.?**%>4¢

Finally, it is important to note that the energetics of *OH
and *H adsorption are also relevant for CO,RR performance.
Strong OH binding can result in catalyst poisoning while *H
adsorption dictates the kinetics of the hydrogen evolution
reaction (HER). An ideal catalyst must suppress these side
reactions yet still exhibit reasonable CO,RR kinetics at a low
overpotential. The next section will discuss previous attempts
to find such a material.

4. CO,RR catalysts

Broadly, CO,RR electrocatalysts can be classified as either
homogeneous®” or heterogeneous,"* and they can be further
categorized as metal or nonmetal catalysts. Nonmetal-doped
carbon allotropes constitute the majority of nonmetal
catalysts studied for the CO,RR. The presence of
heteroatoms, such as boron, nitrogen, and sulfur, is required
to endow carbon materials (graphene, carbon nanotubes
(CNTs), and porous carbon) with CO,RR activity."®*>° Metal-
containing CO,RR catalysts include pure transition metal
catalysts®"*> as well as metal-doped carbon,*®**>*>* metal

Alloys
Carbon-Based Catalysts Cu-Ag, Ni-Ga, Sn-Pb

Quantum dots, nanotubes, graphene @

Pure Metal Catalysts _

Cu, Ag, Au, Zn, Hg, Pb Metal Oxides/Nitrides

l Cu;N, Cu,0, Cu@SnO,

Fig. 4 Various types of CO,RR catalysts.

Metal-Organic Hybrids
HKUST-1, Cu-HHTP, Cu-THQ

Single-Atom Catalysts
Doped graphene/CNTs
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oxides/nitrides and alloys,>**®” and organic-inorganic
hybrid materials.*">*>>°® Fig. 4 illustrates the various
categories of electrocatalysts employed for CO,RR. For a
comprehensive overview of CO,RR catalysts, the reader is
encouraged to consult other and
perspectives,”> 974

Although metal-free carbon-based catalysts have shown
great promise due to their favourable physical and electrical
properties, experimental and theoretical investigations
indicate that in order to reduce CO, further than CO, the
presence of a metal component is necessary.>® Of note, single
atom catalysts (SACs), which contain isolated metal atoms,
have been investigated for the CO,RR.>*****"*” The enhanced
catalytic performance of SACs compared to bulk metal
catalysts derives from the undercoordination of metal atoms
in open metal sites (OMSs).>* The isolated catalytic sites offer
fine-tuned control over the electronic structure of the metal.
SACs also exhibit superior metal utilization compared to both
bulk and nanoparticle catalysts due to the maximal
dispersion of metal atoms in SACs.

Importantly, the choice of metal directly affects the CO,-
RR product such that metals can be separated into four
groups based on their tendency to form CO,RR products.
Formate-producing metals include Pb, Hg, Tl, In, Sn, Cd,
and Bi; carbon monoxide-producing metals include Au, Ag,
Zn, Pd, and Ga. Ni, Fe, Pt, and Ti display minimal activity
for CO, reduction. Copper is unique in that it is the only
pure metal capable of producing C,, products.”*' This
essential property makes copper the subject of immense
interest for the CO,RR.

reviews

5. The importance of copper
5.1. The origin and challenge of C,. selectivity

As previously mentioned, copper uniquely produces a variety of
hydrocarbon and oxygenated products.*>*"**7> From a
thermodynamic standpoint, the trends in CO,RR activity among
transition metals may be explained by the binding energies of
*CO and *H. Fig. 5 illustrates the unique adsorption properties
of copper relative to other transition metals.

Using a two-parameter descriptor, Hussain et al. classified
the electrocatalytic activity of various transition metal
electrodes.”® Observe that copper is the sole metal lying
within the H,/hydrocarbons and alcohols region. Copper
exhibits an intermediate binding energy for CO and a
positive binding energy for *H.** In accordance with the
Sabatier principle,”* the intermediate *CO binding energy on
copper balances CO poisoning and activation, resulting in
the ability to yield products of reductions of more than two
electrons (>2e” products). The positive binding energy for *H
explains copper's preference for CO,RR over HER,>®?*3873:75

The unique ability of copper to produce >2e” products
is unfortunately also a pitfall as copper can produce up
to 14 different products (Table 1).”° This wide range of
potential products augments the challenge of selectivity of
copper catalysts.

Catal Sci. Technol.,, 2023,13, 3740-3761 | 3743
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Fig. 5 Two-parameter descriptor of the electrocatalytic activity of
metal electrodes. The relative rate of CO, reduction and H, formation
is shown as a function of the binding energy of an isolated CO
molecule (horizontal axis) and differential adsorption energy of an
H-adatom at an on-top site (vertical axis), occupied once the coverage
exceeds one monolayer. Lines (a) and (b) demarcate the transition
between CO poisoning/desorption and CO/HCOO™ desorption.
Reproduced with permission from Hussain et al”®> Copyright 2018
American Chemical Society.

5.2. Relevant strategies for improving the CO,RR
performance of copper

Various strategies have been examined to improve the
selectivity and activity of copper for CO,RR. Herein, we
highlight trends in CO,RR performance on copper catalysts
with counterparts in the field of copper-based MOFs to be
discussed in the next section. Namely, we note trends
involving the copper coordination environment and
synergistic effects with non-copper atoms. Although there are
additional factors affecting copper CO,RR performance, such
as the oxidation state and electrolyte, we defer to existing
reviews as discussion of these factors is beyond the scope of
this review.>”” However, investigation of these effects as they
relate to copper-based MOFs would be beneficial to the field.

5.2.1. Tuning the copper coordination environment. The
importance of the copper coordination environment is
evidenced by the facet dependence of CO,RR on copper.
Single-crystal studies report that the different facets of copper
exhibit distinct CO,RR performances.’”**""7%7% Additionally,
theoretical studies reveal that the mechanism of C-C
coupling  differs between copper facets,’®3%04445
Microkinetic models of CO reduction on copper surfaces
suggest that despite comprising a small fraction of sites, the
low-coordination copper atoms on stepped surfaces
contribute predominantly to the overall activity.*®

Since the coordination of surface atoms is a principal
difference between copper facets, the coordination number has
been suggested as a key descriptor for catalytic performance.
Indeed, that the generalized coordination number (GCN)
proposed by Calle-Vallejo et al correlates with catalytic
performance underscores the relationship between site
coordination and catalytic performance.’® However, although

3744 | Catal Sci. Technol., 2023,13, 3740-3761

View Article Online

Catalysis Science & Technology

manipulation of the crystal facet can enhance selectivity for C,.
products, the use of single crystals as electrocatalysts is
impractical due to their low geometric surface area and resulting
low current densities.” Nonetheless, the link between
coordination and C,, selectivity motivates the development of
copper catalysts with undercoordinated sites by different means.

Nanostructured and single-atom catalysts attempt to
leverage this phenomenon.®>®" As particle size decreases, the
number of undercoordinated surface atoms increases.’
Additionally, the nature of single-atom catalysts can decouple
adsorbate binding energies and unlock novel selectivity.®” In
light of this, studies suggest that copper nanoparticles and
mesocrystals may lead to high C,, faradaic efficiencies.®”
However, no clear connection between particle size and C,.
selectivity can be identified as studies indicate that peak
hydrocarbon selectivity can be achieved at different particle
sizes.®* > All of this serves to highlight the possibility that a
different paradigm for altering copper coordination could
better take advantage of the connection between
coordination and selectivity.

5.2.2. Modification of copper catalysts by incorporation of
heteroatoms. The CO,RR performance of copper also
depends on the presence of other atoms.*>*° Combining
copper with HCOOH-producing metals (In, Sn) generally
results in HER suppression, >2e  product suppression, and
synergistic CO production.” Combining copper with H,- or
CO-producing metals generally increases the selectivity of the
corresponding product.”””*” "% In some cases, however,
combination of copper with a CO-producing metal results in
a synergistic effect, boosting selectivity for >2e” products by
CO spillover®™®* or electronic effects.®>** Nonetheless, save
for a few examples of tandem catalysis, the intrinsic activity
of bimetallic systems generally fails to surpass that of copper
for >2e” products.’

In terms of non-metal atoms, subsurface oxygen in oxide-
derived copper can enhance *CO adsorption and promote
H,0 adsorption and subsequent electron transfer between
CO, and H,0."**> Boron doping increases the prevalence of
catalytically active Cu’" species, increasing C,, production.®
Finally, the functionalization of copper surfaces with ligands
or dopants can also serve to stabilize key intermediates and
enhance CO,RR performance.®?*%° Despite the advances in
CO,RR catalyst development, alcohol and hydrocarbon
production still requires large overpotentials of up to 1 V and
suffers from low selectivity.>**’® Further, the reported
increases in current density for functionalized copper
surfaces do not correspond to increases in intrinsic activity —
that is, activity normalized by electrochemical surface area."*
Thus, the door is still open for increasing the CO,RR
performance of copper.

6. Copper-based metal-organic
frameworks

Metal-organic frameworks (MOFs), also referred to as porous
coordination polymers, are extended networks of metal nodes

This journal is © The Royal Society of Chemistry 2023
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or clusters bridged by simple organic ligands through metal-
ligand coordination bonds.'®* A metal centre or inorganic
cluster constitutes the secondary building unit (SBU). Note
that we use the terms “node” and “cluster” to denote SBUs
featuring single and multiple metal atoms, respectively. The
SBUs can be tuned to change the structure, gas adsorption,
catalytic ability, electrical conductivity, and porosity of the
MOF. Additionally, the choice of ligand and other factors
such as counterions, pH, temperature, and solvents can
influence MOF properties.**>

The two most widely used classes of ligands for MOF
synthesis are N-donors and O-donors, composed primarily of
pyridyl- and carboxylate-based ligands, respectively (Fig. 6).
However, due to the requirement of strong metal-ligand
bonds for retaining the structural integrity of MOFs after
solvent removal, carboxylate ligands are more prevalent in
MOF structures.'®® Further, both pyridyl- and carboxylate-
based ligands are dominated by rigid phenyl- or ethynyl-
containing molecules, which are fundamental for the
directional bonding in MOFs.'®" It should be noted that
although less studied, phosphonate and sulfonate ligands
may also be used in MOFs.'*” For a comprehensive treatment
of the structure and synthesis of MOFs, we refer the reader to
other works."?* 1%

Recently, MOFs have gained popularity due to their novel
properties. MOFs exhibit high porosity, large surface areas,
unique host-guest dynamics, thermal stability, and mechanical
flexibility.'°® In contrast to copper within pure metal surfaces,
which primarily exists in the zero oxidation state, copper within
MOFs also exists in the +1 and +2 oxidation states (Table S17).
Like SACs, MOFs feature isolated catalytic sites; however, their
reticular nature enables more precise design of active sites than
in SACs. Could metal-organic frameworks be the key to
unlocking C,. selectivity in copper catalysts? To this end, we
limit the scope of our discussion to metal-organic frameworks
featuring copper atoms within the secondary building unit,
copper-based  metal-organic  frameworks (Cu  MOFs).
Specifically, our scope is limited to Cu MOFs reported as the
catalytic material for CO,RR.

Beginning with formate production by copper rubeanate
in 2012 (ref. 106) and oxalic acid production by HKUST-1 in
the same year,'”” copper-based metal-organic frameworks
have been increasingly investigated for CO,RR. Although the

fOxygen Linkers N

trogen Lmkers\

Fig. 6 MOF ligands featuring oxygen and nitrogen linkers. Adapted
with permission from Cook et al.'°® Copyright 2013 American
Chemical Society.
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goal of this review is not to merely summarize recent results
of Cu MOFs, we have compiled comprehensive property and
CO,RR performance data for Cu MOFs in the ESIf and the
ESIT file for reference.

Herein, we reveal promising trends in Cu MOF design,
assess proposed explanations for observed phenomena, and
suggest promising new lines of inquiry regarding Cu MOFs for
CO,RR. We focus on the secondary building unit as a
determinant of selectivity, the effect of the MOF ligand, and
strategies for improving selectivity by the incorporation of other
transition metals and nanocluster-MOF composites. Finally,
we conclude with a discussion of the stability of Cu MOFs.

6.1. The dependence of C,. selectivity on the secondary
building unit

As was mentioned as a motivation for single-atom catalysts
and nanoparticles, modification of the copper coordination
environment may be the key to designing efficient CO,RR
catalysts. For bulk copper catalysts and SACs, there exists a
great body of work presenting descriptors for CO,RR
performance.>*%%1% In the spirit of said work, this section
focuses on how the copper coordination environment in Cu
MOFs relates to CO,RR performance. Specifically, we discuss
how the type, number, and geometry of atoms which
coordinate copper within the SBU affect the selectivity of
CO,RR in Cu MOFs. For the present discussion, we will
specify metal node SBUs by the constituting metal and the
atoms bonded to the metal. Thus, a single copper atom
coordinated by four oxygen atoms will be referred to as a
CuO,4 node.

6.1.1. Node-based SBUs. The vast majority of Cu MOFs
reported as CO,RR catalysts feature copper in a square planar
coordination geometry (ESIT file). For copper, coordination
geometries with four ligands generally yield two open metal
sites (OMSs)."'® Thus, this trend is consistent with the fact
that one descriptor for catalytically reactive metal sites is the
presence of OMSs. In solution, the axial coordination
positions are occupied by labile solvent molecules that may
be replaced by adsorbates under CO,RR conditions.'*
Numerous Cu MOFs in which copper resides solely within
square planar nodes show CO,RR reactivity; however, such
Cu MOFs tend not to yield >2e™ products. Slight variations in
the geometry appear to dramatically shift the product
distribution. The following study regarding three Cu MOFs
featuring O-linked copper nodes illustrates this observation.

Liu et al evaluated the performance of Cu-DBC'*' and
compared it to that of Cu-THQ"'* and Cu-HHTP'"® obtained
from published data. Cu-DBC features square pyramidal
CuOs nodes. The CuOs nodes are partially constituted by two
dibenzo-[ g,p]chrysene-2,3,6,7,10,11,14,15-octaol (DBC) ligands
coordinating a copper atom. Additionally, an axially
coordinating oxygen atom bridges each copper atom in the
SBU to a single other copper atom in an adjacent sheet
(Fig. 7d). The SBU of Cu-THQ consists of CuO, nodes formed
by two tetrahydroxy-1,4-quinone (THQ) ligands coordinating
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a square planar copper. Cu-HHTP also features square planar
copper within CuO, nodes; however, two 2,3,6,7,10,11-
hexahydroxytriphenylene ligands coordinate the copper node.
The structures of all three Cu MOFs are shown in Fig. 7.

According to the Dewar-Chatt-Duncanson model, the
electronic structure of copper in a square pyramidal geometry
features higher energy d orbitals than that of copper in a
square planar geometry.""**® This d orbital elevation may
facilitate stronger interaction between Cu and CO via n-back-
bonding, which is favourable for hydrogenation. Preliminary
DFT calculations by Liu et al showed that the adsorption
energy of *CO on CuOs sites was more than fifty percent larger
than on the CuO; sites (73.42 kJ mol™ vs. 48.6 kJ mol™*).***

Comparison of the CO,RR performance of the three Cu
MOFs revealed stark differences in selectivity. While Cu-HHTP
and Cu-THQ exhibited exclusively CO production (42% FEco
and 91% FEco, respectively), Cu-DBC exhibited 56% FEcy,.

DFT calculations explain the disparities in selectivity. The
free energy diagram reveals that CO is more stable on the
CuO, nodes than on the CuOs; nodes relative to free CO
(-0.23 eV vs. -0.18 eV) (Fig. 8). Notably, the difference in CH,
production derives from the stability of the *OCH,
intermediate relative to the preceding intermediate (*CHO).
The free energy difference of this elementary step is 0.24 eV
less on the CuOs node than on the CuO, node (0.35 eV vs.
0.59 eV, respectively).

We note, however, that the experimental conditions for
the comparison between Cu-DBC, Cu-THQ, and Cu-HHTP
were not uniform. First, the CO,RR performance of Cu-THQ
was tested in an alkaline choline chloride solution. Second,
while the electrolytes used to test Cu-DBC and Cu-HHTP
performance were the same (0.1 M KHCO3), the experimental
setups used to test CO,RR performance differed, and the
studies do not directly compare their results to benchmarks.
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Fig. 7 Structures of a) Cu-DBC, b) Cu-HHTP, and c¢) Cu-THQ. d)
Close-up of the CuOs node present in Cu-DBC. The blue, red, and
white spheres denote copper, oxygen, and carbon atoms, respectively.
Adapted with permission from Liu et al.*** Copyright 2022 American
Chemical Society.
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Fig. 8 a) Free energy diagram of CH4 production on CuOs and CuO4
nodes. Data from Liu et al.™ The free energies of CO adsorption were
inferred from the free energy differences between steps presented in
the original publication. Illustration of the cluster models of b) CuOs
and c¢) CuO4 nodes employed for calculation of the free energy
diagrams in Fig. 8a by Liu et al.''! The orange, red, and grey spheres
denote copper, oxygen, and carbon atoms, respectively.

For comparison, we note the work by Zhang et al.,, which
tested Cu-DBC and Cu-HHTP under alkaline conditions and
reported CH, production by both Cu-DBC (80% FEcy, at —0.9
V vs. RHE) and Cu-HHTP (42.6% FEcu, at -0.9 V vs. RHE).
C,H, production by Cu-HHTP (40.9% FEcy, at —0.8 V vs.
RHE) was also reported.'"” These results challenge the notion
that the CuOs node plays a definitive role in CH, production.
Thus, an analogous study under neutrally buffered
conditions would more definitively illustrate the role of the
CuOs node. Nonetheless, the results by Liu et al. provide an
important starting point for investigations of the effect of
copper coordination geometry on CO,RR performance.

When copper resides within square planar CuN, nodes, it
appears that the copper sites either serve for CO production
or are ineffective for CO,RR altogether."'® In fact, DFT
calculations on various metallophthalocyanine-based Cu
MOFs indicate that the free energy change for *COOH
formation is consistently greater on CuN, nodes compared to
the analogous CuO, nodes.’™ Fig. 9a and b indicate that for
both sequential and concerted PCET mechanisms, *COOH
formation proceeds more readily on PcCo-Cu-O and PcNi-
Cu-O MOFs than on PcCo-Cu-NH and PcNi-Cu-NH MOFs,
respectively. However, the work by Zhao and co-workers
suggests that as edge sites, nitrogen-coordinated copper may
be active for C,; product formation. Cu-HITP, a structural
analogue of Cu-HHTP featuring CuN, nodes, exhibited 62%
FE.,. and 43% FEc, at -1.2 V vs. RHE. DFT calculations
indicate an interplanar C-C coupling mechanism b