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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
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(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
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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 between
*CO and *COH on adjacent edge sites.""’

Cu MOFs featuring CuO, nodes and copper within
polycyclic ligands may be effective for C,, product
formation.""***® Consider the CO,RR selectivity of a series of
phthalocyanine-based catalysts: PcCu-Cu-O, PcCo-Cu-O, Pc-
Cu-0, Pc-Cu-NH, CuPc, and Cu-PPCOF. PcCu-Cu-0O features
two distinct copper sites — both with square planar geometry.

This journal is © The Royal Society of Chemistry 2023
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metallophthalocyanine-based Cu MOFs considering the a) concerted
PCET mechanism and b) sequential PCET mechanism. Free energies
are relative to desorbed CO,. Adapted with permission from Meng
et al**® Copyright 2020 American Chemical Society. The structures of
c) molecular PcCu, d) Cu-PPCOF, and e) PcM-Cu-X.

One site resides within the SBU and features a copper ion
coordinated by the oxygen atoms of two 2,3,9,10,16,17,23,24-
octahydroxy-phthalo-cyaninato copper(u) ligands. The second
copper site exists within the phthalocyanine (Pc) ligand.
Here, the four pyrrolic nitrogens of phthalocyanine
coordinate copper. If the copper within the ligand is replaced
by cobalt, we obtain PcCo-Cu-O. If the cobalt within the
ligand is removed, we obtain Pc-Cu-O. And if the oxygen
atoms in the SBU are replaced with nitrogen atoms, we
obtain Pc-Cu-NH. Copper phthalocyanine (CuPc) is
essentially the ligand of PcCu-Cu-O. Finally, the covalent
organic framework, Cu-PPCOF, also features copper within a
polycyclic ligand, but instead of by a copper node, the
phthalocyanine units are linked by pyrene units. The
structures of the phthalocyanine-based catalysts are shown in
Fig. 9c-e.

The major CO,RR product faradaic efficiencies for each of
these catalysts are compiled in Fig. 10. Firstly, while PcCu-
Cu-O exhibits 50% FEc y,, PcCo-Cu-O exhibits primarily CO
production (85% FEgp). Pc-Cu-O and Pc-Cu-NH, which
feature CuX,; nodes but do not feature copper within
polycyclic ligands, display poor CO,RR performance (5.6%
FEco and 4.5% FE(o, respectively)."'® Cu-PPCOF also exhibits
poor CO,RR performance (8.6% FEcp). Notably, CuPc does
produce C,H,, albeit with lower selectivity (25% FEc g ).
Together, these observations suggest that both copper sites
within PcCu-Cu-O are essential for C,H, production.

On the contrary, a study by Zhong et al. suggests that
PcCu-Cu-O exhibits poor CO,RR selectivity altogether. Only
CO production (11% FEco) was observed in the same 0.1 M
HCO; electrolyte. However, we note that the conductive
additive used by Zhong et al. (CNTs) differs from that used

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Major CO,RR product selectivity by metallophthalocyanine-
based electrocatalysts. The data for PcCu-Cu-O are from Qiu et al.'*®
The data for CuPc are from Kusama et al.**? The data for PcCo-Cu-O,
Pc-Cu-O, and Pc-Cu-NH are from Meng et al.**® The data for Cu-
PPCOF is from Zhang et al.'” All data are reported for the conditions
at which the highest single product FE is obtained.

by Qiu et al. (carbon black). Qiu et al. also tested the CO,RR
performance of CNTs and PcCu-Cu-O mixed with CNTs in
their setup. Under identical conditions to the experiments
with PcCu-Cu-O, CNTs exhibited 100% FE for HER.
Further, PcCu-Cu-O mixed with CNTs exhibited ~90%
FEupr and ~10% FEco.''® Thus, we contend that in the
study by Zhong et al., competition from the HER reduces
C,. product selectivity.

Given this explanation for the disparity reported in CO,RR
products selectivity for PcCu-Cu-O, C,H, production by the
related single-site catalyst, CuPc, supports the argument
presented by Qiu et al:'** CO produced at the CuO, node
migrates to the copper within phthalocyanine where it
couples with adsorbed CO,RR intermediates to yield C,H,."'"?
These results suggest the feasibility of the dual-site design
paradigm for Cu MOFs.

6.1.2. Atomic models of node-based SBUs. On a related
note to our discussion on node-based Cu MOFs, we highlight
the importance of the model used in theoretical calculations.
Firstly, theoretical models on two-dimensional (2D) Cu MOFs
generally only consider reaction on basal planes. However,
without experimental evidence, one cannot eliminate the
possible contribution of edge sites to Cu MOF reactivity. For
2D MOFs with AA stacking and small (<4 A) interplanar
distances, C-C coupling may be feasible on edge sites."*

Secondly, consider the implications of the calculations
performed by Liu et al. to account for the differences in CH,
production by Cu-DBC, Cu-HHTP, and Cu-THQ (Fig. 8a)."™
Note that since the same atomic model (Fig. 8c) is used for
both Cu-HHTP and Cu-THQ, the calculations cannot possibly
account for the fact that the CO selectivity exhibited by Cu-
THQ is more than double that exhibited by Cu-HHTP. While
this experimental observation may be attributed to bulk
catalyst properties (e.g., pore size) due to their effects on the
active site (e.g., local CO, concentration), the inability of the
CuO, model to capture the differences in CO production
suggests the importance of the ligand in tuning the
electronic structure of the active site. This is underscored by
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the fact that Cu-HATNA-MOF, another Cu MOF featuring a
single CuO, node, exhibits greater CH, selectivity than Cu-
DBC (78% vs. 56% FEcy ).'>

Moreover, the importance of including the ligand can be
seen when evaluating the C-C coupling mechanism proposed
by Qiu and co-workers.'"* Note that stronger CO adsorption
on the Pc unit compared to on the CuO, node supports the
feasibility of the dual-site mechanism. The adsorption
energies obtained by Qiu et al. are consistent with this
requirement. On the contrary, DFT calculations performed by
Zhang et al. suggest that CO is more stable on the CuO, node
than on the phthalocyanine unit.'*”

Fig. 11 plots Ecyo, ~ Epccy, the difference in CO adsorption
energy on the CuO, node and the copper within the Pc unit,
for each cluster model employed by Qiu et al.'** and Zhang
et al.""” A negative value of Ecyo, = Epecu indicates stronger
adsorption on the CuO, node. For adsorption on both the
CuO, node and the Pc unit, the immediate coordination
environment is identical for both studies. However, observe
that Zhang et al. employed a model featuring a DBC ligand
for adsorption on the CuO, node. Additionally, observe that
their model for adsorption on the Pc unit is truncated with
amine groups. The fact that only the ligands connected to
the nodes differ suggests that changes away from the active
site have a significant impact on the free energy of
adsorbates. This point is further illustrated when comparing
the CO,RR and HER overpotentials on the SBUs of PcM-Cu-
X MOFs (Fig. 12a and b). Calculated CO,RR and HER
overpotentials change by up to 0.43 eV and 0.19 eV,
respectively, depending on the metal within the Pc unit. The
upcoming section on ligand effects expands on the role that
the ligand plays in modulating the reactivity of the SBU.

6.1.3. Cluster-based SBUs. The copper coordination

environment in Cu MOFs can also be modified by

T o.Cu0r

Ecyo, — Epccu (8VY)

—-0.6 —

-0.8

[ Qiu et al."®
I Zhang et al."”

-1.0

Fig. 11 Differences between CO adsorption energies on CuO,4 nodes
and PcCu units as calculated by Zhang et al.*'” and Qiu et al.'®* Note
that the energies by Zhang et al.''” are calculated relative to CO, using
the computational hydrogen electrode model,>* and the energies by
Qiu et al. are calculated relative to CO. For each set of calculations,
the cluster models are displayed adjacent to the data point. In all
atomic models, the red, grey, blue, orange, and white spheres denote
oxygen, carbon, nitrogen, copper, and hydrogen atoms, respectively.
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incorporation of additional copper atoms within the SBU.
HKUST-1, also known as Cuj(btc),, is a well-known example
of this paradigm. The SBU of HKUST-1 consists of a paddle-
wheel cluster in which two copper atoms are coordinated by
the oxygens of four benzene-1,3,5-tricarboxylate ligands. The
copper dimer contains two square planar copper atoms
separated 2.65 A which lie in parallel planes (Fig. 13a).***
Note that the coordination geometry of the copper atoms in
HKUST-1 is similar to that of previously mentioned Cu MOFs
with CuO, nodes, Cu-HHTP, Cu-THQ, and PcCu-Cu-O.
Despite this similarity, HKUST-1 displays the ability to
produce a wider range of CO,RR products than any one of
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Fig. 13 a) Close-up of the copper dimer in the coordinatively
unsaturated (anhydrous) structure of HKUST-1. The blue, red, and black
spheres denote copper, oxygen, and carbon atoms, respectively. Adapted
from Hendon & Walsh.** b) The local structure of the {CusZnCl)°*
cluster, constituting the Cu,"-MFU-4l SBU. Adapted with permission from
Zhu et al.™** Copyright 2021 American Chemical Society.
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these Cu MOFs. Under various reaction conditions and
electrode geometries, HKUST-1 has been reported for
alcohol,'*® hydrocarbon,"”*™***  and  organic  acid
production.'®” This ability to produce >2e” products extends
to not only other MOFs with Cu dimers,"*°*? but also other
Cu MOFs with cluster-based SBUs,"**'** suggesting the
importance of cluster-based SBUs for >2e” product
formation. Fig. 14 compares node- and cluster-based Cu
MOFs based on their selectivity for >2e” products. For a
detailed account of >2e” product formation by Cu MOFs, we
direct the reader to Table S2.f Evidently, the number of
cluster-based Cu MOFs which yield >2e” products far exceed
that of node-based Cu MOFs.

CO,RR studies on Cu MOFs containing SBUs with more
than two copper atoms are scarce. To the best of our
knowledge, only three such studies exist.'**™** Zhu et al
examined the CO,RR performance of Cu,-MFU-4], a Cu
MOF consisting of a {Cu,ZnCl}*" cluster SBU and bis(1H-
1,2,3-triazolo-[4,5-b],[4',5'-i])dibenzo-[1,4]-dioxin (btdd)
ligands.™* The {Cu4ZnCl}®" cluster can be visualized as four
Cu*" ions positioned at the corners of a tetrahedron featuring
a single Zn** ion at its centroid. Further, the Zn*" ion is
octahedrally coordinated by six N atoms from six different
btdd ligands, and each Cu®" ion is tetrahedrally coordinated
by three N atoms from three different btdd ligands and a
single CI" ion. Each btdd unit is a hexadentate ligand,
bridging two SBUs by coordinating two Cu®** ions and one
Zn** ion in each SBU. Fig. 13b illustrates the local structure
of the {Cu,ZnCl,}*" cluster.

Under reaction conditions, the Cu** ions are reduced to Cu*
ions, and the CI” ions are eliminated. The resulting CuN; active
sites feature copper ions coordinated by three nitrogen atoms
and one labile solvent H,O molecule, effectively yielding Cu”
ions with trigonal pyramidal geometries. The reduced catalyst
with Cu' ions is referred to as Cu,-MFU-4l and exhibits a
maximum CHj, selectivity of 92% at —1.2 V vs. RHE.

Based on in situ ATR-FTIR and DFT calculations, the
authors contend that the observed CO,RR selectivity and

30
- >0% FE>23—
T 0% FE>2e—

20—

Number of Unique Cu MOFs with
>2e~ Product Formation

Node-Based

Fig. 14 Comparison of the number of unique node- and cluster-
based Cu MOFs and Cu MOF composites. The solid regions denote the
number of unique Cu MOFs reported with greater than 0% FE for >2e”
products. The striped regions denote the number of unique Cu MOFs
reported with 0% FE for >2e” products. Raw data available in Table
S2f For details on methodology, see the ESIL{

Cluster-Based
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HER suppression derives from the stabilization of CO,RR
intermediates and destabilization of H,O. The calculated
equilibrium positions suggest more favourable interactions
between CO,RR intermediates and the active site than
between H,O and the active site. For *COOH, this is
illustrated in Fig. 15a wherein *COOH is stabilized via an
H-bonding interaction with an aromatic hydrogen. For *CHO
and *CO, this is illustrated in Fig. 15b-d wherein the Cu-C
distances between copper and the carbon atom on CO,RR
intermediates are shorter than the Cu-O distance between
copper within the SBU and the oxygen atom in H,O. *CHO
and *CO are also stabilized via H-bonding interactions.
Moreover, Zhu et al. reasoned that the aromatic hydrogens
on the btdd ligand destabilize H,O.

These effects manifest in the free energies of adsorbed
CO,RR intermediates relative to that of adsorbed H,O
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Fig. 15 Atomic scale models of the interactions of a) *COOH, b)
*H,0, ¢) *CHO, and d) *CO with a Cu atom in the SBU and aromatic
hydrogens on the btdd ligand. The grey, white, red, green, blue, and
orange spheres denote carbon, hydrogen, oxygen, chlorine, nitrogen,
and copper atoms, respectively. e) Free energy diagram for CH,4
formation on Cu,'-MFU-4l. Adapted with permission from Zhu et al.***
Copyright 2021 American Chemical Society.
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(Fig. 15e). DFT calculations indicate that all detected CO,RR
intermediates are more stable than H,O and that the
selectivity for CH, over non-hydrogenated product CO stems
from the thermodynamic barrier for CO desorption over *CO
hydrogenation. In addition to H-bonding, the authors
identify o-n back bonding between Cu’ and CO as a factor
for the thermodynamic barrier for CO desorption.

The second study by van Phuc et al. investigates the CO,-
RR performance of a 2,5-dihydroxy-1,4-benzenedicarboxylate-
based catalyst, Cu-MOF-74."*> Cu-MOF-74 features helical
Cu-O-C rods constructed from 6-coordinated Cu®" centres.
Each copper atom is coordinated by three carboxyl groups,
two hydroxy groups, and a solvent molecule. The rods consist
of edge-sharing CuOs octahedra and constitute the SBU
(Fig. 16a)."*® It is interesting to note that unlike the vast
majority of cluster-based Cu MOFs (Fig. 14), Cu-MOF-74
exhibits only CO production (85% FEcp). As such, an
investigation of the CO selectivity of Cu-MOF-74 may
illuminate the design principles underlying >2e” CO,RR.

Thirdly, we note the work of Dong et al. on NNU-50, which
features a hexanuclear copper cluster SBU with strong
cuprophilic interactions.'** NNU-50 is comprised of Cuz(Me,-
BPz);, (Me,BPz = 3,355 tetramethyl-4-4"-bipyrazolyl)
clusters; adjacent clusters form a trigonal antiprism
(Fig. 16b). Like many CO,RR catalysts, NNU-50 switches
selectivity from C,H,4 (36% FEg g, at —0.8 V vs. RHE) to CH,
production (66.4% FEcy, —1.0 V vs. RHE) at more negative
potentials. Further, NNU-50 maintains 61.4% FEcy, at total
current densities of over 750 mA cm™ (-1.2 V vs. RHE)."*®

The performance of Cu MOFs with multimetallic SBUs
can also be modulated by reducing the extent to which the
copper atoms are coordinated. Nam et al. showed that by
thermally treating HKUST-1, the carboxylate moieties within
the  SBU  sequentially  detach, yielding  further
undercoordinated copper atoms."” As a result, they achieved
45% FE for ethylene compared to the less than 15% FE for
ethylene obtained by untreated HKUST-1 under the same
conditions. In the same vein, Wei et al generated low
coordination copper sites by creating oxygen vacancies in Cu-
DBC via high energy O, plasma bombardment.** After ten
minutes of plasma activation, the so-called PA-Cu-DBC-1

a ';b ‘ ’ c ;
v i
"y a&v =
&9

Fig. 16 Representation of a) the helical Cu-O-C rods and b) the
crystalline framework of Cu-MOF-74 with the SBUs linked by
2,5-dihydroxy-1,4-benzenedicarboxylate ligands. Red and grey spheres
denote oxygen and carbon atoms, respectively. Copper atoms are
represented by blue octahedra. Hydrogens are omitted for clarity.
Reproduced with permission from Rosi et al'®*® Copyright 2005
American Chemical Society. c) The hexanuclear cluster constituting
the SBU of NNU-50. Yellow, blue, white, and grey spheres denote
copper, nitrogen, hydrogen, and carbon atoms, respectively.
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catalyst still retains its crystallinity and avoids formation of
metallic copper. Notably, PA-Cu-DBC-1 exhibits higher
selectivity for CH, (75.3%) than any other reported Cu-DBC
catalyst in neutral conditions."****® These two examples
highlight the possibility that defect engineering, frequently
employed in the design of pure metal catalysts but seldom
employed in the design of Cu MOFs, may improve CO,RR
performance.

6.1.4. Final takeaways for SBU design. Node-based and
cluster-based Cu MOFs show distinct CO,RR capabilities. As
shown in Fig. 14 and 17, Cu MOFs featuring cluster-based
SBUs more frequently exhibit >2e” and C,, selectivity than
do Cu MOFs featuring node-based SBUs. Presumably, the
superiority of cluster-based Cu MOFs over node-based Cu
MOFs for C,, derives from the existence of adjacent catalytic
sites on which C-C coupling can occur. Nonetheless, the data
suggests strategies for improving C,. product formation on
node-based Cu MOFs.

Firstly, as the separation between active sites is too large for
C-C coupling to occur between adsorbed species, the
combination of weakly binding CO-producing sites and
strongly binding CO-coupling sites may enhance C,, product
formation. Secondly, observe that eight of the nine node-based
Cu MOFs exhibiting >2e” product formation also exhibit C,
product formation and that only one node-based Cu MOF (CR-
MOF) produces HCOOH (Tables S2 and S37). Circumstantially,
this suggests C,, product formation via a CO intermediate,
implying that either CO adsorption or protonation is a
descriptor for C,. selectivity in node-based Cu MOFs. CO
adsorption studies may illuminate the more suitable of the two
explanations or signal difficulties in CO dimerization. In the
case of PcM-Cu-O catalysts, it appears that weak CO
adsorption is responsible for poor C,, selectivity,"*5"**

Finally, it is unclear to what extent modifications away
from the active site influence the electronic structure of
copper within the active site. Although we emphasize the
importance of copper's immediate coordination environment
for the CO,RR performance of MOFs, we note that ample
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L§ |22 0%FE,
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> E 20+

O o

ok 4

Z8

58 10

58

xS

€ 0
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Fig. 17 Comparison of the number of unique node- and cluster-
based Cu MOFs and Cu MOF composites. The solid regions denote the
number of unique Cu MOFs reported with greater than 0% FE for C,,
products. The striped regions denote the number of unique Cu MOFs
reported with 0% FE for C,, products. Raw data available in Table S35
For details on methodology, see the ESI}
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evidence suggests that the order at longer length scales plays
a role as well. In several examples, a given MOF exhibits
higher CO,RR selectivity and/or activity than its molecular
analogue (e.g., PcCu-Cu-O and CuPc,'*® NNU-50 and Cug-
MePz,"** Cu,(CuTCPP) and CuTCPP,"”® HATNA-Cu-MOF, [(n-
C5H;)4N],[Cu(CeCl,0,),], and HATNA-60H (ref. 123)). While
this trend may be attributable to non-electronic effects, such
as diffusion kinetics or catalyst surface area, we contend that
the ligand may also modulate reactivity via the active site's
electronic structure. That is, just as descriptors which
account for second nearest neighbours (viz. the GCN) are
insightful for transition metal catalysts, assessments of the
relevant chemical environment for the active site of Cu MOFs
may benefit from consideration of the ligand. Experimentally,
Cu MOFs with the same CuO, SBU exhibit a wide range of
CO,RR reactivities. Moreover, theoretical calculations
indicate that the chemical structure of the ligand affects the
adsorption of intermediates on CuO, nodes. While it may be
difficult to assess the electronic effect of the ligand directly,
determining the scale of non-electronic effects may provide
insight into the degree of electronic structure modulation by
the ligand. The following section expands on the effect of the
ligand on CO,RR reactivity.

6.2. Ligand effects

The ligand is another major determinant of MOF properties.
In addition to dictating the bulk structure, spacing of SBUs,
and pore size, the ligand can host additional active sites for
CO,RR and influence the electrical properties of the MOF.
Furthermore, chemical species within the ligand may
indirectly affect the electronic structure of the copper atom
within the SBU. In this section, we present observations on
the effect of the ligand on CO,RR by Cu MOFs. We
specifically  highlight  correlations  between = CO,RR
performance and ligand substituent electronegativity, the
presence of framework nitrogen atoms, ligand flexibility, and
active site hydrophobicity.

6.2.1. Substitution within the ligand. The studies by Chen
et al'® and Wang et al' investigated the effect of
substitution in a series of 1,4-benzene dicarboxylate-based
MOFs featuring copper dimer SBUs. The series of MOFs,
denoted as X-Cu-BDC (where X = NH,, 2NH,, OH, 20H, F,
2F, 2Cl, 2Br, or H), differ in the electron-withdrawing ability
of the species occupying the 2 and 5 positions on the
benzene within the ligand (Fig. 18a).

The study by Chen et al indicates that electron-
withdrawing groups correlate with higher selectivity and
lower onset potentials toward C,. products than do electron-
donating groups.’*® The maximum faradaic efficiencies for
C,. products exhibited by 2F-Cu-BDC, F-Cu-BDC, Cu-BDC,
OH-BDC, and NH,-Cu-BDC are shown in Fig. 18b. Further,
when the C,, products partial current is normalized by CO,
uptake, the trend is more pronounced. The C,. product
partial current density is two times greater than that of Cu-
BDC and five times greater than that of NH,-Cu-BDC.
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Fig. 18 a) Depiction of the general structure of the series of
substituted 1,4-benzene dicarboxylate-based MOFs studied by Chen
et al.*® and Wang et al'®*® Grey, orange, red, and white spheres
denote carbon, copper, oxygen, and hydrogen atoms. Pink and blue
spheres denote variable functional groups. b) Faradaic efficiencies
for C,, products by X-Cu-BDC MOFs studied by Chen et al.*° and
Wang et al.**°

Chen et al. suggest two competing effects upon substitution:
H,0 dissociation and CO, adsorption.’*® The authors suggest
that the electron-withdrawing ability of the substituted group
correlates positively with the ease of H,O dissociation, thereby
increasing the local *H concentration, facilitating *CO
hydrogenation to *CHO, and enhancing C-C coupling.
Secondly, substitution of electron-donating groups resulted in
higher CO, adsorption ability than did the substitution of
electron-withdrawing groups. We note, however, that the trend
observed by Chen et al. in alkaline conditions differs from that
determined by Wang et al. in neutral conditions. Faradaic
efficiencies reported by Wang et al indicate that Cu-BDC
exhibits higher C,. selectivity than 2Cl-Cu-BDC, 2Br-Cu-BDC,
NH,-Cu-BDC, 20H-Cu-BDC, and 2NH,-Cu-BDC."**

6.2.2. Nitrogen-containing ligands. HATNA-Cu-MOF, Cu-
HHTQ, and Cu-HHTP feature hexagonally shaped pores and
square planar CuO, nodes. HATNA-Cu-MOF and Cu-HHTQ
feature hexahydroxyl-hexaazatrinaphthylene- and
2,3,7,8,12,13-hexahydroxytricycloquinazoline-based  ligands,
respectively. Cu-HHTP has been described previously.
Fig. 19a—c depict all three MOFs. Investigations of the CO,RR
performance of these three Cu MOFs support the previously
suggested link between ligand substituents and SBU
reactivity. Specifically, the studies investigating CO,RR
performance in neutral conditions suggest the importance of
nitrogen within the ligand for >2e” products.

HATNA-Cu-MOF exhibits 78% FE for CH, production,'*?
and Cu-HHTQ exhibits 53.6% FE for CH;OH production.'*!
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Fig. 19 The structures of a) HATNA-Cu-MOF,*?* b) Cu-HHTQ,**! and
c) Cu-HHTP.'Y Free energy diagrams for CHzOH production by d) Cu-
HHTQ and e) Cu-HHTP.**! Data from Liu et al.***

However, the highest reported single-product faradaic
efficiency exhibited by Cu-HHTP under similar conditions is
for CO (50%).''1814L142 There are no thorough DFT
calculations to date studying the CO,RR mechanism on
HATNA-Cu-MOF; however, DFT calculations performed by
Liu et al. explain the disparity in CO,RR selectivity between
Cu-HHTQ and Cu-HHTP (Fig. 19d and e)."*" Specifically, on
Cu-HHTP, the free energy difference for the first PCET is 0.68
eV higher than it is on Cu-HHTQ. As both catalysts possess
CuO, nodes, their results suggest that the ligands do, in fact,
affect CO,RR selectivity.

6.2.3. Active site flexibility. As a final case-study on the
effect of the ligand, we highlight a study by Zhuo et al
investigating the correlation between ligand flexibility and
C-C coupling ability in a set of metal azolate frameworks
(MAFs)."*' Each MAF-2 analogue features a copper dimer
within the SBU with a Cu-Cu distance of 3.4 A, suggesting
the potential for C-C coupling. Each copper atom is
coordinated by three nitrogen atoms on three separate
azolate ligands, and each ligand coordinates three copper
atoms (Fig. 20a). Distinguished by their ligands, MAF-2ME
(Fig. 20b), MAF-2E (Fig. 20c), and MAF-2P (Fig. 20d) feature
methyl, ethyl, and propyl, side groups, respectively.

Zhuo et al. argue that by modifying the flexibility of
groups adjacent to the active site, hydrocarbon production
can be rationally tuned. The results indicate that as the
ligand becomes bulkier, the selectivity switches from C,H, to
CH, production. Based on in situ ATR-FTIR measurements
and DFT calculations (Fig. 20e-g), two competing effects are
suggested: ligand flexibility/steric hindrance and ligand
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Fig. 20 Structures of MAF-2 analogues a) the Cul() triazolate
backbone with ligand side groups omitted. Local coordination
environments of b) MAF-2ME, c) MAF-2E, and d) MAF-2P. Orange
spheres denote copper atoms. Blue, grey, and white edges denote
nitrogen, carbon, and hydrogen atoms. Orange spheres denote copper
atoms. Free energy diagrams for CH,; and C,H,4 formation on e) MAF-
2ME, f) MAF-2E, and g) MAF-2P. Reproduced with permission from
Zhuo et al.'*! Copyright 2022 John Wiley & Sons, Inc.

hydrophobicity. The authors argue that bulky groups within
the ligand prevent the accommodation of multiple
intermediates and inhibit C-C coupling. Simultaneously, the
bulkier, more hydrophobic ligands inhibit HER. Accordingly,
MAF-2P exhibited the highest selectivity for CH, (55.9% at
-1.5 V vs. RHE), and MAF-2E exhibited the highest selectivity
for C,H, (51.2% at —1.3 V vs. RHE).

In summary, in addition to modulating CO, adsorption,
ligand substituents may modulate hydrophobicity, H,O
dissociation, HER suppression and C-C coupling. The studies
presented suggest that even when distant from the active site,
ligand substituents affect the CO,RR reactivity of Cu MOFs.

This journal is © The Royal Society of Chemistry 2023
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We continue to explore this theme in the following section in
the context of active transition metals.

6.3. Inclusion of other transition metals

Although copper catalysts produce C,. products, selectivity
for a single CO,RR product is poor.*>*"”® On the other hand,
other transition metals exhibit high selectivity, albeit for C,;
products, such as CO and HCOOH.'™ Since CO is an
intermediate for C,. products, one strategy to improve C,.
selectivity may be combining sites which produce CO with
those that couple and reduce CO. In principle, one could
tune the properties of the C-C coupling site without
compromising the effectiveness of the CO-producing site. To
this effect, the incorporation of active heteroatoms represents
a strategy to design dual-site CO,RR catalysts for C,, product
formation. This section presents insights relevant to the
implementation of this strategy.

Firstly, we highlight the effect of incorporating cobalt,
nickel, and zinc into metallophthalocyanine-based MOFs
with square planar CuO, nodes. Note that while cobalt and
zinc are typically known to produce CO, nickel is known to
facilitate HER.*"7*'** Studies indicate that the inclusion of
these three metals into metallophthalocyanine-based Cu
MOFs results exclusively in CO production. Cobalt results in
the highest CO production (85% FEco),""*>"*® followed by
nickel (56% FEco)''® and then zinc (9% FEco)."*"

As mentioned earlier, PcCu-Cu-O and PcCu both facilitate
C,. product formation. Thus, the copper sites within
phthalocyanines have been regarded as C-C coupling
sites."’®'?? It stands to reason that replacing copper within
the SBU of PcCu-Cu-O with a CO-producing metal, such as
Zn, should improve C,; product formation. However, the
study by Zhong et al. indicates that the copper site of PcCu-
Zn-O is not active for C,, product formation, as PcCu-Zn-O
only yields CO (88% FEco)."*" Although this result implies
that the reactivity of the two sites in metallophthalocyanine-
based Cu MOFs cannot be tuned independently, we note
again that in this study, PcCu-Cu-O exhibited only CO
production (11% FEco). Indeed, the electrodes employed in
this study were prepared by mixing the Cu MOFs with CNTs,
which may suppress C,, product formation.""* Nonetheless,
DFT calculations support the notion that the SBU affects the
reactivity of the Pc unit. Fig. 21a and b illustrate that the
overpotentials for CO,RR and HER on the Pc unit of
phthalocyanine-based MOFs can be changed by up to 0.36 eV
and 0.22 eV, respectively, by modifying the SBU. These results
underscore the value of a follow-up study with a different
conductive additive. By controlling for the conductive
additive, such a study would provide a clearer comparison
with which to evaluate of the generalizability of the dual-site
paradigm illustrated by Qiu and co-workers.'**

Alternatively, copper within the SBUs may be partially
replaced by transition metals to yield multimetallic MOFs.
One such example of this paradigm was reported in a study
by van Phuc et al., which featured a series of trimetallic Cu

This journal is © The Royal Society of Chemistry 2023
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MOFs.'*> The MOFs are designed as isostructural to HKUST-
1 and host two CO-producing metals, Pd and Zn, in addition
to copper. We note, however, that characterizations indicate
that the metals may exist in metallic form, and clear evidence
for incorporation into the MOF not
observed.'*® These observations may account for the fact that
the as-synthesized catalyst only exhibited selectivity for CO
(95% FEco) whereas HKUST-1 typically exhibits C,.
Selectivity‘107,125,126,128,137

Transition metals may also be incorporated by simply
physically mixing as-synthesized MOFs. Albo et al. prepared
various bimetallic blends comprised of HKUST-1 and CAU-
17, a bismuth-based MOF."?® Under the conditions tested,
CAU-17 does not produce alcohols, and pure HKUST-1
exhibits maximum faradaic efficiencies for CH;OH and
C,H;OH of about 3% and 10%, respectively. However, the
optimal blend, CuBi12, consisting of 12% CAU-17, exhibited
maximum MeOH and EtOH selectivities of 18.2% and 28.3%,
respectively. This nonlinear enhancement of alcohol
production suggests a synergistic effect of the two MOFs. The
authors postulated that the enhanced production of alcohols
by the MOF blends could be mainly ascribed to the formation
of HCOO at bismuth sites, which is then transferred to
neighbouring copper active sites where further conversion
toward alcohols takes place.

The incorporation of other transition metals offers
flexibility in the design of Cu MOFs for CO,RR. Novel
selectivity may derive from changes to the local
concentrations of intermediates or the electronic structure of

structure was
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active sites. The design of dual-site Cu MOFs is a promising
strategy to improve C,, product selectivity; however, the
electronic structure of the two active sites may be coupled,
further complicating realization of this paradigm. Additional
studies can illuminate the generalizability of this strategy
and the potential synergy of multiple active sites. The next
section examines synergistic effects between MOF and non-
MOF phases.

6.4. Cu MOF composites

For several Cu MOFs, post-reaction characterizations indicate
that the active catalyst may be a composite phase consisting
of the Cu MOF and metallic aggregates. Such composite
phases, herein denoted as Cu MOF composites, can also be
derived from copper oxides. Fig. 22 depicts each of these
paradigms for Cu MOF composite synthesis. In this section,
we outline the potential advantages of and address issues
with their implementation. We limit our scope to examples
in which the Cu MOF is reportedly catalytically active and
exclude reports of MOF pre-catalyst systems.

6.4.1. Cu MOF-derived composites. In CO,RR conditions,
copper within the SBU can be reduced to form a metallic
copper or copper oxide phase. For example, studies report
that Cu-HHTP forms Cu,O nanoclusters exposing the
Cu,0(111) facet'*® and that Cu-THQ forms copper
nanoclusters exposing the Cu(111) facet.’*® Alternatively, as
was illustrated for Cu-DBC, thermal treatment can give rise
to a CuO nanoparticle-decorated MOF."*’

Fig. 23 illustrates the potential of Cu MOF composites by
comparing their CO,RR selectivity to that of their
constituents in the same experimental conditions. Whereas
Cu-HHTP produces CO with a maximum selectivity of 20% in
the same conditions, Cu,0@Cu-HHTP exhibits 73% FEcy,."**
Similarly, CuO@Cu-BDC exhibits 50% FEcy, compared to
40% by Cu-BDC."*’ Cu,0@Cu-HHTP, Cu(111)@Cu-THQ, and
CuO@Cu-BDC also exhibit higher CO,RR selectivities than
their metal/metal-oxide constituents, Cu,0O, Cu, and CuO,
respectively (Fig. 23).

Studies suggest that synergistic effects may arise from
favourable interactions between exposed functional groups
and intermediates’** or dualsite functionality.''* It is

Cu MOF Composite Synthesis

= °%e

Reconstruction Etching

= MOF Linker

Fig. 22 Representative syntheses for Cu MOF composites. The left-
hand side depicts the synthesis of Cu(111)@Cu-THQ via
electrochemical reconstruction of Cu-THQ reported by Zhao et al.#®
The right-hand side depicts the synthesis of Cu,O@Cu-MOF via
etching for Cu,O reported by Tan et al.*>® Green, red, and grey spheres
denotes copper, oxygen, and carbon atoms, respectively.
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Fig. 23 Maximum faradaic efficiencies for CO, HCOOH, CHy,
CH3COOH, and C,H,; production for various Cu MOF composites
compared to that of their constituent metallic and Cu MOF catalysts in
the same experimental setup. QDs = quantum dots. CCB = conductive
carbon black.

important to note, however, that the electrochemically
constructed MOF composites lack stability. Additional facets
and oxide phases are detectable at extended reaction times.
Accordingly, unstable product selectivity and CO,RR
performance is observed. CuO@Cu-BDC exists as an
exception, exhibiting both structural and CO,RR performance
stability in the conditions tested."*

6.4.2. Oxide-derived composites. The next paradigm of Cu
MOF composite formation effectively operates in reverse,
meaning that a Cu MOF phase is constructed from a non-
MOF phase. One such example was demonstrated by Tan and
co-workers. A Cu,O-MOF core-shell composite was
synthesized by partially etching Cu,O nanospheres in the
presence of benzene-1,3,5-tricarboyxlic acid to form a Cu
MOF shell, resembling HKUST-1."*® In identical conditions,
the resulting composite, Cu,O0@Cu-MOF, exhibits higher CH,
selectivity (63.2% FEcy,) than both Cu,O and the pure Cu
MOF phase (Fig. 23). The authors attribute this improved
performance to better CO, adsorption relative to H,O
adsorption. We note that although the CO,RR performance
of Cu,0@Cu-MOF was stable for up to six hours, metallic
copper was detected after the reaction indicating reduction of
the copper in the composite.

As a final example, we highlight the work by Xiao and co-
workers. In this study, a Cu,(CuTCPP) MOF phase was
constructed from Cu(OH), nanoarrays to yield helical, H-
CuTCPP@Cu(OH),, and non-helical, nH-CuTCPP@Cu(OH),,
nanocomposites. The Cu MOF phase features a copper atom
within a porphyrin ligand and a copper dimer within the
SBU. Both H-CuTCPP@Cu(OH), and nH-CuTCPP@Cu(OH),
exhibit higher maximum selectivities for HCOOH (35% and
35%, respectively) and CH3;COOH (26.1% and 19.8%,
respectively) than Cu(OH), (27% FEpcoon and 14%
FEcu,coon) in the conditions tested (Fig. 23)."*”

The syntheses of MOF-derived composites can be regarded
as instances of favourable MOF transformations. We have
shown that such transformations can enhance CO,RR
performance such that the resultant composite catalyst

This journal is © The Royal Society of Chemistry 2023
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outperforms its constituent catalysts. Oftentimes, however,
these composite catalysts appear to be intermediate phases
formed under reaction conditions. As such, without further
understanding of these transformations, the use of MOF
composites as effective CO,RR catalysts remains unreasonable.
Also, note that despite reports of MOFs forming composites
under CO,RR conditions, several of these MOFs have been
reported elsewhere without mention of the formation of a
composite phase (ESIt file). This point underlines the
importance of our following discussion, which more generally
addresses the topic of in situ MOF transformations.

6.5. In situ transformations and Cu MOF stability

The long-term stability of Cu MOFs remains a significant
roadblock to their adoption for CO,RR. Significantly, Cu
MOFs frequently exhibit decaying performance. Even when
no performance drops are immediately obvious, Cu MOFs
may undergo physical and chemical transformations. As
such, studies elucidating the factors which dictate stability
and govern degradation mechanisms are vital. Herein, we
categorize the types of transformations observed for Cu MOFs
in CO,RR and highlight useful design strategies for
promoting stability.

6.5.1. Classification of in situ transformations. Specifically,
we delineate three categories for the transformations
associated with CO,RR conditions that are observed for Cu
MOF electrodes. Firstly, the Cu MOF may undergo
electrochemical reconstruction/degradation, yielding either a
MOF-derived or metallic phase that persists when the electrode
is unpolarized. Such transformations are characterizable by
several ex situ methods after the reaction (e.g., XRD, SEM,
XPS)."*® Many of the Cu MOFs mentioned up to this point
exhibit signs of such irreversible transformations under CO,RR
conditions (Table S1t). Despite this, the degradation processes
of many MOFs remain insufficiently characterized. Although
the properties of the resulting phase, such as the copper
oxidation state or crystallinity, are occasionally reported, the
mechanism and the factors which govern the mechanism
require further investigation. As an outlier with respect to such
studies, several in-depth investigations focus on HKUST-1. In
situ and operando measurements indicate the formation of
metallic nanoparticles and dendritic nanostructures under
CO,RR conditions.'?*1197151

The second classification of transformation encompasses
physical or chemical processes which may occur without
electrode polarization, such as leaching of the catalyst into
the electrolyte or inherent instability in the electrolyte.
During this type of degradation, peeling off catalytic material
from the electrode support may enhance HER due to easier
access for H,O, leading to lower CO,RR selectivity.*
Identification of this form of degradation may consist of
electron microscopy or X-ray diffraction of the catalyst or
spectroscopic analysis of the electrolyte."*® The hydrolysis of
HKUST-1 is a famous example for which there exists detailed
investigation of the various stages of degradation.">!

This journal is © The Royal Society of Chemistry 2023
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The final -classification of transformation refers to
reversible transformations which occur under CO,RR
conditions and are only discernible by in situ or operando
techniques. These transformations are suggested by changes
in oxidation states or coordination numbers and can be
identified by surface characterization techniques such as
AFM, XPS, or XAS.'*® For example, operando measurements
by Majidi et al., 2021 revealed that under CO,RR conditions,
copper is reduced to Cu’ nanoclusters (and potentially
metallic copper) but rapidly re-oxidizes when the system is
returned to the open circuit voltage.'™ Studies suggest that
the reversibility of copper reduction derives from the small
size of copper particles formed in situ.*****°

In practice, a given MOF may undergo any combination of
the above transformations. Nevertheless, stable Cu MOFs do
exist, as some catalysts have been reported to exhibit
unchanging performance with no evidence of a
transformation for multiple hours (Table S1t). Based on
these examples, we highlight a few strategies for designing
stable Cu MOFs under CO,RR conditions. Specifically, we
focus on design strategies for preventing electrochemically
induced transformations. For a comprehensive overview of
the strategies for designing stable MOFs in aqueous
conditions, in different pHs, under mechanical stress, and in
the presence of various coordinating anions, we suggest the
excellent review by Yuan and co-workers."*®

Finally, note that the aforementioned transformations are
not inherently undesirable. Often, the resulting material
exhibits favourable CO,RR performance.'®” In such a case, it
is more appropriate to refer to the as-synthesized MOF as a
precatalyst. The strategies presently described address the
case in which one desires to preserve the order afforded by
as-synthesized MOFs.

6.5.2. Strategies for designing stable Cu MOFs for CO,RR.
Firstly, in 2D Cu MOFs, n-n interactions between layers
stabilize the MOF structure. In particular, larger
n-conjugation planes and the presence of heteroatoms within
the ligand backbone can enhance these interactions.’*® For
example, Cu MOFs with smaller n-conjugation planes devoid
of heteroatoms (e.g;, Cu-THQ''?> and Cu-HHTP'*?) are less
stable than those possessing larger m-conjugation planes
containing heteroatoms (e.g., Cu-HHTQ,'"*' HATNA-Cu-
MOF,"** and phthalocyanine-based Cu MOFs'***'®121) DFT
calculations of the m-n stacking complexation energies of
hexaazatrinaphthylene and triphenylene support this
observation.’”® As a counterexample, we note that
Cu,(CuTCPP) undergoes electrochemical reconstruction in
CO,RR conditions.”*® However, the AB stacking pattern and
out-of-plane benzenedicarboxylate linkers of Cu,(CuTCPP)
prevent efficient overlap of the n-systems of the porphyrin
moieties which may account for the reduced stability of
Cu,(CuTCPP).

Strong intermolecular interactions can also stabilize copper
within the SBU. For example, the strong cuprophilic
interactions within the hexanuclear cluster of NNU-50 stabilize
Cu’ under CO,RR conditions.’*® Additionally, Weng et al.
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suggested that the metal ion-ligand binding affinity of a
copper complex influences the threshold potential as well as
the reversibility of the reductive demetallation process. They
also proposed that the restructuring process may involve other
important factors such as the solubility of the demetallated
ligand and the electronic structure of the complex."*® However,
note that the presence of open metal sites is important for the
catalytic activity of metal centres,">* The redox activity of the
metal within the SBU contributes to MOF conductivity through
charge-hopping transport mechanisms.'*'%°

Finally, as copper is often reduced to Cu' under CO,RR
conditions,*****%1%7 coordination geometries preferred by
Cu’, such as the tetrahedral geometry, may prevent
demetallation.”*>"** A notable example of this is Cu,"-MFU-
41** in which the three nitrogen atoms and one Cl” ion form a
tetrahedron around the copper ions within the SBU. Again, one
should consider the existence of open metal sites when
diverging from square planar copper coordination geometries.

7. Challenges & perspectives

In this review, we have focused on the aspects of copper-
based MOF design that can be linked to selectivity in
electrochemical carbon dioxide reduction. Several trends
have emerged. Secondary building units featuring copper
clusters commonly produce C,, products. On the other hand,
solitary, square planar nodes, frequently produce CO or
HCOOH while other node-based Cu MOFs yield CO, HCOOH,
and >2e  products. Regarding ligand design, modifications
away from the SBU can significantly affect product selectivity.
The incorporation of catalytic metal centres within the ligand
can facilitate C-C coupling. Such catalysts show promise as a
design paradigm for increasing C,. product selectivity.
Further, studies suggest that the reactivity of Cu MOFs can
be tuned via adjacent functional groups and may be affected
by more distant modifications. This point is especially
relevant for computational work. Finally, the instability of Cu
MOFs can be leveraged to yield CO,RR active MOF
composites. As illustrated in Fig. 24, however, it is more often
the case that such transformations represent one of several
challenges to be addressed.

Challenges & Perspectives

Energy Efficiency

Stability

B
N/

Energy

Computational
Studies

Fig. 24 An illustration of the key challenges and perspectives for the
development of copper-based metal-organic frameworks for CO,RR.
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Coordinate
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1) The instability of copper-based metal-organic
frameworks severely limits their application for industrial
scale electrochemical carbon dioxide reduction. Atomic-scale
design may improve the resilience of Cu MOFs to
electrochemical degradation by stabilizing copper units and
limiting nanocluster formation. The application of electrode
synthesis techniques such as spray-drying or electro-
deposition may aid in preserving the physical integrity of Cu
MOF electrodes. In part, a fundamental understanding of
instability motivates the next challenge.

2) The dynamic nature of Cu MOFs during CO,RR
demands that their properties are characterized at operating
conditions. We highlight the importance of in situ and
operando methods, such as ATR-FTIR, SEIRA, DRIFTS, XPS,
and XAS, which can illuminate how Cu MOF properties, as
they manifest under CO,RR conditions, affect catalyst
performance. Particularly,  we note  that  such
characterizations are prerequisite for probing electronic
properties of copper, such as the proportions of Cu’, Cu’,
and Cu®' species, and for addressing the aforementioned
challenge of stability. That the Cu®>" ion is reduced at more
positive potentials than required for CO,RR highlights the
relevance of the copper oxidation state. Regarding stability,
we note that the time scales on which reconstruction or
decomposition take place may prohibit their detection by
implicit means such as chronoamperometry or ex situ
characterizations."*® It should not be assumed that stable
CO,RR performance implies a stable catalyst or that the
structure of the catalyst after reaction is that of the catalyst
during reaction. These assumptions can lead to incorrect
characterizations of Cu MOF stability.

3) It is also important to understand the CO,RR
mechanisms of Cu MOFs. Hence, the combination of
theoretical and experimental studies will continue to play an
important role in the development of the field. Density
functional theory calculations can provide evidence for a
proposed reaction mechanism and insight into how a given
Cu MOF facilitates CO,RR selectivity. In situ and operando
characterizations can provide experimental evidence for
reaction intermediates as well as an accurate representation
of the active site during CO,RR. This is especially important
for theoretical calculations, the efficacy of which is
predicated on reasonable atomic models.

We also emphasize the importance of using standard
calculation conventions to determine the thermodynamics of
CO,RR reaction mechanisms. Namely, we note that although
adsorption energies of intermediates often mirror reactivity
trends, these trends may diverge for intermediates of
significantly different size, polarity, or binding atom.
Proposed reaction mechanisms should be based on Gibbs
free energy calculations, and the free energy of several
potential intermediates for a given step should be compared
to determine the minimum energy path for the reaction
mechanism.

Further, that CO,RR mechanisms exhibit strong pH/
potential-dependencies suggests that simple thermochemical

This journal is © The Royal Society of Chemistry 2023
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models may be inadequate or unreliable. Considering this,
one may need to employ more sophisticated models which
account for solvation®>?®'°871%2 or the potential-dependence
of transition states.’>?33773144158,163  por  CO,RR  on
transition metals, the use of such models has yielded results
which more closely align with experiment.*”***'®* However,
to the best of our knowledge, only two works studying CO,RR
on Cu MOFs have employed such methods."*®**°

4) The energy efficiency of Cu MOFs must be improved
through increases in activity and selectivity. Firstly, Cu MOFs
still require large overpotentials for valuable products, and
the activities reported for Cu MOFs are comparatively lower
than those reported for state-of-the-art CO,RR catalysts.
Although the selectivities of Cu MOFs are comparable to
state-of-the-art catalysts, since Cu MOFs exhibit potential-
dependent selectivity, valuable product yields cannot be
increased by simply increasing the overpotential. As such,
increasing the intrinsic activity of active sites is a priority.
Notably, it appears that improving intrinsic activity may be a
significant challenge."*®

That the conductivities of Cu MOFs are low also poses a
problem. In the case that conducting binders must be used,
we note that care should be taken to control for the HER
activity of the binder. As discussed in this review, CNTs may
suppress C,. selectivity."!

5) Finally, we emphasize the importance of benchmarking
and current density reporting procedures. Frequently,
publications do not include benchmarking data for their
experimental setup. As such, it is impossible to deconvolve
differences in performance due to the catalyst from variations
in experimental setups. To facilitate meaningful comparisons
of CO,RR performance, authors should report the
performance of a standard CO,RR catalyst, such as copper
foil, in their experimental setup. In the same vein, current
densities are typically reported with respect to geometric
surface area. However, ECSA-normalized current densities are
more insightful for comparing the intrinsic activity of
catalysts. Analysis of this metric in conjunction with others,
such as CO, adsorption capacity, may then elucidate design
principles for increasing the intrinsic activity of Cu MOFs.

Adoption of the may also aid in
rationalizing the observation that the same Cu MOF may
be reported as exhibiting large variations in CO,RR
performance (activity and selectivity) under similar reported
experimental conditions. For example, across the four
studies which report CO,RR by Cu-HHTP in neutrally
buffered H-cells, maximum CO selectivity varies from 0%
to 50% faradaic efficiency."*>"'®14114 Gimilarly, in the two
studies which report CO,RR by Cu-DBC in neutrally
buffered H-cells, maximum CH, selectivity varies from 10%
to 34% faradaic efficiency.'**"?>

Nonetheless, the flexibility in design afforded by copper-
based metal-organic frameworks makes them attractive as
platforms for electrochemical carbon dioxide reduction.
Further work is needed to understand the role of solvent,
improve catalyst stability, and increase valuable product

conventions
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selectivity. The integrated design of Cu MOFs at the atomic
scale and reaction conditions at the macroscale can
potentially improve the CO,RR performance of Cu MOFs.
Moreover, the modular nature of Cu MOFs lends itself to
machine learning applications.'®>**® With continued
development, Cu MOFs may provide a solution to the
challenge of C,. selectivity in CO,RR.
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