SCIENCE CHINA Materials

REVIEWS

mater.scichina.com link.springer.com

Published online 28 April 2020 | https://doi.org/10.1007/s40843-020-1304-3

Sci China Mater 2020, 63(7): 1113-1141

)\ CrossMark

& click for updates

Reticular chemistry in electrochemical carbon dioxide

reduction

Yanfang Wang"**', Yuexiang Li’", Zhenyu Wang', Phoebe Allan®’, Fucai Zhang” and

Zhouguang Lu'

ABSTRACT Electrochemical CO, reduction (ECR) re-
presents a promising strategy for utilizing CO,, an industrial
waste, as an abundant and cheap carbon source for organic
synthesis as well as storing intermittent renewable electricity
from renewable sources. Efficient electrocatalysts allowing
CO, to be reduced selectively and actively are crucial since the
ECR is a complex and sluggish process producing a variety of
products. Metal-organic frameworks (MOFs) and covalent-
organic frameworks (COFs) have emerged as versatile mate-
rials applicable in many fields due to their unique properties
including high surface areas and tunable pore channels. Be-
sides, the emerging reticular chemistry makes tuning their
features on the atomic/molecular levels possible, thereby
lending credence to the prospect of their utilizations. Herein,
an overview of recent progress in employing framework ma-
terial-based catalysts, including MOFs, COFs and their deri-
vatives, for ECR is provided. The pertinent challenges, future
trends, and opportunities associated with those systems are
also discussed.

Keywords: reticular chemistry, MOFs, COFs, electrochemistry,
carbon dioxide reduction

INTRODUCTION

Ever since the Industrial Revolution, traditional fossil
fuels have become the primary source for global energy
supply underpinning the global economy. There is no
doubt that energy supply is a key issue for the sustainable
development of modern society. Especially when en-
countering with the contradiction between the growing
demand for energy and the depletion of fossil fuels, it is

paramount to develop new and sustainable sources of
energy [1]. Worse, the continuing reliance on fossil fuels
by developed countries and the increasing demand for
energy by emerging countries make the emission of car-
bon dioxide into the atmosphere a serious global problem
[2]. Energy security and environmental concerns have
provided impetus for finding alternative energy sources.
During the past decades, tremendous research efforts,
both in academic and industrial communities, have been
devoted to harvesting energy from the sun, wind, tide and
other renewable sources [3-5]. Although these are active
areas of research and development, and are being used in
some countries, they still constitute a minority of the
global energy supply because of various issues related to
cost, storage and scalability [6]. It is therefore reasonable
to anticipate that fossil fuels will continue to be important
to, if not dominate, the world’s energy landscape for some
time to come. Therefore, it is urgent in the short term to
address carbon dioxide emissions, while continuing to
develop alternative fuels as a long-term solution.

From the perspective of substantially mitigating an-
thropogenic CO, emissions, carbon capture and storage
(CCS) and carbon capture and utilization (CCU) have
been regarded as feasible strategies [7-9]. Typically, CCS
includes various technologies which capture CO, at some
stage from processes in power generation, cement man-
ufacturing, iron/steel making and natural gas treatment.
Then, the captured CO, is pressurized, transported and
injected into stable geological sites, being trapped for
thousands of years [10]. For smaller/medium emitters
where geological sequestration is not viable, mineral
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carbonation (MC) is emerging as a promising CCS
technology, in which CO, reacts with calcium- and/or
magnesium-containing materials to form stable carbo-
nates [11]. Although most of the components of the CCS
chain have been demonstrated to be individually viable,
their integration is challenging and continues to be an
uphill battle. On the other hand, as a relatively benign
material, CO, could be utilized in many fields and con-
verted into a wide variety of end products. Thus, CCU
represents an appealing opportunity and opens a new
perspective to the conversion of waste product into high-
value end products, moving the C-economy from a linear
trend to a carbon-neutral full cycle [12,13].

Nowadays, with increasing electricity generated from
renewable energy sources, the electrochemical CO, re-
duction (ECR) has attracted much attention and parti-
cular interest as it can simultaneously contribute to the
utilization of CO, and to the storage of electric energy
[14-16]. The ECR has several advantages including con-
trollable processes by adjusting potentials, minimized
chemical consumption and feasibility to scale up. How-
ever, due to the large reorganization energy associated
with the transformation from the stable linear CO, mo-
lecule to the bent CO,- radical anion, this reduction
process only occurs at a potential as negative as —1.90 V
vs. reversible hydrogen electrode (RHE) [17]. Also, the
direct electrochemical reduction of CO, results in a
variety of products, which mainly depend on catalysts
and the reaction media. Generally, ECR may undergo, for
example, two-, six-, and eight-electron reduction path-
ways in aqueous and non-aqueous phases with different
standard electrode potentials, forming a wide variety of
compounds including CO, HCOOH and hydrocarbons/
alcohols [18-20]. Besides, the ECR in aqueous solutions
faces challenges from the competing hydrogen evolution
reaction (HER). Therefore, exploring appropriate elec-
trocatalysts is of critical importance to obtain high energy
efficiency and selective production in ECR. The majority
of existing electrocatalysts for ECR can be divided into
two groups: heterogeneous and homogeneous (more de-
tails will be introduced in the second part). Typically, the
performances of an electrocatalyst could be evaluated in
terms of selectivity and activity [21,22], which determine
the energy efficiency of a process. The selectivity dictates
the product and purity thereof and is directly linked to
the chemical nature and geometric property of the cata-
lyst in relation to the binding affinities to CO, and re-
action intermediates. The activity providing the turnover
is intrinsically determined by the relative binding affi-
nities to CO, and the product in a manner that is de-
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scribed by the volcano plot. The number of the accessible
active sites, which correlate to the surface area and me-
trics of the catalyst structures, also determines the activity
in a practical sense. Currently, the grand challenge in
ECR lies in the fact that a single catalytic system must
control the interplay between selectivity and activity.
Furthermore, it also needs to possess a long-term stability
for commercial applications.

In the past decades, with the development of reticular
chemistry, metal-organic frameworks (MOFs) and cova-
lent-organic frameworks (COFs) have emerged as at-
tractive materials being capable of addressing various
issues [23-25]. By virtue of their unique properties in
terms of controllable porosity and ultra-high specific
surface areas, they exhibit versatile applications in many
fields including gas storage and separation, sensors, bio-
mimicry, energy conversion and storage, drug delivery,
and catalysis [26-35]. Further, their structures and
properties can be controlled precisely by varying the
constituent geometry as well as by grafting functional
groups, exemplifying the manner in which reticular
chemistry is practiced [36-38]. Recently, interconnecting
metal complexes with organic ligands to form stable or-
ganic frameworks gives a novel way of immobilizing
homogenous catalysts. Combining the merits of hetero-
geneous and homogeneous catalysts, such materials pos-
sessing high surface areas and porous structures are
capable of performing effectively for ECR [39]. In parti-
cular, the uniform dispersion of active sites in those fra-
meworks avoids aggregation and hence maximizes their
utilization, while the interconnected frameworks make
each single site accessible to substrate molecules. More-
over, the microenvironment around the active sites and
porous structures can be tuned to favor a specific reaction
pathway, which in turn benefits the activity and selectivity
of ECR.

Considering those appealing characteristics of MOFs
and COFs, a running theme of this review pertains to how
the reticular chemistry can be applied for designing ef-
fective electrocatalysts. This review begins with a short
introduction of possible pathways of ECR and traditional
electrocatalysts for ECR. Then, we will present recent
progresses in immobilizing homogeneous catalysts by
constructing MOFs or COFs and show how those fra-
mework materials can be precisely modified on an atomic
or a molecular level to improve their activity and se-
lectivity towards ECR. Also, some other framework ma-
terials and their derivatives reported for ECR will be
included. Finally, future opportunities and challenges of
employing MOFs-based materials as ECR catalysts will be
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discussed.

THE PATHWAYS OF ECR

ECR is a reaction with multiple steps and might undergo
complicated pathways towards different products. In
aqueous solutions, the reduction of CO, is always ac-
companied by the oxygen evolution reaction (OER) on
the anode and needs to compete with the parasitic HER
on the cathode (Fig. 1).

Although various physical and chemical processes
might be involved, there are generally three steps in the
ECR: adsorption, activation and desorption. In an ECR
system, to reach the electrode surface on which the
electrocatalysts are loaded and electrochemical reactions
occur, the gaseous CO, firstly dissolves in solutions, re-
acts with solvents and forms CO,-saturated electrolytes.
The initial binding model between solvated CO, and the
electrocatalyst, which might be affected by factors such as
local concentration of H" (pH) and overpotential, de-
termines the primary products in the early stages of ECR
[40]. For instance, in acidic solutions, solvated H' is more
likely to accumulate on the surface of electrode and bind
to the electrocatalyst in the form of surface hydrogen (*H,
*refers to the atom bound to the catalyst), which then
reacts with physisorbed CO, along with one electron
transfer to form formate through an intermediate
*HCOO or *OCHO (Fig. 2) [41,42]. It is noteworthy to
indicate that HER usually occurs along with formate
production because both reactions need *H. However, in
neutral electrolytes, the solvated CO, is directly physi-

CO, reduction
electrocatalysts

Proton-exchange
membranes

0000 O
0000O0CO

CO,-saturated
electrolytes

~~.___0,-evolution

electrocatalysts

Cathode reactions:  CO,+H*+e—C products+H,0

H,0—0,+H*+e"

Full reactions: CO,+H,0—C products+0,

Figure 1 A typical system for ECR. ECR and OER occur on the cathode
and anode, producing C products and oxygen, respectively. Proton-
exchange membranes allow proton transfer across the electrolyte and
prevent unwanted ion migrations.
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sorbed to the electrode before its further reduction to
chemisorbed CO, (*CO,”), *COOH and *CO, in which
*CO is believed to be the key intermediate for the for-
mation of CO and high value-added hydrocarbons [43].
While many other factors are important, the binding
energy between the catalysts and *CO to some extent
determines whether it will be released in CO or partici-
pates in further reductions. Generally, catalysts showing
weak bonds to *CO are more likely to produce CO in
ECR because gaseous CO can desorb from the binding
sites more easily. With an appropriate catalyst for its
further reduction, the bound *CO might undergo two
types of reactions: hydrogeneration and C-C coupling,
resulting in C; and C,/C; products, respectively. The first
hydrogeneration might occur on C or O in *CO, pro-
ducing either *CHO or *COH, and theoretical calcula-
tion suggests the later intermediate on the basis of
activation energy [44,45]. Further hydrogeneration and
dehydration lead to the formation of several inter-
mediates (e.g., *CHOH, *CH,, *OCH,) and final pro-
ducts (CH, and CH;OH) [46].

For multicarbon products, *OC-CO is believed to be
the key intermediate generated via the dimerization of
*CO. Through several proton-coupled electron transfers
(PCETs), in which the proton and electron simulta-
neously transfer to the adsorbed species, *OC-CO will be
reduced to C,H,, C,H;OH and other C, products [47,48].
In fact, the formation of C-C bonds varies in different
reaction conditions. Recent experimental results and
theoretical calculation indicate that C-C coupling prefers
to occur at relatively low overpotential and in alkaline
electrolytes because HER and hydrogeneration will
dominate at more negative potentials or acidic pH [49].
The *CO coverage has also been proved to be pivotal in
tuning the ECR pathways. Generally, increasing the *CO
coverage promotes C-C coupling because concentrated
*CO intermediates repulse each other and decrease their
binding energy to catalysts [50,51]. In other words, both
the cleavage of catalyst-C bonds and the formation of C-
C bonds are favored when the intermediates are bound
neither too strongly nor too weakly to the catalysts. Be-
sides, with high *CO coverage, *H adsorption will be
constrained, suppressing competitive HER and hydro-
generation.

Admittedly, considering the complexity of the reaction
mechanism and the numerous possibilities at every
branching point in C-C coupling processes, achieving a
high selectivity towards one specific multicarbon product
is challenging. However, through precise design, many
recent attempts have been proved to be successful in al-
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Figure 2 Possible pathways from gaseous CO, to valuable C products. Every step refers to a PCET, in which the proton and electron simultaneously

transfer to the adsorbed species.

tering the ECR selectivity [52-55]. For example, a record
high Faradaic efficiency (FE) of 72% from CO, to C,H,
was achieved by producing *CO-rich local environment
through molecular tuning [56]. Thus, by further under-
standing the mechanism of ECR and by altering the re-
action environment through precise design of
electrocatalysts, electrolytes and their interfaces, it is
possible to shut down unwanted pathways and increase
the catalytic activity towards desired products.

TRADITIONAL ELECTROCATALYSTS FOR
ECR

In this section, some typical examples regarding em-
ploying heterogeneous and homogeneous electrocatalysts
for ECR are included, aiming to show the advantages and
disadvantages of different systems rather than to depict
the whole picture of traditional electrocatalysts.

Heterogeneous systems

Among heterogeneous systems, in the early stage, poly-
crystalline monometallic catalysts were widely evaluated
because of their simple structures and facile syntheses
[57,58]. In those systems, both experimental and theo-
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retical results have demonstrated that the adsorption free
energies of CO,, intermediates and products to the un-
derlying structure of the metals have great impact on the
product distribution [59-63]. Commonly, their binding
affinities are affected by several features including size,
oxidation state, structure and crystal phase. For instance,
an oxide-derived Au exhibited highly selective and stable
CO, reduction to CO in aqueous solutions at lower
overpotential than that of its polycrystalline counterpart,
which was attributed to the dramatically increased sta-
bilization of the CO,- intermediate on such electrodes
[64]. Also, recent progresses have demonstrated that
partially reduced SnO, and CoO, are able to catalyze the
ECR to CO with high selectivity while Co and Sn are
inclined to catalyze the HER [65-67]. However, the pre-
ferred path way for ECR is not determined solely by
energetics, and the reaction kinetics also play pivotal roles
in determining the selectivity [68-71]. For example, a
nanoporous Ag electrocatalyst showed approximately
92% selectivity towards CO at a rate over 3000 times
higher than that of its polycrystalline counterpart in an
aqueous bicarbonate medium due to its large electro-
chemical surface area and the greater stabilization of
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CO,- intermediate on the highly curved surface [72]. A
dramatic increase in pH within this porous electrode
could also contribute to this enhanced ECR selectivity
since the ECR is less sensitive to pH than the competing
HER. From these perspectives, fabricating proper struc-
tures facilitating charge and mass transports for a desired
reaction pathway is also of great importance to obtain
high-performance electrocatalysts.

To maximize the performance in virtue of advantages
from different metals and their synergistic effects, bime-
tallic electrocatalysts have drawn tremendous research
attentions [73-75]. For example, the ordered gold-copper
monolayers showed superior catalytic performance for
ECR, benefiting from their combined electric and geo-
metric effects [76]. Besides, transition metal dichalco-
genides (MoS,, WS,, MoSe,, MoTe, and so on) have also
been explored [77-79]. The layered MoS, could reduce
CO, to CO selectively in an aqueous electrolyte solution
containing an ionic liquid (IL), in which the Mo-termi-
nated edges were regarded as active sites by participating
in the electron-transfer reactions [80]. Notwithstanding
their activity and selectivity towards ECR, metal-based
electrocatalysts usually present poor durability for long-
term reactions, a drawback that hinders their practical
applications.

As low-cost and metal-free materials, carbon materials
have been widely studied as electrocatalysts for many
important reactions because of their excellent electrical
properties, tunable structures and superior stabilities [81-
85]. However, for ECR, carbon materials usually exhibit
negligible activity and catalyze the competing HER in
preference. Fortunately, heteroatoms (N, B, P, etc.) dop-
ing into the carbon network could induce the re-
arrangement of charge density and introduce active sites,
so that the adsorption of the *COOH intermediate (an
up-hill elementary step in the ECR pathway) could be
facilitated [86-88]. For example, N-doping of carbons
(graphene, carbon nanotubes and carbon nanofibers, etc.)
breaks up the neutrality of carbon materials through in-
troducing extra electrons and hence enhances the activity
towards ECR to two-electron products such as CO in an
IL containing aqueous electrolyte solution or formic acid
in an aqueous bicarbonate solution) [89]. Higher order
hydrocarbons have also been produced with N-doped
carbon electrocatalysts. Notably, N-doped graphene
quantum dots (NGQDs), being able to suppress the HER,
could catalyze CO, reduction to ethanol and ethylene
with a total FE of 90% in an aqueous bicarbonate solution
due to the ultra-high density of edge sites along with the
N defect [90].
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Owing to their large surface areas and excellent net-
work conductivity, carbon materials have also been used
as skeleton structures to anchor and stabilize metal-based
materials, which in turn could deliver enhanced catalytic
activity towards ECR [91-93]. Besides, carbon supported
metal hybrid materials have been demonstrated to be
more active for C-C coupling by creating a high CO,
pressure at the triple-phase boundary, thus generating C,
or C; products [94]. Recently, incorporating metals in N-
doped carbons gives a class of materials termed as M-N-
C, where M is transition metal such as Fe and/or Mn, and
they have been shown to be cost efficient alternatives to
noble metal catalysts for syngas production [95-98].

In general, with the recent advances in nanoengineer-
ing technology, various heterogeneous catalysts with
controllable size, composition or morphology can now be
designed to control specific reaction pathways in order to
achieve high selectivity and activity. However, the me-
chanistic details in those systems have not been obtained.
Consequently, the rate-limiting and key selectivity-de-
termining steps are still controversial.

Homogeneous systems

Molecular catalysts consisting of a variety of redox-active
metal complexes have also been widely investigated for
ECR [99-102]. In those homogeneous systems, catalyti-
cally active sites and reaction intermediates are com-
paratively easy to characterize, thereby better elucidating
the mechanistic details of the catalytic reaction. More-
over, those catalysts could be modulated at a molecular
level to suit for desired catalytic processes [103].

For example, as one class of the most thoroughly in-
vestigated molecular catalysts, metalloporphyrin systems
usually exhibit high activity and selectivity for reducing
CO, to CO. Specifically, CO, molecules bind to the nu-
cleophilic Fe(0) centers of iron (0) tetraphenylporphyrin,
electrochemically generated from iron (II) tetra-
phenylporphyrin (FeTPP). CO, in the Fe(0)-CO, adduct
was further protonated with Lewis acids or weak Bronsted
acids and reduced to afford CO upon cleavage of a C-O
bond [104]. Its catalytic performance was improved by
introducing different substituents on the periphery of the
porphyrin ring. Introducing phenolic groups in FeTPP
could accelerate the protonation process by creating a
high local concentration of proton and stabilize the Fe(0)-
CO, adduct through H bonding [105]. Further substitu-
tion of the above material by fluorine (F) was favorable to
lowering the reaction overpotential due to the inductive
effect of electronegative F atoms promoting the reduction
of the molecule to the Fe(0) state [106]. Commonly, those
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molecular catalysts were investigated for CO,-to-CO
conversion in aprotic media (mostly N,N-di-
methyllformamide (DMF) and acetonitrile) because they
also catalyze the competing HER in aqueous media. Ex-
citingly, substitution of four paraphenyl hydrogens by
trimethylammonio groups in FeTPP provided a water-
soluble molecule being able to catalyze ECR with a high
selectivity of CO in pH-neutral water, which is promising
for practical applications when considering its integration
with the water oxidation anode in a full-cell [107].

Although those homogeneous catalysts could deliver
good selectivity and activity for ECR, they usually suffer
from drawbacks including product isolation, catalyst re-
covery, and poor stability [108,109]. Also, they are only
electro-activated at or near the surface of a conductive
electrode so that mass transport limitation may be en-
countered practically. Thus, immobilizing them into
heterogeneous matrixes seems to be a promising way to
tackle the above issues [110]. To this end, many con-
ductive electrodes like carbon, indium tin oxide (ITO)
and metals have been applied as substrates to load mo-
lecular complexes [111-114].

MOFs AND COFs FOR ECR

MOFs and COFs with immobilized metal complexes

As mentioned above, in spite of their high activity and
selectivity for ECR, metal complexes are still not ideal for
practical applications because of their low interfacial
concentration and resulting inability to deliver high
currents. Not to mention that they usually function in
organic solvents and suffer from rapid deactivation. Thus,
developing heterogeneous ECR catalysts based on mole-
cular complexes has attracted much interest in recent
years. In this part, we will mainly focus on recent work
concerning immobilizing metal complexes into MOFs or
COFs for ECR applications.

Metalloporphyrin-based COFs
Metalloporphyrins, possessing high thermal stability and
approximate two-dimensional (2D) square geometry,
have been demonstrated as feasible building blocks for
many supramolecular architectures [115-117]. Those
porous metalloporphyrin networks have exhibited po-
tentials in many fields including sensor and size- and
shape-selective catalysis [118,119]. With regard to ECR
applications, it was until recent years that metallopor-
phyrin-based framework materials had been studied.
With the aim of creating extended planar m-electron
systems that allow close intermolecular m-m distances,
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Yaghi and coworkers [120,121] reported a 2D organic
framework consisting of porphyrins (COF-366). Owing
to its m-conjugated system and short interlayer distances,
such material showed high charge carrier mobility and
electrical conductivity. The porous structure of COF-366
was identified with a Brunauer-Emmett-Teller (BET)
surface area of 1360 m’ g ' and solution-accessible 1D
channels of approximately 20 A in width (Fig. 3c). For the
ECR test, the cobalt-metallized COF-366-Co was first
evacuated by activation with supercritical carbon dioxide
and deposited on the conductive carbon fabric. In neutral
aqueous solutions (phosphate buffer, pH 7), the COF-
366-Co electrode promoted the carbon monoxide evolu-
tion selectively with an FE of 90%, 10% higher than that
of the molecular cobalt porphyrin system. At —0.67 V vs.
RHE, which was in accordance with the Co(II)/Co(I)
redox potential, the catalyst displayed optimal perfor-
mances, consistent with former reports that the reduced
Co(I)-porphyrins are the active sites for CO,-to-CO re-
duction [122,123]. After continuous controlled potential
electrolysis (CPE) for 24 h, the COF catalyst, on a per-
active-site basis, yielded a turnover number (TON) of
34,000 and an initial turnover frequency (TOF) of
2500 h', representing a substantial improvement over
the molecular cobalt tetrakis(N,N,N trimethyl-4-amino-
phenyl)porphyrin (Co(TAP)). Besides, it showed neither
marked changes in crystallinity and microscopic mor-
phology nor evidence of cobalt nanoparticle formation,
revealing its superior stability for ECR in aqueous solu-
tions.

Although the 2D MOF-366-Co resulting from co-facial
stacks of porphyrins could act as conduits for the delivery
of electrons from the underlying electrode to the many
exposed Co sites, the narrow channels inside might hin-
der the adsorption of carbon dioxide, and thus only those
metalloporphyrin centers sited at the termini of COF
nanocrystals were accessible to molecular reactants, cor-
responding to an activity of 4% of cobalt sites.

Fortunately, owing to the possibility of multivariate
synthesis offered by reticular chemistry, the topologically
identical and functionally modified building blocks can
be introduced into COF structures to tune their proper-
ties precisely. Through a modular reticular approach, they
prepared the COF-367-Co analog using biphenyl-4,4’-
dicoarbonxaldehyde (BPDA) as the strut in place of 1,4-
benzenedicarboxaldehyde (BDA) (Fig. 3a). The extended
COF-367-Co, possessing a higher BET surface area of
1470 m* g ' and a wider channel of 24 A, exhibited an
improved surface concentration of electroactive cobalt
porphyrin sites over COF-366-Co, corresponding to ac-
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Figure 3 (a) Design and synthesis of COF-366-Co and COF-367-Co. Reprinted with permission from Ref. [121]. Copyright 2015, The American
Association for the Advancement of Science (AAAS). (b) Systematic modulation of COF-366-Co through remote functionalization. Reprinted with
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cessibility of 8% of the cobalt sites in the entire frame-
work. Consequently, such an extended COF showed en-
hanced performances for ECR with both smaller
overpotential and higher catalytic current density. At
—0.67 V vs. RHE, it yielded a TON of 48,000 with a high
FE of 91%.

Clearly, incorporating catalytic cobalt porphyrin units
into COFs generated highly active, stable, and selective
electrocatalysts for CO,-to-CO reduction in aqueous so-
lutions. In addition to the steric effects of surface area and
site isolation, the COF environment could directly mod-
ulate the electronic properties of molecular centers and
furnish them with more delocalized electronic structures,
thereby contributing to the observed gains in reaction
selectivity and activity [124]. As introduced before, the
reactivity of metal porphyrins can be tuned through in-
troducing different substituent groups on the porphyrin
rings. In the case of COFs consisting of metal porphyrins,
owing to the efficient charge transport along the COF
backbone, it is possible to optimize the electronic prop-
erties of the metal centers through proper remote func-
tionalization of the linker units, and consequently to
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improve their reactivity.

Recently, based on the work of COF-366-Co, Yaghi and
coworkers [125] reported a series of COFs with different
electronegative elements substituted on the BDA units
termed COF-366-(0OMe),-Co, COF-366-F-Co and COF-
366-(F)4-Co (Fig. 3b). For those COFs, their matrixes of
the structures remained essentially unaltered and their
affinities to CO, were similar, revealing that those factors
hardly contributed to their different ECR reactivities. In
contrast, since the proposed ECR mechanism with cobalt
porphyrins suggested a first Co(II) reduction step to
Co(I), the functionalization of electronegative elements
could directly translate into an electron withdrawing on
the cobalt centers and make them more prone to reduc-
tion, resulting in smaller overpotentials for CO genera-
tion. Consequently, when tested as electrode materials for
ECR in organic electrolytes, the potential of the cathodic
wave shifted from —1.425V wvs. ferrocene/ferrocenium
(Fc/Ec) for COF-366-Co to —1.380 V vs. Fc¢/Ec” for COF-
366-F-Co (Fig. 3d). In neutral aqueous solutions, the
electron withdrawing characteristics also improved the
catalytic behavior of the framework with the current
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density for CO formation increased from 45 mA mg ' for
COF-366-Co to 65mA mg ' for COF-366-F-Co at
—0.67 V (vs. RHE) (Fig. 3e).

Accordingly, metal porphyrin-based COFs, possessing
impressive features with high degree of electronic com-
munication throughout the whole frameworks and or-
ganic backbones allowing for covalent modification, have
demonstrated their potentials in supporting molecular
catalysts for the electrochemical CO,-to-CO reduction.
Meanwhile, fabricating more effective catalysts through
reticular synthesis and exploring the reaction mechan-
isms through experiments and theoretical calculations are
still highly required.

Metalloporphyrin-based MOFs

In addition to incorporating metal porphyrins into COFs
through strong covalent bonds, constructing MOFs
through strong metal-carboxyl bonds provides an alter-
native approach to immobilizing molecular catalysts into
porous framework materials [126,127].

As discussed before, for heterogeneous systems, en-
hancement of either the molecular-scale reaction rate or
the active-catalyst areal concentration might lead to
greater catalytic current densities at a given applied po-
tential. To this end, employing MOFs as high-surface area
platforms for molecular catalysts should also be helpful to
substantially boost their areal concentrations and lead to
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significant leaps in their catalytic performances. Besides,
through covalent attachment to the framework nodes, the
molecular catalysts could be loaded evenly in MOFs and
separated physically, offering the opportunity to avoid
aggregation and deactivation.

Hubb and coworkers [128] demonstrated the use of
thin films of Fe-porphyrin-based MOF-525 as platforms
for anchoring a substantial quantity of an electroactive
molecular catalyst on a conductive electrode for ECR
(Fig. 4a). Such MOF films possessed an ordered and
porous heterogeneous network, permitting free permea-
tion of electrolyte counterions and dissolved CO, into the
interior of the film. Meanwhile, following the mechanism
of redox hopping between neighboring Fe-5,10,15,20-(4-
carboxyphenyl)porphyrin (TCPP) sites, they were able to
transport electrons from the current collector towards the
electrocatalytic sites (Fig. 4b) [129]. In detail, the elec-
trophoretic deposited (EPD) Fe-MOF-525 film showed
an  electrocatalyst  surface  concentration  of
6.2x10 * mol cm 7, in comparison with 7x10 "' mol cm ~
on a flat electrode (Fig. 4c), emphasizing the advantage of
using the MOF as a strategy to boost the catalyst loading
and consequently catalytic performance. When tested in
acetonitrile/tetrabutylammonium  hexafluorophosphate
(TBAPF,) solutions (CO,-saturated), the Fe-MOF-525
system reduced CO, to CO at current densities up to
23mA cm ~ (FEs of 54%+2%), corresponding to a CO
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Figure 4 (a) Illustration of a portion of the crystal structure of MOF-525 in porphyrin free-base form, including the chemical structure of the TCPP
linker and the Zr¢-based node. Reprinted with permission from Ref. [128]. Copyright 2012, American Chemical Society. (b) Illustration of the surface
structure of Fe-MOF-525 electrode, showing the mechanism of redox hopping between neighboring Fe-TCPP sites. Reprinted with permission from
Ref. [129]. Copyright 2015, American Chemical Society. (c) Illustration of the principal for MOF EPD film growth. Reprinted with permission from
Ref. [132]. Copyright 2014, Wiley-VCH. (d) FE of ECR on Fe-MOF-525 electrode [129].
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TON of 272 and an average TOF of 64 h ' (Fig. 4d). As
demonstrated in the homogeneous Fe-TPP systems, the
addition of weak Bronsted acids could elicit significant
improvement in catalytic activity by favoring the proto-
nation of the Fe-CO, adducts. Similarly, in the Fe-MOEF-
525 system, the addition of 1 molL ' trifluoroethanol
(TFE) increased the current densities up to 5.9 mA cm °
(FEs of 41%+8% for CO) and created a CO TON of 1520
and an average TOF of 468 h '. The fact that appreciable
catalytic current can be observed at potentials that are
more positive than the Fe(I)/Fe(0) process implied that Fe
(0)-TPP was highly active for CO, reduction, in agree-
ment with previous studies on Fe-TPP systems. Very
recently, Dong and coworkers [130] reported another Fe-
TCPP-based MOF of pocket channel frameworks (PCN)-
222(Fe) for ECR. Typically, the MOF was mixed with
conductive additives (carbon black) in a ratio of 1:2 to
improve its electric conductivity. When tested in CO,-
saturated aqueous solutions, the composite PCN-
222(Fe)/C showed selective CO,-to-CO reduction with a
current density of 1.2 mA c¢m ~ and an FE of 91%. A TOF
of 0.336s ' was estimated based on the surface con-
centration of active sites (1.622x10° mol cm ).

Yang and coworkers [131] demonstrated an atomic
layer deposition (ALD)-assisted strategy to fabricate Co-
porphyrin based MOF thin films for ECR, in which
MOFs grew in situ on the conductive substrate. Typically,
aluminum oxide thin films were deposited onto the
conductive substrate as metal precursors and subse-
quently reacted with cobalt porphyrin to form MOF films
via a dissolution-recrystallization mechanism (Fig. 5).
Growing porous thin MOF films on the conductive
support guaranteed that each site was simultaneously
exposed to the electrolyte and electrically connected to
the electrode, resulting in high concentration of active
sites (up to 1.1x10”" mol cm ). Besides, compared with
post-synthetic depositions, the ALD-based MOF conver-
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sion technique allowed precise control on catalyst load-
ing, enabling the optimization to balance the active-site
density with mass/charge transfer [132]. In aqueous so-
lutions, the optimized Co-porphyrin based MOF thin
films exhibited selective CO,-to-CO reduction with an FE
of 76% at —0.7 V vs. RHE and sustained a steady elec-
trocatalysis over 7 h with a TON of 1400 per-site. They
also proved that the majority of catalytic sites in this MOF
were cobalt centers and the Co(I) species were critical to
form Co-CO, adducts, in accordance with many former
reports on molecular cobalt porphyrins [133,134].

Accordingly, using MOFs as heterogeneous platforms
represents an efficient strategy to reticulate catalytic
molecular units into a porous network with concentrated
active sites, enabling the MOFs to provide higher catalytic
currents. However, the rates of catalytic reduction of CO,
by the MOF films were still largely limited by the sluggish
charge transfer, leading to small TOF values relative to
those of the homogenous catalyst. Therefore, boosting
charge diffusion rates will be necessary for fully realizing
their promises as electrocatalysts.

Other molecular complex-based MOFs

In addition to metal porphyrins, other molecular catalysts
have also been incorporated into MOFs to produce ECR
catalysts. For example, Sun and coworkers [135] fabri-
cated an [001] oriented Re-MOF film on a conductive
fluourine-doped tin oxide (FTO) electrode via liquid-
phase epitaxy (LPE) (Fig. 6a). Theoretical calculation re-
vealed that the oriented growth along [001] direction of
Re-MOF favored the charge transfer mobility and con-
tributed to the highly favorable electrocatalytic perfor-
mances (Fig. 6b). When tested as the electrode for ECR in
an organic electrolyte, the Re-MOF film followed the
features of related molecular catalysts with two reduction
peaks centered at —0.7 and —0.9 V vs. normal hydrogen
electrode (NHE), corresponding to the reduction of bi-

Figure 5 (a) Co-metalated TCPP units. (b) Illustration of the 3D MOF assembly. Co, orange spheres; O, red spheres; C, black spheres; N, blue
spheres; Al, light-blue octahedra; and pyrrole ring, blue. (c) Functional principles of ECR in the integrated system. Reprinted with permission from

Ref. [131]. Copyright 2015, American Chemical Society.
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Figure 6 (a) Schematic representation of the fabrication process of Re-MOF on the functionalized FTO substrate in a layer-by-layer fashion. (b)
Illustration of the preferred charge transfer pathway in epitaxial Re-MOF along the [001] direction. Reprinted with permission from Ref. [135].
Copyright 2016, The Royal Society of Chemistry. (c) Proposed structures of the cobalt phthalocyanine-based COF series. Reprinted with permission

from Ref. [137]. Copyright 2018, Wiley-VCH.

pyridyl and Re(I), respectively. At —1.6 V vs. NHE, it
exhibited high selectivity in CO,-to-CO reduction with an
FE of 93%+5% and current densities exceeding
2.5mA cm , considerably outperforming the free Re-
bipyridine complexes [136]. Such a high catalytic activity
was attributed to its hierarchical structures loading more
electroactive moieties (estimated to be 7x10 ° mol cm ),
giving a TON of 580 and an initial TOF of 690 h'
However, the current density gradually decreased with
continuous electrolysis for 0.5 h, indicating the degrada-
tion of Re-MOF. Hence, the stability of this system needs
to be improved for further applications.

Recently, Jiang and coworkers [137] provided a pro-
totype of incorporating cobalt phthalocyanine into a new
COF series through covalent bonds linking to boronic
acid and predicted them to be promising catalysts for
ECR (Fig. 6¢). In detail, first principle and classical mo-
lecular dynamic calculations revealed that the energy level
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of Co 3d orbital in Co-phthalocyanine was higher than
that in Co-porphyrin, endowing such COF series with
higher activities in adsorbing reaction intermediates and
lower energy barriers for their reductions. Although
further experiments are still needed, this case indicates
that advanced computational sciences have already shown
their potentials in guiding material synthesis and will play
more and more important roles in conducting scientific
researches [138,139].

MOFs without metal complexes

As discussed in the former part of this section, MOFs and
COFs have been demonstrated to be reliable platforms to
immobilize molecular catalysts. However, in those sys-
tems, the products were mainly in gas phases because
those incorporated metal complexes usually favored CO,-
to-CO reduction. In the following part, some MOFs
without molecular catalyst units and their performances

July 2020 | Vol.63 No.7
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in catalyzing ECR will be introduced.

Traditional MOF-based materials

Among metallic catalysts, Cu uniquely produces hydro-
carbons at high reaction rates over sustained periods of
time, whereas it usually generates a range of reaction
products [140-142]. Thus, fabricating Cu-based catalysts
possessing proper surficial structures and intrinsic prop-
erties is considered to be applicable for selective and ac-
tive CO, reduction. To this end, constructing Cu-based
MOFs has attracted more attentions because of their
combined favorable properties of large surface area,
tunable pore-size, shape-selective characters and electro-
nic conductivities.

In 2012, Hinogami et al. [143] reported the first trial to
employ Cu-based MOF (CR-MOF) in the electrochemical
reduction of CO,. Owing to the adsorption of protons to
nitrogen atoms in the ligands and the accompanying
electron transfer associated with Cu(II) ions, the CR-
MOF had been demonstrated to be both electron and
proton conductive, enabling the dispersed metal sites to
be accessible to the readily supply of electrons and pro-
tons. Those advantages in combination with the nano-
pores restricting the reaction pathway contributed to the
high activity and selectivity of CR-MOF in ECR. In CO,-
saturated aqueous solution, the CR-MOF electrode
showed a more positive onset potential by about 0.2V
than that of the Cu metal electrode, indicating its better
catalytic activity for CO, reduction. Besides, it reduced
CO, to HCOOH with a selectivity of more than 98% and
exhibited a stable catalytic performance, whereas Cu
electrode generated a range of products and underwent
rapid decrease in catalytic activity.

Later in the same year, Kulandainathan and coworkers
[144] investigated another Cu-based MOF (widely known
as HKUST-1) for ECR. When tested in CO,-saturated
DMF/tetrabutylammonium tetrafluoroborate (TBATFB)
solutions, the MOF-coated glassy carbon (GC) electrode
displayed a smaller overpotential and a higher catalytic
current density for CO, reduction than those of a bare
GC electrode, bringing out its electrocatalytic activity on
ECR. CPE revealed that the major product was oxalic acid
with an FE of 51%, and such relatively high selectivity was
attributed to the Cu(I) sites being able to stabilize carbon
dioxide radical anions which further dimerized into ox-
alate anions [145].

Albo et al. [146] further investigated the HKUST-1 for
ECR in aqueous solutions by fabricating gas diffusion
electrodes (GDEs), which are widely employed to increase
the CO, concentration at or near the catalytic sites and to
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facilitate mass transports. More details about the GDE
design will be discussed later [146]. Under optimized
conditions, the HKUST-1 GDE reduced CO, to liquid
alcohols with CH;0H and C,H;OH as the predominant
products in a total FE of 15.9%. In this system, those
unsaturated metal sites exposed in the porous frameworks
were prone to interact strongly with reaction inter-
mediates and favored the C-C coupling reactions. How-
ever, further computational and experimental efforts are
needed to fully elucidate the CO, reduction elementary
steps. Activity degradation with dropped FEs happened
inevitably in long-term electrocatalysis. Experimental re-
sults revealed that the MOF first transformed into
amorphous phases and further underwent generation to
Cu(Il) hydroxycarbonate partially, indicating that the
HKUST-1 was not stable in water and might undergo
hydrolysis or other reaction causing the decrease of active
sites. Those drawbacks in addition to the leaching effect
of the GDE were plausible reasons for its decrease in
electrocatalytic performances [147]. Interestingly, the
amorphous HKUST-1 still exhibited competitive property
in reducing CO, to alcohols, which gave us a clue that
employing materials with low crystallinity might also be
viable once they possess suitable geometric and electronic
structures.

Recently, Irigaray and coworkers [148] tried to in-
troduce heteroatoms (Zn(II), Ru(III) and Pd(II)) to the
benchmark HKUST-1 and investigated their effects on
electrocatalytic CO, reduction. Consequently, all of those
samples showed structures similar to the pristine
HKUST-1 except for enlarged cell parameters, caused by
the occurrence of longer metal-oxygen bonds. Loaded on
GDE:s and tested in aqueous solutions, the Zn(II)-doped
sample showed a similar ECR trend with the pristine
MOF, while the incorporation of Pd(II) hindered the
electroreduction process of CO, to liquid products and
promoted H, revolution. Interestingly, the Ru(III)-doped
sample appeared to be the most promising candidate with
an FE of 47.2% in reducing CO, to alcohols (majorly
CH;0H and C,H;OH). In addition, increasing the dopant
loading could promote the ethanol selectivity reaching
values up to 100%, which was attributed to the stronger
interactions between the dopant metals and reaction in-
termediates that favored C-C coupling reactions
[149,150]. However, its activity fell abruptly to plateau
close to an FE of 10% and impurities were also detected
after long-term running.

Kang and coworkers [151] further replaced Cu by Zn to
produce a pure Zn-based MOF and investigated its per-
formances as the electrocatalyst for ECR (Fig. 7). When
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deposited on carbon paper (CP) and tested in ILs, such
Zn-based MOF/CP electrode showed superior capabilities
in reducing CO, to CH, selectively. In an optimized
sample with the largest electrochemical surface areas and
lowest charge transfer resistance (R,), the selectivity of
CH, could be higher than 80% at a current density of
higher than 3 mA cm ~ with an overpotential of 0.25 V.
In this system, both electrode materials and electrolytes
were demonstrated to be crucial for its high activity and
selectivity (Fig. 7e). Firstly, the Zn-MOFs displayed
stronger adsorption for CO than for CH,, promoting the
generated CO molecules to be further reduced. Besides,
the Zn-MOFs were synthesized in ILs which endowed
them with good compatibility with electrolytes and fa-
vored the mass transports [152]. Moreover, the imida-
zolium-based ILs containing fluorine could adsorb and
activate CO,, which in combination with the large MOF
surfaces accommodating ILs benefited the high electro-
chemical activity of this system (Fig. 7f, g).

Zeolitic imidazolate framework (ZIF)-based materials

ZIF, which is a subclass of MOFs and combines highly
desirable properties of zeolites and MOFs, has emerged as
a novel type of crystalline porous materials for versatile
applications [153-155]. Specially, many ZIFs with stable
structures could be prepared under moderate conditions
in water, making them suitable for electrochemical re-
searches in aqueous solutions [156-158]. Wang and
coworkers [159] reported the first investigation in em-
ploying ZIF for ECR. In aqueous solutions, the Zn-based
ZIF (ZIE-8) electrode could deliver a high catalytic ac-

Anode Cathode|

tivity towards CO, electroreduction as well as a decent
stability with 60% CO yield lasting for more than 4 h. In
controlled experiments, neither the ZIF-67 (a Co-based
ZIF with similar structures with ZIF-8) nor the decom-
posed ZIF-8 showed comparable CO, reduction re-
activity, so that the discrete Zn nodes undergoing
reversible redox reactions were thought to be critical for
high CO selectivity. Meanwhile, the counter anions in
electrolytes were proved to have intriguing effects on
electrocatalysis because suitable anions being able to ea-
sily adsorb into and desorb from the ZIF pores could
allow facile anion exchanges for charge balance and lead
to the enhanced electrochemical reduction of CO, [160].

Other functions of MOFs and COFs in ECR

In above systems of MOFs and COFs, whether with or
without molecular catalyst units, metal centers were re-
garded as the electrocatalytic sites towards CO, reduction.
In the following part, we will introduce some other roles
that framework materials might play in ECR other than
providing active centers.

Supporting catalytic species

Commonly, the ultrahigh specific surface areas and per-
iodic intraframework chemical functionality of MOFs
create the possibility for installing well-separated active
sites within the framework with extremely high active-site
density. Those features also render MOFs appealing as
ideal support for immobilization of other functional
materials. Thus, embedding nanoparticles within MOFs
has been proved to be applicable in fabricating advanced
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Figure 7 (a) Schematic fabrication of the Zn-based MOF electrode. Scanning electron microscopy (SEM) images of (b) the cross section of the
electrode, (c) electrode surface and (d) the amplified electrode surface. (e) The possible pathway for electrochemical reduction of CO, to CH, on the
Zn-MOF/CP cathode in ILs. (f) Cyclic voltammetry (CV) curves and (g) current density profiles (at —2.2 V vs. Ag/Ag’) in different ILs: 1-BmimBF,; 2-
BmimOTf; 3-BmimPFg; 4-BmimClO,. Reprinted with permission from Ref. [151]. Copyright 2015, The Royal Society of Chemistry.

1124

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

July 2020 | Vol.63 No.7



SCIENCE CHINA Materials

REVIEWS

catalysts [161-163].

Kung et al. [164] demonstrated that such strategy was
also viable to produce functional electrocatalysts for ECR.
Via an approach termed solution-phase analogue of ALD
in MOFs, Cu(Il) clusters were installed in a zirconium-
based MOF (NU-1000) uniformly (Fig. 8). Although a
large amount of Cu(II) sites were introduced in the Cu
(I)- NU-1000, only a few of them were electrochemically
addressable due to the poor conductivity of NU-1000
[165]. However, further electroreduction detaching Cu
from the NU-1000 framework produced Cu nanoparticles
(smaller than 10 nm) inside the MOF channels and lar-
gely increased the fraction of electroactive Cu sites from
0.5% to 16% of the total amount of Cu. Consequently, in
a CO,-saturated aqueous electrolyte solution containing
0.1 mol L' NaClO,, the Cu-NU-1000 could effectively
reduce CO, to HCOOH and CO at a current density of
about 1.2 mA cm (—0.82 V vs. RHE) and an FE of 31%,
which was broadly consistent with results reported pre-
viously for ECR on Cu electrodes. In spite of their com-
petitive reactivity toward ECR, employing MOFs to
support electrocatalysts for ECR constitutes a nascent
subfield and more efforts should be paid to improve their
selectivity and activity.

Capturing CO,
One of the long-standing issues that prohibit large-scale
CO, electroreduction is the suppressed reaction rate,
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which is correlated with the limited reaction areas of bulk
electrodes and poor solubility of CO, in most solvents. To
solve this problem, embedding catalysts on GDEs has
been widely utilized [166-168]. Generally, GDEs are
electroconductive composites constructed on porous
materials, and they have the advantage of establishing
stable and extended three-phase boundaries (TPB) of gas-
liquid-solid interface, allowing sufficient exposure of
catalysts to the reactants as well as fast exchange of re-
actants and products. Nonetheless, the reduction effi-
ciency and product selectivity of ECR are still limited by
the low CO, solubility in aqueous solutions [169].
Therefore, it is necessary to find materials/designs that
can remarkably increase local CO, concentration on the
basis of contemporary GDEs. Actually, MOFs and COFs
should be suitable candidates because they have thor-
oughly demonstrated strengths for gas storage and se-
paration (Fig. 9a) [170-172]. Moreover, some of them
could adsorb and release large amount of CO, under
room temperature reversibly, which will favor smooth
CO, transport and the consequent reduction (Fig. 9b)
[173-177].

To this end, Qiu and coworkers [178] introduced the
Cu-based MOF into Cu nanoparticles decorated GEDs
and demonstrated that it could efficiently lower the onset
potential and improve the selectivity of CH, in ECR.
Functioning as the CO, capturer, the Cu-based MOF
could increase the CO, concertation on the interface

Normalized signal
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Figure 8 (a) Schematic representation of solvothermal-deposition in MOFs (SIM) to install single-site Cu(II) into the NU-1000 thin film and the
electrochemical reduction of Cu(II) to generate metallic Cu nanoparticles. Top-view SEM images of the (b) NU-1000 thin film and (c¢) Cu-SIM NU-
1000 thin film. (d) Cross-section SEM image of the Cu-SIM NU-1000 thin film (left part) and energy dispersive X-ray spectroscopy (EDS) line scan
results (right part). (e) Cross-section SEM image of the reduced Cu-SIM NU-1000 thin film (left part) and EDS line scan results (right part). Reprinted
with permission from Ref. [164]. Copyright 2017, American Chemical Society.
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Figure 9 (a) Schematic representation of the functionalized MOF (UiO-66) for CO, separation. Reprinted with permission from Ref. [176].
Copyright 2017, Springer Nature Publishing Group. (b) Flexible design on MOF pores by varying the length of linkers for gas separation. Reprinted
with permission from Ref. [171]. Copyright 2018, Springer Nature Publishing Group. (c) Structural schematic diagram of GDE with Cu-based MOF as
CO, capturer. Reprinted with permission from Ref. [178]. Copyright 2017, American Chemical Society.

between GDE and the electrolyte (Fig. 9¢c), thereby facil-
itating CO, transport and inhibiting HER. Specifically, in
an optimized system, the modified electrode delivered FE
of CH, 2-3 folds higher than that of the GDE without
Cu-MOF capturer and suppressed HER remarkably with
FE of H, decreasing up to 30%. However, the introduc-
tion of Cu-based MOF to GDE also induced negative
effect, regarding to the insulating effect to block the
electron transfer. Thus, the ECR reactivity was mitigated
by the competing results of the beneficial effect of the
CO, concentration improvement and the blocking effect
on the Cu active sites. Although the modified electrode
could perform stable catalytic activity and selectivity for
6 h, structure and performance degradation were in-
evitable in prolonged time-period because the MOF was
not stable in water.

Inspired by their work, we speculate that integrating the
storage and catalytic units together should be promising
and the emerging reticular chemistry could provide ap-
plicable tools to fabricate framework materials combining
the capturing and active sites, providing unparalleled
opportunities for exploring effective electrocatalysts for
ECR. With the integrated design, the CO, concentration
around the reduction centers will be much higher than
that in the bulk solution, resulting in the smaller over-
potential. Besides, according to the chemical collision
theory, the promoting effect of high reactant concentra-
tion would be even more remarkable from the kinetic
aspect, if all CO, are electrochemically active [179].
Generally, in aqueous solutions where protons transfer is
fast, increasing CO, concentration can greatly enhance
the reaction rate.
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Modifying electrode surfaces

Commonly, many MOFs and COFs could uptake a large
amount of CO, through physisorption and the weak in-
teraction has been thought to be critical for quick ad-
sorption-desorption cycles. Very recently, Liu et al. [180]
reported that amine-based COFs being able to chemically
adsorb CO, molecules are effective coatings to improve
the selectivity of traditional silver metal electrode in cat-
alyzing ECR.

Typically, the amine-based COFs were produced
through direct reduction of their parent imine-linked
frameworks (COF-300 and COF-366-M, where M=Co,
Cu and Zn) (Fig. 10a). In those reduced COFs, the
crystallinity and underlying topology were fully retained,
while the newly formed amine linkages provided excep-
tional chemical stability in strong aqueous acid and base.
Besides, the abundant amino groups could act as che-
misorptive sites to selectively capture CO, molecules by
forming carbamate (Fig. 10d), which was believed to be
the key transition state for CO,-to-CO reduction in this
system. When deposited on a silver electrode for ECR, the
excellent chemical stability of these COFs in combination
with the amine functional groups led to a robust and
molecularly defined interface at the silver metal surface
(Fig. 10b, c). Consequently, the concerted operation of
COFs and the Ag metal surface provided high conversion
efficiency and excellent selectivity of ECR against HER.
Typically, the CO conversion efficiency was raised from
43% to 80% and that for HER was suppressed to 9% at
—0.85V vs. RHE (Fig. 10e, f). Accordingly, constructing
concerted electrode with framework materials and tradi-
tional metals represents a promising direction for acces-
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sing high efficiency and selectivity in ECR.

Short summary

In short, combining the merits of heterogeneous and
homogeneous systems, MOFs and COFs have demon-
strated their potentials in immobilizing molecular cata-
lysts as well as functioning as versatile electrocatalysts or
electrocatalytic promoters for ECR. Generally, unique
characteristics of framework materials contribute to their
outstanding performances in catalyzing ECR. Firstly, the
dispersion and isolation of actives sites could maximize
their utilization especially with the help of advanced na-
noengineering technologies of fabricating MOFs or COFs
thin films on conductive substrates, which in combina-
tion with the high porosity and surface areas greatly fa-
cilitate the access of reactants to catalytic sites. In
addition, those interconnected frameworks could adsorb
CO, molecules physically or chemically and improve their
local concentration at the electrode-electrolyte interfaces,
thereby increasing the rate of ECR and suppressing HER.
Besides, owing to their modulative nature, those frame-
work materials could be modified by grafting desired
groups onto their metal centers or organic linkers as well
as by tuning their interconnected pores to allow smooth
molecule transportation. In this sense, multiple functions
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could be fulfilled in a single MOF- or COF-based system,
further benefiting the catalytic reactivity. Moreover, the
well-defined electronic and geometric structures in MOFs
or COFs are beneficial to deduce the relationship between
structure and property, shedding light on understanding
their reaction mechanisms.

Though tremendous advances have been achieved,
employing MOFs or COFs in catalyzing ECR is still in its
infancy and several drawbacks should be improved in
future research. Firstly, most of those MOFs or COFs are
not ideal electronic conductors and the limited charge
carrier mobilities impede them from delivering their full
potentials, resulting in low catalytic current densities and
large overpotentials. Besides, most of them are not stable
in aqueous solutions, leading to inevitable performance
degradations in long-term electrocatalysis. Fortunately,
with the help of potent tools provided by the emerging
reticular chemistry, improving water-stability and en-
gendering electroconductivity in MOFs or COFs have
been proved to be achievable.

MOFs- AND COFs-DERIVED MATERIALS
FOR ECR

Framework materials, containing both inorganic metal
centers and organic ligands, can serve as ideal sacrificial
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precursors to afford highly dispersed metal/metallic
compound/carbon materials or their composites via facile
calcination-thermolysis strategies [181-185]. Thus, MOF-
and COF-derived materials have also attracted numerous
attentions for they to some extent inherit advantages of
their parent materials and provide enhanced conductivity
and stability. In this part, we introduce some of those
materials explored for ECR and discuss their strengths
and weaknesses.

MOFs- and COFs-derived carbon materials

As mentioned before, doping heteroatoms (e.g., N, B and
P) into carbon structures has been widely explored to
improve the chemical, electrical, and functional proper-
ties of carbon materials for ECR. Actually, framework
materials containing heteroatoms should be ideal sacri-
ficial templates for the synthesis of heteroatom-doped
porous carbons because of their high porosity and evenly
dispersion of atoms [186-188]. For instance, Wang and
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coworkers [189] reported a nitrogen-doped carbon
through direct pyrolysis of ZIF-8 (Fig. 11a, b), followed
by a subsequent acid treatment, and demonstrated it to be
an effective electrocatalyst for CO,-to-CO reduction.
Specifically, when applied as an electrode material in
aqueous solutions, the N-doped carbon exhibited a stable
current density of 1.1 mA cm ~ and an FE of ~80% for
CO at —0.93 V vs. RHE (Fig. 11c). The high activity and
selectivity were attributed to the presence of large amount
of functional N species in the carbon structures for they
could facilitate the transfer of proton-electron pairs to
CO,, thereby lowering the energy barrier for the pro-
duction of *COOH, an intermediate for CO formation. In
addition, the well-developed porosity further improved
the activity by making more active sites accessible.
However, the direct pyrolysis of framework materials
usually leads to drastic decrease of specific surface areas,
which is attributed to the collapse of the well-defined
microporous structures [190,191]. Besides, those dis-
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Figure 11 (a) Schematic illustration of the route to synthesize ZIF-8 and N-doped carbon (NC). (b) Transmission electron microscopy (TEM) images
of ZIF-8 (upper) and NC-900 (bottom). The agglomeration of dispersed carbon nanoparticles in NC-900 is clear. (c) FEs for CO (upper) and H,
(bottom). The number following NC refers to the pyrolytic temperature. Reprinted with permission from Ref. [189]. Copyright 2018, American
Chemical Society. (d) Schematic presentation of enhanced interparticle conductivity and mass transport in MWCNT supported NC. (e) TEM images
of ZIF-CNT (upper) and the derived ZIF-CNT-FA-p (bottom). (f) FEs for CO (upper) and H, (bottom). FA is short for furfuryl alcohol, acting as an
additional carbon source. The p refers to pyrolyzed sample. Reprinted with permission from Ref. [196]. Copyright 2018, The Royal Society of
Chemistry.
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persed carbon nanoparticles always suffer from agglom-
erations and inevitable deactivations in long-term appli-
cations [192]. Therefore, growing framework materials on
robust substrates such as multi-wall carbon nanotubes
(MWCNTs) and graphene has been widely utilized to
fabricate hybrid materials. Further, thermal decomposi-
tion of those composites/mixtures could give more ad-
vanced carbon materials [193-195]. For example, Guo et
al. [196] prepared a stable N-doped porous carbon by
pyrolysis of MWCNTs-supported ZIF-8 and explored its
performances for ECR (Fig. 11d, e). The resulting mate-
rial exhibited higher electrochemically accessible surface
areas than that of pyrolyzed ZIF-8 sample without
MWCNTs, thus contributing to its high catalytic activity
with a current density of 7.7 mA cm * at —0.86 V vs. RHE.
What is more, with an optimum at —0.86 V vs. RHE, it
displayed a selective CO,-to-CO reduction in an FE of
nearly 100% and a steady performance for 10 h (Fig. 11f).
In addition to the high percentage of N species available
for catalytic reactions, the MWCNTSs also played pivotal
roles in promoting CO,-to-CO reduction for they pro-
vided free pathways for electrons and created mesopores,
supporting superior electron and mass transports.

MOFs- and COFs-derived metal-based materials

Porous carbon materials are also attractive for manu-
facturing carbon-based hybrid catalysts due to their large
pore volumes, which allow uniform distribution of the
CO, molecules over the catalysts’ surfaces and create
massive active sites for ECR [197,198]. The carbonization
of metal-containing framework materials offers a
straightforward way of fabricating porous carbon and
metals/metal oxides hybrid materials. Specifically, the
porous carbon could be directly casted from organic
linkers during the process of high temperature treatment,
while the metal nodes could be incorporated into the
carbon matrix. In hybrid systems, the activity and se-
lectivity for ECR are affected by the nature of metals,
distribution of metal particles and properties of the car-
bon substrates [199,200].

For example, Zhao and coworkers [201] synthesized
oxide-derived Cu/carbon (OD Cu/C) via a facile pyrolysis
of Cu-based MOF (HKUST-1) (Fig. 12a). In the resulting
material, Cu nanoparticles acting as the active sites for
ECR were embedded evenly in the porous carbon matrix
in an atomic ratio of 4.5%, among which Cu,O residues
were detected (Fig. 12b-e). When deposited on GC
electrode and tested in CO,-saturated aqueous solutions,
the resulting material could catalyze CO, reduction to
alcohols (methanol and ethanol) at an onset potential of
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—0.1 V vs. RHE, corresponding to overpotentials of 120
and 190 mV for methanol and ethanol generations, re-
spectively. Meanwhile, it presented a high selectivity to-
ward alcohol formation, producing methanol with FEs of
13.8%-43.2% and ethanol with FEs of 24%-34.8% at
potentials between —0.1 and —0.7 V vs. RHE (Fig. 12f, g).
Notably, both the FEs and overpotentials for ethanol
formation were comparable to the state-of-the art Cu-
based catalysts, indicating that such MOF-derived mate-
rial was potent in CO,-to-alcohol reduction. The im-
provements in activity and selectivity of the oxide-derived
Cu/carbon could be attributed to the synergistic effects
between the highly dispersed copper and the matrix of
porous carbon. Firstly, the porous carbon substrate pro-
vided a large electroactive area and created high CO,
concentration at the electrode/electrolyte interface, pro-
moting the reaction activity and benefiting the C-C
coupling [202]. Also, it offers excellent pathways for
electron and mass transport, minimizing their related
resistances. Besides, the residual Cu,O could modify the
electronic structure of Cu and induce a strong binding
strength to atomic O, thus reducing the overpotential for
ECR and favoring C-C coupling. In addition, embedded
separately in the carbon matrix, catalytic active Cu na-
noparticles were protected from agglomeration and de-
activation, presenting prolonged life for electrocatalysis.

MOFs- and COFs-derived single-atom electrocatalysts

Commonly, in hybrid materials, metals/metal compounds
are prone to aggregate during the thermal treatments,
resulting in enlarged nanoparticles and destructed porous
structures. What is more, the catalytic sites for ECR are
only located on the surface or near surface areas where
TPB are formed. Thus, minimizing the sizes of catalytic
nanoparticles to expose more reactive sites is important
to facilitate the mass/electron transfer at the interface and
to achieve high catalytic reactivity. To this end, single-
atom electrocatalysts (SAECs) possessing unique elec-
tronic and geometric structures have attracted tre-
mendous attentions because they often exhibit
unexpected catalytic activity for many important chemi-
cal reactions [203-205]. Generally, the rational design
and accurate modulation of nanostructured electro-
catalysts at the atomic scale are of grand challenges be-
cause of the high mobility and diffusivity of sub-
nanometer species [206,207]. Actually, framework mate-
rials have been demonstrated as excellent precursors or
carriers for SAECs because of their unique features al-
lowing sophisticated control over the catalytic motif,
support composition and microstructures [208-210]. In
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Figure 12 (a) Schematic synthesis process of oxide-derived Cu/carbon catalysts. SEM images of (b) HKUST-1 and (c) OD Cu/C-1000. The number
refers to the pyrolytic temperature. (d) TEM image of OD Cu/C-1000. (e) Magnified TEM image and selected area electron diffraction (SAED)
patterns of OD Cu/C-1000. (f) Production rates and (g) FEs for ECR products on OD Cu/C-1000 electrode. Reprinted with permission from Ref.

[201]. Copyright 2017, American Chemical Society.

this part, we introduce two strategies relating to MOF-
assisted fabrication of SAECs.

Post-synthetic modification

Zhao et al. [211] presented a MOF assisted method to
prepare single-atom catalyst for ECR, which used post
synthetic modifications of pristine ZIF-8 (Fig. 13a). Ty-
pically, through a double-solvent approach, Ni ions were
confined within the cavities of ZIF-8. Further pyrolysis
induced the transformation of organic ligands into a N-
doped carbon skeleton, where Ni ions occupied the va-
cancies caused by Zn nodes evaporation and were stabi-
lized by N coordination, generating a hybrid material
with Ni single atoms distributed in N-doped porous
carbon (Ni SAs/N-C) (Fig. 13b-g). The homogeneous
distribution of Ni species on the carbon substrate com-
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bined with dominant Ni-N coordination corroborated the
atomic dispersion of single Ni sites (in a ratio of 1.53 at%)
(Fig. 13h). When evaluated in aqueous solutions, it
showed a high selectivity towards catalyzing CO,-to-CO
reduction with an FE of 71.9% at —0.9V wvs. RHE
(Fig. 13i). Besides, an ultra-high TOF of 5273 h ' was
achieved at —1.0 V vs. RHE. Moreover, it exhibited steady
electrocatalytic performances for 60 h, during which no
obvious decay in FE or current density was detected.
Typically, inheriting the high surface area and abundant
porosity of ZIF-8, the Ni SAs/N-C displayed excellent
CO, adsorption capacity and favored electrolyte diffu-
sion/mass transport. Also, the carbon substrate provided
an ideal pathway for facile electron transfer, hence low-
ering the interfacial charge-transfer resistance. Most im-
portantly, the downsizing Ni to Ni single-atom catalyst
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dramatically changed its catalytic selectivity (Fig. 13j)
[212,213].

Similarly, another single-atom catalyst derived from
ZIF-8 was reported by Huan and coworkers [214], in
which atomically-dispersed Fe ions hosted in the carbon
matrix and coordinated with N and/or C atoms (Fig. 14a),
forming a typical Fe-N-C material. In an optimized
sample, the material containing Fe-N, moieties in a ratio
of 100% displayed superior activity and selectivity in
catalyzing CO,-to-CO reduction in aqueous solutions
(Fig. 14b), in terms of low onset potential (—0.3 V wvs.
RHE, overpotential of 190 mV), high FE (up to 91%), and
sustaining long-term electrolysis (stable current density of
6 mA cm  for 6 h). Notably, owing to the flexibility of
the MOF-assisted strategy, other Fe-containing moieties
(e.g., FeC; and Fe crystalline nanoparticles) could be in-
troduced facilely (Fig. 14c), therefore enabling the iden-
tification of their roles in hybrid systems. Specifically, the
presence of Fe carbide and Fe crystalline nanoparticles
resulted in high FE for H, evolution, indicating that the
isolated Fe-N, sites were critical for the selective CO,
reduction into CO (Fig. 14d, e) [215]. Although most of
Zn species in ZIFs were removed during the pyrolysis and
acid-leaching processes, there were still residual Zn ions
anchored into the carbon matrix with N sites, which in-
evitably interfered with the exposure of Fe-N, sites and
restricted their catalytic activity. To tackle this issue, Yang
and coworkers [216] explored an additional ammonia
treatment process to facilitate the sublimation of residual
Zn species and unstable carbon moieties, thus producing
a hierarchical porous structure with larger specific surface
area and more exposed Fe-N, sites. Consequently, an
optimal catalyst synthesized from such method showed
much improved activity with a CO current density of
17.8 mA cm ’, outperforming the material prepared
without a second ammonia reduction. Besides, the am-
monia treatment introduced more mesopores into the Fe-
N-C catalyst which further promoted the mass transfer
during the ECR and favored the high-rate electrocatalysis.

In situ substitution

In addition to filtrating ions into the pores, ionic ex-
changes could happen in the frameworks by substituting
metal centers with other metal ions, thus providing an
alternative strategy to produce SAECs (Fig. 15a)
[217,218]. For instance, Song and coworkers [219] pre-
pared a Co-based SAEC supported by nitrogen-doped 3D
hollow carbon structure (Co-HNC) from a Zn/Co bi-
metallic ZIF grown on ZnO nanospheres (ZnO@ZIF).
The presence of Zn nodes in the frameworks could dilute
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the concentration of Co, which in combination with the
excess Zn evaporation from ZnO template effectively
prevented aggregation of Co single atoms during the
pyrolysis process. Moreover, the in situ reduction and
evaporation of ZnO cores created hollow interiors and
sponge-like carbon shells (Fig. 15b-1), forming hier-
archical pore systems with more mesopores and allowing
maximal exposure of active sites for triple-phase elec-
trocatalytic reactions. With Co single atoms uniformly
coordinated in the form of Co-C,N, moieties (Fig. 15m),
such material worked as a bifunctional catalyst for ECR
and HER in aqueous solutions and generated CO and H,
in a ratio approximating 1/2 within a wide potential
window (nearly 100% FE in total) (Fig. 15n), thus farming
it as a promising electrocatalyst for syngas production.

Short summary

Generally, those MOF-derived materials to some extent
inherited advantageous features (e.g., large surface areas
and porous structures) from pristine MOFs and demon-
strated competitive performances in catalyzing ECR.
Compared with pristine MOFs, whether in those carbon
materials or metal compound/carbon hybrids, the carbon
matrixes obtained from the organic ligands provided fast
electron transfer pathways, thus inducing improved
electronic conductivity. Also, those carbon substrates
prevented the aggregation of metal/metallic compounds
nanoparticles or the collapse of integrated architectures in
long-term operations. Besides, heteroatom-doping could
be realized easily, thus offering opportunities to tune the
electron distribution and to create favorable micro-
environment for CO, reduction.

Albeit some physiochemical features of MOF-derived
materials can be controlled by tuning the pyrolysis pro-
cesses, the limited knowledge of the transformation me-
chanism restricts their rational design. Therefore, in situ
experimental and characterization techniques should be
introduced to further understand those systems.

SUMMARY AND PERSPECTIVES

Among tremendous strategies aiming to mitigate the
negative effects of CO, accumulation in the atmosphere,
reducing CO, into carbonaceous fuels electrochemically
seems to hold great promise due to the increasing amount
of electricity generated from intermittent renewable en-
ergies. For practical applications, since the ECR is a
complex process which produces various kinds of pro-
ducts and always suffers from sluggish kinetics, exploring
robust electrocatalysts being able to reduce CO, selec-
tively and actively is highly desired. In the past few years,
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Figure 13 (a) Scheme of the formation of Ni SAs/N-C. (b) TEM and (c) high-angle annular dark-field scanning TEM (HAADF-STEM) images of Ni
SAs/N-C. (d) Corresponding SAED pattern of an individual rhombic dodecahedron. (e, f) Magnified HAADF-STEM images of Ni SAs/N-C. The Ni
single atoms are marked with red circles. (g) Corresponding EDS mapping images revealing the homogeneous distribution of Ni and N on the carbon
support. (h) X-ray absorption near-edge structure (XANES) spectra and corresponding fitting curves of Ni SAs/N-C. Inset is the proposed Ni—Nj,
moiety. (i) FEs for CO on Ni SAs/N-C and Ni NPs/N-C. NP refers to nanoparticle, formed by the accumulation of single atoms and crystal growth
when excess Ni ions were adsorbed. (j) Proposed reaction paths for CO, electroreduction on Ni SAs/N-C. Reprinted with permission from Ref. [211].

Copyright 2017, American Chemical Society.

MOFs- and COFs-based materials have demonstrated
great potentials in catalyzing ECR due to their high spe-
cific surface areas and porous structures that provide
more exposed active sites and facile mass transport
pathways. Also, the emerging reticular chemistry makes
tuning their electronic and geometric features on the
atomic/molecular levels possible, thus satisfying their
modifications to favor a specific product in ECR [220-
222].

Albeit advances have been achieved, employing fra-
mework material-based catalysts for ECR is still in its
infancy and a systematic investigation is needed to figure
out how those intrinsic characteristics of MOFs/COFs
affect their reactivity in catalyzing ECR. Whilst, more
efforts should be dedicated with the following concerns
that prohibit framework-based materials from practical
applications. Firstly, the majority of pristine MOFs/COFs
usually display poor electronic conductivity, which is the
bottleneck for achieving high efficiency in ECR. There-
fore, developing conductive MOFs/COFs and hybridizing
them with conductive materials (e.g., carbon-based ma-
terials) will create new opportunities to design highly
efficient electrocatalysts. Secondly, the poor stability of
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MOFs/COFs in water caused by the leaching of metal
species or organic components usually incurs inevitable
performance decays in long-term electrolysis. In detail,
the coordinatively unsaturated metal centers in MOFs/
COFs are prone to react with water molecules and dis-
solve from the frameworks. Thus, modifying MOFs/COFs
with hydrophobic groups while preserving their facile
mass transports is highly desired [223]. Besides, inspired
by the function of solid electrolyte interfaces (SEI) fully
investigated in energy storage systems [224,225], en-
capsulating MOFs/COFs into protective matrixes should
be conceivable to block those active centers from che-
mical attack and to counter their deterioration. Except the
electrolyte-induced degradation, the dispersed metal
centers undergoing redox reactions might agglomerate
and leach from the frameworks when they are reduced to
the zero valance states, similar to the common deactiva-
tion mode in molecular complexes. Therefore, con-
structing MOFs/COFs with  conjugated electron
structures is of great importance to stabilize the metal
centers even in their atomic states. Whilst, in some mo-
lecular catalysts, the redox reactions occur on the organic
ligands or on both the metal centers and organic ligands,
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Figure 14 (a) Schematic representation of the various Fe-N-C materials obtained upon pyrolysis: the amount of Fe nanoparticles increases with
increased Fe loading. Fe atoms are represented in red, C atoms in grey and N atoms in blue. The graphitic shell typically surrounding Fe nanoparticles
after pyrolysis is not represented for clarity. (b, ¢) *Fe Mossbauer absorption spectra of Fe-N-C materials, as labelled on the figures. FEs for (d) CO
and (e) H, formation of those materials. Reprinted with permission form Ref. [214]. Copyright 2017, American Chemical Society.

thus providing valuable clues on designing various
MOFs/COFs with stable redox centers [226]. The organic
framework derivatives, with partially inherited char-
acteristics of pristine MOFs/COFs, have addressed some
issues associated with their parent materials, namely
electronic conductivity and stability. However, precise
control on the electronic and morphologic parameters of
these materials is absent because of the limited knowledge
of the transformation process, inhibiting their rational
designs at this stage. Thus, uncovering the possible mi-
gration and disordering of compositional components
may elucidate the transformative trends and help fabri-
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cate more advanced organic framework-derived electro-
catalysts.

Given that we have learned more about the ECR me-
chanisms according to recent progresses in both experi-
mental and theoretical trials, it should be possible to
control which pathway dominates at the branching point
via artificially tuning the electric fields of MOFs or COFs.
For example, a strong binding energy between *CO and
the catalyst promotes its further reduction and a large
amount of *CO coverage favors C-C dimerization. In
common, knowing the intermediates and producing in-
termediate-rich local environments are pivotal pre-
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different areas. Part of Co single atoms are marked with red circles. (m) Atomic contents of N species in Co-HNC and Co NP-SNC (solid nitrogen-
doped carbon embedded with Co nanoparticle). Inset is the proposed Co—C,N, moiety. (n) Productivity (left Y-axis) and FE (right Y-axis) of Co-
HNC. Reprinted with permission from Ref. [219]. Copyright 2018, Wiley-VCH.

requisites to increase the catalytic selectivity towards va-
luable hydrocarbons, and they should be taken into
consideration in designing electrocatalysts.

In summary, as an effective electrocatalyst for ECR
should possess optimal electronic and geometric char-
acteristics favoring rapid and stable generation of a de-
sired product, framework-based materials being able to be
tuned precisely provide ideal platforms to design ad-
vanced electrocatalysts and to explore how those features
affect the catalytic properties. Looking forward, in addi-
tion to experimentally achieving predesigned composi-
tions, components, and functions via atomically precise
integration of building blocks and metal centers, con-
ducting theoretical calculations is urgently required to
gain deep insight into catalytic mechanisms and to gen-
erate design rules for new catalysts [227]. Additionally, on
the other side of the electrode-electrolyte interfaces, the
liquid media also play pivotal roles in determining the
binding affinities of critical reaction intermediates,
thereby influencing the selectivity and efficiency of ECR
[228,229]. From this perspective, engineering catalytically
promoting electrolytes compatible with advanced frame-
work material-based electrodes will alleviate many bar-
riers of ECR and engender reliable systems for practical
applications. Granted, deliberate design for framework-
based materials might pave the way for fabricating ex-
cellent ECR catalysts in laboratories, but exploring large-
scale synthetic methods with high yields and affordable
cost is required for industrial applications. Clearly, in the
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coming years, the increasing researches geared toward
fabricating MOFs- and COFs-based materials will create
unparalleled opportunities to fabricate advanced electro-
catalysts for ECR.
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