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Metal and covalent organic frameworks (MOFs/COFs) are emerging promising candidates in the field of
catalysts due to their porous nature, chemically well-defined active sites and structural diversity. However,
they are typically provided with poor electrical conductivity, which is insufficient for them to work as satis-
fying electrocatalysts. Designing and fabricating MOFs/COFs with high conductivity presents a new
avenue towards special electrochemical reactions. This minireview firstly highlighted the origin and design
principles of conductive MOFs/COFs for electrocatalysis on the basis of typical charge transfer mecha-
nisms, that is “through space”, “extended conjugation” and “through bond". An overview of conductive
MOFs/COFs used in the electrocatalytic carbon dioxide reduction reaction (CO,RR), water splitting and
the oxygen reduction reaction (ORR) was then made to track the very recent progress. In the final
remarks, the present challenges and perspectives for the use of conductive MOFs/COFs as electrocata-
lysts including their structural optimization, feasible applications and structure—activity correlation are
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1. Introduction

Energy and environmental issues have become the focus of
research all over the world in the past few decades due to the
serious negative impact originating from the over-exploration
of fossil fuels. Clean energy conversions based on electrocata-
lysis are among the most efficient ways to realize the water
cycle, carbon cycle and nitrogen cycle, which are beneficial for
the mitigation of energy and environmental problems.
Meanwhile, the involved electrocatalytic reactions include the
carbon dioxide reduction reaction (CO,RR),> the oxygen evol-
ution reaction (OER),® the hydrogen evolution reaction (HER),”
the oxygen reduction reaction (ORR)’ and the nitrogen
reduction reaction (NRR),® all of which are typically slow in
kinetics or complex in final products. Thus, it is particularly
significant to develop advanced electrocatalysts with high
activity, selectivity and efficiency.

Conventional homogeneous catalysts are usually highly
selective but inefficient due to their superior well-designed
chemical structures but limited mass transfer properties in
electrocatalytic solutions.” However, even though great efforts
have been devoted to optimizing heterogeneous catalysts in
their morphology, composition and nanostructures, it is still
hard to maximize their active sites.® Recently, metal-organic
frameworks and covalent organic frameworks (MOFs/COFs), as
emerging types of porous crystalline materials with molecular
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active sites installed, could provide homogeneous catalytic
domains within the heterogeneous matrix, serving as ideal
bridges between the homogeneous and heterogeneous catalysts.
They have fascinating characteristics such as highly accessible
areas, abundant active sites, predesigned building units and
well-defined catalytic environments.’** The intrinsic activity of
MOFs/COFs can be easily tuned and the active sites anchored
inside the inherently ordered nanopores can be fully utilized.
However, the applications of MOFs/COFs in electrocatalysis are
far away from expected.'®'* The underlying challenge is the
ability of electron transfer in MOF/COF materials, most of
which have very poor intrinsic conductivities.

In a study published in 2008, Takaishi et al. proposed the
first case of conductive MOFs, Cu[Cu(PDT),] (PDT is 2,3-pyrazi-
nedithiolate) with a high electrical conductivity of 6 x 107"
S em™" at 300 K." This finding shed light on the potentially
feasible MOF/COF electrocatalysts. Combined with their fasci-
nating characteristics, the electrically conductive MOFs/COFs
may provide an effective way to boost their electrocatalytic per-
formance. The conductive MOFs/COFs can be either a conduc-
tor (on the order of 10 to 10°> S em™") or a semi-conductor (on
the order of 107'° to 10 S cm™'). The conductivities of the
reported conductive MOFs/COFs for electrocatalysis are statisti-
cally larger than 107 S em™, to be competent as efficient
electrocatalysts.

Herein, a comprehensive minireview is made over conduc-
tive MOFs/COFs specifically for electrocatalysis. The design
principle will be firstly summarized on the basis of three
typical charge transfer mechanisms, that is “through space”,
“extended conjugation” and “through bond”. The emphasis
will be laid on the combination of electrocatalytic active sites
and conductivity. Then recent progress of conductive MOFs/
COFs in the electrocatalytic CO,RR, the HER/OER and the
ORR will be surveyed, covering the synthesis and properties of
different electroactive MOFs/COFs. It can be seen that not so
many research achievements can be found in this area, so the
perspectives and standing challenges will be proposed after
the conclusion section. Through this minireview, we believe
that researchers can systematically understand the origin and
design principles for the use of conductive MOFs/COFs as elec-
trocatalysts, which would open a new avenue for their further
study in electrochemical related areas (Fig. 1).

2. Design principle

Electrical conductivity, (), is an intrinsic characteristic that
quantifies the charge transfer in a material. It varies by orders
of magnitude for different samples. Two parameters are deci-
sive to influence the electrical conductivity. One is the charge
carrier concentration and the other is the charge carrier mobi-
lity."® In the case of conductive MOF/COF materials, highly
conjugated structures are typically designed to increase the
charge carrier concentration via the delocalized electrons in a
large area. Strategies involving different charge transfer
mechanisms are proposed to further increase the charge
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Fig. 1 lllustration of the charge transfer mechanism involved in con-
ductive MOF/COF based electrocatalysts and their typical electro-
catalytic applications.

carrier mobility. The charge transfer mechanisms can be
mainly summarized as “through space”, “extended conju-
gation” and “through bond”. Each charge mechanism contains
several different structure types. On the basis of diverse charge
transfer mechanisms, two main design strategies are typically
used to embrace electroactive sites. The first one is that
through the modulation of charge transfer, the active sites are
in situ created due to the uneven distribution of electrons or
changes in the oxidation states. Another strategy is matching
electroactive building blocks without affecting the charge
transfer ability.

2.1 Origin and structural design in the “through space”
mechanism

In the “through space” conduction mechanism, charges are
generally transferred between MOF/COF layers'” (Fig. 2a). The
most possible reason for that is the n—n stacking between the
organic ligand layers, and electrons are transported along the ¢
axis. Tetrathiafulvalene (TTF) and its derivatives functionalized
with aldehyde (-CHO), carboxy (-COOH), amino (-NH,) or
thioether (-SR) groups (Fig. 2b) are excellent electron donors
because they can be reversibly oxidized to form stable free
radical cations TTF™ and TTF*" to promote redox activity.'®
Besides, they can be easily functionalized by coordination
groups. Due to their high n-r accumulation and close contact
between spatial molecules,'® when TTF is coordinated with
metals to form MOFs, or linked with another organic unit to
synthesize COFs, most oxidized TTF-based polymers have a
high degree of electrical conductivity. Nguyen et al. studied the
properties of a carboxylate functionalized TTF structure as a
unit to synthesise three-dimensional coordination polymers
with different metals (K, Rb and Cs). The conductivity can
reach up to 107> S cm™".*° TTF-based COFs also show good
electrical conductivity. Li and co-workers reported a three-

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1nr06197f

Published on 30 November 2021. Downloaded on 16/10/2025 15:38:38.

Nanoscale

a) b)
through-space pathway

(O RO )30+ I
FEHk |
SE/ 8 8/\EE28\ 8  zn
O é Cd
sz/\o/\ (A) 8/ *

Y MOF

View Article Online

Minireview

X X =CHO, COOH, NH,,SCH, X

NH,
H,N-@—Nn,

OHC—©—OHO

HoN O‘ ® NH,

N,N
M = transition m.HFS

N
H3CO, NV X

HN NH, V/a\Y
HN a

Fig. 2 (a) Charge transport pathway of the through space mechanism. This figure has been adapted from ref. 17 with permission from the American
Chemical Society, copyright 2020; (b) structure of the TTF analog, matching metals (for MOFs) and matching organic ligands (for COFs).

dimensional TTF-COF, which has adjustable conductivity
which can be as high as 1.4 x 107> S em™" at 120 °C. The
densely packed two-dimensional grids facilitate the delocaliza-
tion of TTF radical cations to enhance their conductivity.”" Cai
et al. doped electron acceptors in TTF-based COFs. The con-
ductivity of the material reached 2.8 x 107> S cm ™ '.*
Apparently, the different functional TTF units, coordination
metals ions in MOFs, and matching units in COFs could
provide a series of specialized structures, which may show
remarkable electrocatalytic activities.>>">> Notably, the conduc-
tivity of TTF-based polymers is highly correlated with the dis-
tance between the S atoms in adjacent TTF nuclei. With a
decrease of the distance, the overlap of these orbitals and the
dispersion of the bands formed by atom S and 3p, orbitals will
increase correspondingly. Park et al. synthesized four iso-
morphic metal-coordinated TTF-based MOFs (metals includ-
ing Mn, Co, Zn and Cd). They found that among them, the Cd-
MOF with the shortest adjacent S-S distance has a highest con-
ductivity of 2.86 x 107" S em™".>® It presents a novel viewpoint
in designing conductive MOF/COF based electrocatalysts.

2.2 Origin and structural design in the “extended
conjugation” mechanism

In the mechanism of “extended conjugation”, structures
usually contain n-d full in-plane conjugation in the layer'”
(Fig. 3a). Charge transfer can be easier with the extended struc-
tures both in MOFs and COFs. Typically, transition metal ions
are coordinated with polycyclic aromatic hydrocarbons or
organic ligands with chelating structures to form the full in-
plane conjugation. The electronic structure of such porous
polymers is regarded as similar to that of the in-plane n conju-
gated structure of graphene, which has a high level of conduc-

This journal is © The Royal Society of Chemistry 2022

tivity.”® The most typical organic unit coordinated with tran-
sition metal ions is 2,3,6,7,10,11-hexaiminotriphenylene
(HITP). In 2014, Sheberla et al. discovered for the first time the
excellent conductivity of the Niz(HITP), coordination polymer.
Its pellet conductivity and film conductivity were 2 and 40 S
em™, respectively. Theoretical calculations show that the elec-
tronic structure of Niz(HITP), is metallized, even though in
fact the experimental value of conductivity is not so excellent as
metals.>” The possible reason for this can be due to the inevita-
ble defects including interface defects, permanent grain bound-
aries and strike-slip fault defects in the material, which may
break the electron delocalization and introduce a band gap sub-
sequently resulting in a decrease in the conductivity.*® Although
these defects may be unfavourable for the conductivity, they can
facilitate the catalytic activity to some extent.”*" It is necessary
to balance the decreased conductivity and increased numbers
of active sites. Defects should be introduced into the framework
without greatly destroying the conductivity of the material.
Typically, defects would not exist in the entire framework, and
therefore, experiments and calculations should be combined to
exert rational control over the degree, number, and location of
defects. It is notable that not all electrocatalytic active sites are
derived from defects, and in these cases, the defects should be
avoided as much as possible to maintain conductivity. This
combination in this n—-d full in-plane conjugation can be
extended to different metal ions such as Cu?*" and Co*'**7°
and different ligands such as 2,3,6,7,10,11-hexahydroxytripheny-
lene (HHTP), 2,3,7,8,12,13-hexahydroxytricycloquinazoline
(HHTQ), 2,3,6,7,10,11-hexaoxotriphenylene (HOTP) and tetrahy-
droxyquinone (THQ) (Fig. 3b).>¢™*°

Another typical example is the n—-d conjugation formed
between transition metal ions and phthalocyanine (Pc)

Nanoscale, 2022,14,277-288 | 279
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Fig. 3 (a) Charge transport pathway of extended conjugation. This figure has been adapted from ref. 17 with permission from the American
Chemical Society, copyright 2020; (b) structure of HITP analog based MOFs; and (c) structure of MPc-X, matching metals (for MOFs) and organic

ligands (for COFs).

(Fig. 3c). For example, Zhang et al. obtained a NiPc-COF by
condensing octaamine-functionalized, Ni-coordinated Pc and
tert-butylpyrene-tetraone (¢Bu-PT). It is a COF network con-
nected by pyrazine. Due to the in-plane = delocalization and
the ordered out-of-plane n-n stacking along the c axis, the
transmission of electrons in the entire material is effectively
enhanced. Through ultraviolet-visible spectra, it is found that
pyrazine is responsible for extended conjugation. What's
more, the electron is proved to transfer from the electron
donating pyrazine group to the electroactive site nickel
phthalocyanine. The conductivity is 3.77 x 107° S em™".*" The
replaceable metal ions include Fe**, Co®>" and Cu®'. Besides,
Han et al. reported a conductive COF synthesized by the reac-
tion between octacarboxy-functionalized, Co-coordinated Pc
and 1,4-phenylenediamine (PD) or 4 4'-biphenyldiamine (BD),
the conductlvmes of which can reach 3.7 x 107> S em™"
1.6 x 107> S cm™, respectively.*> Similarly, by varying the func-
tional groups in both HITP and Pc units, the types of coordi-

and
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nation metals and the matching units for the HITP or Pc unit
(in the COF only), excellent electrocatalysts based on conduc-
tive MOFs/COFs can be prepared and optimized.

2.3 Origin and structure design in the “through bond”
mechanism

Since the d orbital of the metal and the = orbital of the organic
ligand are highly overlapped, the “through bond” mechanism
is also a vital way of electron transport'’ (Fig. 4a). Different
from the n—d full in-plane conjugation in the “extended conju-
gation” mechanism, the metal ions and ligands here are not in
the same plane. The typical example is 2,5-dioxido-1,4-benze-
nedicarboxylate (DOBDC) and its derivatives, such as 2,5-sulf-
hydryl-1,4-benzenedicarboxylate (DSBDC), which are co-
ordinated with transition metal ions such as Mg**, Mn**, Fe*",
Co**, Ni**, Cu*" and zZn>" (Fig. 4b). The symmetrical orbital is
conducive to energy overlap for better charge transfer.
Modulating the suitable orbital interaction will not only favor

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Charge transport pathway of the through bond mechanism. This figure has been adapted from ref. 17 with permission from the American
Chemical Society, copyright 2020; (b) synthesis of M,(DSBDC), and the charge transport chain (—-M—-S-) in this material. This figure has been repro-
duced from ref. 43 with permission from the American Chemical Society, copyright 2013; and (c) synthesis of M,(BDP)s. (d) The charge transport
chain (-M-N=N) in the c axis of M,(BDP)s. These two figures have been reproduced from ref. 16 with permission from Springer Nature, copyright
2018. (e) Charge transport 3D net (-M—-N—-N-) in M(tri), with its structural units. This figure has been reproduced from ref. 45 with permission from

the American Chemical Society, copyright 2018.

the conductivity, but also optimize the electrocatalytic activity.
Previous studies have shown that if sulfur atoms with lower
electronegativity substituted the bridged oxygen atoms, the
charge mobility can be facilitated.** What’s more, Sun et al.
found that the conductivity can be increased by six orders of
magnitude if ferric ions substituted the bivalent manganese
ions.** Therefore, bridging atoms and coordinated metal ions
on the basis of the “through bond” mechanism in conductive
MOFs need to be carefully optimized to find their suitable
electrocatalytic conditions.

Notably, the transmission of electrons through bonds can
be along a one-dimensional long chain of alternating metal
and heteroatoms (Fig. 4d), or along a three-dimensional
network of alternating metal and heteroatoms, such as Fe(tri),
(tri = 1,2,3-triazolate)*® (Fig. 4e). Conductive MOFs like this
which contain azolate ligands, such as 1,4-benzenedipyrazo-
late (BDP), usually conform to the “through bond” mecha-
nism. In particular, if the metal ion is iron with a mixed
valence, the charge mobility between adjacent atoms can be
increased, resulting in excellent conductivity.** Aubrey and co-
workers reported the synthesis of Fe-MOFs with BDP as a
ligand. They verified that the enhancement of conductivity is
caused by the fractional reduction of Fe,(BDP); (Fig. 4c and d),

This journal is © The Royal Society of Chemistry 2022

and when it is reduced to K, ;gFe,(BDP)3, the conductivity is as
high as 0.025 S em™". This polymer is composed of octahedral
d®® transition metals, bridged by nitrogen-donor and m-acid
ligands. In this coordination environment, the =n orbitals
between the metal and organic ligand can achieve the
maximum overlap, effectively promoting electron delocaliza-
tion, minimizing the reorganization energy on electron trans-
fer and facilitating the electronic coupling between adjacent
metals.'® Similar results were also obtained by Xie and co-
workers that the conductivity is tunable by varying the extent
of the Fe**" mixed valence. When exposing Fe,(BDT);
(H,BDT is 5,5'-(1,4-phenylene)bis(*H-tetrazole)) in air for 30
days, the average conductivity reached 1.2 S em™" and the best
is 1.8 S cm™', the reason for which is the partial oxidation of
the material resulting in Fe®" defects.”® Therefore, changing
the oxidation state of metal ions is also a feasible way in the
“through bond” mechanism to design conductive MOF-based
electrocatalysts.

2.4 Other mechanisms

In addition to the three mechanisms mentioned above, there
are still other mechanisms. For example, a “redox hopping”
mechanism refers to the situation that the components in

Nanoscale, 2022,14, 277-288 | 281
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MOFs/COFs with redox activity are relatively far apart such that
their orbitals cannot directly overlap. It is found that the
longer the distance between the redox active sites is, the lower
the charge mobility is. However, almost no existing conductive
MOF/COF based electrocatalysts follow this mechanism, so we
will not discuss it in detail here. Additionally, there is another
mechanism denoted as “guest-promoted”, which refers to
improving the conductivity by introducing highly loaded elec-
troactive molecules into the pores of MOFs/COFs. As it is
different from the intrinsic conductivity of MOFs/COFs, it will
not be covered as well."”

Very recently, Jiang et al. discovered a kind of COF with a
new conductive mechanism. This COF with a planar confor-
mation uses isoindigo as an organic linker, in which the =
electron cloud of the building unit can be unidirectionally
arranged at the bottom and top of the xy plane to ensure the
horizontal overlap of the orbital. These two characteristics not
only greatly reduce the recombination energy of carrier trans-
mission, but also trigger the electronic coupling effect.
Therefore, although this COF does not have a conjugated struc-
ture, it also has ultra-high electron mobility, with a conduc-
tivity of 107 S em™". This new finding will open up a new
direction for the development of conductive COF-based
electrocatalysts."”

3. Applications of conductive MOFs/
COFs as electrocatalysts

Highly conductive MOFs/COFs are expected to exhibit ideal
performance in the field of electrocatalysis due to their excel-
lent characteristics. In the following, several concerns will
firstly be proposed and discussed, including the superiority of
conductive MOFs/COFs when compared with non-conductive
MOFs/COFs on conductive supports, stability, durability and
limitations of conductive MOFs/COFs during electrocatalysis,
and then, an overview of conductive MOFs/COFs used in the
electrocatalytic carbon dioxide reduction reaction (CO,RR),
water splitting and the oxygen reduction reaction (ORR) will be
made to track the very recent progress.

3.1 Several concerns of conductive MOFs/COFs as
electrocatalysts

As MOFs/COFs have fascinating characteristics such as highly
accessible areas, abundant active sites, predesigned building
units and well-defined catalytic environments, they are highly
promising in electrocatalysis if the electrons can be easily
transferred to active sites.”*> Compared with the already-
developed strategy that supports non-conductive MOFs/COFs
on conductive supports,*®*>? intrinsic conductive MOFs/COFs
have distinct benefits. For one thing, the whole structure is
conductive and the electron transfer would not be hindered
throughout all active sites,>>* while for the supported non-
conductive MOFs/COFs, it is still difficult for electrons to reach
the outer layer of MOFs/COFs.”" > For another thing, in con-
trast to the straightforward structure design and clear porosity
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of intrinsic conductive MOFs/COFs, the introduction of
additional supports brings about more factors needed to be
considered, such as the suitable matching and successful
loading of MOFs/COFs on conductive supports,”’*>*® the
interface engineering of these two components and the nega-
tive effects on porosity during the synthesis.

Stability is another big concern when we evaluate the per-
formance of electrocatalysts. Conductive MOFs/COFs show
variable stability with different materials and in different elec-
trolytes.>” In alkaline media, various conductive MOFs/COFs
can maintain their structures after electrocatalysis, accompany-
ing high catalytic performance after a long-term stability
test.>® % Some research studies verified the stability of conduc-
tive MOFs during electrocatalysis using multiple characteriz-
ation methods.**>® The results show that the metal atoms in
the conductive MOFs were not immersed and even their
valence state did not change. What’s more, their pore struc-
tures also remained the same without collapse, indicating
their superior stability. The electrocatalysis under acidic elec-
trolytes is reported to potentially change the structure of con-
ductive MOFs/COFs. For example, when TTF-Por(Co)-COFs
served as electrocatalysts for the CO,RR, the stability is rela-
tively poor, with a sharp decrease in the current density and
selectivity.>* The possible reason is that the pyrrole in the por-
phyrin ring was hydrogenated, resulting in the overall structure
change of TTF-Por(Co)-COFs. The properties are quite similar
to the corresponding monomers, such as nickel porphyrin®?
and cobalt phthalocyanine.®® Even the polarity of the solvent
may also induce structural changes, especially for conductive
COFs, whose adjacent layers are typically held together by n-n
stacking. A conductive COF synthesized with a TTF monomer
is reported to be sensitive to polar solvents.”> When it is
exposed to polar solvents such as ethanol, its crystallinity will
decrease and the stacked structure will rearrange.®* However,
this change is reversible. After desolvation, the conductive COF
will return to its original state. Interestingly, as the polar solvent
is added, the conductivity of the COF increases instantly. This is
because the polar solvent increases the transfer rate of electrons
and holes. However, this increase in conductivity is minimal
compared to the overall conductivity. In addition to the change
in the organic ligands and their spatial locations, metal ions
could also be oxidized or reduced during electrocatalysis. When
in an alkaline KOH electrolyte solution, the Cu** in Cu-THQ
was reduced to Cu’ and copper clusters in the CO,RR catalytic
process.®® This process is not that reversible and the copper
clusters are difficult to oxidize back to Cu®", only if it undergoes
prolonged exposure to the air. Apart from the factors mentioned
above, high temperatures and the introduction of guest mole-
cules can also cause structural changes.®® A few conductive
MOFs will also be affected by water, leading to the hydrolysis of
the secondary building units.®”” When the structure of conduc-
tive MOFs/COFs changes, the catalytic activity and conductivity
will also be affected.

The stability of some conductive MOFs/COFs is a standing
concern for their practical applications. In addition, the con-
ductivity of most MOFs/COFs could be further optimized.

This journal is © The Royal Society of Chemistry 2022
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Although it is difficult to make their electrical conductivity
reach the same level as metals, there is still a lot of room for
improvement in the current electrical conductivity. Also,
the efficient mass transfer in the micropores of conductive
MOFs/COFs should be well guaranteed by the thorough elim-
ination of contamination. Only when the structural stability,
conductivity and mass transfer could be balanced well, con-
ductive MOFs/COFs could maximize their strength in
electrocatalysis.

3.2 Carbon dioxide reduction reaction (CO,RR)

Nowadays, excessive carbon dioxide emissions have led to the
destruction of ecosystems and global climate warming.
Therefore, it is necessary to convert carbon dioxide into
methane, ethane, methanol, ethanol and other valuable chemi-
cals for recycling to accelerate the carbon cycle."*® The electro-
catalytic carbon dioxide reduction reaction (CO,RR) is considered
as an efficient and environmentally benign pathway to convert
carbon dioxide into high-value carbon-containing products. The
CO,RR can be expressed using the following reaction:

xCO, + nH" + ne” — Product + yH,O.

The CO,RR occurs at the cathode. Owing to the complexity of the
reaction and the ambiguity of the catalyst electronic structure, a
byproduct is inevitable during the CO,RR process, especially H,
generated from the hydrogen evolution reaction (HER).*® Besides,
precise control over a certain product is challenging.
Conceptually, clear and designable active sites are beneficial for
regulating the pathway and product of the CO,RR. Hence, con-
ductive MOFs/COFs are desirable in the CO,RR due to their high
designability and satisfactory conductivity.

Metal phthalocyanine complexes with M-N, (M = Fe\Co\Ni)
structures are considered to provide active sites for the CO,RR,
but usually the selectivity and current density are not very satis-
factory.®® Yi et al synthesized NiPc-NiO,, a conductive MOF
based on phthalocyanine with excellent performance. The
current density is 34.5 mA cm™> at —1.2 V vs. RHE. The selecti-
vity to CO is as high as 98.4%. After 10 hours of the stability
test, the selectivity is still at an acceptable level of 86%.
Theoretical calculations have proved that the active sites are in
nickel. What’s more, the Ni in the phthalocyanine center has a
strong adsorption capacity for carbon dioxide. Its excellent elec-
tron-rich environment and reducibility make it an ideal catalytic
active site, resulting in a higher current density in the CO,RR
process than the ordinary M-N, structure.’® In addition to the
MOF of nickel phthalocyanine, nickel or cobalt phthalocyanine
based COFs also exhibit excellent CO,RR performance. Their
selectivity toward CO is higher than 90%.>%>%*1:41:59

In addition to the metal phthalocyanine complexes, Majidi
et al. synthesized a two-dimensional copper-based conductive
MOF, Cu-THQ. At —0.45 V vs. RHE, the current density is as
high as 173 mA cm™2, the average Faraday efficiency of the
product CO reaches 91%, and the turnover frequency is as
high as 20.82 s™'. Among them, copper ions and adjacent
oxygen are proved to be the catalytic active centers.®®> Based on

This journal is © The Royal Society of Chemistry 2022
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nitrogen-rich electron-rich tricyclic quinazoline (TQ), Liu et al.
coordinated Cu** and Ni*" with a multi-site catechol ligand to
obtain a two-dimensional nanosheet M3;(HHTQ),. Copper ions
and nickel ions are uniformly distributed in the hexagonal
lattice. Through comparison, it is found that Cu;(HHTQ), has
high selectivity to methanol. In addition to hydrogen, methanol
is the only product of the CO,RR. The highest Faraday efficiency
reaches 53.6%, which is about 100 times those of Niz(HHTQ),
and Cus(HHTP), and it maintains good stability.>®

Combining the highly conductive TTF with electroactive
species also works for the CO,RR. Wu et al. reported a COF
material constructed with TTF and two-dimensional cobalt
porphyrin. The introduction of TTF can enhance the electron
transfer ability from TTF to the cobalt porphyrin ring, decreas-
ing the active energy and facilitating the efficiency of the
CO,RR in water. Its Faraday efficiency of reducing carbon
dioxide to carbon monoxide can reach 95%.>* For TTF-based
COFs, Co-TTCOFs show the best Faraday efficiency of CO,
which is up to 99.7%.%

As one of the most high-value products from the CO,RR,
ethylene is produced through a multi-proton coupled electron
transfer mechanism. A conductive MOF based on phthalo-
cyanine, PcCu-Cu-O, has been proven to be applicable to the
reduction of carbon dioxide to ethylene. Due to the synergy
between the copper-phthalocyanine unit and the other unit
CuOy, the current density at —1.2 V vs. RHE is 7.3 mA cm™>.
The Faraday efficiency of ethylene is 50%. The selectivity is
higher than that of discrete molecular copper-phthalo-
cyanine.® All of the typical conductive MOFs/COFs as electro-
catalysts in the CO,RR have been summarized in Table 1.

3.3 Water splitting

Hydrogen (H,) has been regarded as an ideal substitute for
non-renewable fossil energy due to its high energy density and
environmental benignity. Nowadays, water splitting is con-
sidered as the most convenient, eco-friendly and efficient way
for H, generation. Water splitting involves both the cathodic
reaction, the hydrogen evolution reaction (HER), and the
anodic reaction, the oxygen evolution reaction (OER). The OER
always occurs through a four-electron pathway and can be
expressed using the following reactions:

2H,0 — 4e~ — O, +4H" (acid media)
and
40H™ — 4e” — O, + 2H,0 (basic media)

Meanwhile, the HER can be expressed using the following
reactions:

2HT +2e~ — H, (acid media)
and
2H,0 + 2e~ — H, + 20H " (basic media)

So far, noble metal catalysts, such as IrO,/RuO, and Pt/C,
are still the state-of-the-art catalysts for the OER and HER,
respectively, which drastically restricts their industrial appli-
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Table 1 Conductive MOF/COF-based electrocatalysis in the CO,RR
Faradaic
MOF/ Conductivity Main efficiency
Materials COF  Conductive mechanism (S cm™) Media Organic ligand ~ product (FE) Ref.
PcCu-Cu-O MOF  Extended conjugation — 0.1 M KHCO; Phthalocyanine  C,H, 50% 61
NiPc-NiO, MOF  Extended conjugation 4.8x1077 0.5 M KHCO; Phthalocyanine  CO ~100% 60
Cu,(HHTQ), MOF  Extended conjugation  (2.74 £0.15)x10™° 0.1 M KHCO; HHTQ CH;0H  53.6% 35
Cu,O@CuHHTP MOF  Extended conjugation 4.3x107° 0.1 M KCl/ HHTP CH, 73% 70
0.1 M KHCO,
Cu-THQ MOF Extended conjugation 1.5x1077 1M CsH4,CINO/ THQ CcO 91% 65
1 M KOH
TTF-Por(Co)-COF  COF Through space 1.32x107° 0.5 M KHCO; TTF CO 95% 24
Co-TTCOF COF Through space — 0.5 M KHCO; TTF Cco 99.7% 23
CoPc-PI-COFs COF Extended conjugation 3.7x107° 0.5 M KHCO; Phthalocyanine  CO 87%-97% 42
1.6x107°
NiPc-COF COF Extended conjugation 3.77x107° 0.5 M KHCO; Phthalocyanine  CO ~100% 41
CoPc-PDQ-COF COF Extended conjugation 3.68 x107° 0.5 M KHCO; Phthalocyanine  CO 96% 59

cation on a large scale.”" Thus, seeking effective and durable
new types of electrocatalysts for water electrolysis is still urgent
and vital.

Heretofore, an HER/OER catalyst was limited by the activity
and number of active sites as well as charge transfer capability.
MOFs are anticipated to be ideal candidate materials for elec-
trocatalysis, including the HER and OER, due to their large
surface area, unique pore/channel structures, and abundant
accessible metal sites. The high conductivity of conductive
MOFs enables OER and HER catalysts to have efficient electron
transfer based on the above advantages.””

Wang et al. proposed that Cus(HITP), is an ideal bi-func-
tional catalyst for the HER and OER in overall water splitting
through calculation. The HER performance of Cus(HITP), is
even superior to that of the precious Pt-based catalyst.
Meanwhile, Coz(HITP), and Zn3(HITP), are excellent OER cata-
lyst candidates for IrO,/RuO,. The calculation result elucidated
the possibility of the application of conductive MOFs in the
field of water splitting.”?

Metal ions coordinated with N/O/S units typically show
effective electronic coupling, which can reduce the adsorption
energy of intermediates such as OH*, O* and OOH*, and
present excellent catalytic activity for the OER.”* Li et al
reported the application of phthalocyanine-based MOFs (NiPc-
NiFe, MOFs) as efficient OER catalysts. By replacing an appro-
priate number of Ni-O, sites with Fe-O, sites in NiPc-Ni, the
optimal bimetallic conductive MOF delivers a low overpoten-
tial of 300 mV at 10 mA cm™> and an ultra-high TOF value of
1.943 s~" at # = 300 mV. After 1000 CV cycles, the OER polariz-
ation curve only displays a slightly positive shift (33 mV shift
at 50 mA cm™?), indicating excellent stability.”” Xing et al.
studied the OER performance of Cos(HITP),. The overpotential
of Co;(HITP), is less than those of RuO, and IrO, under 1.0 M
KOH. The synergistic effect of the cobalt ion and organic
ligand provides higher activity. During the catalytic process, a
change in the valence state of the cobalt ion is observed,
which verifies that the cobalt ion is the catalytic active center
of the OER.** In fact, both Ni-N, and Ni-Oy sites help catalyse
the OER.”®

284 | Nanoscale, 2022,14, 277-288

Replacing the Ni in Niz(HHTP), with a certain amount of
Ru can make the conductive MOFs bifunctional catalysts.>” As
an electrocatalyst for OER, its onset potential is 1.52 V and the
potential to reach 10 mA em™" is 1.62 V. Typical conductive
MOFs as electrocatalysts in the OER have been summarized in
Table 2.

Compared with conductive MOFs used in the OER,
only few works reported conductive MOFs in the HER.
Huang et al selected hexaiminohexaazatrinaphthalene
(HAHATN), an analog of HATN, as an organic ligand to
fabricate conductive MOFs and coordinate Ni** ions
(Ni3(Niz-HAHATN),). Hexaazatriphenylene (HATN) is an
N-containing tris(bidentate) polyheterocyclic ligand with an
electron-deficient conjugated structure. The bidentate terta-
mine of HATN can coordinate metal ions with a two-co-
ordinated (M-N,) moiety and endow metal atoms with more
variable oxidation states during catalysis. The bimetallic
sited conductive MOFs exhibit outstanding HER performances
in alkaline solution, with a low overpotential of 115 mV at
10 mA cm™> and the corresponding Tafel slope of
45.6 mV dec™'. After the 10 h test, the HER current retains
83.4% of the initial activity, which exhibits promising electro-
catalytic stability.?”

Compared with the remarkable progress of conductive
MOFs in the OER, a number of COF-based OER electrocatalysts
were also reported. However, the electrical conductivities of
almost none of them were reported, so they will not be
included in this review. As the concept of conductive COFs was
put forward later than MOFs, it is anticipated that conductive
COFs will have their correlation between the structures and
electrocatalytic performance in the OER in the near future con-
sidering their already developed electrocatalytic applications
and theoretical calculations.

3.4 Oxygen reduction reaction (ORR)

The electrochemical oxygen reduction reaction (ORR) is one of
the most important reactions in the field of energy conversion.
As is known to all, the ORR is always divided into two path-
ways: 2e¢~ ORR for generating H,0, and 4e~ ORR for producing

This journal is © The Royal Society of Chemistry 2022
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Table 2 Conductive MOF/COF-based electrocatalysis in the OER
MOF/ Tafel slope Overpotential
Materials COF Conductive mechanism Media Organic ligand (mV dec™) () (mv) Ref.
Nis ;Rug ;(HHTP);(H,0), MOF Extended conjugation 0.1MKOH  HHTP 61 Nonset = 290 37
Co3(HHTP), MOF Extended conjugation 1.0 M KOH HHTP 83 Nonset = 340 76
LSCF@Ni3(HITP), MOF Extended conjugation 1.0 M KOH HITP 95 N0 =272 77
NiPc-Ni MOF Extended conjugation 1.0 M KOH Phthalocyanine 83 Nonset = 319 75
N1 = 427
FeNi-DOBDC (Fe:Ni=3:1) MOF Through bond 1.0 M KOH H,DOBDC 49 Ns0 = 270 78
N100 = 287
1555 = 300
Coy oFeg 4,-MOF-74 MOF Through bond 1.0MKOH  H,DOBDC 56 o = 280 79
NiCo-BDC MOF Through bond 1.0 M KOH BDC 61 N10 = 230 80
N100 = 292
Fe/Nij 4/C0p 4-MIL-53 MOF Through bond 1.0MKOH  BDC 52.2 o = 219 81
20 = 236
Fe/Ni; ¢-MIL-53/C MOF Through bond 1.0MKOH  BDC 37.8 o = 258 81
Fe/Ni, o-MIL-53/C MOF Through bond 1.0MKOH BDC 45.5 1o = 258 81
Fe/Ni, ,-MIL-53/C MOF Through bond 1.0MKOH  BDC 48.7 o = 244 81

H,0. The 2e”~ pathway can be expressed using the following
reactions to electro-synthesize H,0,:

O, + 2H,0 + 2e~ — H,0, + 20H ™ (basic media)
and
0, + 2H" + 2e~ — H,0, (acid media)

While 4e” ORR, expressed with the following reactions, can
be used in proton-exchange membrane fuel cells (PEMFCs)
and rechargeable metal-air batteries

O, + 2H,0 + 4e~ — 40H™ (basic media)
and
0, +4H" +4e~ — 2 H,0 (acid media)

However, the coexistence of the two approaches will lead to
energy waste. Similar to the CO,RR, selectivity is one of the
decisive criteria for determining the performance of electroca-
talysts towards the ORR.

It has been proved that the bonding motif of M-N, (M =
non-platinum group metal chelated in a nitrogen-containing
environment) can catalyse the ORR process with high
activity.®*"®> As is known to all, the ORR is always divided into
two pathways, they are 2e~ ORR for generating H,0, and 4e™
ORR for producing H,0.”" In 2016, Miner et al. discovered for
the first time that Ni;(HITP), can be used to catalyse the four-
electron ORR process in an alkaline medium, and it did not
show obvious morphological changes during a long electro-
chemical cycle. It is found that the active site of catalysis is on
the organic ligand.®®%”

In the next year, Sun et al. found through theoretical calcu-
lations that Ni;(HITP), can catalyse the two-electron process of
the oxygen reduction reaction to generate H,O,. They even pro-
posed that besides the Ni-N, part that can be used as a cataly-
tically active site, the H atom which is directly connected to
the Ni atom also shows catalytic activity, even higher than that
of Ni-N,. First-principles molecular dynamics simulations
show that Ni;(HITP), also exhibits excellent thermodynamic

This journal is © The Royal Society of Chemistry 2022

stability. Through simulation and calculation of the adsorp-
tion configuration, it is confirmed that the electron cloud
between the positively charged hydrogen atom and the
adsorbed oxygen has a large overlap, and there is a strong
interaction between them. The enhanced adsorption energy is
conducive to the ORR process. In addition, Niz(HITP), is more
beneficial to the ORR process of the two-electron generation of
hydrogen peroxide, and calculations show that the selectivity
of the process can be as high as 88%.%® However, even though
credible theoretical predictions have been made, there have
been few reports on the experimental results using conductive
MOFs/COFs as ORR electrocatalysts.

4. Conclusion and perspective

Developing advanced electrocatalysts with high activity, selecti-
vity and efficiency is of great importance to clean energy con-
versions. As promising candidates, conductive MOFs/COFs can
not only provide high atomic utilization, easy mass transfer
and well-defined active sites, but also establish a highway for
electrons, which is highly favourable for the enhancement of
electrocatalytic performance. Through this review, we proposed
the design principles of conductive MOF/COF electrocatalysts
on the basis of three typical charge transfer mechanisms. The
corresponding featured structures are summarized to guide
the rational design. In addition, the very recent progress of
conductive MOFs/COFs used in different electrocatalytic reac-
tions including the CO,RR, OER/HER and ORR is surveyed.
With the development of a synthetic method and suitable
match between building blocks and specific reactants, some
conductive MOFs/COFs are reported to show remarkable
electrocatalytic performance. However, it is still a burgeoning
area remaining to be further explored, and also, some standing
challenges need to be overcome before the large-scale
applications.

(1) Structure design and optimization. It shows that the
research regarding conductive MOFs/COFs is still an emerging
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field, and there are not many types of structures with high con-
ductivity that have been developed let alone their applications
in the field of electrocatalysis. Therefore, more new types of
MOFs/COFs are expected to be synthesized in the future. In
the case of conductive MOFs, the same organic monomer can
be used to coordinate with multiple metals, which may result
in distinctive electronic structures suitable for certain types of
electrocatalytic reactions. While in the case of conductive
COFs, the matching of different organic monomers may also
contribute to the modulation of catalytic activity or selectivity.
In addition, it calls for types of organic monomers with totally
newly proposed structures or with modification in the present
structures under the guidance of electron transfer
mechanisms.

(2) Versatile electrocatalytic applications. Due to the fasci-
nating characteristics, optimized conductive MOFs/COFs can
provide high activity for electrocatalytic reactions, such as the
OER and CO,RR. Their durability during constant electrocata-
lysis is also a big concern. Problems such as the aggregation of
active sites and the degradation of conductivity as the reaction
progress will decrease the electrocatalytic performance,
affecting their practical applications, and also, higher selecti-
vity towards value-added products, such as ethanol or ethylene
in the CO,RR, is a standing big challenge. Conductive MOFs/
COFs may have an opportunity in tuning the selectivity due to
their excellent flexibility in structures. Besides, applications in
the theoretically feasible ORR, cutting-edge electrocatalytic
nitrogen reduction (NRR) and other electrocatalytic reactions
are waiting to be explored. Meanwhile, both types of conduc-
tive MOFs/COFs and their stability under suitable conditions
should be well-optimized in their specific electrocatalytic
applications.

(3) Structure-activity relationship. It is necessary to clearly
define the structure-activity relationship between various con-
ductive MOF/COF structures and their catalytic performance,
such as the effects of different coordination environments,
different metal ions or doping atoms on the charge transfer
and local electron density of active sites. A clear structure—
mechanism-function study may help to understand the pro-
perties of conductive MOF/COF electrocatalysts more systema-
tically and guide the design of suitable structures. To achieve
this goal, researchers may also rely on theoretical calculation
and advanced characterization technology, such as in situ
surface IR or Raman techniques.
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