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ABSTRACT Electrocatalysis provides various technologies for energy storage and conversion,
which is an important part of realizing sustainable clean energy for the future. COFs, as emerging
porous crystalline polymers, possess high specific surface areas, tunable pore structures, high
crystallinity and tailorable functionalization. These features endow COFs with abundant active
sites and fast electron transport channels, making them potentially efficient electrocatalysts. In
recent years, COF-based electrocatalysts have been widely developed for hydrogen evolution
reaction (HER), hydrogen oxidation reaction (HOR), oxygen evolution reaction (OER), oxygen
reduction reaction (ORR), nitrogen reduction reaction (NRR) and carbon dioxide reduction reac-
tion (COzRR). In this review, design strategies of COF-based electrocatalysts are briefly summa-
rized, including applying COF as supports, introducing active metals in COF, constructing
two-dimensional conductive COF, formation of COF-based hybrid and pyrolysis of COF to obtain
carbon materials. Then, the recent research progress in COF-derived catalysts for specific elec-
trocatalytic reactions is introduced systematically. Finally, the outlook and challenges of future
applications of COFs in electrocatalysis are highlighted.
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n INTRODUNTION

The continuous consumption of fossil fuels results in gradually
increasing energy shortage and environmental pollution prob-
lems, as well as the ever-present global climate problems. There
is a growing need to explore fossil-free, sustainable, efficient and
clean green energy sources.*? Electrocatalysis is a practical
chemical energy conversion process that converts atmospheric
molecules (e.g., water, oxygen, nitrogen and carbon dioxide) into
high chemical value products and fuels (e.g., hydrogen, oxygen-
ates, ammonia, and hydrocarbons)./ Electrocatalysts play a key
role in this process, as they reduce the activation energy required
for the reaction and increase the rate and selectivity of the reac-
tion.®l However, the current level of electrocatalysts is not yet
adequate for large-scale commercial applications. Therefore,
there is an urgent need to develop advanced electrocatalysts
with high catalytic performance for these reactions.

In this regard, one of the prospective technologies is water
splitting, which converts electrical energy generated from re-
newable energy sources such as solar and wind into chemical
energy.*8 Water molecules decompose into hydrogen and oxy-
gen when an additional voltage is applied to the electrode (H.O
— 1/20, + H). However, the bond energy between hydrogen
and oxygen atoms is strong, which needs a lot of energy in
thermodynamics to break.*1 According to the equilibrium po-
tential Eg of the electrochemical reaction and the formula: AGg =
- nFEg, the Gibbs free energy AGg for the water splitting reaction
can be deduced. At 25 °C, the equilibrium potential Es of elec-
trolyzed water is 1.23 V, so AGg is 237.2 kJ mol?, which is the
minimum thermodynamically required energy value in the pro-
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cess of electrolysis of waterl*d. In addition, the overpotential of
HER, OER, and other resistors should be overcome. Hence, it is
crucial to develop efficient catalysts to reduce energy consump-
tion and speed up the water splitting reaction rate.

Up to now, noble metal platinum-based catalysts as well as
ruthenium and iridium oxides are still high-efficiency benchmark
catalysts in HER and OER,1*316 respectively, but the scarcity,
high cost, and poor stability hinder their extensive commercial
application.'l Researchers have developed various strategies to
improve the intrinsic catalytic activity, conductivity and increase
the catalytic active sites of electrocatalysts. Porous carbon ma-
terials have been widely used in electrocatalysis due to its large
specific surface area, high electrical conductivity, good stability,
sufficient active sites and low price.[*8l However, the synthesis of
most porous carbon materials requires pyrolysis, which is un-
controllable and also results in incomplete material skeleton. The
increase of surface free energy can also lead to the inevitable
aggregation of metal clusters or nanoparticles during pyrolysis.(9

COFs, as crystalline porous polymeric materials with institu-
tional building blocks connected by covalent bonds, have shown
promising applications in gas/molecular capture/adsorption/
storage, optoelectronic devices, heterogeneous catalysis, energy
storage and sensing due to their high specific surface area,
well-defined skeletons, highly ordered periodic structure and
feasible functionalization.?%21 After the first report of porous and
crystalline COFs (COF-1 and COF-5) by Yaghi and co-workers in
2005,4 COFs with various structural configurations have been
reported.25 COFs materials can be divided into 2D and 3D
COFs according to their topological structures. COFs with dif-
ferent dimensions can be obtained by altering organic building
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units, linkages and isoreticular expansion. In 2D COFs, mon-
omers are connected by covalent bonds forming a layered
structure in the plane, and the layers are conjugated through
TT-17 interactions. One-dimensional channels are also formed in
2D COFs, and the size and shape of the channels are closely
related to the stacking mode between layers. For 3D COFs, the
monomers extend infinitely through covalent bonds, forming a
framework with regular and periodic structures. Different from
2D COFs, 3D COFs are easy to form a large cage-like cavity,
and the monomer can continue to react in the cavity and grow
outward. Hence 3D COFs often get multiple interspersed
structures.

Recently, COFs have been applied in several important
electro- catalytic reactions including HER, hydrogen oxidation
reaction (HOR), OER, oxygen reduction reaction (ORR), nitro-
gen reduction reaction (NRR), carbon dioxide reduction reac-
tion (CO2RR), etc.?530 To date, several groups have reviewed
the development of COF-based electrolysts for some reactions
including OER, ORR, HER, and CO,RR.B1 However, the recent
progress in COF-based electrolysts for HOR and NRR has not
yet been summarized. Moreover, due to the rapidly increasing
amount of reports on the COF-based electrolysts for these
electrochemical reactions in the last two or three years, a timely
review in this field is still needed. Here, we propose to summa-
rize recent advances in the application of COFs in various
electrocatalysis fields, focusing on their material design, role in
catalytic reactions, active site engineering, catalytic perfor-
mance, and mechanism. First, we briefly introduce the strate-
gies for COF-based electrocatalyst design, such as using COFs
as supports, introducing active metals into COF framework,
constructing 2D conductive COF, complexing COF with active
species and pyrolysis of COF to obtain carbon-based materials.
Then, we summarize the applications and catalytic mecha-
nisms of COF-based catalysts in various electrocatalytic reac-
tions. Finally, we highlight the opportunities and challenges for
developing COF-based electrocatalysts and provide perspec-
tives for future research.

n DESIGN STRATEGIES
ELECTROCATALYSTS

FOR COF-BASED

COFs as Supports. Two basic design principles for improving
electrocatalytic activity are to increase the number of active sites
and to increase the intrinsic catalytic activity of each active site.
Metal nanoparticles (e.g., Ni, Au, Ag, and Pt) have been widely
used in electrocatalysis for various reactions due to their unique
physicochemical properties. Meanwhile, based on the "quantum
size effect", the size of nanoparticles directly affects their intrinsic
properties.233 With large surface area and high surface free
energy, metal nanoparticles often exhibit excellent catalytic activi-
ty compared to their bulk counterparts. However, when the nano-
particles are very small, they tend to aggregate and fuse to form
larger particles, leading to a decrease in their catalytic activity.4
Therefore, to design and exploit high-performance and long-
lasting catalysts, one valid strategy is to add supports for the
active metal nanoparticles or nanoclusters, which not only avoids
agglomeration of the loadings, but also facilitates the exposure of
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the active sites.® Unlike traditional metal oxides, COFs have
well-defined frameworks, ordered structures, and ultrasmall
pores that allow for uniform and controllable growth of nanopar-
ticles within their frameworks. Meanwhile, COFs have a high
specific surface area, which provides an opportunity to optimize
the activity and stability of loaded nanomaterials for heterogene-
ous catalysis applications, making them strong candidates for
new catalyst supports (Figure 1a).

COFs with Activated Metals. In general, transition metals have
high stability, high electrical conductivity, and high activity for the
electrocatalytic reaction.*¥l Transition metal elements can be
introduced into the framework of COF to improve the catalytic
activity of COFs. Meanwhile, transition metal elements have
empty d orbitals and high charge/radius ratios, which can easily
form stable coordination compounds with various ligands by top-
down, bottom-up or post-synthetic methods.2"

For example, Yoon and coworkers designed Ir-modified
tri-azine-linked COFs via post-synthetic immobilization method.7"
The prepared Ir-NHC-CTF showed an outstanding performance
for the hydrogenation of CO, to formate. Kamiya and coworkers
reported a metal-modified COF to photoelectrocatalyzing ORR.E®!
Representatively, Yaghi and colleagues constructed metal-con-
taining COF-366-Co and COF-367-Co/Cu by bottom-up method
(Figure 1d), which condensed metalized porphyrin monomers
with organic struts through imine bonds.% The active site of
these electrocatalysts for CO-RR is the Co/Cu metal of the por-
phyrin fraction. Hence, adding tunable molecular units can con-
trollably synthesize COF-based electrocatalysts with activated
metals, which will be suitable for a wide range of catalytic appli-
cations, especially in heterogeneous catalysis that requires metal
participation.

Construct of Two-Dimensional Conductive COFs. Generally,
precise controlling the electrical conductivity of an electrocatalyst
has been pursued to achieve enhanced catalytic performance.
An effective strategy to realize the optimization of COFs’s con-
ductivity is exfoliating bulk COFs to form single or few layers 2D
polymers in planar conformations, which can improve the acces-
sibility of active sites (Figure 1c). Meanwhile, the stacked form of
2D material can reduce the recombination energy and enhance
the coupling between 1 electrons, thus realizing interlayer elec-
tron conduction perpendicular to the layers. Fang and coworkers
delaminated porphyrin-based mesoporous 2D COF composed of
a capacitor cell, which exhibited excellent charge storage capaci-
ty at high scan rate.*? In 2021, Bhaumik et al. reported a thin
two-dimensional triazine-based Cs-TRZ-TFP COF by condensing
2-hydroxybenzene 1,3,5-tricarboxaldehyde (TFP) and 4,4'.4"-
(1,3,5-triazine-2,4,6-triyltris([1,1-biphenyl]-4-amine), which exhibi-
ted excellent electrocatalytic HER performance with an overpo-
tential of 200 mV at a current density of 10 mA cm, outper-
forming most of the reported metal-free COFs as well as tria-
zine-based COFs.# In 2022, an olefin-linked 2D COF was pre-
pared using nanographene and dibenzo[hi,stJovalene (DBOV) as
a building block by Narita et al.*d As-prepared DBOV-COF pos-
sessed high crystallinity, stability with high charge mobility and
exhibited high photocatalytic properties.
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COF-Based Hybrids. Controlled synthesis of COF-based hy-
brids is also an effective strategy to achieve excellent catalytic
performance (Figure 1d). The complexed species coupled with
COF include organic polymers (such as polyaniline,*! etc.),
carbon-based materials (such as graphene,*l carbon nano-
tubes,® etc.), inorganic species (such as polysulfide,“8 etc.),
Zeolitic Imidazolate Frameworks (ZIFs),*? and Metal Organic
Frameworks (MOFs).*8 For example, Du et al. reviewed MOF/
COF-based hybrid nanomaterials with large specific surface area,
small band gap, and large pores, which are beneficial for re-
searchers to expand the application of COF-based hybrids.“8 In
addition, if COF is compounded with a conductive substrate
material, its electron transport capacity can be enhanced, thus
improving the specific catalytic properties of the hybrids.

Pyrolysis of COF to Obtain Carbon-Based Materials. Carbon-
based materials are one of the most commonly used materials in
the field of electrocatalysis because of their high electrical con-
ductivity and stability, as well as large surface area and pore
volume. Many organic precursors have been used to synthesize
carbon-based materials due to their ability to introduce hetero-
atoms and easy formation of high surface area materials. COFs
are suitable candidates for heteroatom-doped carbon precursors
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because they are heteroatom- and carbon-rich (Figure 1le). Fur-
thermore, the periodic character of COFs with dispersed metal
coordination sites may yield the final carbon materials with single
atom. Based on the above properties, COFs are promising pre-
cursors for preparing carbon materials. For example, in 2019,
Thomas et al. obtained iron-nitrogen doped mesoporous carbon
(mC-TpBpy-Fe) by carbonizing COF precursors at a high tem-
perature of 800 °C, which showed high ORR catalytic perfor-
mance.

n COF-BASED ELECTROCATALYSTS FOR HY-
DROGEN EVOLUTION REACTION AND HY-
DROGEN OXIDATION REACTION

Hydrogen energy has attracted extensive attention due to its high
efficiency, cleanliness, and renewable characteristics, and is also
considered as one of the sustainable alternative energy sources
to solve the current environmental pollution and energy crisis.
Renewable hydrogen (H;) technologies including HER and HOR
are operated in various highly efficient electrochemical process-
es, such as electrolysis of water and H» fuel cell. Currently, hy-
droxide-exchange-membrane water electrolyzer (HEMWE) and
hydroxide-exchange-membrane fuel cells (HEMFC) have attracted

COF-366-M M=Co COF-366-Co

COF-367-Co
COF-367-Co(10%)
COF-367-Co(1%)

COF-367-M

M=Co
M = Co/Cu (10/90)
M = Co/Cu (1/99)

Figure 1. General design strategies for COF-based electrocatalysts. (a) COFs as supports.[*4l Copyright 2020 Wilry-VCH. (b) COFs with activated
metals.*% Copyright 2015 American Association for the Advancement of Science. (c) Construction of two-dimensional conductive COF nanosheets.[“%
Copyright 2020 American Chemical Society. (d) COF-based hybrids.[*4 Copyright 2018 Wiley-VCH. (e) Pyrolysis of COF to obtain carbon-based mate-

rials.#”! Copyright 2022 Royal Society of Chemistry.

Chin. J. Struct. Chem. 2022, 41, 2211084-2211099
DOI: 10.14102/j.cnki.0254-5861.2022-0162

© 2022 fjirsm, CAS, Fuzhou

2211086



REVIEW

SChinese Journal of
tructural Chemistry

enormous attention.®%54 A main reason is that abundant and
inexpensive catalysts can replace platinum-based metals to
catalyze the ORR and OER, which significantly reduces the cost
of fuel cells and water electrolyzers. This promotes them as
promising alternatives for proton-exchange-membrane electroly-
zers and proton-exchange-membrane fuel cells. However, the
lack of efficient, low-cost and stable electrocatalysts for HER and
HOR hinders the commercialization of HEMWE and HEMFC. Up
to now, platinum-based catalysts are still the best HER/HOR cata-
lysts, but their large-scale commercial application is hindered by
the scarcity of platinum resources, high cost, and poor stability.52

Hydrogen Evolution Reaction: The reaction processes of hydro-
gen evolution reaction in alkaline and acidic medium are as follows:

Alkaline:

Volmer step: H,O+M +e~ - MH_4s + OH™ 1)
Heyrovsky step: MH,4s +H,0+e~™ > M+ OH™ +H, (2)
Tafel step: 2MH,45 = 2M + H, 3
Acidic:

Volmer step: H* + M +e~ - MH, 4 4)
Heyrovsky step: MH,4s + H* +e~ > M+ H, (5)
Tafel step: 2MH,45 = 2M + H, (6)

Compared with the cleavage of H-O-H bonds under alkaline
conditions, the adsorption of hydrated protons (HsO*) in the
Volmer step of HER under acidic conditions is easier, so it is
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favorable for HER to proceed under acidic conditions. Meanwhile,
regardless of medium, the Volmer process must be experienced.
When the Volmer process is fast and the Tafel step is a fast-
controlled step, the Tafel slope of HER is less than 30 mV dec™;
when the Volmer step is fast and the Heyrovsky process is a
step-controlled step, the Tafel slope of HER is 30-40 mV dec?;
when the first step of HER (Volmer reaction) is relatively slow, the
Tafel slope of the reaction is larger than 120 mV dec™.

Furthermore, the adsorption and desorption processes of H
are involved in the reaction process, so the free energy of hy-
drogen adsorption and desorption (AGy) is usually used as a
descriptor for the performance of HER catalysts.53 According to
literature reports,5 there is a volcano-like relationship between
AGu+ and the exchange current density jo. The AGy+ of the Pt
catalyst is close to zero and has a large exchange current density,
so it is the best HER catalyst. Therefore, the designed electro-
catalyst should have a AGu- close to zero.

The emergence of COFs provides a new platform for designing
novel HER electrocatalysts. Bhunia and colleagues were the first
to report crystalline two-dimensional COFs (SB-PORPy) for
electrochemical hydrogen production.?8l The COF was prepared
by a solvothermal method using 5,10,15,20-tetrakis(4-amino-
phenyl) porphyrin (TAP) and 1,3,6,8-tetrakis(4-formylphenyl)
pyrene (TFFPy) as raw material (Figure 2a, b). The resulting
COF has a specific surface area of 869 m? g. The synthesize
COF and carbon black were milled at a weight ratio of 1:1. In 0.5
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Figure 2. COF-based HER electrocatalyst. (a) Schematic of SB-PORPy COF. (b) Top view of AA stacking SB-PORPy COF. (c) HER polarization curve
of SB-PORPy COF.EB% Copyright 2017 American Chemical Society. (d) Schematic of TpPAM. (e) HER polarization curves of TpPAM. (f) Free energy
diagram for HER on the investigated four catalysts. (g) The volcano plot of the logio versus AGw+ of Model C and transition metal catalyst.55 Copyright
2017 American Chemical Society. (h) Calculated AGw- for the several models.51 Copyright 2022 Wiley-VCH. (i) TEM and HRTEM images of
COF@ZIFe. (j) The catalytic mechanism of COF@ZIFso for ORR and HER." Copyright 2022 Royal Society of Chemistry.
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Table 1. List of Some Reported COF-Based Electrocatalysts for HER and Their Experimental Catalytic Activities

HER electrocatalysts Overpotential (mV) Tafel slope (mV dec?) Electrolyte Ref.
CoP-2ph-CMP-800 360 mV at 10 mA cm-? 121 1.0 M KOH 61
2DCCOF1 541 mV at 10 mA cm-? 130 0.5 M H2S04 62
Ru@COF 212 mV at 10 mA cm? 79 1 M H2SO4 63
TpPAM-COF 250 mV at 5 mA cm? 106 0.5 M H2S0a 55
FeS/FesC@N-S-C-800 174 mV at 10 mA cm2 34 0.5 M H2S04 64
2DP3A 105 mV at 10 mA cm? 74.1 0.1 M H2S04 65
Ru@COF-1 200 mV at 10 mA cm2 140 0.5 M H2S04 57
Ce-TRZ-TFP COF 115 mV at 1 mA cm2 82 - 41
N, P co-doped carbons 260 mV at 10 mA cm? 175 1.0 M HCIO4 66
2.8 wt% Pt-CTF 100 mV at 1 mA cm2 - 0.1 M HCIO4 29
COF@ZIFs00 160 mV at 10 mA cm? 92 1.0 M KOH 47

M H.SO,4, SB-PORPy COF exhibited superior HER performance
to Vulcan and bare glassy carbon with an onset potential of 50
mV and a Tafel slope of 116 mV dec™? (Figure 2c). Furthermore,
SB-PORPy COF is a metal-free COF. Authors speculated that
the imine nitrogen (-NQ) in COF was protonated under acidic
conditions and was an active free docking site for HER. This
work demonstrated the potential of metal-free COFs mixed with
conductive additive carbon black for electrocatalytic HER. As
shown in Figure 2d, Bhaumik et al. reported another metal-free
TpPAM COF.55 As shown in Figure 2e, TpPAM exhibited excel-
lent HER performance at 0.5 M H,SO., with a small Tafel slope of
106 mV dec? and a low overpotential (250 mV at 10 mA cm-?).
The AGw, calculated to be 0.08 eV, is better than that of most
metal-free HER electrocatalysts (Figure 2f, g).

The carbon-carbon double bond is more stable than the cur-
rent mainstream imine bond in COF.58 Therefore, stable COFs
linked by carbon-carbon double bonds have attractive application
prospects in the field of electrochemistry. Meanwhile, covalent
triazine frameworks (CTFs) as branches in COFs have the ad-
vantages of high porosity, high thermal and chemical stability. In
2022, Chen et al. synthesized Ru@COF-1 by Knoevenagel
condensation reaction of 2,4,6-trimethyl-1,3,5-triazine (TMTA)
and 1,4-diformylbenzo (DFB), followed by complexation with
ruthenium.5 In acidic media, RU@COF-1 exhibited excellent
HER performance with an overpotential of 200 mV at 10 mA cm?
and a Tafel slope of 140 mV dec™. Based on DFT calculations,
the AGy- of tetracoordinated Ru is 0.09 eV, which is close to 0 eV
(Figure 2h).

Combining crystalline porous materials with other compounds
such as organic polymers, inorganic active species and so on is
a feasible strategy for designing efficient electrocatalysts. Zeng
and coworkers constructed a COF and ZIF-67 hybrid with
core-shell structure (Figure 2i, j).*7 After pyrolysis, COF@ZIFgqo
displayed a high HER activity with an overpotential of 159 mV at
10 mA cm?in 1 M KOH electrolyte and a Tafel slope of 92 mV
dect, which is lower than that of ZIFge (112 mV dec?). Even
though many attempts and efforts have been made, the catalytic
performance of existing COF-based catalysts are still far from the
benchmark Pt-based catalysts due to the poor conductivity and
low stability of COFs under strong acid and base conditions
(Table 1). Therefore, future work should focus on the design of
COF with strong stability and conductivity.
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Hydrogen Oxidation Reaction: HOR is the reverse reaction of
HER, so its reaction type and mechanism are similar to HER.58
HOR is a 2-electron transfer reaction and involves a variety of
hydrogen species dependent on the acid-base medium. The
HOR reaction is summarized as follows:

Alkaline:

Tafel step: H, = 2H,45 @)

Heyrovsky step: H, + OH™ —» H,4s + €~ + H,0 (8)

Volmer step: Huqs + OH™ - e~ + H,0 9)

Acidic:

Tafel step: H, = 2H,45 (20)
Heyrovsky step: H, - H,g4s + HY + e~ (11)
Volmer step: Hyqs > €~ + HY 12)

The adsorption energies of H* or H,O/OH" species in the
presence of acids and bases have been proposed as descriptors
of HOR reactions and have been used to rationally explain the
excellent catalytic performance of platinum.5® For example,
combining Pt with more oxophilic species (Ru or Ni, etc.) will
optimize the hydrogen adsorption energy and the hydroxyl ad-
sorption energy, resulting in more optimized HOR activity.l
Since electrocatalytic HOR is in its nascent stage of development,
little work has been done on COF-based applications of HOR.
Nakanishi et al. designed single-atom Pt distributing on covalent
triazine framework supports, which showed excellent HOR per-
formance as well as oxygen resistance, avoiding Pt corrosion in
fuel cells during operation.?

n COF-BASED ELECTROCATALYSTS FOR OX-
YGEN EVOLUTION REACTION AND OXYGEN
REDUCTION REACTION

Fuel cells and metal-air batteries are considered ideal technolo-
gies for developing efficient and clean energy storage and con-
version system.s! For them, the commonly used fuels or active
species hydrogen and oxygen can be obtained by electrocata-
lytic water splitting. The electricity generated by renewable en-
ergy (such as solar and wind energy) can be used to split water
to produce hydrogen and oxygen, which are then used as energy
carriers to perform HOR and ORR in fuel cells to convert chemi-
cal energy into electrical energy. Similarly, OER and ORR can
also the half-reactions during charge-discharge in metal-air bat-
teries, which use metals such as sodium, zinc, lithium and alu-
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minum instead of hydrogen as an energy carrier. In this green
and sustainable cycle, a steady stream of renewable energy can
be converted into chemical energy, and then chemical energy
can be converted into electrical energy, which is one of the most
ideal energy cycle paths at present. ORR and OER are briefly
introduced below.

Oxygen Evolution Reaction: The OER involves four-electron
transfer and multiple O-containing intermediates (i.e., OH*, O*,
and OOH*), which has slow OER kinetics and large overpotential
loss. The four-electron reaction process of oxygen evolution is
summarized as follows:[68]

Alkaline:

Total reaction: 40H™ — 0, + 4e~ + 2H,0 (13)
Reaction process: * + OH —» OH* + e~ (14)
OH*+ OH™ - O*+ H,O + e~ (15)
O*+ OH™ — OOH* + e~ (16)
OOH*+ OH™ - H,O+ 0O, + e~ a7

02 = *+ 02 (18)
Acidic:

Total reaction: 2H,0 - O, + 4e~ + 2H* (19)
Reaction process: * + H20 — OH*+ e~ + H* (20)
OH* » O*+ H* + e~ (21)
O*+H,0 —» OOH*+ e~ + H* (22)
OOH* — 20*+H++ e~ (23)
OOH*+ OH™ — H0+ 0+ e~ (24)
02* - *+ 02 (25)

Recently, some COF-based electrocatalytic OER catalysts have
been reported. In this section, an overview of the reported typical
catalysts and future design directions will be presented.

Similar to HER, OER electrocatalytic performance can be
evaluated based on the polarization curve (LSV), overpotential,
turnover frequency, Tafel slope, etc. Small Tafel slope values and
small overpotential are indications of excellent OER electrocata-
lysts.[-72 Recently, efficient OER catalysts are mainly based on
noble metal oxides.l”™ They can exist stably under acidic condi-
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Figure 3. COF-based OER electrocatalyst. (a) Left: DFT calculated optimized structure of the monolayer C4-SHz (different C and N sites are signed),
right: most stable structure of the OH* adsorbed C4-SHz surface. (b) N2 adsorption/desorption isotherms of the C4-SHz COF. (c) OER polarization curve
of the C4-SHz COF-. (d) Free energy distribution of the OER reaction pathway at U = 0 and 1.23 V for C4-SHz COF’s C2 site in alkaline medium. (e) Free
energy distribution of the OER reaction pathway at U = 1.48 V.’ Copyright 2020 American Chemical Society. (f) Polarization curves of macro-
TpBpy-Co.l?" Copyright 2019 American Chemical Society. (g) Left: the structure of the model constructed by theoretical calculations of Ni(OH). sheets in
IISERP-COF2 viewed from the ab plane; Right: magnified view along the bc plane. The red ball is the sp N center.[”® Copyright 2016 Wiley-VCH.
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tions and have higher catalytic activity than their metallic state.
However, large-scale applications are hindered by the rarity and
high price of precious metal resources.

COFs have tunable pore structures, which can be tailored to
optimize their surface properties, showing great potential as
efficient OER electrocatalysts. In 2020, Bhaumik and coworkers
reported a metal-free C4-SHz COF (Figure 3a), synthesized by
the Schiff base condensation of 1,3,5-tris(4-formylphenyl)ben-
zene and 2,5-dihydrazinyl-1,3,4-thiadiazole through solvothermal
method."¥ C4-SHz COF has a high specific surface area of 1224
m? g* (Figure 3b). For OER, C4-SHz COF has a low overpoten-
tial of 320 mV at 10 mA cm™ and achieves a low onset potential
of 270 mV (Figure 3c), showing potential to replace other metal-
free based electrocatalysts. Notably, the interaction between OH"
and N3 or S sites is very weak. Hence, the C2 site is the main
active site for OH" adsorption. Meanwhile, OOH* adsorption was
the rate-determining step of the reaction (Figure 3d,e). This work
achieved high electrocatalytic OER performance of COFs without
hybrid inorganic active materials, demonstrating the application
potential of metal-free COF electrocatalysts. Another metal-free
work was developed by Zhang et al.[’*! According to DFT calcu-
lation, the authors constructed a phenazine-linked graphene-like
two-dimensional COF (COF-C4N) via the solvothermal reaction
of triphenylhexamine (TPHA) and hexaketocyclohexane (HKH).[™!
COF-C4N showed high OER performance with a Tafel slope of 64
mV dec?, and an overpotential of 349 mV at 10 mA cm?2. The
theoretical modeling calculations showed that the C4 site at the
edge was the potential active site for OER. This work provided
valuable ideas for the application of metal-free COFs to electro-
catalyze OER.

One advantage of COFs is that metals can be incorporated
into the framework by metallizing secondary building units, which

can enable 2D COFs with enhanced electrocatalytic performance.

Co has attracted a lot of attention in the OER field due to its
stable redox state.[”® Du et al. combined cobalt porphyrin-based
COF with multi-walled carbon nanotubes (abbreviated as
(CoP)n-MWCNTSs) as a highly efficient OER electrocatalyst. In
1.0 M KOH, as-prepared (CoP)n-MWCNTs showed a low Tafel
slope of 60.8 mV dec! and a low overpotential of 290 mV at 1 mA
cm?2. In addition, Kurungot and coworkers reported a covalent
organic framework TpBpy containing bipyridine,[”® which was
obtained by designing cobalt single atoms into its porous
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framework via post-processing method. The obtained Co-TpBpy
exhibited great OER performance in neutral media, with an
overpotential of 400 mV at 1 mA cm2. Furthermore, Thomas et al.
reported a facile strategy to construct well-defined and hierar-
chical COFs with interconnected macroporous structures (mac-
ro-TpBpy-Co).125 Co?* was coordinated within the hierarchical
pore structure, which greatly accelerated ion and mass transport.
In 0.1 M KOH, macro-TpBpy-Co displayed a low overpotential of
380 mV at 10 mA cm? and a low Tafel slope of 54 mV dec?
(Figure 3f), surpassing most reported Co-doped polymer-based
OER electrocatalysts. The PS-templated approach used in this
work has been extended to gain various macroporous imine-
based COFs by tuning the corresponding amine linkers, demon-
strating the generality of the method.

Moreover, COFs serve as a support for Co,Niy(OH). nanopar-
ticles to electrocatalyze OER. The nanoparticles of the resulting
hybrid (4Co:12Ni-COF) were well-dispersed (less than 2 nm in
size) on COFs, which can achieve high accessibility to catalytic
sites.[ In 1 M KOH solution, the overpotential of 4Co:12Ni-COF
at a current density of 10 mA cm? is only 258 mV, and the Tafel
slope is only 38.9 mV dec?, which is better than that of most
reported Ni/Co-based OER catalysts (Table 2). The four-probe
test results showed that the support IISERP-COF2-B is non-
conductive. The authors established a model to optimize the
most stable structure. The nanosheets were sandwiched be-
tween two sp® nitrogen atoms in adjacent layers (Figure 3g), and
the lone pair of electrons in the tetrahedral sp® nitrogen center
points towards the nanoparticle sheets. This enabled enhanced
synergy between the support and nanoparticles, resulting in
excellent electrocatalytic OER performance.

Oxygen Reduction Reaction: ORR is a multistep reaction with
several intermediates. The process involves the reaction of 4
electrons and 4 protons as well as the cleavage of the double
bond in oxygen molecule. The exact mechanism of ORR is still
unclear. Generally, O; is first adsorbed to the electrode surface,
and then it gains electrons and is reduced to H,O or OH". Itis a
key reaction in the discharge process of fuel cells and metal-air
batteries, and determines the working efficiency of these batter-
ies. In general, the ORR process can occur via two distinct
pathways: a one-step direct four-electron reduction reaction or a
two-step reduction with two electrons in each step. These re-
sponses are summarized as follows:

Table 2. List of Some Reported COF-Based Electrocatalysts for OER and Their Experimental Catalytic Activities

OER electrocatalysts Overpotential (mV) Tafel slope (mV dec?) Electrolyte Ref.
4Co0:12Ni-COF 258 mV at 10 mA cm? 38.9 1.0 M KOH 79
IISERP-COF3/NizN 230 mV at 10 mA cm? 79 1.0 M KOH 80
C4-SHz COF 320 mV at 10 mA cm 39 1.0 M KOH 74
COF-CsN 349 mV at 10 mA cm 64 1.0 M KOH 75
FeS/FesC@N-S-C-800 180 mV at 10 mA cm2 81 1.0 M KOH 64
Co-TpBpy 400 mV at 1 mA cm? - 0.1 M Phosphate buffer 78
Fe2P/FesN@C-800 410 mV at 10 mA cm 177 1.0 M KOH 81
(CoP)n-MWCNTS) 290 mV at 1 mA cm-? 60.8 1.0 M KOH 77
CoCMP 290 mV (j is not mentioned) 87 0.1 M KOH 82
Co304/NPC 330 mV at 10 mA cm 79 1.0 M KOH 83
macro-TpBpy-Co 380 mV at 10 mA cm-? 54 0.1 M KOH 27
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Alkaline:

4-electron reaction process: O, + 4e™ + 2H,0 —» 40H~ (26)
2+2 electron reaction process:

0, +2e~ +H,0 > HO,” + OH~ (27)
HO,™ +2e~ + H,0 - 30H~ (28)
or disproportionation reaction: 2HO,” — 20H™ + O, (29)
Acidic:

4-electron reaction process: 0, + 4e~ + 4H* - 2H,0 (30)
2+2 electron reaction process: O, + 2e~ + 2H* - H,0, (31)
H,0, +2e~ + 2H* > 2H,0 (32)
or disproportionation reaction: 2H,0, - 2H,0 + 0, (33)

In general, the initial process of the four-electron reaction in-
volves the direct dissociation of O-O bond, which requires more
energies than the dissociation of H.O, or HO, (2+2 electron
reaction) because the double bond is not broken during the first
step of the two-electron process. For further reduction, a higher
activation energy is required. The intermediate product H;O; is
relatively stable. If the activation energy is not high enough, the
reaction may end at any time and become the final product,
causing a negative shift in the potential of the electrode. More-
over, the accumulated H,O, can enter the anode and react elec-
trochemically with the metal, resulting in a low utilization of the
metal in the metal-air cell. Therefore, the complete reaction of

direct four electrons is desired.’®+87)

COFs are regarded as promising ORR electrocatalysts due to
their tunable pore structure, large specific surface area, and
customizability. Yao and coworkers employed thiophene-sulfur
COF (MFTS-COFs) as metal-free ORR electrocatalyst.? Two
metal-free thiophene-S COFs, JUC-527 and JUC-528, were
synthesized and both exhibited superior electrocatalytic ORR
performance compared to the thiophene-S COF (PDA-TAPB),
demonstrating that the pentacyclic thiophene-S structural unit
was the catalytically active center of ORR. Specifically, JUC-528
with irregular particle morphology exhibited the best ORR activity
with a half-wave potential of 0.7 V and a Tafel slope of 65.9 mV
dec?, demonstrating its fast kinetics. The number of transferred
electrons (n) per O, molecule is 3.81 at 0.2 V, which is almost the
four-electron transfer behavior of ORR. DFT theoretical modeling
calculations (Figure 4a) revealed that JUC-528 possessed a
narrower band gap than JUC-527 (Figure 4b). Furthermore, the
two adjacent carbon atoms at sites 3 and 5 in pentacyclic thio-
phene-S showed low overpoentials (Figure 4c), which indicated
the key role of thiophene in catalyzing ORR. This work provides a
way for subsequent researchers to precisely design electrocata-
lytic active sites for ORR. Another work on metal-free naphtha-
lene-diimide-based COF (NDI-COF) for ORR is designed by
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Figure 4. COF-based ORR electrocatalyst. (a) Optimized structures of PDA-TAPB-COF, JUC-527 and JUC-528. S, N, C and H atoms are represented
by yellow, blue, gray and white spheres, respectively. (b) DOS and (c) free energy diagrams of the three structures (at site 5).128! Copyright 2020 Amer-
ican Chemical Society. (d) TEM image of NDI-CONSs. (€) ORR polarization curves of NDI-CONs.[88 Copyright 2020 Royal Society of Chemistry. (f) ORR
polarization curves of COP graphitic electrodes. (g) Polarization curves of COP graphitic electrodes at different electrode rotation speeds. The inset
shows the Koutecky-Levich plot of C-COP-4.[89 Copyright 2014 Wiley-VCH. (h) ORR polarization curves of CoOCOF-Py-Rgo.[*¥ Copyright 2017 Royal

Society of Chemistry.
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Table 3. List of Some Reported COF-Based Electrocatalysts for ORR and Their Experimental Catalytic Activities

ORR electrocatalysts Ei (V vs. RHE) Tafel slope (mV dec?) Electrolyte Ref.
COF@ZIFso0 0.85 0.1 M KOH 47
N, P co-doped carbons 0.81 0.1 M KOH 66
C-COP-4 0.78 0.1 M KOH 89
CoCOF-Py-0.05rGO 0.765 0.1 M KOH 90
FeS/FesC@N-S-C-800 0.87 0.1 M KOH 64
Pt/C 0.84 0.1 M KOH 64
PA@TAPT-DHTA-COF1000nH3 -0.11 (vs. Ag/AgCl) 110 0.1 M KOH 91
COP/IGO 0.72 67.4 0.1 M KOH 44
FeosCoosPc-CP NS@G 0.972 0.1 M KOH 92
JUC-528 0.70 65.9 0.1 M KOH 26
Fe-C3N3-750-NHs 0.84 0.1 M KOH 93

Segura et al.B8 NDI-COFs contained naphthalenediimide (NDI)
units, which were considered as promising electron acceptors
with electrochemical activity. With a specific surface area of 1138
m? g* and a pore size of 2.5 nm, 2D COF nanosheet material
NDI-COF (Figure 4d) exhibited high ORR catalytic activity with
an onset potential of -0.25 V, which was better than that of pure
GC electrodes (Figure 4e). Also, after 10000 s of operation, the
current loss was only ca. 3% with respect to its initial current,
demonstrating its excellent stability.

The first metal-free ORR electrocatalyst prepared by COF-
derived pyrolysis was reported by Dai et al.®% Several covalent
organic polymers with N-rich structural units were first synthe-
sized, followed by carbonization to obtain graphitic carbon mate-
rials with different N-doping levels. The controllably synthesized
N-doped porous graphitic carbon material exhibited high ORR
electrochemical performance in alkaline media with a half-wave
potential of 0.78 V, which was close to that of Pt/C (0.8 V) (Figure
4f, Table 3). In addition, the number of electrons transferred to O
molecule was calculated from the Koutecky-Levich (K-L) equa-
tion to be 3.90 at 0.55-0.70 V (Figure 4g). This work achieved a
breakthrough in the precise control of the position and pore size
of N-doped heteroatoms.

The introduction of metals as well as hybrid inorganic active
materials into COFs is an important strategy to enhance electro-
catalytic performance of ORR. Luo et al. designed a reduced
graphene oxide/cobalt porphyrin-based COF (CoCOF-Py-rGO)
using pyridine-functionalized reduced graphene oxide (rGO) as
the building unit.® 4-Styryl pyridine functional groups were pre-
sent on both sides of rGO as structural nodes connecting the
Co-COF, forming a distinctive 3D morphology. CoCOF-Py-rGO
achieved high electrocatalytic ORR performance with a half-
wave potential of 0.765 V, an onset potential of 0.84 V and a
Tafel slope of 61 mV dec? (Figure 4h, Table 3). It also exhibited
higher stability and methanol tolerance in alkaline medium than
Pt/C, which was attributed to the synergistic effect of the 3D
porous structure of the COF material and the electron transport
properties of graphene.

n COF-BASED ELECTROCATALYSTS FOR NI-
TROGEN REDUCTION REACTION

Ammonia is one of the most important chemical raw materials for
human production and life, and plays an important role in indus-
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trial and agricultural production and energy storage and conver-
sion.l®*9% At present, the industrial ammonia synthesis mainly
relies on the energy-intensive Haber-Bosch process, that is, the
combined reaction of N2 and H; under the action of a catalyst
(iron catalyst) to generate ammonia. This process requires high
temperature (> 673 K) under high pressure (> 700 bar), which is
very energy-intensive (about 1~2% of the total human energy
consumption).®® Meanwhile, the preparation of synthetic ammo-
nia raw material H, also increases the emission of greenhouse
gas CO, (about 1% of global greenhouse gas emissions).
Therefore, the development of sustainable ammonia synthesis
technology under normal temperature and pressure is of great
strategic significance. The electrochemical nitrogen reduction
technology introduces electric energy into the ammonia synthe-
sis reaction, which breaks the high reaction energy barrier of N,
and realizes the synthesis of ammonia under normal temperature
and pressure.

NRR is a six-electron transfer reaction that undergoes three
reaction paths and is relatively complex. All three reaction paths
undergo the adsorption of N, molecules, the breaking of N=N
triple bonds, and the formation of N-H bonds. However, the N=N
triple bonds of N, molecules are very strong at room temperature
and pressure (bond energy of 941 kJ mol?), which are difficult to
break. Moreover, the similar theoretical potential of NRR and
HER leads to the dominance of competing HER, which makes
NRR kinetically and thermodynamically difficult to carry out.
Hence it is crucial to develop NRR electrocatalysts with high
activity and selectivity.

Yan et al. demonstrated that promoting N entry into boron-rich
COFs via electrochemical excitation can achieve an efficient
NRR catalyst.®® First, the authors used the metal-free COFs
formed by self-condensation of 1,4-benzenediboronic acid
(BDBA) as the research model. Figure 5a is the differential
charge density map of the electrochemically excited COF
(Eex-COF). Yellow represents the lowest unoccupied molecular
orbital, and blue-green represents the highest occupied molecu-
lar orbitals. Among them, the positive charges are mainly distrib-
uted around the boron atom, proving that B in BsO3; can serve as
the NRR active site. Since kinetic performance is another key
point for heterogeneous catalytic systems, the authors also per-
formed MD simulations to investigate whether the above phe-
nomenon was beneficial to the diffusion of nitrogen in the catalyst.

2211092



REVIEW

SChinese Journal of
tructural Chemistry

The results showed that there was a clear distinction between
the two models, and N, molecules tended to tightly pack around
Eex-COF. Subsequently, to confirm the theoretical conclusion,
the authors quantitatively investigated the effect of Eex-COF/NC
on NRR activity by chronoamperometry using an airtight dual-
chamber cell. The LSV curve (Figure 5b) of different states
proved that there was a current density difference between N,
and Ar atmospheres. Figure 5c shows the yields of NH; at dif-
ferent constant potentials. Eex-COF/NC achieved an NHj3 yield of

12.53 pg-h'tmgeat at -0.2 V and a Faradaic efficiency of 45.43%.

In addition, the performance of Eex-COF/NC remained almost
unchanged for 10 consecutive cycles of NRR electrolysis,
demonstrating its excellent NRR stability.

To overcome the slow kinetics, active metals were introduced
into the COFs. Two-dimensional conjugated covalent organic
backbones (2D c-COFs) anchored to M-Nx-C centers were re-
ported as NRR electrocatalysts by Feng et al.?®l As-prepared 2D
¢c-COFs (MPc-pz, M=Fe, Co, Ni, Mn, Zn and Cu) were consist of
metal phthalocyanine (MPC) and pyrene units, which were
bonded by chemically stable pyrazines (Figure 5d). The authors
screened different MPc-pz catalysts with M-N4-C centers, and
found FePc-pz showed the best NRR performance with NH; yield
of 33.6 pyg-h"*-mgea* at -0.1 V and a Faraday efficiency of 31.9%.

The rate determining step of NRR on MPc-pz calculated by theore-
tical modeling was N, protonation to form *NNH (Figure 5e).
Comparing different atoms, the Fe atom had a localized elec-
tronic state at the Fermi energy level making the binding energy
of N2 on Fe-N4-C stronger, thus the energy barrier was greatly
reduced and the NRR kinetics was accelerated.

In 2022, another sophisticated work successfully introduced
ordered quasi-phthalocyanine N-coordinated TM (Ti, Cu, or Co)
centers into conjugated 2D COFs through a pyrolysis-free syn-
thesis strategy.®®! The transition metal centers (Ti, Cu, or Co)
were anchored to the corresponding COF frameworks in the form
of coordination structure (Figure 5f). There was a large current
density gap in the LSV curves of Ti-COF (Figure 5g) under N,
and Ar, which proved that the NRR had already happened. Then,
Ti-COF had a high NH;3 yield of 26.89 ug-h*-mg.a* and a Fara-
daic efficiency of 34.62%, which was superior to that of Cu-COF
and Co-COF. DFT calculations of NRR transition states con-
firmed that NRR tends to undergo alternate paths rather than the
distal paths on Ti-COF (Figure 5h). Furthermore, the comparison
of the partial density of states (PDOS) of Ti-COF before and after
nitrogen activation indicated that Ti-COF could adsorb and acti-
vate N molecules, and efficiently inhibit HER side reactions,
thereby improving NRR catalytic activity. This work provides a

a b C s
& 2 -9~ Eex-COFNC 3
13 Ty 121 -o-NC 8- '
g0 £ :
£ = 9 & AN
2, E] s .
8 2 y 3
3 g ¢l o
=4 - Ar 2 o
- § — Pristine state T 3
DO, (S —— Excitation state-N, z y
O —

-08 -06 -04 -02 00 02
Potential (V vs. RHE)

-05 -04 -03 -02 -0.
Potential (V vs. RHE)

d X e’
preh ..: Bu-PT p 4
Ph-é" N»vn o ) o 9
NR L o 3
Ph @ Ph o NMP/mesitylene = 2:1
Pn*nm;.z;@u’ Ph 165 °C, 54 / § 2
O g N o
P";)"l N 5P 6 M HOAC (H;0) € 4
o
endd Non \X/ N ﬁ"_’ 0 —pwow
PreR HOAC (without H,0) ATt g |
MPC(NSCPh)g <N N -1 s & ¢ 2 _— l
] NE A N i
o ot Reaction coordination
MPc-pz (M=Fe, Co, Ni, Cu, Zn)
p 0 —~ $ 12 NN, ©)
—N ° )
§ -4 > 06 "N:H "HNNH
g o Nl NaH,
% —
= . 004 = = == J03ev
> § Ul we & ww— 0N,
o —_
§-12 g8 N NH; (0)
- 173 ]
-12 | .
§ .16 2 *NHeNH, (9)
a O .8 Ny
20 “NH;
-1.2 -1.0 -08 -06 -04 -02 0.0

Potential (V vs. RHE)

Reaction coordination

Figure 5. COF-based NRR electrocatalyst. (a) The calculated charge distribution of COF. (b) Polarization curve of different states through excitation. (c)
NHsz yield of Eex-COF.I971 Copyright 2019 Nature Publishing Group. (d) Schematic synthetic process of MPc-pz. (e) Free energy distribution of NRR
along alternate paths on MPc-pz.128] Copyright 2021 American Chemical Society. (f) HRTEM and SAED (inset) images of Ti-COF. (g) Polarization curve
of Ti-COF in Ar- and Nz-saturated 0.05 M HCI electrolyte. (h) DFT calculated reaction energy diagram of NRR for Ti-COF.[%I Copyright 2022 American

Chemical Society.

2211093

© 2022 fjirsm, CAS, Fuzhou

Chin. J. Struct. Chem. 2022, 41, 2211084-2211099
DOI: 10.14102/j.cnki.0254-5861.2022-0162




S Chinese Journal of
tructural Chemistry

REVIEW

valuable idea for the development of 2D COFs electrocatalytic
materials with rich coordination transition metal centers.

n COF-BASED ELECTROCATALYSTS FOR
CARBON DIOXIDE REDUCTION REACTION

The continuous consumption of non-renewable fossil fuels not
only causes the energy crisis, but also leads to a series of cli-
mate problems such as global warming caused by the continu-
ous increase in the concentration of carbon dioxide (CO,) in the
atmosphere, which breaks the natural carbon cycle process.!®
Therefore, the effective utilization and conversion of CO, have
received extensive attention. The electrochemical reduction of
CO; can be driven by renewable energy to convert CO, into
chemicals, which is considered to be one of the promising ways
for CO, conversion and utilization. Meanwhile, the formation of
target products can be selectively controlled by changing the
electrolysis conditions. However, given the stable linear structure
of CO, molecules, it is urgent to design and synthesize cheap,
efficient and stable electrocatalysts to catalyze CO,RR. COFs
have been used as electrocatalysts in the field of CO;RR due to

6 M AcOH (aq)

. (15:5:2viviv)
» 120°C, 72h

their large specific surface area and easy functionalization.

The electrochemical COzRR is a multi-step reaction process
involving 2, 4, 6, 8, 10 and other multiple electron transfer path-
ways. It generally includes the following key steps: 1) chemi-
sorption of CO, molecules on the surface of solid-state catalysts;
2) transfer of electrons and protons to tear C-O bonds and form
C-H bonds, etc.; 3) product structure rearrangement and desorp-
tion from the catalyst surface into the electrolyte. In 2015, Yaghi
et al.B synthesized two COFs (COF-366-Co and COF-367-Co)
by the reactions of 5,10,15,20-tetrakis(4-aminophenyl) porphinato
cobalt and 1,4-benzenedicarbaldehyde (BDA), biphenyl-4,4'-
dicarbaldehyde (BPDA), respectively (Figure 6a, b). The authors
deposited COF materials on porous conductive carbon fabrics.
The catalyst exhibited the best catalytic performance at a poten-
tial of -0.67 V (Figure 6¢). COF-366-Co promoted the release of
carbon monoxide at an initial current density of 5 mA mg?. The
Faradaic efficiency of the catalyst (=80 mA mgc,) is 90%. This
work shows the kinetics of the catalytic process can be signifi-
cantly improved by designing a special structure to make the
catalytic active site contact with the reactants efficiently.
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As shown in Figure 6d, Cao and coworkers incorporated
tetrathiafulvalene (TTF) into the framework of two-dimensional
porphyrin COFs.% TTF-Por(Co)-COF was endowed with better
electron transfer ability than COF-366-Co without TTF, which
could improve the catalytic activity (Figure 6e). For CO;RR,
Faradaic efficiency of TTF-Por(Co)-COF reached 95%. Mean-
while, it has good stability at a constant voltage of -0.7 V. Com-
pared with COF-366-Co, TTF-Por(Co)-COF required a lower
energy to complete the rate-limiting step of CO, reduction to
*COOH, assisted by DFT calculations. In addition, Cao et al.l
optimized the energy and bonding strength of the reaction in-
termediates by introducing electron-rich Zn into CoPPc (Figure
6f). Co in the electron-rich region was the catalytic active sites
and showed excellent CO;RR catalytic performance with 90%
Faraday efficiency (Figure 6g). This work opens a universal ave-
nue for applying COF materials as the CO2RR electrocatalysts.

n CONCLUSIONS AND PERSPECTIVES

Since the invention of COFs by Yaghi et al. in 2005, COFs with
different structures have been designed and synthesized for
different application fields. COFs are promising electrocatalysts
with customizable structures, tunable pore structures, abundant
active sites, and functional groups. This review summarizes the
design strategies of COF-based electrocatalysts, including (1)
using COFs as supports, (2) introduction of active metals into
COFs, (3) exfoliating COFs to two-dimensional conductive
nanosheet, (4) compositing COFs with inorganic active species,
and (5) pyrolysis of COFs to obtain carbon-based materials, etc.
Specific structures are precisely prepared at the molecular/
atomic level by the above strategies to enhance the content of
active sites and improve intrinsic activity of each active site.
Furthermore, COF-based electrocatalysts have made great pro-
gress in specific electrocatalytic reactions recently, including
hydrogen catalysis (HER and HOR), oxygen catalysis (OER and
ORR), NRR and CO;RR. This review summarizes the key para-
meters of various electrocatalytic reactions in a tabular form to
clearly compare the electrocatalysts. Although staged progress
has been made in the development of COF-based electrocata-
lysts, there are still several issues worthy of further exploration.
First, whether it is the relatively mature fields of HER, OER and
ORR or the fields of HOR, NRR and CO2RR in their infancy,
there are problems of slow reaction kinetics. Meanwhile, the
origin of slow kinetics has not been fully determined, and its
fundamental basis remains to be explained. From an experi-
mental point of view, it is strongly recommended to analyze the
COF single crystal structure by single crystal means for a deep
understanding of the material. In situ spectroscopy and micros-
copy techniques, such as Raman spectroscopy, TEM, and in situ
XPS, can also be used to monitor the occurrence and subtle
changes of the catalytic reaction process. This can observe the
interaction and banding strength of each catalytic reaction in-
termediate in real time, which will help us understand the basic
properties of electrocatalytic reactions. Furthermore, DFT calcu-
lations are invaluable tools for revealing the realistic catalytic
processes and for identifying true active sites. The calculated
results can provide important information for understanding the

2211095

© 2022 fjirsm, CAS, Fuzhou

SChinese Journal of
tructural Chemistry
effects of various reaction intermediates, adsorption free energy,
descriptors, etc. on the reaction rate. Though the current theo-
retical calculations are concerned, it is still a huge challenge to
reasonably correlate the active sites of the theoretical model with
the experimentally obtained phenomena under real catalytic
conditions, and further research and exploration are needed.

Second, the active sites and microstructures of COF-based
electrocatalysts should be more precisely controlled. The precise
tuning of building blocks to fully exploit the intrinsic advantages of
COFs largely determines the catalytic activity. Moreover, the
synergistic effect between COFs and the load, carrier or compo-
site species also needs to be further considered, which is one of
the critical factors affecting the catalytic performance. In addition,
the low intrinsic conductivity of COFs is a key limitation as an
efficient electrocatalyst. At present, some researchers have
successfully improved their conductivity by constructing two-
dimensional conductive COFs or pyrolyzing COFs to obtain
carbon materials. Apart from that, heteroatomic hybridization is
also a promising method to improve the electrical conductivity of
COFs. The COFs with improved electrical conductivity can
quickly supply the required electrons for electrocatalytic reactions,
thereby enhancing the catalytic activity.

Third, the stability of electrocatalysts is crucial for various spe-
cific electrocatalytic reactions, especially under strong acid and
base conditions. Almost none of the reported COF electrocata-
lysts are stable for tens of hours, far from meeting the practical
application requirements for stable maintenance. In order to
improve the electrocatalytic stability of COFs, the factors that
determine the stability, including the composition, microstructure,
and hydrophilicity and hydrophobicity of building blocks, should
be accurately judged and controlled. Meanwhile, various char-
acterization methods can be used to monitor the active degrada-
tion process or framework collapse process of COFs, which will
reveal the mechanism and provide guidance for the design of
highly stable electrocatalysts.
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