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As a new type of crystalline porous material, the imidazole zeolite framework (ZIF) has attracted wide-
spread attention due to its ultra-high surface area, large pore volume, and unique advantage of easy
functionalization. Developing different methods to control the shape and composition of ZIF is very
important for its practical application as catalyst. In recent years, nano-ZIF has been considered an elec-
trode material with excellent oxygen evolution reaction (OER) performance, which provides a new way to
research electrolyzed water. This review focuses on the morphological engineering of the original ZIF-67
and its derivatives (core—shell, hollow, and array structures) through doping (cation doping, anion doping,
and co-doping), derivative composition engineering (metal oxide, phosphide, sulfide, selenide, and tellur-
ide), and the corresponding single-atom catalysis. Besides, combined with DFT calculations, it emphasizes
the in-depth understanding of actual active sites and provides insights into the internal mechanism of
enhancing the OER and proposes the challenges and prospects of ZIF-67 based electrocatalysts. We
summarize the application of ZIF-67 and its derivatives in the OER for the first time, which has significantly
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sidered as promising alternative catalysts for the OER.*
Researchers found that on this basis, the rational design and

1 Introduction
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The consumption of a large number of fossil fuels and the
resulting greenhouse effect has prompted researchers to have
a strong research interest in the development of clean energy
conversion technologies."™ In particular, the electrolysis of
water to produce hydrogen is a convenient and environmen-
tally friendly way to generate clean hydrogen energy.®”
However, the slow kinetics of anodic oxygen generation
severely limits the hydrogen release reaction on the
cathode.'®*? Therefore, it is necessary to design electrocata-
lysts with a high-efficiency OER to improve the efficiency of
water decomposition."*® So far, IrO, and RuO, are catalysts
with the highest OER activity in alkaline media.'® However,
both IrO, and RuO, are easily oxidized, and their high cost has
seriously hindered the commercialization of zinc-air batteries
and overall water splitting."”2° In recent years, researchers
have done a lot of work to improve the performance of cheap
electrocatalysts, hoping to replace precious metal-based
catalysts.”’>* Transition metal-based MOF derivatives are con-
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construction of the structure and composition of the catalyst
can further improve the electrocatalytic performance of the
OER.25_27

As a new type of crystalline and microporous material, the
metal-organic framework (MOF), with a large surface area,
unique porosity, and customizable functionality, is extremely
attractive for catalysis.”*° Using active metal centers and
functionalized organic ligands, MOFs combine the good pro-
perties of these two catalysts.*”*> MOFs have broad prospects
as OER electrode catalysts, because the pores and open chan-
nels of the MOF can provide storage space for the electrolyte,
promote the diffusion of reactants, and promote the transport/
release of generated oxygen. In addition, the evenly distributed
metal cations in the MOF and the ligands in the framework
are appropriately adjusted to effectively improve the ability of
the OER catalyst.*?

Although many types of MOF have been developed to cata-
lyze the oxygen release reaction, most MOFs cannot be used in
practical applications due to their poor stability. While, ZIF
has excellent stability due to its special structure (the skeleton
structure of ZIF-67 is composed of metal Co," ions and N
atoms of 2-methylimidazole, which form tetrahedral structural
units by hybridizing with the four-coordinate SOD topology).
In addition, ZIF is a very attractive sub-category. It has the
advantages of the large specific surface area of a MOF, high
porosity, adjustable pore structure and the chemical and
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thermal stability of traditional zeolite materials.>**® Although
there have still been relatively few studies based on ZIF cata-
lysts in recent years, they have shown a gradual growth
trend.>”*® Although ZIF-67 and its derivatives show excellent
OER catalytic performance, there is still a gap in the practical
application of overall hydrolysis. In addition, ZIF-8 is an indis-
pensable isostructural MOF of ZIF-67, as many nanocatalysts
utilize the structural difference/similarity of this pair of MOFs
in constructing unique structures, but ZIF-8 is rarely used for
OER catalysis.>®

This review introduces the applications of ZIF-67 and its
derivatives in catalytic regulation of the OER through two
aspects: structural engineering and component engineering.
In addition, by summarizing DFT calculations, we can give a
deeper insight into its catalytic mechanism for the OER
process, which provides a theoretical basis for more rational
design of OER catalysts. Finally, the application prospects of
ZIF-67 and its derivatives in OER catalysis are proposed.

2 Preparation and properties of
ZIF-67

2.1 Preparation of ZIF-67

T-ZIF-67 is a commonly used catalyst in most studies of
electrocatalytic OERs based on ZIF-67, while H-ZIF-67 and
M-ZIF-67 are rarely used. Usually, the synthesis method of
T-ZIF-67 (Fig. 1a) reported by Luo et al*® can be used as a
reference to synthesize a purple product. Moreover, the syn-
thesis of M-ZIF-67 (Fig. 1b) was carried out by only replacing
Co(NO;3), with CoSO, on the basis of the synthesis of T-ZIF-67;
the synthesis of H-ZIF-67 (Fig. 1c) is based on the synthesis of
M-ZIF-67 with PVP.

2.2 OER performance of ZIF-67

For the OER of ZIF-67, Wang et al.*' proposed a new concept
that could realize the engineering of the imidazole zeolite
framework (ZIF-67) as a two-dimensional structure with
exposed (002) faces in the MOF. They found that in the (002),
(011), and (111) planes, the (002) plane of ZIF-67 showed the
best OER activity (Fig. 2a and b). In contrast, it was found that
ZIF-67 nanocrystals with a size comparable to the main
exposed (011) plane had poor OER activity. Based on the
experimental results and density functional theory (DFT)
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(Fig. 2c and d), they revealed the influence of the crystal face
on the OER performance of ZIF-67.

In addition, Table 1 shows that, although pure ZIF-67
shows poor OER catalytic performance due to its low conduc-
tivity, it is very important to understand what is the real cataly-
tically active site in the catalytic process. For example, Zheng
et al.** used in situ spectroelectrochemical methods to prove
that the true catalytically active sites in the catalytic process of
ZIF-67 are a-Co(OH), and CoOOH, not metal atom nodes. The
changes to ZIF-67 during the catalytic process are shown in
Fig. 2e.

In order to accurately show the OER performance of ZIF-67
derivatives, Schuhmann et al.** evaded the overall effect and
film effect of the macroscopic analysis of the electrode reaction
through an electrochemical study of single nanoparticles
(Fig. 2f and g). Thus, the electrocatalytic performance of the
OER and its catalytic process can be measured more accu-
rately. According to reports, this unprecedented method can
be used to understand the electrocatalytic behavior of individ-
ual nanoparticles without affecting the overall and thin-film
effects. This research program consolidates the potential of
such architectures to establish the basic electrocatalytic para-
meters of nanoparticles and structure-property relationships
that are not affected by macroscopic membrane effects. In
addition to obtaining the basic electrocatalytic properties of
nanoparticles, these nanocomponents can also be used as a
powerful platform for studying reactions involving changes in
the local electrode-electrolyte environment, which is not poss-
ible on large electrodes. Subsequently, the group** reported
studies of Co-N-doped C composite particles derived from the
ZIF-67 relative to the OER using a scanning electrochemical
cell microscope (SECCM) (Fig. 2h). By using the interference-
free Os compound as a standard for the free-diffusion internal
redox potential, the problem of surface wetting and potential
drift can be solved, and SECCM can be successfully applied in
alkaline media.

2.3 Summary

This section mainly introduces three types of ZIF-67 (T-ZIF-67,
M-ZIF-67, H-ZIF-67) for the electrocatalytic OER. Among them,
T-ZIF-67 is the most commonly used, and an efficient OER is
achieved by shaping the zeolite imidazolate skeleton (ZIF-67)
into a 2D structure with exposed (002) facets. It can be found
that the real active sites of ZIF-67 are a-Co(OH), and CoOOH.

- o

400 nm 200 nm

Fig. 1 SEM images of (a) T-ZIF-67, (b) M-ZIF-67, and (c) H-ZIF-67.%° Copyright @2017, The Author(s).
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Fig. 2 (a) Linear sweep voltammetry plots of commercial IrO,, ZIF-67 (002) and ZIF-67, (b) and the overpotential and current density of the corres-

ponding catalysts at 10 mA cm™2. (c) The surface energy level of the OER
standard free energy step diagram of the OER process on the (002), (

process of ZIF-67 (002). Metal Co is blue, O is red, and H is white. (d) The
011), and (111) planes of ZIF-67.** Copyright © 2020, Royal Society of

Chemistry. (e) Structure and morphological evolution of MOF (zeolite imidazolate skeleton ZIF-67) determined by cyclic voltammetry and ampero-
metric methods.*2 Copyright © 2020, American Chemical Society. (f) Illustration of diffusion flux around a macroelectrode and a nanoelectrode. (g)

Flowchart of the various stages involved in the study of the MOF-derived

CoN/C nanoparticle.** Copyright © 2019 Wiley-VCH Verlag GmbH & Co.

KGaA, Weinheim. (h) Typical SECCM setup and SEM image of the double-barrel nanocapillary used as the SECCM tip (inset).** Copyright © 2019 The

Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.

In addition, the OER catalytic process of ZIF-67 derivatives and
the study of its single nanoparticle electrocatalytic behavior are
also described.

3 OER catalysis of ZIF-67 with
different morphological structures

As we all know, improving the electrocatalytic performance
through composition optimization and morphological modifi-

12060 | Nanoscale, 2021,13,12058-12087

cation are two effective and feasible methods. In addition, the
conductivity and stability of MOF and MOF-derived catalysts
are issues of great concern, and these problems can be solved
to a certain extent through composition or morphology engin-
eering. It can be found that the main purpose of structural or
morphological engineering is to expand the active surface area
to expose more active sites. For example, the controlled syn-
thesis of a core-shell structure, a hollow structure and an array
can result in an excellent OER performance. The morphologi-
cal engineering of MOF and MOF derivatives is very important

This journal is © The Royal Society of Chemistry 2021
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Table 1 The catalytic performance of ZIF-67 reported in the literature

Catalyst Substrate Overpotential/mV Tafel/mV dec™" Electrolyte Scan rate/mV s~ Ref.
ZIF-67 RDE 334 105 1 M KOH 5 45
ZIF-67 Glassy carbon electrode (GCE) 400 235 1M KOH 5 46
ZIF-67 Glassy carbon electrode (GCE) 420 . 1M KOH 1 47
ZIF-67 RDE 400 96 1M KOH 5 48
ZIF-67 Glassy carbon electrode (GCE) 390 88.3 1M KOH 5 49
ZIF-67 Glassy carbon electrode (GCE) 352 82 1M KOH 5 50
ZIF-67 Glassy carbon electrode (GCE) 410 83.8 1M KOH 2 51
ZIF-67 Glassy carbon electrode (GCE) 408 128.2 1M KOH 5 52
ZIF-67 Glassy carbon electrode (GCE) 530 147 1M KOH 2 53
ZIF-67 NF 400 98 1M KOH 5 54
ZIF-67 Glassy carbon electrode (GCE) 530 125.5 0.1 M KOH 5 55
ZIF-67 Glassy carbon electrode (GCE) 546 74 1M KOH 5 56
ZIF-67 Glassy carbon electrode (GCE) 480 122 0.1 M KOH 5 57

to increase the density of active sites, control the uniform dis-
tribution of active materials, prevent nanoparticle aggregation,
promote electron/mass transfer, and produce synergistic
effects between active materials and the matrix.”® However, the
low intrinsic conductivity and easy self-aggregation of ZIF-67
derivatives usually result in high overpotentials. The result is
insufficient exposure of ZIF-67 surface active sites and slow
interfacial reaction kinetics. A single derivative of ZIF-67
usually exhibits an unsatisfactory electrochemical perform-
ance.>® Therefore, it is necessary to optimize the morphology
to improve the catalytic performance of ZIF-67 and its
derivatives.

3.1 Core-shell structure

Traditional catalytic reactions mostly occur on the surface of
the solid phase, so the total surface area of the active phase
has a great influence on the reaction rate. This also shows that
the surface structure will affect the catalytic activity and its
selectivity, and appropriately increasing the specific surface
area can increase the catalytic activity. The study found that
the catalyst with a core-shell structure could maintain the cata-
Iytic activity well.®*"®> The structure of the catalyst has the
advantages of large specific surface area and large pore size,
which can solve the problem of nanomaterials easily agglomer-
ating. Furthermore, because the boundary between the core
and the shell is more obvious, the reaction ratio is more inde-
pendent, there are more catalytically active sites, and the
coating between materials maximizes the synergistic catalysis
effect.®

3.1.1 Single shell structure (S-SS). Adjusting the shell can
improve the oxygen evolution performance of the catalyst with
ZIF-67 or its derivatives as the core has become a research
hotspot. For example, Chai et al.®* prepared a ZIF-67@Co(OH),
core-shell nanostructured catalyst (Fig. 3a and b). The core
and shell synergy in ZIF-67@Co(OH), can improve the charge
transfer rate and the reaction kinetics for the OER.

In addition, ZIF-67 or its derivatives can also be used as a
shell for the catalyst. This not only increases the specific
surface area but also protects the active sites of the reaction
and increases its electrical conductivity. For example, Hou

This journal is © The Royal Society of Chemistry 2021

et al.®®

used a new gas-phase hydrothermal method to syn-
thesize ultra-thin cobalt-based ZIF-67 nanosheets on a verti-
cally arranged Co(OH), nanosheet array. Ultra-thin ZIF-67
nanosheets are grown on the surface of Co(OH), sheets (with a
thickness of about 5 nm), forming a core-shell structure
(Fig. 3c). The excellent OER performance of this catalyst is due
to inherent excellent electrical conductivity of exfoliated gra-
phene foil and the synergistic effect between Co(OH), and the
ZIF-67 interface, thereby accelerating the charge transfer and
mass transfer process. Carbon material with excellent conduc-
tivity is another material to be used as a shell to improve the
conductivity of the catalyst to endow the catalyst with an excel-
lent OER performance. For example, Zheng et al®® chose
cobalt-based ZIF-67 as the precursor of cobalt and carbon, and
then converted them into CoggsSe nanoparticles (called
ZIF-Co, g5Se) through selenization and subsequent calcination
(Fig. 3d). As-prepared ZIF-Co,gsSe has an ultra-thin carbon
shell layer (Fig. 3e and f), which is beneficial for improved con-
ductivity and catalytic activity of the catalyst. The Co**- and
carbon-rich layer structure can provide sufficient active
centers, good electrical conductivity and effective charge trans-
port during the catalytic process, so as to achieve excellent
OER catalytic performance. Meanwhile, they found that
organic compounds as the core-shell structure could also
effectively improve the specific surface area of the catalyst. For
instance, Qin et al®” described hybrid electrocatalysts with
strongly coupled metal (Co-Fe) polyphenol networks (MPNs)
and Fe;O, nanoparticles (Fig. 3g). These catalysts were pre-
pared through tannic acid-mediated conversion of the surface
layer of ZIF-67@Fe;0, synthesized initially during the selective
conversion process, so that the core-shell nanoparticles were
uniformly covered by the organic MPN layer. The MPN layer is
composed of metal phenolic compounds rich in molecular
metal hydroxide (M-OH, M-O-M) centers, which increase the
electrochemical surface area by about four times. Pang et al.*®
grew m-conjugated organic molecules in situ on ZIF-67
(HHTP@ZIF-67) by the hot solvent method (Fig. 3h).
HHTP@ZIF-67 has a large specific surface area (Fig. 3i),
leading to a great improvement in the OER catalytic
performance.

Nanoscale, 2021,13,12058-12087 | 12061
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Fig. 3 (a and b) TEM images of Co(OH),-1.5% Copyright ©® 2019 Elsevier Inc. All rights reserved. (c) HRTEM images of the EG/Co(OH),/
ZIF-67 hybrid.®® Copyright © 2018, Royal Society of Chemistry. (d) Schematic diagram of the synthesis of Cog gsSe@C nanoparticles. () SEM image
of ZIF-67. (f) HRTEM image of ZIF-Cog gsSe. Inset: low-resolution TEM image.®® Copyright ® 2016, American Chemical Society. (g) SEM images of
ZIF-67@Fes0, nanoparticles.®” Copyright © 2019, Royal Society of Chemistry. (h) TEM images of HHTP@ZIF-67. (i) The Brunauer—Emmett—Teller
(BET) specific surface area and the corresponding pore size distribution plot (inset) of HHTP@ZIF-67.¢ Copyright © 2018 Wiley-VCH Verlag GmbH

& Co. KGaA, Weinheim.

3.1.2 Double shell structure (D-SS). The biggest advantage
of the D-SS is to increase the specific surface area of the cata-
lyst by introducing a gap between the core and the shell,
thereby exposing more active sites, so it has a better OER cata-
lytic performance. For example, Zou and others®® successfully
synthesized Co;0,@Z67-NT@CeO, through hydrothermal and
high-temperature pyrolysis methods, which could maintain
the original morphology of the ZIF-67 polyhedron (Fig. 4a and

12062 | Nanoscale, 2021, 13, 12058-12087

b). The porous D-SS of Co;0,@Z67-700@Ce0, also promotes
complete contact between the CeO,/Co3;0, interface and the
surface, which exposes more active sites to promote the OER.
Pang et al.®® successfully synthesized the ZIF-8@ZIF-67@POM
catalyst by using a simple co-precipitation method (Fig. 4c and
d). Due to the synergy between POM and ZIF substances, the
regular structure and high surface area, the prepared
ZIF-8@ZIF-67@POM catalyst has an excellent OER electro-

This journal is © The Royal Society of Chemistry 2021
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DSNBs.”® Copyright © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

catalytic performance. Compared with the hydrothermal
method, this co-precipitation method is simpler and more
convenient and does not require a high-temperature environ-
ment. The ion exchange reaction is very beneficial for the
structure and chemical composition of complex MOF-derived
nanomaterials. Therefore, Lou et al.”® prepared a Co;0,/Co-Fe
oxide double-shell nanobox catalyst through an anion
exchange and annealing process (Fig. 4e and f). Due to the
advantages of structure and composition, the catalyst exhibits
an excellent OER electrocatalytic performance.

3.1.3 Egg yolk/core-shell structure (E/CS). In addition to
the S-SS and D-SS, the E/CS can also effectively promote the
catalytic reaction of oxygen evolution.”! Direct synthesis and
pyrolysis are the two commonly used methods. Compared with
the S-SS, the E/CS has a larger specific surface area and has a
more stable structure than the D-SS. For example, Pang et al.”>
successfully synthesized an egg yolk/egg shell ZIF-67@POM
catalyst (Keggin type polyoxometalate (POM)) (Fig. 5a and b).
This unique structure has a synergistic effect between the POM
and ZIF-67, which can effectively improve the catalytic perform-
ance of the catalyst (Fig. 5¢), and the catalyst has intentional
cycling stability and a high specific surface area. Li et al.”* used
ZIF-67 as the precursor to prepare hollow N-doped carbon poly-
hedral Co-based nanoparticles through a two-step pyrolysis-oxi-
dation method (Fig. 5d). The main point of this synthesis
method is to accurately and effectively control the oxidation
process of Co NPs, so that a series of Co-Co;0, nanostructures
embedded in hollow nitrogen-doped carbon polyhedra (HNCP)
(core-shell Co/C030,, egg yolk@shell Co@Co304, and hollow
Co30, weeks NP) can be prepared. The best Co;0,/HNCP-40

This journal is © The Royal Society of Chemistry 2021

(Fig. 5e-j) material has an extremely high OER activity and a
small overpotential of 333 mV when it reaches a current density
of 10 mA cm™>, which is one of the highest performing OERs
reported based on a Co catalyst (Fig. 5k and 1).

3.1.4 Summary. In summary, nano-core-shell OER cataly-
sis can achieve effective catalytic performance due to the
specific surface nanostructure, porosity, and the synergy
between the shell and the core. Among them, the core/shell
structured catalyst not only realizes a controllable catalytic
reaction, but can also protect the core material from chemical
attack by the external environment, and solve the agglomera-
tion problem of nanoparticles. In recent years, it has become a
research focus in the field of catalysis. However, the instability
of the core-shell structure will cause the active surface area
and catalytic performance to rapidly decrease over time, which
severely limits the widespread use of core-shell structured cata-
lysts in the industrial field. Besides, we summarized the OER
catalytic performance based on the ZIF-67 core-shell structure for
comparison (Table 2 and Fig. 6), and found that the shell struc-
tured catalyst had an excellent OER catalytic performance. It can
be seen that the performance of the catalyst with a core-shell
structure has been significantly improved after carbonization
(most of which are concentrated in Tafel (55-80 mV dec™") and
overpotential (250-350 mV)). In addition, it can be seen that
different treatment methods also seriously affect the catalyst.

3.2 Hollow structure (HS)

Hollow catalysts have been widely used in the electrolysis of
water to produce oxygen due to their unique structural charac-
teristics. The high surface area and thin shell give a HS catalyst

Nanoscale, 2021,13,12058-12087 | 12063
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Fig. 5 (a) SEM and (b) TEM images of 6-ZIF-67@POM. (c) The OER polarization curve of the catalyst in 1 M KOH solution at a scan rate of 2 mV
s71.72 Copyright @ 2019, American Chemical Society. (d) Schematic diagram of the synthesis of a series of Co—Coz0, based nanostructures
embedded in a hollow nitrogen-doped carbon polyhedron. (e—j) SEM, TEM, STEM, EDS mapping, and HRTEM images of Coz04/HNCP-40, (k) LSV
curves, (1) plot summarizing Tafel results and overpotentials at j = 10 mA cm™2.”® Copyright @ 2018, American Chemical Society.

abundant surface active sites and a high diffusion
efficiency.®*"®® As described by Lee et al.®® the HS has huge cav-
ities and porous thin walls, which promote the diffusion of
electrolytes and ions, expose more electrochemically active
sites, and reduce the electron transfer resistance. The hollow
and porous structure provides the catalyst with a large specific
surface area and high porosity, which can expose more electro-
catalytically active sites during the catalytic process to improve
the catalytic activity. In addition, this structure can also
increase the conduction and diffusion of electrons through the
four-electron pathway to create multiple available channels to
promote electrocatalytic activity. This simple method for pre-
paring porous hollow metal oxide electrode materials based on
MOF templates can provide new ideas for the low-cost, envir-
onmentally friendly, and efficient development of hollow-struc-
tured catalysts.

3.2.1 Pyrolysis method. The HS can be synthesized simply
by controlling the sintering temperature, time, and some
related auxiliary conditions. For example, Li et al.’® prepared
regular porous hollow polyhedral cobalt oxide (Cos;0, hollow
polyhedron) by the one-step pyrolysis of ZIF-67 (Fig. 7a).
Compared with granular Coz0, (Coz0, particles), Coz;04
hollow polyhedra show excellent OER activity (Fig. 7b).
Although this method is simple and convenient to operate, the

12064 | Nanoscale, 2021,13,12058-12087

catalytic performance is not ideal. Men et al.’® synthesized the

h-Co;0,@rGO catalyst through a two-step annealing process
(Fig. 7c and d). Coz0, is encapsulated by GO to endow the
catalyst with good conductivity, a high surface area and
unique hollow morphology. After one annealing treatment, the
synthesized h-Co;0,@rGO composite shows a better perform-
ance than Co3;0,-rGO (Fig. 7e). In order to further optimize the
pyrolysis method, Liang et al®' first reported a simple KCI-
assisted pyrolysis method, using ZIF-67 as a precursor, and
embedding Co nanoparticles into N-doped carbon nanotube
hollow polyhedra (NCNHP) to construct a hybrid architecture
(Fig. 7f and g). During pyrolysis in an environment of 400 °C,
potassium chloride will accelerate the decomposition of ZIF-67
and promote the formation of carbon nanotubes (CNT) in situ.
Due to the synergy between Co nanoparticles and N-doped
CNTs and the unique layered structure, NCNHP exhibits an
excellent OER catalytic performance.

3.2.2 Template method. The use of the template method to
fine-tune the pre-synthesized template to generate the HS is a
promising preparation method. For example, Li et al..®®
duced a continuous self-sacrificing template strategy in which
ZIF-67@NiCo-LDH CS was dispersed in ethanol and water to
remove the ZIF-67 template and obtain NiCo,0,/Co, N-CNTs
NCs (Fig. 8a). In addition, it can be found that the reflux

intro-
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Table 2 Comparison of different core—shell catalysts based on ZIF-67 and its derivatives
Overpotential/ Tafel/mV Current density/mA
Core-shell structure Substrate  Electrolyte mV dec™ BET (m” g ')/BJH cm™? Ref.
C030,@7Z67- GCE 2-0.1 M 350 80.7 267.27/micropores 10 68
N700@CeO, KOH
Co-NC@CoP-NC GCE 0.1 M KOH 330 79 243/micropores 10 74
Co@C030,4 RDE 0.1 M KOH 410 54.3 76 10 75
Co@Ir/NC-10% RRDE 1M KOH 280 73.8 108.45/micropores 10 76
ZIF-67@POM GCE 1 M KOH 287 58 116/micropores 10 72
ZIF-8@ZIF-67@POM GCE 2-1 M KOH 480 88 340/mesopores 10 69
CoP/CN@MoS, (GC) 1 M KOH 289 69 — 10 77
RDE
NiCoP/C@FeOOH GCE 1 M KOH 271 69 — 10 78
Co-BO@Co030,4 GCE 1 M KOH 342 32.7 55.08/macropores 10 79
Co;0,/Co-Fe GC-RDE 1M KOH 297 61 43.3/micropores/ 10 70
mesopores
HHTP@ZIF-67 GCE 1M KOH 238 104 2013.9/mesopores 10 46
ZIF-Co, g5 Se@C GC-RDE 1M KOH 360 62 13.56 10 66
Co3;0,/HNCP-40 GCE 1 M KOH 333 69 204/micropores/ 10 73
mesopores
ZIF-67@Co(OH), GCE 1M KOH 354 73.3 — 10 64
EG/Co(OH),/ZIF-67 EG 1M KOH 280 63 — 10 65
MPN@Fe;0,4 GCE 1 M KOH 260 33.6 8.7/macropores 10 67
N-GC/Co@CoO/rGO GCE 1M KOH 360 — 516/micropores 10 80
FCNC900 GCE 1 M KOH 360 90 217/micropores 10 81
CoP/NCNHP GCE 1 M KOH 320 70 86.5/micropores/ 10 82
mesopores
C06Sg@C0ySg@MOS,- GCE 1 M KOH 340 82.7 42.14 10 83
0.5
C0(S0.465€0.51)2@C GCE 0.1 M KOH 220 56.8 46.9/mesopores 10 84
CoP@FeCoP/NC YSMPs  CP 1 M KOH 238 47.98 24.85/mesopores 10 85
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Fig. 6 (a) OER activity comparison graph showing the Tafel slope at an overpotential of 10 mA cm~2 for different catalysts. (b) Comparison of BET/

BJH results for different catalysts.

process is widely used in the template method. For example,
Xu et al.*’ uniformly dispersed ZIF-67 particles in an ethanol
solution of thioacetamide, and then prepared amorphous CoS
hollow nanocages (Fig. 8b) under reflux conditions at high
temperature. Based on randomly broken particles, their thick-
ness is estimated to be about 20 nm. Precise control of the
reaction time between thioacetamide (TAA) and ZIF-67 NC can
lead to the formation of hollow CoS, nanostructures. Finally,
the catalyst CeO,/CoS was obtained through a series of prep-

This journal is © The Royal Society of Chemistry 2021

arations, and this catalyst showed excellent OER catalytic per-
formance (Fig. 8c).

Lyu and others® prepared a CoO-MoO, nanocage catalyst
with excellent OER performance by refluxing the template
(Fig. 8d and e). The CoM00O,-Co(OH), nanocage was prepared
by the dissolution-regeneration method. The dissolution part
involves etching ZIF-67 in the presence of water to release Co,"
ions. Na,MoO, and Na,WO, destroy the nanocage structure
because dissolution is faster and regeneration is slower.
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Fig. 7 (a) Schematic diagram to illustrate the OER electrocatalytic principles of CozO4 hollow polyhedra. (b) The polarization curve of the catalyst in
1 M KOH solution at a scanning speed of 2 mV s™%.>¢ Copyright ©® 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Schematic diagram of
the preparation of the h-Coz0,@rGO hollow catalyst using ZIF-67@GO as a precursor. (d) TEM image of h-Co30,@rGO. (e) The LSV curve of the
catalyst at a scanning speed of 1 mV s~%.°° Copyright @ 2018, American Chemical Society. (f) TEM image of NCNHP-1-500. (g) CNTs in an enlarged
TEM image of NCNHP-1-500.% Copyright © 2019, Royal Society of Chemistry.

However, in addition to providing an alkaline environment for
the formation of Co(OH),, Na,MoO, can also provide MoO,>".
Appropriate regeneration and dissolution rates can maintain
the nanocage structure. As the reaction continues, the outward
diffusion of Co," results in the formation of voids in CoM0oO,-
Co(OH),. With the dissolution of the ZIF-67 core, a hollow
CoMo00,-Co(OH), nanocage is finally formed, and the
CoMo00,-Co(OH), nanocage is reduced to CoO-MoO, during
subsequent calcination under a reducing atmosphere.

3.2.3 Ion exchange method. When elements such as
oxygen, sulfur, phosphorus, and selenium react with the metal
surface, they become anions and occupy a larger space, which
will cause them to move slowly in the metal nanostructure. In
addition, to satisfy the driving force for the movement of the
atoms, metal atoms that are small relative to the anion must
diffuse outward. Therefore, the metal ions diffuse to the
surface faster and react with anions on the surface, which
causes the metal template of the core to be consumed, thereby
forming the so-called Kirkendall cavity.”* During the reaction

12066 | Nanoscale, 2021, 13, 12058-12087

process, the experimental conditions can be adjusted to syn-
thesize the required hollow nanostructures.’”

For example, Li et al°® used a convenient ion exchange
method (i.e., an anion exchange reaction between the ZIF-67
crystal and Ni*") to carefully synthesize a hollow (Co, Ni)Se,
nanocage from ZIF-67. More specifically, the formation of the
nanocage involves a dissolution-regeneration process, and the
entire diffusion process can be attributed to the Kirkendall
effect.

3.2.4 Summary. In summary, this section describes the
preparation of HSs for OER catalysis by different methods
(pyrolysis method, template method, and ion exchange
method) and compares the OER catalytic performance of the
HS prepared from ZIF-67 (Fig. 9 and Table 3). It can be found
that the performance of most catalysts fluctuates within a
certain range of values. Some catalysts have better catalytic per-
formance due to the doping of iron and the etching of the
hollow structure. In addition, we can find that the specific
surface area and porosity of the catalyst can be effectively con-

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 (a) TEM image of NiC0,04/Co, N-CNTs NCs.? Copyright @ 2018, American Chemical Society. (b) TEM image of precursor CoS. (c) LSV curve
of Ce0,/CoS/CC catalyst for the OER.*” Copyright © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Schematic illustration describing the
formation process of CoO—MoO, nanocages. (e) TEM image of CoMo—H.® Copyright © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 9 Comparison of (a) Tafel slope and overpotential at a current density of 10 mA cm~2 and (b) BET/BJH results for different catalysts.

trolled through different synthesis methods. Some recent
studies have found that the concave surface of the hollow
nanostructure has a higher electrocatalytic activity than the
convex surface.””?® In addition, due to the dissolution of core
components, hollow nanoparticles tend to form disturbances
or defects in their structures, which will increase the catalytic
surface area.””'®® Therefore, the preparation of hollow nano-
structured catalysts with a controllable surface will be the goal
of our research in this area.

3.3 Array

The reasonable design of a nanoarray structure grown in situ
can effectively improve the OER performance."**''* In

This journal is © The Royal Society of Chemistry 2021

addition, catalysts using ZIF-67 arrays show excellent catalytic
performance, but there are few studies in this field.

As far as the OER based on the ZIF-67 framework is con-
cerned, Jiang et al.'™ chose nickel foam as the substrate for
preparing CoO arrays (Fig. 10a and b). The CoO nanowire array
is grown vertically on Ni foam and then selected as the precur-
sor to provide the framework for the growth of Co," ions and
ZIF-67 and dissolve its ligands with the help of a solvent. In
addition, ZIF-67 nanorod arrays were successfully grown on Cu
mesh, Fe mesh, and Cu foil by following similar synthesis
steps. All these results demonstrate the universality of the
current synthesis strategy for MOF-based hybrid arrays. The
excellent electrocatalytic performance can be attributed to the
more rapid release of air bubbles from the exposed active sites
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Table 3 Comparison of different hollow catalysts based on ZIF-67 and its derivatives

Overpotential/ Tafel/mV Current density/mA
HS Substrate Electrolyte mvV dec™! BET (m” g~')/BJH cm™? Ref.
(Co, Ni) Se,@NiFe GC-RDE 1M KOH 277 75 — 10 96
LDH
Co30, GCE 1 M KOH 370 51 49.27/mesoporous 10 56
CoO-MoO, GCE 1 M KOH 312 60 — 10 93
NiCo0,0,/Co, N-CNTs  GCE 0.1 M 339 61 251/mesoporous 10 92
KOH
h-Co;0,@rGO GCE 1M KOH 300 58 46.5 10 90
CeO,/CoS GCE 1 M KOH 269 50 252.92/mesoporous 10 47
NiCoS-3 GCE 1MKOH 320 58.8 123/mesoporous 10 101
C0304/CoM00,4-50 GC-RDE 1 M KOH 312 63 61.3/mesoporous/ 10 102
macroporous
CoFe(2.5)-OHNCs GCE 1 M KOH 274 31 86.9 10 103
P-CoNiFe GCE 1M KOH 279 62.9 Mesoporous/macroporous 10 104
a-Co(OH), GCE 1M KOH 298 57 84.7/mesoporous 10 51
Co030,-C/rGO-W GCD 0.1 M 382 62 — 10 105
KOH
CoS, GCE 1M KOH 290 72.2 — 10 52
Co-Mo-N-PHP GC-RDE 1M KOH 297 57 328.5/mesoporous 10 106
CuCoP-NC-700 GCE 1M KOH 359 80 232/mesoporous 10 107
Co@NHCC-800 GCE 1 M KOH 282 84.2 910.71/mesoporous 10 108
NCNHP-1-500 GC-RDE 1M KOH 310 70.1 152/mesoporous 10 91
CoMoOS-100 GCE 1M KOH 281 75.4 — 10 109
Co,P/NPSC-900 Carbon 1M KOH 315 65.36 337.215/mesopores 10 110
paper
ZIF-67@CoFe-PBA-F GC 1M KOH 243 34 — 10 111
CoFe-Co@PNC-12 GC 0.1M 320 81 564/micropores 10 112
KOH
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Fig. 10 (a) SEM and (b) TEM images of as-prepared Ni@CoO@ZIF-67 arrays. Inset: enlarged SEM image.''®> Copyright ® 2017 Elsevier Inc. All rights
reserved. (c) SEM image of FeLDH(FeCo)/Co(OH),-2. (d) HRTEM image of Fe LDH(FeCo)/Co(OH),-2.1*¢ Copyright ©® 2019 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim. (e) TEM image of CuO,@CoO NRs. (f) LSV curve of the catalyst in 1.0 KM KOH and (g) the corresponding Tafel slope graph.**”
Copyright © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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of the porous nanoarray. Unlike ZIF-67 grown in situ, Zhao
et al''® used an ion-exchange method to gradually convert
2D-ZIF-67 grown on carbon cloth to Co(OH),, and then pre-
pared the layered Fe LDH (FeCo)/Co(OH), array (Fig. 10c and
d). The ion exchange method can replace the subsequent high-
temperature carbonization process of MOFs to a certain extent.
Yu et al.'" first synthesized vertically grown Cu(OH), nanorods
on copper foam. Rod-shaped Cu(OH), is used as a template to
obtain Cu(OH),@ZIF-67 precursor on CF (Fig. 10e). After heat
treatment, a layered CoO polyhedron-modified CuO, hetero-
junction nanorod array was obtained on CF. Benefiting from
convenient electron transport between CuO, and CoO,
CuO,@CoO NRs/CF showed considerable catalytic activity
(Fig. 10f and g). Compared with the MnCo0,0,@Co;0, electro-
catalyst prepared ex situ by Han and others,"'® the catalyst pre-
pared in situ showed a relatively good catalytic performance.
The nanoarray architecture has a unique hierarchical struc-
ture, large surface area, a large number of active sites, con-
venient electron migration and mass transfer, close interface
contact, and rapid bubble release, so it has excellent electro-
catalytic activity and durability. Li et al.®® found through simu-
lation calculations that the vertically arranged array structure
could guide the uniform distribution of ion currents, so more
catalytically active sites could be used more effectively, thereby
promoting OER catalysis. It shows that the OER catalytic per-
formance of the array structure has an outstanding perform-
ance (Table 4 and Fig. 11). Since the array structure can guide
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the uniform distribution of the ion current, it can use more
catalytically active sites more effectively, so it exhibits better
performance than other structures. Moreover, it still has an
excellent catalytic performance at a high current density, and
thus, is expected to be a catalyst for industrial production.
Although great progress has been made in designing the struc-
ture of nanoarrays, enhancing the electrocatalytic performance
is still a huge challenge, especially in ZIF-67 based catalysts.
For effective and stable electrocatalytic water splitting, the cata-
Iytic performance of the catalyst can be improved by changing
the composition, morphology, size, and interface of the cata-
lyst and introducing dopants or defects. In addition, there is
an urgent need to accurately prepare nanoarray structures on
different conductive substrates.

4 Doping

The catalytic performance can be improved by carbonization at
high temperature without destroying the structure of ZIF-67. In
recent years, M-N-C materials have shown excellent perform-
ances in the application of electrochemical water splitting, and
the presence of certain metals (such as Co) can promote the
formation of structures such as CNTs. In addition, metal inter-
calation, N doping, and synergistic effects (adjustable H-bond
energy and conductivity) all help to improve electrocatalytic
performance.'*'™'*?

Table 4 Comparison of different array catalysts based on ZIF-67 and its derivatives

Array Substrate Electrolyte Overpotential/mV Tafel/mV dec™" Current density/mA cm™> Ref.
Fe LDH(FeCo)/Co(OH), cC 1 M KOH 242/279 34.4 10/100 116
C030,@Ni,P-CoP/NF NF 1 M KOH 250/298/320 75 10/50/100 119
Ni@CoO@CoNC NF 1 M KOH 309/420 53 10/100 115
MnCo0,0,@C0;0,4 NF 2 M KOH 170/280 109.6 10/100 59
CuO,@Co0O NRs/CF NF 1M KOH 254/334 56.9 10/100 117
Co-Ni;S,/NF NF 1M KOH 120/240 38.4 10/100 120
a 31 ® isis 10 mA em” b 420 1 K Ref115 100 mA cm”
390
J =)
om0 @ g2 3604
m z
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Fig. 11 OER activity comparison graph showing the Tafel slopes versus overpotential at current densities of 10 mA cm~2 (a) and 100 mA cm=2 (b)

for different catalysts.
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4.1 Anion doping (AD)

The introduction of anions such as P, N, S, O or F with
different atomic sizes and electronegativity into the matrix
material will cause lattice distortion, thereby adjusting the
electronic structure and catalytic activity. In addition, the
synergistic effect between metal nanoparticles and hetero-
atoms also helps to improve electrocatalytic performance, and
heteroatoms doped into the carbon framework can also help
to activate m electrons by destroying the integrity of p-conju-
gation, thereby improving the electrocatalytic activity.">*'>

For example, Ni et al.”" designed a self-sacrificing template
strategy, using the ZIF-67 dodecahedron and hexamethyl-
enetetramine as reactants to synthesize hollow a-Co(OH),
nano-dodecahedra. Experiments show that the prepared a-Co
(OH), (hollow nano-dodecahedron) material has an excellent
OER catalytic activity. In addition, under the same conditions,
Cl-doped a-Co(OH), hollow nano-dodecahedra can also be pre-
pared. The a-Co(OH), hollow nano-dodecahedron doped with
Cl showed better OER activity. Catalysts doped with Cl atoms
are easily etched under electrochemical conditions (Fig. 12a-
¢). Thus, introducing vacancies and defects improves the OER
catalytic performance of a-Co(OH), hollow nano-dodecahedra.
In addition, Zhang et al'>® prepared a Br-doped catalyst
(BrHT@CoNC) through self-sacrifice and pyrolysis. Br doping
will cause charge polarization, thereby promoting electron
transfer, which will benefit OER catalysis. In addition, the
defects introduced by Br doping are also beneficial to the cata-
lytic process of the OER.

Anion regulation, that is, modulating the electronic struc-
ture of the cation active site through the anion environment of
the transition metal compound can effectively improve the
catalytic activity of the catalyst. Precise anion regulation is
expected to construct an ideal anion structure, thus presenting
the best intrinsic catalytic activity. However, precise anion
control is still very difficult, and new anion control strategies
need to be developed."”"'?*

4.2 Cation doping (CD)

To optimize the local electronic environment and increase the
catalytic activity, the introduction of anion vacancies can lead
to the formation of high-energy dangling bonds and low
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coordination sites, thereby promoting OER catalytic reactions.
In addition, CD is also a way to improve conductivity and
reduce the binding energy of intermediate products, and it can
be found that the d-band doping of transition metal elements
can also effectively improve the catalytic performance of the
OER. That is, the doping of transition metal elements
improves the catalytic process of the OER by adjusting the elec-
tronic structure, adjusting the redistribution of charges, and
so on. For example, Liu et al."*® have reported a new type of
OER catalyst: Fe-Co;,;Te,@NCNTF (NCNTF: nitrogen-doped
carbon nanotube framework). The catalyst is synthesized by
tellurizing the catalyst obtained after Fe** etching of ZIF-67 in
H,/Ar gas. The improved electrocatalyst (Fe-
Co4.11Te,@NCNTF-2) shows excellent OER catalytic perform-
ance (107 mV@10 mA ecm ) in 1M KOH. However, undoped
Fe Co;.1,Te;@NCNTF showed an overpotential of 165 mV,
which indicated that Fe doping could adjust the electronic
structure of the catalyst and promote the OER reaction kine-
tics, thereby improving the catalytic performance (Fig. 13a and
b).

Mu et al.**® proposed a simple and practical method based
on a metal-organic framework to prepare iron-doped cobalt
phosphide (Fe,,,C0073P). Through Fe doping, the obtained
electrocatalyst (Fe,,,C0, ,3P/NF) coated on Ni foam substrate
has an excellent OER performance (i7;o = 251 mV). In addition,
when Fe, ,,Co, 73P/NF is used as a symmetric electrode in 1.0
M KOH alkaline solution, it also has an excellent OER catalytic
performance (1.68 V@10 mA c¢m™). In addition, a small
amount of iron that failed to enter the cobalt phosphide lattice
is phosphated (Fig. 13c and d). This phosphated iron facili-
tates the redistribution of charges, thereby promoting the OER
performance of the electrocatalyst. In addition, Lou et al'**
prepared a layered cross-channel hollow NP composed of ultra-
thin Co;0, nanosheets by an etching-coordination-recombi-
nation method. The advantage of this method is also that it
permits the simultaneous introduction of a second metal. In
general, metal elements can be doped into ultra-thin Co;0,
nanosheets in the form of isolated metal sites (Fig. 13e and f).
For example, doping with Fe atoms at the octahedral site of
Co30, greatly enhances the intrinsic electrical activity of the
catalyst, and all doped Fe atoms should exist near the surface.
Therefore, it is easy to understand that, as shown by the DFT
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Fig. 12 (a) EDS analysis of Cl-doped a-Co(OH), catalyst in 1 M KOH solution. Cl 2p XPS spectra of the catalyst before OER test (b) and after the OER

test (c).5! Copyright ® 2019, Royal Society of Chemistry.
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Fig. 13 Comparison of the XPS spectra of (a) Co 2p and (b) Te 3d in Co;1;Te;@NCNTF and Fe-Co; 1, Te,@NCNTF-2.12° Copyright © 2020 Wiley-
VCH GmbH. (c) HRTEM image of Feq 27C0q 73P. (d) XRD patterns for slow scanning at one degree per minute. (e) XRD patterns of Coz04 HHNPs and
Fe—Co304 HHNPs together with the standard pattern of Cos04.1*° Copyright © 2019, Royal Society of Chemistry. (f) FT of EXAFS k3y(k) spectra of
Fe—Co30,4 with Fe foil and CozO, as references. (g) The optimized Fe—Co30, structure for calculation. (h) Crystal structure of CozOy4. (i) Free energy
diagram for the OER process over Co sites.** Copyright © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

results, even a small amount of Fe atom doping will greatly
enhance the electrocatalytic activity (Fig. 13g-i).

It is certain that the incorporation of iron plays an impor-
tant role in improving OER catalysis. However, the enhance-
ment of the electrocatalytic activity by single metal doping is
still limited. In addition, the electronic structure and the
adsorption of intermediates can be optimized due to doping
with various metal ions. Therefore, the combined doping with
multiple metal ions will be a promising method for water split-
ting."**> Studies have shown that the simultaneous incorpor-
ation of two foreign cations can more effectively adjust the
lattice structure and electronic interaction, thereby further
improving the catalytic performance.*?

4.3 Co-doping (CoD)

4.3.1 Sulfur-nitrogen CoD. Currently, sulfur/nitrogen co-
doped carbon catalysts have been extensively studied. In par-
ticular, the CoD process may introduce more heteroatoms into
the carbon skeleton to promote the catalytic activity. Although

This journal is © The Royal Society of Chemistry 2021

there is no charge transfer between S and C, they have similar
electronegativity, and it can be found that S/C doping can
increase the charge/spin density. For example, Huang et al.">*
prepared a catalyst with excellent OER catalytic activity through
sulfur and sulfur co-doping. It is worth noting that the pres-
ence of sulfone and sulfite groups (high binding energy) in the
graphene layer plays a very important role in enhancing the
catalytic performance of the OER. In addition, this synergy
between nitrogen-doped carbon and sulfur-doped cobalt oxide
can effectively improve the performance of the catalyst. In
addition, Cheng et al.'*® used a simple method to pyrolyze
sulfur-doped ZIF-67, and then obtained a catalyst in which Co-
CoO nanoparticles were encapsulated in a carbon shell co-
doped with N and S (Fig. 14a and b). Adding thiourea in situ to
ZIF-67 not only reduces the size of Co-CoO nanoparticles, but
also adjusts the electronic structure of Co-O-C and Co-N4 to
improve its OER catalytic performance. In addition, DFT calcu-
lations show that the S-doped catalyst can reduce the *OOH
binding energy between the Co-N4 position and the Co-O-C

Nanoscale, 2021,13,12058-12087 | 12071


https://doi.org/10.1039/d1nr01669e

Published on 14 de juny 2021. Downloaded on 31/1/2026 13:25:53.

Review

S2
a " CS-C2p,,

thiourea-ZIF-67 assembly

Intensity (a.u.)

——

Co-CoO@NSC-5

172 170 168 166 164 162 160
Binding Energy (eV)

15

U=123V
1.04 *QOH + H'
0.5 1 /
— 1,001) +* 1.16 €V ///
S 0.0 S von+u
£ 0.5 b . //
g'l'o \ *O + 210 /f
2 .1.0
E -1.5 // /
-2.04 \
—
-2.54 — Pure -CoOOH
3.0 e S_Optimized -CoOOII

Reaction Coordinate

View Article Online

Nanoscale

ecC ® Co S o
W Grap-N @ Pyri-N @ Co NPs

@ CoO NPs

Top view

Fig. 14 (a) S 2p XPS spectrum of thiourea—ZIF-67 component and Co—CoO@NSC-5. (b) Microscopic diagram of Co—CoO@NSC-5. (c) The calcu-
lated free-energy diagram of the OER on S-optimized $-CoOOH (001) (U = 1.23 V). (d) The spin charge density distribution of $-CoOOH (001) (top
view). Yellow indicates spin up and cyan indicates spin down.**> Copyright © 2020 Elsevier B.V. All rights reserved.

bond during the OER reaction, thereby improving the perform-
ance of the catalyst (Fig. 14c and d).

4.3.2 Phosphorus-nitrogen CoD. P-Substituted graphene
and N-substitution are more important than the corres-
ponding materials in the anti-substitution sequence for deter-
mining better crystallinity and conductivity and good element
mixing. This may be another strategy for researchers to design
metal-free catalysts.

Jin et al.™° used H;PO, to selectively etch ZIF-67 to syn-
thesize a P/N co-doped carbon catalyst material (Co/P/N-CNP)
with micro/mesomicropores. H;PO, not only effectively con-
trols the porosity of ZIF through etching, but also is an ideal
phosphorus source for P doping, which effectively improves
the performance of the catalyst. The Co/P/N-CNP catalyst
obtained after pyrolysis is modified with multi-walled carbon
nanotubes and has both micropores and mesopores, which
are beneficial for exposing more reactive sites during OER
electrocatalysis.

In the anion adjustment process, some of the original
anions are replaced with foreign anions to obtain polyanionic
compounds. The obtained polyanionic compound has a
heteroatom structure, polarized and non-polarized anions with
atom distribution. The dispersed electrons of the polarized
anion are shared with adjacent cations, thereby adjusting the
covalent and ionicity of the interaction between the cation and
anion. Non-polarized anions are mainly ionic, with weak elec-
tronic interaction. The polarized sulfur anion and the non-
polarized oxyanion coordinately adjust the electronic structure
of the active site through the electronic interaction with the
cation. Through anion adjustment, the degree of polarization
of the cation active site can be fully adjusted through the

12072 | Nanoscale, 2021,13, 12058-12087
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Fig. 15 OER activity comparison graph showing the Tafel slope versus
overpotential at a current density of 10 mA cm™2 for different catalysts.

heteroatom structure, thereby generating a favorable electronic
structure for effective electrocatalysis. In addition, the CoD
strategy for cations and anions is very attractive because it may
cause a double synergistic effect in adjusting the electronic
structure and changing the adsorption energy during the reac-
tion to promote the catalytic performance. In addition, we
compared the catalytic performance of different ion-doped cat-
alysts (Fig. 15). Many nanostructures benefit from the struc-
tural tunability and synergistic effects of dopants. Therefore,
in addition to studying structure regulation and doping separ-

This journal is © The Royal Society of Chemistry 2021
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ately, we should also explore the synergistic effects between natively unsaturated metal sites (CUMS) for electrochemical
them to combine their respective advantages for improved catalysis. By adjusting the geometric ligands to produce
catalyst performance. CUMS, Co ions are converted into active catalytic centers
(Fig. 16a). In addition, CUMS formed by plasma etching can

be used to remove organic ligands for OER catalysis. The

5 ZIF-67 derived Single atom cata lySt specific structure of the catalyst and monodisperse CUMS after
etching lead to an excellent OER catalytic performance

The special structure of a MOF can be transformed into a (Fig. 16b). DFT calculations confirmed that the unsaturation of
single-atom electrocatalyst with high activity and the M-N,-C the catalyst after etching could effectively improve the activity
structure by improving the physical design of a MOF to of the catalyst (Fig. 16¢). In addition to the method of etching
increase the catalytic efficiency of water oxidation. Inspired by the ligand, Dilpazir et al."*® used dicyandiamide modification
the ultra-high utilization of single atom catalysts (SAC), MNC to prepare CoSAs@NCNT single-atom catalysts (Fig. 16d-g).
catalysts with atomic dispersion (especially from MOFs) are This catalyst with Co atom-immobilized CNTs exhibits excel-
currently the focus of attention from researchers. Therefore, lent OER performance. Combining melamine with a carbon
the design of the original MOF single-atom electrocatalyst is matrix promotes the formation of carbon nanotubes, and the
essential. For example, Wang et al.'®” stabilized metal ions formation rate of carbon nanotubes is controlled by the auto-
(P /1r**/Pd>*/Ru**/Ni**/Fe®") by coordinating them with the = catalysis of cobalt nanoparticles (Fig. 16h). In addition, it can
electron of the imidazole group of ZIF-67, thereby anchoring also be found that the nitrogen-rich DCD is responsible for the
an isolated single-atom on the imidazole group of ZIF-67, to generation of stable Co single-atom sites. Nitrogen in the DCD
obtain a catalyst composed of N-doped carbon matrix and surrounds the Co site, thus limiting the formation of aggre-
metal nanoparticles through a simple pyrolysis process. Then, gated nanoparticles. Recently, Sun and others'*° prepared a
through experiments and DFT calculations, it can be found single Co atom catalyst (UNT Co SAs/NC) (Fig. 16i and j) with a
that the high accessibility of the numerous tunnels in the urchin-like hierarchical structures and a precise arrangement
ZIF-67 framework disperses individual atoms, thereby greatly through a simple MOF template method. The prepared catalyst
increasing the density of active sites. has an excellent catalytic performance due to its unique
In addition, Wang et al."*® used plasma etching (DBDPT) to  single-atom characteristics (Fig. 16k). In addition, the consist-
remove the partial distribution of ZIF-67 and generate coordi- ency between DFT calculations and experiments shows that
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Fig. 16 (a) Corresponding SAED pattern of CUMS-ZIF-67. (b) LSV polarization curves of ZIF-67 and CUMS-ZIF-67 electrocatalysts. (c) Free energy
diagrams of ZIF-67-xN (x = 1-4).%® Copyright © 2017 Elsevier Ltd. All rights reserved. (d) SEM image of CoSAs@CNTs. (e) TEM image of
CoSAs@CNTs. (f) HAADF image of CoSAs@CNTs. (g) HAADF image showing the atomic distribution of cobalt atoms. (h) Schematic illustration of the
growth mechanism of CNTs.**® Copyright @ 2018, American Chemical Society. (i) TEM image of hierarchical UNT Co SAs/N-C catalyst. (j)
HAADF-STEM image of hierarchical UNT Co SAs/N-C catalyst. (k) OER polarization curve of the catalyst. (1) Free-energy diagrams for OER pathways
in an alkaline medium on CoNx (x = 1-4) active sites.’*® Copyright © 2019 Elsevier Ltd. All rights reserved.
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UNT Co SA/NC with CoN, can effectively improve the perform-
ance of OER catalysts (Fig. 161).

In short, ZIF-67 has unique n electrons in the imidazole
pentagon, which can be used as an aggregation inhibitor, and
the unique coordination environment facilitates the prepa-
ration of single-atom catalysts.

6 Compound catalyst of ZIF-67
derivatives

Compared with the original ZIF-67 material, the ZIF-67 derived
composite catalyst maintains the advantages of ZIF-67’s high
specific surface area and large porosity, which can provide
more active sites for the catalytic process, and after carboniz-
ation and various subsequent treatments, the electron trans-
port efficiency of the catalyst is improved, thereby improving
its catalytic performance. Besides pristine ZIF-67 and their
derived porous carbons, ZIF-67 can also be converted into
metal oxides, metal phosphides, chalcogenides, etc. under
certain conditions. The special combination of the metal
center and organic complex in ZIF and its heat treatment, as
well as the feasible introduction of the second precursor, will
introduce more active sites to improve the performance of the
catalyst. In addition, due to some shortcomings of ZIF-67 and
its derivatives, the OER catalytic performance is limited. We
can make up for these shortcomings by doping and com-
pounding to improve the catalytic performance. This synergis-
tic effect improves the catalytic performance through a similar
synergistic chemical coupling effect.*!

6.1 ZIF-67 derived transition metal oxide catalyst (ZDMOC)

As a low-cost alternative, a composite of transition metal oxide
and carbon materials shows catalytic activity for the OER."*?
Generally, a transition metal oxide is considered to be the
main catalyst for the OER.'*® The MOF is a type of porous
material assembled from metal ions and organic linkers and
has become the main focus of nanoscience."**'*> In particu-
lar, MOFs can be used as a self-sacrificing template to prepare
porous transition metal oxide or metal/N-doped carbon
materials. Due to the unique structure of the MOF, the derived
material has a large surface area and a layered porous struc-
ture, which are necessary for the high-performance OER
process. %17

For example, Luo et a prepared catalysts with different
structures (Co304/NPC) by controlling the pyrolysis of different
ZIF-67 precursors (Fig. 17a-c). Catalysts with different struc-
tures exhibit different catalytic performances. In addition, due
to the large number of defects in the amorphous catalyst, this
can provide a larger number of OER active sites compared with
the crystalline catalyst. For example, Pang et al.'*® prepared
catalysts with different crystalline morphologies by heat-treat-
ing ZIF-67 hollow spheres by controlling the temperature
(Fig. 17d). Through electrochemical testing, it can be found
that the catalytic activity of the amorphous Co3;0, catalyst is
better than that of the crystalline catalyst (Fig. 17e).

l 148
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In addition, designing multiple composites of M-Co com-
pounds further improves the catalytic performance.'*'>°
Recently, studies have shown that Mo can effectively cooperate
with Co, and has led to great progress in this field."”" For
example, Chen et al.*® prepared a catalyst with a special struc-
ture of nanorods and nanoparticles (Fig. 17f-h). The coopera-
tive interaction between CMO nanorods and CoO, nano-
particles can achieve efficient charge transfer and promote
electrocatalytic OER processes (Fig. 17i).

6.2 ZIF-67-derived transition metal phosphide catalyst
(zDMPC)

In recent years, due to the attractive performance of nano-
structured metal phosphides in electrocatalytic applications,
extensive research has been conducted on them. Metal phos-
phides are a type of electrocatalyst used in the OER.'>*7**
Although some progress has been made, the OER performance
of metal phosphides still needs to be improved. For example,
Li et al'® successfully prepared the CoNiP/NC catalyst
(Fig. 18a and b) as an effective electrocatalyst for the OER
using the common method of phosphating (i.e., annealing
NaH,PO, and catalytic materials under an inert atmosphere).
Among the electrocatalysts obtained by controlling the carbon-
ization and phosphating temperature, the CoNiP/NC700 cata-
lyst (where 700 represents the calcination temperature (°C))
exhibits excellent electrocatalytic activity for the OER. In
addition, the CoNiP/NC electrocatalyst obtained at 700 °C has
a superior OER catalytic performance to those of Co/NC and
CoNi/NC (Fig. 18c). Among them, the better electrocatalytic
activity of hybrid materials can be attributed to the strong elec-
tronic coupling effect of Co, Ni, P, and C. In addition to the
above-mentioned commonly used method of phosphating, Jin
et al.’® also selectively corroded the ZIF-67 precursor with
H;PO,, and then pyrolyzed it to obtain the Co/P/N-CNP cata-
lyst (Fig. 18d and e). This method not only effectively controls
the porosity of ZIF, but can also effectively dope P into the
carbon matrix. P greatly enriches the electrocatalytically active
sites of the obtained carbon catalyst.

6.3 ZIF-67-derived transition metal sulfide catalyst (ZDMSC)

Transition metal sulfides are widely studied as promising elec-
trocatalysts due to their high abundance, low cost, and excel-
lent electrocatalytic activity.'>*>® In recent years, due to abun-
dant raw materials, environmental protection characteristics,
and excellent performance of MOF derivatives, they have
received extensive attention from researchers."”>'®" Studies
have shown that the effect of S on metal active sites for the
OER is similar to that of P.'®' Therefore, in recent years,
people have used the ZDMSC catalyst for OER electrocatalysis.
In addition, there is a synergy between the nanoscale inter-
faces of different transition metal catalysts, which will further
enrich structural defects and stimulate some inert sites,
thereby increasing the activity of the two transition metal cata-
lysts. For example, Yang and others'®* first introduced the
preparation of Co-Ni-S co-doped N-enriched (CoNi,S,/NCP)
through an  absorption-pyrolysis-sulfurization = method

This journal is © The Royal Society of Chemistry 2021
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samples. (e) LSV curves of HS-250, HS-260, HS-270, HS-280, HS-300, and HS-350.1*° Copyright © 2019 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (f and g) TEM images of CoO,/CMO. Inset is a picture of the as-prepared sample. (h) TEM image of CoO,/CMO. (i) High-resolution Mo 3d
XPS spectra of CoO,/CMO-p and CoO,/CMO.*® Copyright © 2019 Elsevier B.V. All rights reserved.

(Fig. 19a and b), and it can be seen that the performance of
the catalyst after vulcanization has been significantly increased
(Fig. 19c¢). Compared with pyrolysis vulcanization, Zhang
et al'®® used a more convenient and energy-saving ion
exchange method to prepare amorphous CoS,@C, that is,
amorphous CoS,@C was calcined under Ar at 400 °C to obtain
Co;_,S@C. The Co,_,S@C catalyst (Fig. 19d) showed an
effective OER activity (Fig. 19e). The excellent electrical con-
ductivity of Co,;_,S@C (Fig. 19f), the porous structure that pro-
motes mass transfer, and the uniform dispersion of Co,_,S@C
particles throughout the carbon skeleton lead to an excellent
catalytic performance.

6.4 ZIF-67-derived transition metal selenide catalysts
(zDMSeC)

Both selenium and transition metals have d orbitals, and the 3d-
2p repulsion between them results in faster delivery of dioxygen

This journal is © The Royal Society of Chemistry 2021
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intermediates, thereby increasing the OER activity.
example, Tian et al.*® used a convenient hydrothermal method to
high-performance CoSe, electrode

materials. Then, by adjusting the stoichiometric ratio of Co and

construct nanovesicle
Se, they studied the nanovesicle CoSe, in detail. It can be found
that the best CoSe,-30 catalyst (Fig. 20a) has an excellent OER per-
formance. Fig. 20b illustrates the presence of Co,” and Co®", and
Fig. 20c demonstrates the formation of cobalt selenide on the
surface of the electrocatalyst. It can be seen that selenium and
cobalt do interact. Wei et al.'®* prepared Ni-Co-Se dodecahedral
nanocage catalysts by selenization (Fig. 20d), and the synergistic
combination of Co,gsSe and NijgsSe in the nanocage may help
to improve the catalytic activity. Similarly, Fig. 20e and f demon-
strate the formation of cobalt selenide on the surface of the elec-
trocatalyst. The abovementioned results all indicate that the yolk-
shell Ni-Co-Se nanocage/CFP electrode has an excellent electro-
catalytic performance under alkaline conditions.

Nanoscale, 2021,13,12058-12087 | 12075
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6.5 ZIF-67-derived transition metal telluride catalyst 1'%

(ZDMTC)

For example, Wang et a encapsulated CoTe, in a nitrogen-
doped carbon nanotube framework (called CoTe,@NCNTFs)
through a tellurization process under a hydrogen atmosphere

Because tellurium is very similar to sulfur and selenium, it is
extremely valuable to study the role of tellurium in catalysis.

12076 | Nanoscale, 2021, 13, 12058-12087

(Fig. 21a and b). ZIF-67 converts its organic ligands into a
nitrogen-doped carbon nanotube framework (NCNTF) through

This journal is © The Royal Society of Chemistry 2021
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pyrolysis, and the central metal cobalt atom forms ultrafine
CoTe, nanoparticles in situ (Fig. 21c), so the combination of
CoTe, and NCNTF leads to high stability and strong inter-
actions. This nitrogen-doped carbon nanotube framework of
ZIF-derived material can effectively increase the active sites
and specific surface area of the catalyst (Fig. 21d), thereby
improving the catalytic performance of the OER. When the
prepared CoTe,@NCNTF catalyst has a current density of
10 mA em? in an alkaline solution (1.0 M KOH), it exhibits a

This journal is © The Royal Society of Chemistry 2021

high electrocatalytic performance with a high potential of
330 mV for the OER (Fig. 21e and f).

6.6 Summary

ZIF-67 can be converted into metal oxides, metal phosphides,
and chalcogenides (sulfides and selenides), which show excel-
lent OER performance (Fig. 22 and Table 5). It can be found
that the overall overpotential of the vulcanized catalyst is
better than that of other catalysts, and the overpotential distri-

Nanoscale, 2021,13,12058-12087 | 12077


https://doi.org/10.1039/d1nr01669e

Published on 14 de juny 2021. Downloaded on 31/1/2026 13:25:53.

Review
450
—Overpotentlal 5
a I—Tafel [F=0
400 - \
>E 100 "
= 350 g
8 &
5 / Lso B
g 3004 o / H 3
<
$ \ \ =
© 20 \/ / o
5 ._.
200 - 5 o zomoc [0
T T T T T T T T T T T T T T T T T T T T
AT ULSOASNA LR O =t
Mmoo rn~oY~oYeerSSrS e~
bl bt babul bt o bt Lo e ebmbubel
TEr oS EExEESSs
-2 -1-1- -2 - -1- -1 - -1 -1
c 86
350 —<—Overp0tentlal
(=M= Tafel L84
300 - L 82
>E < Lso g
| ]
§ = L >
S L7 )
S 200- 5 8
s Lag
>
)
150 F72
|
F70
100
ZDMSC L&

T T T T T T
Ref163 Ref164 Ref83 Ref52 Ref182 Ref 183

View Article Online

Nanoscale
120
b 360 1 — Overpotential 4 i
m—Tafel Kl
340
k100
z = g
320 g
3 Lo =
E \ L] z
§ 5 a m F80 3
g E %
g 1 =
g 280 - o k70
|
260 -| = v L L 60
2404 zZpMPC \4 ~ 50
LT TS S -
guEsSsEsSrEnEeEESCs
5555555855528 3585
R R R R A A A
d 360 4 === Overpotential| [ 20
=M= Tafel
- 80
> 340 &
£ g
E L0 <
= »
8 32041 B
: . 3
§ 60 E
© 30{ ®
/ < Lso
80 ) <
280+ L 40
ZDMSeC

T T T T T T
Ref49 Ref79 Ref96 Ref66 Ref184 Ref185

Fig. 22 Comparison of the Tafel slopes and the overpotentials of different catalysts of (a) ZDMOC, (b) ZDMPC, (c) ZDMSC and (d) ZDMSeC at a

current density of 10 mA cm™2,

bution has a tendency of vulcanization > phosphating > seleni-
zation > oxidation. However, the Tafel slope after vulcanization
is larger, which indicates that the rate-determining step is not at
the end of the multi-electron transfer reaction. The reasonably
designed ZIF-67 can also be evolved into an electrocatalyst con-
taining highly active M-N,~C, which is used to improve the cata-
lytic efficiency of water oxidation. The special combination of
the metal center and the organic complex and its heat treat-
ment, as well as the feasible introduction of a second precursor,
are used to improve the efficiency of the electrocatalyst. Finally,
a more in-depth understanding should be obtained and theore-
tical research should be conducted on the synergistic effect
between the metal of the metal derivative and the carbon
support, the doping effect of foreign atoms, and the phase tran-
sition in the electrochemical evolution of the ZIF-derived metal
electrocatalyst. This is an indication that ZIF-67 and its deriva-
tives are promising for the development of OER catalysts.

7 Mechanistic analysis

7.1 The catalytic activity of ZIF-67 and its favorable
adsorption sites

When seeking a high-efficiency oxygen evolution electrocata-
lyst based on ZIF-67 materials and their derivatives, basic

12078 | Nanoscale, 2021, 13, 12058-12087

theoretical calculations have always played an important role
in rationally designing and analyzing the performance of elec-
trocatalysts for OER reactions. To understand the OER reaction
mechanism, basic theoretical calculations based on first-prin-
ciples density functional theory (DFT) have become “standard
tools” for analyzing basic reaction steps.'®® For example, for
the catalysis of ZIF-67, Wang et al.'*® used DFT methods to
perform first-principles calculations to determine the elec-
tronic structure and catalytic activity of saturated and unsatu-
rated ZIF-67. For saturated ZIF-67, the rate-limiting step in the
basic reaction is the second electron transfer, and for the unsa-
turated reaction (x = 2-3), this is the third step of electron
transfer. As shown in Fig. 23a, the top of the volcano diagram
is the overpotential of the best catalyst, which is consistent
with the experimental results. In addition, the Sabatier prin-
ciple states that the interaction between the catalyst and the
adsorbent should be moderate (not too strong or too weak).
However, the amount of ligand will strongly affect the adsorp-
tion energy of the catalyst, so the amount of ligand will have a
greater impact on the electrocatalytic performance of the OER.
In addition, they found that the change in the charge on the
metal site changes with the change in the number of ligands.
The role of the ligand is closely related to the redistribution of
the charge on the active site. For a metal, because it has a posi-
tive charge, it will have a strong interaction with oxygen, which

This journal is © The Royal Society of Chemistry 2021
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Table 5 OER catalytic performance of ZIF-67 derivative composite catalysts

ZDMOC Substrate Electrolyte Overpotential/mV Tafel/mV dec™ Current density/mA cm™> Ref.
M-Co30,/NPC GCE 1M KOH 317 84 10 131
C030,4/N-CNTs GCE 1M KOH 200 40 10 132
Co0,/CMO RDE 1M KOH 253 75.8 10 45
CoMoO, GCE 1M KOH 315 89 10 134
C030,4-CNTs GCE 0.1 M KOH 370 100 10 135
HS-260 GCE 1M KOH 352 117 10 136
CO/NCO/NF NF 0.1 M KOH 320 68 10 166
NiCo,0,/Co,N-CNTs NCs GC-RDE 0.1 M KOH 339 61 10 92
C0;0,_,-carbon@Fe,_,C0,0; GCE 1 M KOH 290 37.6 10 150
Co030,/HNCP-40 GCE 1M KOH 333 69 10 73
C0;0,/CoM00,-50 GC-RDE 1 M KOH 318 63 10 102
C0304/NPC-2 GCE 1M KOH 330 79 10 167
Co-BO@Co030,4 GCE 1M KOH 350 40.3 10 79
C03;0,-C/tGO-W GCD 0.1 M KOH 382 62 10 105
Co/Co0O,@NC-CNTs RRDE 0.1 M KOH 390 80 10 168
CuO,@Co0O NRs/CF CF 1M KOH 334 79 100 169
Co@C0304/NC-2 GCE 0.1 M KOH 410 54.3 10 75
Ce(3)-C030,4 GCE 1M KOH 369 56 10 170
ZIF-67-CNT GCE 1M KOH 390 95.7 10 171
Co@NC-G-700 GCE 1M KOH 322 73.7 10 172
Mo00,-Co,M0;05@C GCE 1 M KOH 320 88 10 173
NixCOyO4/CO-NG RDE 0.1 M KOH 399 77.2 10 174
ZDMPC Substrate Electrolyte OER/mV Tafel/mV dec™" Current density/mA cm ™ Ref.
Co/P/N-CNP-5 NF 1M KOH 311 67.7 10 136
CoNiP/NC700 GCE 1M KOH 300 66 10 155
NiCoP/C GCE 1M KOH 330 96 10 175
P-CoNiFe GCE 1M KOH 279 62.9 10 104
NiCoPO/NC GCE 1M KOH 300 94 10 176
CNTs@NiCoP/C GCE 1M KOH 297 57.35 10 177
CNT-NC-CoP GCE 1M KOH 251 82.1 10 178
Co-NC@CoP-NC GCE 0.1 M KOH 240 79 10 74
Co-P/NC/CC CC 1M KOH 360 61 10 179
CoP-INNC@CNT GCE 1M KOH 270 84 10 180
Fe.,7C00.73P/NF NF 1 M KOH 251 59.1 10 130
NiCoP/C@FeOOH GCE 1M KOH 271 69 10 78
CoP/CN@MoS, GC-RDE 1M KOH 289 69 10 77
CuCoP-NC-700 GCE 1M KOH 338 80 10 107
Co-P/NC RDE 1M KOH 354 52 10 37
CoP/NC-800 GCE 1M KOH 290 111.4 10 181
ZDMSC Substrate Electrolyte OER/mV Tafel/mV dec™" Current density/mA cm ™ Ref.
CoNixSy GCE 1M KOH 280 71 10 163
Co;_S@C platinum wire 1M KOH 260 85 10 164
C09Sg@C0ySg@MO0S,-0.5 GCE 1 M KOH 340 82.7 10 83
CoS,NBs-12 GCE 1M KOH 290 72.2 10 52
NCO®@CoS NCO®@CoS 1M KOH 170 76 10 182
Mo, Co-NiS/NF-400 NF 1M KOH 117.2/200 68.9 10/100 183
ZDMSeC Substrate Electrolyte OER/mV Tafel/mV dec™" Current density/mA cm ™ Ref.
CoSe,-30 GCE 1M KOH 287 54.3 10 49
Y-S Ni-Co-Se CFP 1M KOH 300 87 10 79
(Co,Ni)Se,@NiFe GC-RDE 1M KOH 277 75 10 96
ZIF-Coy g5Se GC-RDE 1 M KOH 360 62 10 66
CC/CNTs@C0S¢.745€0.52 cC 1 M KOH 285 63 10 184
CoSe,/CF CF 1M KOH 297 41 10 185

is conducive to the adsorption of O,, O, OH, OOH, and will
become the active center for the OER.

In addition, Wang et al.™*”
the sites (N, Co, and C) on ZIF-67 that were conducive to metal
adsorption. Metal adsorption demonstrated includes that of
Pt, Pd, Ir, Ru, Fe, and Ni (Fig. 23b). It should be noted that,
since the electronegativity of N is higher than that of C, more
polarized electrons will be attracted to N atoms, but the

used DFT calculations to show

This journal is © The Royal Society of Chemistry 2021

deformed charge density also shows that the existence of C-C
bonds and C-N bonds can redistribute the charges of all
atoms in this structure. Li et al.'®” performed DFT calculations
on Co-LDH@ZIF-67 to reveal the origin of the interface effect
in the OER (Fig. 23c and d). To study the internal mechanism
of electron transfer and Co-O bond strength in the catalyst
(Co-LDH@ZIF-67) in depth, they calculated the projection
crystal Hamiltonian (pCOHP) to illustrate the interaction of

Nanoscale, 2021,13,12058-12087 | 12079
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Co-0;,, and Co-O,y, (Fig. 23e and f). In addition, the decrease
in free energy during the OER is due to the interaction
between ZIF-67 and Co-LDH, and the decrease in antibonding
orbital filling of the Co-O bond is due to the strong electron
attraction of the ligand.

7.2 Catalysis of ZIF-67 derivatives

To further analyze the influence of the adsorption capacity of
the intermediate on inherent catalytic activity of the catalyst,
Wu et al.'®® performed DFT calculations on the free energy of
intermediate adsorption and the charge density redistribution
of C, Co@C, and Co@N;Cs,. First, the Co@C model is doped
with nitrogen to generate an n-type doped C layer. After
doping, the charge density of the Co@C-OOH system will be
rebalanced, thereby further enhancing the bonding strength of
C-OOH (Fig. 24a). It can be found that N-doped Co-C conju-
gated species can effectively change the catalytic activity of the
OER. Wang et al.'® calculated the geometric and electronic
effects of Co30,/NPC on the activation and adsorption/desorp-
tion of reactive species through DFT theory. As shown in
Fig. 24b, the most stable structure of Co30,/NPC exhibits the
cubic configuration of Co,Og. It can be found that H,O is pre-
ferentially adsorbed on Co;0, instead of on the NPC carrier. At
the same time, weakly adsorbed O, is easy to desorb from the
loaded Co;0, nanoparticles. As shown in the PDOS of Fig. 24c,
it can be found that spin polarization on the surface of the
catalyst is stronger. Secondly, most of the Co 3d states are
located at the Fermi level and overlap with the N 2p state,

12080 | Nanoscale, 2021, 13,12058-12087

which just shows that the unsaturated Co and N atoms have a
synergistic effect on the OER process. Generally, the excellent
OER catalytic performance is due to the special geometric and
electronic effects of Co3;0,/NPC on the reactive species, as well
as activation and adsorption/desorption.

In addition, Huang et al'’® used the (001) surface of
CoOOH and single-layer pure graphene of the N-doped graphi-
tic carbon layer for theoretical modeling calculations (Fig. 24d
and f). They calculate the standard reaction free energy curve,
AG, through DFT (Fig. 24e), and they find that the rate-deter-
mining step on graphene, COOOH(001), and CoOOH(001)/gra-
phene composites in the OER process is step I. Fig. 24g clearly
shows that, due to interfacial interactions, the Bader charges
of Co and H on CoOOH/graphene surface are significantly
reduced. On the surface of CoOOOH, HO* adsorbed H and O
lost 0.148e. In contrast, the loss from forming HO* on the
CoOOH/graphene surface is only 0.090e, which accelerates the
potentially restrictive hydroxylation process, which is ben-
eficial for providing active sites for intermediate adsorption,
and ultimately enhances OER activity.

7.3 Doping

Through research, Wang et al.'® found that Fe-doped CoO
had a lower band gap and exhibited semiconductor character-
istics (Fig. 25a and c). Therefore, Fe doping can increase the
conductivity of CoO and further improve the electrocatalytic
performance. In addition, it can be found that the state
density of the Co 3d orbital after Fe doping with CoO shifts in

This journal is © The Royal Society of Chemistry 2021
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the positive direction, which indicates that the doping of Fe
increases the energy of the Co atoms and thus makes Co’"
transition to a higher valence state (Fig. 25b). Then, by inte-
grating the PDOS distribution map (Fig. 25d), the number of
electrons in the Co 3d orbital of Fe-doped CoO is found to be
about 7.13, which is 7.25 less than the number of electrons in
CoO (theoretical value of Co," is 7). It can be determined that
the lower coordination number of the Co site makes it more
capable of adsorbing H,O, which makes it easier to deproto-
nate OOH. In addition, the increase in orbital electron density
reduces the adsorption energy of OOH* in the OER electrocata-
lyst. Fe is doped into the CoO orbital, which is conducive to
the adsorption of OOH species on the catalyst to promote the
OER activity.

Through DFT calculations, Dong et a confirmed that
the doping of S optimized the charge environment of the
active sites of Co-N and CoO, and promoted the adsorption
and desorption of oxygen-containing intermediates, thereby
improving the OER performance. By calculating the typical
adsorption energy of the four basic steps, Dong et al also
studied the free energy diagram of Ce-CoOOH in the OER
process (Fig. 25e). To simplify the calculation, they set the OER
model to be constructed based on the (001) plane of f-CoOOH
(B-CoOOH has the best stability under OER conditions).

l 189

This journal is © The Royal Society of Chemistry 2021

Through the step diagram, they find that the rate-determining
step of OER catalysis is the deprotonation process of HO* to
O*, and Ce-doped CoOOH has a lower AG and overpotential.
In addition, to prove that electrons were transferred from Ce to
nearby Co sites, and then to H and HO* (Fig. 25f), the poorer
charges of Co and H were also studied. Then, they found that
electron transfer between Ce and H weakened the H-O bond,
which helped to reduce the energy barrier in the rate-deter-
mining step and improve the OER performance.

In short, this section first uses DFT theoretical calculations
to determine the electronic structure and catalytic activity of
saturated and unsaturated ZIF-67. It also proves that the role of
ligands in catalytic activity may be related to the redistribution
of charges on active sites due to the change in coordination. In
addition, through DFT theoretical calculations, it is confirmed
that the sites on ZIF-67 are conducive to metal adsorption, and
it is found that the delocalized = electrons in the imidazole
group are the most critical for a single atom. They are used as
fixed sites, initially forming a strong bond with M ions and
keeping them isolated by thermal carbonization. Secondly, the
DFT theoretical calculations confirmed the mechanism of Co-
C conjugation and N species doping, and revealed that Co;0,/
NPC and CoOOH/graphene had excellent performances in the
OER catalytic reaction.

Nanoscale, 2021, 13, 12058-12087 | 12081
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Third, by analyzing the effects of Ce, Fe, and S doping on
ZIF-67 derivatives, it can be found that Fe doping is beneficial
for the formation of adsorbed OOH species, S doping promotes
the adsorption and desorption of oxygen-containing intermedi-
ates, and Ce doping not only promotes the adsorption and de-
sorption process of the intermediate, but also weakens the H-O
bond, thereby promoting the OER performance.

8 Summary and outlook

Due to inherent poor conductivity of ZIF-67 and its derivatives,
other factors need to be considered to improve the design of

12082 | Nanoscale, 2021, 13, 12058-12087

the composition of the OER catalytic material and the electron
transport rate in the structure configuration to enhance the
catalytic performance. However, many good properties of
nanostructures benefit from the synergy of structural tunability
and dopants. Therefore, this review summarizes the OER cata-
lysis of ZIF-67 and its derivatives from the aspects of mor-
phology engineering, composition engineering, doping, and
corresponding single-atom catalysis. In addition, the DFT
theoretical calculations are summarized to illustrate the
mechanism of OER catalysis by ZIF-67 and its derivatives.
Through the summary of various aspects, we find that ZIF-67
and its derivatives still have some problems and challenges
that cannot be ignored in OER electrocatalysis:

This journal is © The Royal Society of Chemistry 2021
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(1) Although there are few studies on the use of ZIF-67-
based nanoarrays and single-atom catalysts for OER catalysis,
it can be seen that they exhibit good performances at high
current densities, which is of great significance to the realiz-
ation of catalytic industrialization. Therefore, it is necessary to
conduct more in-depth research on these catalysts.

(2) In the OER catalysis study based on ZIF-67, no investi-
gations into two-dimensional ZIF-67 were performed. However,
two-dimensional catalytic materials exhibit excellent catalytic
performance, so research in this field is still necessary.

(3) Research into the doping of ZIF-67 and its derivatives
also needs to be perfected, for example, the co-doping of mul-
tiple cations or anions and the doping of specific structures.

(4) In terms of ZIF-67 and its derivatives, there is little
research on the catalytic mechanism of the OER, and the
current mechanism mainly illustrates the discussion based on
the Co-N-C active site, which simplifies the actual reaction of
the catalyst. Therefore, more in-depth and systematic research
is needed, and it is necessary to further improve theoretical
guidance for the ZIF-67 system.

Finally, inspired by the directional but flexible structure
and inherent advantages of adjustable ZIF-67 components, the
exploration of their potential performance and applications
will not only be limited to energy storage and conversion but
will also lead to long-term developments. With continuous
research into the basic science behind complex reaction pro-
cesses and the accelerated development of characterization
and synthesis technology, ZIF-67 and its derivatives will
become hot topics for research in the field of catalysis.
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