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Abstract: MOF-derived multi-metal nanomaterials are attracting numerous attentions
in widespread applications such as catalysis, sensors, energy storage and conversion,
and environmental remediation. Compared to the monometallic counterparts, the
presence of foreign metal is expected to bring new physicochemical properties, thus
exhibiting synergistic effect for enhanced performance. MOFs have been proved as a
good platform for the fabrication of polymetallic nanomaterials with requisite features.
Herein, various design strategies related to constructing multi-metallic nanomaterials
from MOFs are summarized for the first time, involving met al sypstitution, seed
epitaxial growth, ion-exchange strategy, guest species psulation, solution
impregnation and combination with extraneous % ate. Afterwards, the recent
advances of multi-metallic nanomateria&r@ocatalytic applications, including
oxygen reduction reaction (ORR), evolution reaction (OER) and hydrogen
evolution reaction (HER), a )%ica ly discussed. Finally, a personal outlook on
the future trends and@'n s are also presented with hope to enlighten deeper
understanding and \€€w thoughts for the development of multi-metal nanomaterials
from MOFs.

Keywords: Metal-organic frameworks; Derivatives;, Multi-metallic nanomaterials;

Electrocatalysis
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1. Introduction

With the depletion of fossil energy and the growing population, exploring new
sustainable energy with low environmental impact has been considered as an
extremely urgent and important task [1-5]. Free energy such as solar, wind, tidal and
hydroelectricity are renewable, green and safe; whereas, these energies are changeable
and unreliable because they are great dependence on the terrain and weather
conditions. Also, these energy sources are intermittent and difficult to be gathered or
released as needed, especially for solar, wind and hydroeRg(rICity B6-8]. Utilizing
energy-conversation technologies are essential for the ARySlopment of energy
resource. Electrocatalysis is considered as one o@st promising approaches to
relieve the contemporary seriously enerdc &a. The electrocatalytic processes
refer several energy devices like fi metal-air batteries and water splitting [9-
11]. Fundamentally, thes %gies or devices involve different energy-
conversion reactions, ffinclygdilg the oxygen reduction reaction (ORR), oxygen
evolution reaction \WER) and hydrogen evolution reaction (HER), which produce
energy via directly converting chemical energy into electrical energy, or reserve
energy vice versa [12, 13].

Up to now, noble-metal-based materials show excellent performance for various
kinds of electrochemical reactions. As is well-known, these precious metals are
expensive and scarce, which does not meet the criteria for large-scale

commercialization [14-16]. Besides, when exposed to a series of chemical compounds
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(e.g., CHa, CO, etc.), noble metal catalysts may give rise to the issues of poisoning,
resulting in a greatly loss of activity [17, 18]. To overcome these problems, seeking
novel electrocatalysts to replace precious-metal-based materials has received
increasing attention. Over the past decades, polymetallic catalysts have attracted
world-wide research interests due to their strong cooperation effects between different
components. In principle, designing an ideal electrocatalyst need to consider many
fundamental features like catalytic activity, electrochemical conductivity, durability,

ursg®s is difficult to

robustness and cost. However, using traditional metal salts a
control the composition, surface area, and porosity. Fortu y, the discovery of
metal-organic frameworks (MOFs) provides a b % ppportunity to facilitate the

multi-metal catalyst synthesis with desu

MOFs, or called porous coo polymers (PCPs), comprising of metal
ions/clusters as “nodes” joi r with organic ligands/linkers as “bridges”, are
a kind of highly cryst us materials with periodic structural units. Until now,

more than 70,000 Fs ave been evolved [19], while the narrow choices of MOFs
caused by their instability in water and weak conductivity restrict their further
application [20-22]. Along with the phenomenal successes of MOF-related materials,
MOF-derived nanomaterials have sprung up in light of their inherited morphology,
ultrahigh pore volume and surface area as well as high tunability in textural
characteristics [23-25]. Their promising potential has been manifested in the areas of

gas sorption and storage, energy transfer, chemical catalysis and environmental
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remediation [26-31]. Particularly, electrocatalysis is becoming one of the most
promising applications for MOF derivatives [32-36]. Utilizing MOFs as
templates/precursors is an attracting route to fabricate polymetallic electrocatalysts.
The precise atoms arrangement of MOF precursors enables the multi-metal catalysts
with uniform distribution of the metal species, leading to powerful interaction
between diverse metals [37, 38].

It is worth pointing out that several excellent reviews about MOF derivatives in
electrocatalysis have been published, but they mainly RQcUS o) MOF-derived
carbonaceous materials [39-41]. Multi-metallic nanomaterial romising functional

materials have shown great potential in many field % onsequence of their unique

physicochemical properties. The strong effects between metal species in

multi-metallic nanomaterials glve o nhanced performance than monometallic
counterparts. On the other rge diversity of metal combinations offers both
design flexibility and tentgal Tor developments, significantly expanding the toolbox
for the constructiN@ o des1rable structured nanomaterials. Although the rapid
development in this field, the exploitation of MOF-derived metal-based components,
particularly multi-metal nanostructured materials is still inadequate. A timely review
with emphasis on the general and effective strategies towards design, synthesis and
utilization of MOF derivatives has far-reaching significance. In this review, the design

strategies involved in MOF-derived multi-metal nanomaterials are first summarized

and broadly falls into six categories, including metal nodal substitution, seed epitaxial



115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

growth, ion-exchange strategy, guest species encapsulation, solution impregnation
and combination with extraneous substrates. Afterwards, the electrocatalytic
applications of these materials as electrocatalysts in OER, ORR and HER are
discussed. To close, some challenges and personal insights related to the fabrication
and applications of these functional materials are proposed. This review is expected to
trigger strong inspiration and provides research opportunities for further development
of improved MOF-derived multi-metal nanomaterials in the field of electrochemical
energy-conversion, and extended applications in electrdRQeMIst coordination
chemistry and environmental protection.

2. MOFs as precursors for multi-metal nanoma %

The derivation of MOFs emerged c@fascinating nanoporous materials
are deeply appealing for the current @ interests due to their exceptional features.
The metal center in MOFs %ly transitional and lanthanide metal ions (e.g.,
Mn?*, Fe**, Co’", Eu3@%.) and the linkers are generally organic oxygen or
nitrogen-rich comppients (e.g., azoles, imidazoles, pyrazolates, carboxylates, etc.)
[42-45]. In general, MOFs can be converted into metallic components and
carbonaceous materials simultaneously, and the formed metal nanoparticles are
uniformly distributed in carbon skeletons, which has been regarded as a grand
challenge using other methods. It deserves to be pointed out that the successful
fabrication for MOF-derived multi-metal nanomaterials highly depends on the bond

breaking of the parent MOF structures. The thermal treatment and solvothermal
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method are usually used for preparing various MOF-derived metal-based materials
[46-48]. From the perspective of synthesis, though traditional preparation methods
using co-precipitation, sol-gel, combustion and impregnation are implemented
economically on commercial scales [49, 50], some shortcomings still remain visible
in most cases, including non-uniform distribution of metal species, lacking in pores,
sintering and decrease of surface area [51-55]. For example, CuFe2Osmor catalyst
prepared by MOF-templated method possessed higher Brunauer-Emmett-Teller (BET)
surface area, pore volume and crystallinity than those syntheQge® usitgg hydrothermal
process and sol-gel combustion method, leading to more edgOSure active sites and
stable activity [56]. Similarly, the Co/Fe Matéri yut Lavoisier (MIL)-derived
CoFe04 catalyst showed better catalyti IV@H that obtained from conventional

one-step hydrothermal method [57]4 Qoping MOFs as platform for preparation of

polymetallic electrocatalys@%:ab e. Since the electrocatalytic performance
closely correlates wi@

electrocatalyst wittNgpecTtic properties through tailoring compositions, morphologies,

al physicochemical properties, synthesizing target

and structures is of great concern [58].

Using MOFs as precursors/templates to synthesize multi-metallic electrocatalysts
have many advantages (Fig. 1): (i) the well-dispersed active species owing to the
intrinsic topology of MOFs even with the integration of different metal ions; (ii) the
feasible introduction of heteroatoms with different electronegativity (such as N, S, P,

B, etc.) to modify the electronic structure; (iii) precise regulation of metal proportion
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and micro-morphology by controlling the reactant ratio and themolysis conditions
(e.g., heating rate, pyrolysis temperature and time); (vi) the preserved porous structure
and high surface area of pristine MOFs endowing abundant cavities and channels; (v)
prevention of metal migration/aggregation due to the confined effect of MOF skeleton
[59-63]. Based on above considerations, selecting MOF as platform for fabrication of
efficient electrocatalyst is an attracting approach.

Indeed, MOF-derived monometallic compounds possess meagre activity in
certain reactions, and thus developing polymetallic catalyst s tgdbe an exciting

way to achieve a great improvement in performance (Fig. 4, 65]. Multi-metal

systems have been used to optimize the adsorptio % , electrical conductivity and

stability of catalysts, or to reduce the us of%us metal maintaining the catalytic

activity. The secondary metal introd yto the MOF crystal lattices could markedly

facilitate charge transfer bQ%rerse ions as well as modulate the electronic
structure and surface @

foreign metals havq@wo primary effects on the electronic structure: the ligand effect

ordination [66-69]. Based on the theoretical studies,

and the strain effect [70-72]. The former refers to the perturbations of the electronic
structure induced by charge transfer between neighboring metals. The later originates
from variations in the lattice parameters on the surface. The introduction of secondary
metal would tune the lattice parameters and thus the overlap degree between atomic
orbitals, further affecting the electronic structure. Both effects are generally

inseparable and collectively lead to the modified electronic structure. On the other
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hand, the secondary metal ions could serve as a geometrical spacer to spatially
insulate other metal species [73, 74]. Taking a rod-like NiS/ZnOS as an example [75],
the Zn species existed in parent MOFs serve as geometrical spacer between Ni to
restrain its sintering, leading to the formation of smaller NiS and thus benefiting the
creation of abundant active sites as well as the decrease of activation energy for
hydrogen reduction. In another case, the introduction of Mg*" in MgNi-MOF-74
helped to realize spatial separation of Ni*" in M-oxo chains, resulting in the formation

of single-atom Ni. With these intriguing merits in mind, m ctal plectrocatalysts

starting from MOFs has aroused intense attention worldwideNFTg. 3 summarized the

development milestones of MOFs and MOF-basd % etallic nanomaterials used

K&

ulti-metallic nanomaterials derived from

for electrocatalytic applications.

The good strategy and fabrica®

MOFs is important for a b&smnding of the structure-property relationship.
The most crucial facto@

that includes shap\@81z€, arrangement and structure. Particularly, the nanostructures

tivity of these nanomaterials depends on morphology

materials with large surface area, numerous active sites, hierarchical pores, uniform
doping and high conductivity are beneficial to achieve superior electrocatalytic
performance. Through self-templating approach, the derivative’s morphology is
mainly inherited from the parent MOF owing to the sufficient thermal stability.
Nevertheless, for the synthesis by an external-templating method, various
morphologies could be obtained by calcining the combination of MOFs and templates.

10
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Previous studies reported that the reaction conditions such as temperature, organic
solvent and metal content also significantly affect the sample morphology [76-78].

In general, these nanomaterials in terms of morphology could be classified as:
0D (polyhedrons, hollow and core-shell structures), 1D (nanotubes and nanorods), 2D
(nanoflakes, nanoplates and nanofilms), and 3D (foams, flowers and honeycomb like
frameworks). Polyhedrons including dodecahedrons, hexahedrons and octahedrons
are the most prominent and well-studied structures. Typically, ZIF precursors that
have many edges and corners are frequently utilized t ucl this type of
nanostructures with numerous accessible active sites [79]. nanomaterials are

characteristic of large surface areas, high loa gpacities and low densities

compared to their solid counterparts. C —sl@uctures are able to provide good
dispensability, functionality and st 0] Mostly, pre-designed core-shell MOF
precursors are applied for t tlon of these nanostructures. By seed epitaxial

growth method, hollo corggslcll structure can be easily obtained. 1D nanostructures
with certain featurcy§amt as OD and 2D materials have different properties from bulk
materials, such as mechanical, electronic and optical property [81, 82]. For the
synthesis of 1D nanomaterials via self-templating method, there are few 1D MOF
precursors are available. The large surface area of 2D nanomaterials enable them
possess more exposed active centers, as compared to bulk materials. MOF precursors
with lamellar morphology are usually used for the fabrication of 2D nanostructures
via self-templating approach [83, 84]. By combining MOFs with flexible substrates,

11
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3D nanomaterials with versatile morphologies can be achieved, such as foams,
sponges and flowers like frameworks. Compared to lower-dimension nanomaterials,
3D nanostructures with interconnected networks have larger accessible surface area.
Benefiting from the spatial arrangement of particles in 3D framework, nanomaterials
acquire the tunable host-guest interactions, size-selective properties and surface
functionalities, leading to an enhancement of overall electrochemical activity and
stability [85, 86].
3. Design of multi-metallic nanomaterials from MOFs

As is well-known, MOFs are constructed through org ligands coordinated
with metal nodes. Their highly flexibility in top @ structure and composition
make them as suitable platform to fabri&' etal nanomaterials with excellent
performance. In this section, six prt rategies in reference to the construction of
multi-metallic nanomateria @OFS are systematically discussed for the first
time, including metal rfpdal titution, seed epitaxial growth, ion-exchange strategy,
guest species en%on, solution impregnation and combination with extraneous
substrates (Fig. 4). In some cases, these methods are utilized simultaneously. The
advantages and disadvantages of these strategies have been summarized in Table 1.
3.1. Metal nodal substitution strategy

Metal nodal substitution refers to incorporation of the foreign metal species with
similar ionic radii of the metals into host framework crystal lattice [87, 88]. This

popular strategy is regarded as the most straightforward method for the preparation of
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mixed metal nanomaterials due to its prominent features. Specifically, the facile
substitution of metal nodes using one-pot reaction, i.e., different metal ions and
linkers are simultaneously dissolved in organic solvent or water and then followed by
self-assembly process to obtain target products, can retain the original MOF crystal
structure without obvious destroy. In this process, the metal ions come from both
soluble salts and metal foils (e.g., copper foils).

The usage of different metal salts in MOF synthesis shows great impact on the
particle sizes ranging from the nanoscale to microscale. In rk §f Torad, nano-
sized zeolitic imidazolate framework-8 (ZIF-8) crystals with erage size of 50 nm
were prepared when Zn(NOs), was utilized as zi % e [89]. Owing to the weak

2* jons could coordinate with 2-

solvation of Zn*" ions in methanol sol

methylimidazole (2-MIM) easﬂy, 1ng to the rapid generation speed of ZIF-8

with small size. While th size¢ was increased to 2 um when Zn(NO3)»
(ox

replaced with Zn(CH@

between the disso " ions and (CH3COOQ) ~ ions along with the solvation of

is could be put down to the strong interaction

Zn?" ions, which drastically slowed down the nucleation.

It is noteworthy that some specific agents such as poly(vinylpyrrolidone) (PVP),
cetyltrimethylammonium bromide (CTAB) and sodium dodecyl sulfate (SDS) are
usually employed for the surface modification in the synthesis process [90-92].
Nanoparticles with various size, shape and composition can be fully confined and
well dispersed inside MOF matrix with the help of surfactant [93-95]. In Pan’s work,
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ZIF-8 showed a typical rhombic dodecahedron with the mean particle size of 4 um
without CTAB addition [96]. When the CTAB contents in the MOF synthesis solution
increased from 0.0025 wt% to 0.025 wt%, the morphology of ZIF-8 gradually
changed from truncated rhombic dodecahedron to truncated cubes and the size
continually decreased from 2.8 um to 110 nm, in which the long hydrocarbon chains
play a vital role in changing the shape and the MOFs size. Similar phenomena also
were observed by using cetyltrimethylammonium chloride (CTAC) and
trimethylstearylammonium chloride (STAC). Zhan and rkei reported the

surfactant-induced amorphization of ZIF-90 (Fig. 5a) a random network

topology instead of the sodalite topology (Fig. 5b % Monocrystalline ZIF-90 with

rhombic dodecahedral shape can be obtfed ixing zinc salts and imidazole-2-

carboxaldehyde directly. After the jon of CTAC surfactant in the synthetic

solution, amZIF-90 with hiQ algandelion-like morphology composed of many

radially distributed na@

from the CTAC, er surfactants such as anionic surfactants (SDS) and cationic

its building blocks was produced (Fig. 5c, d). Aside

surfactants (CTAB, and dodecyltrimethylammonium bromide, DTAB) were also
studied in their work. amZIF-90 with similar rodlike building units and their
assemblies was yielded by both cationic surfactants (Fig. Se, f). Using DTAB could
obtain the pure amZIF-90, while a small number of crystalline ZIF-90 was also

generated when CTAB was utilized (Fig. 5g).
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Copper foil recently is exploited for synthesis of polymetallic ZIF precursors
containing Fe?" by a simple redox reaction (i.e., 2Fe** + Cu — Cu®" + 2Fe?"). The
adoption of copper foil to obtain mixed metal MOFs are not only able to introduce the
Cu species with high activity, but also prevent the Fe?" from oxidation during the
growth of MOFs. Generally, Fe** is more favorable to achieve uniform Fe doping in
ZIF-8 scaffolds compared with Fe’" because of the severe structural distortion with
Zn*" substitution by Fe** [98]. Whereas, Fe doped ZIFs should be synthesized under
an oxygen-free environment to avoid the transformation of e}, which makes
the operation process more complicated and cumbersome [98]

Using copper foil as Cu source and reductant, nd co-workers prepared Fe,
Cu-coordinated ZIF-derived Cu@Fe-N %al treatment in Ar gas (Fig. 6a)
[100]. The color change of solutlo ellow to light green verified the successful
synthesis. The introduced u 1ons in zinc-based MOFs gave rise to a
morphological variati g increase of MOF size due to partial deprotonation
of organic ligands e tended growth directions in the existence of Cu®" and Fe*".
The homogenous distribution of Cu and Fe species throughout the entire architecture
was clearly discerned from the elemental mapping (Fig. 6b). Through the same
reaction process, Zhang et al. developed multi-metal (Fe, Cu, Zn, and Co) mixed ZIF
by a one-pot procedure of an in situ ionic reaction in the ambient atmosphere (Fig. 6¢)
[101]. Copper foil was immersed into the solution having Zn**, Co?" and Fe** ions to
yield Cu?* and Fe?". After calcination, an exceptionally porous carbon polyhedron

15
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(FC-C@NC) grafted with plentiful carbon nanotubes (CNTs) were synthesized (Fig.
6d). The ultrafine Co NPs with lattice sites partly substituted by Cu and Fe were
embedded into the resultant FC-C@NC (Fig. 6e). The obtained FC-C@NC
nanomaterials were characteristic by large surface area, highly porous structure, active
metal sites and conductive carbon frameworks, contributing to outstanding ORR
activity. Without the addition of copper foil, Fe-CoZn-ZIF was failed to directly
prepare at the same conditions by a co-precipitation method in the solution containing
Fe?" (Fig. 6f). These works pave a way for efficient and ienfdesign of Cu-
assisted generation of Fe** during the MOF-growth,

Using metal nodal substitution strategy thro e-pot process is believed to

be a facile and usual route for prepar oNgg#ed metal nanomaterials. Various

metal salts coordinated with orgar® rs in a homogeneous solution, in which
surfactants also can be us %ionalize MOFs, making it easy to control the
particle size, morphol@ emical composition. The coordination environment
provided by MOF Yands helps to adjust the dispersion of metal active sites by the
selective change of MOF nodes and the incorporation of other metals. Moreover, the
doped metals can be selectively removed. The original structure of MOFs can be
preserved well owing to the lattice substitution of metal dopant. On the other hand,
the simple but effective modulation of metal content in MOF scaffold also can be
realized by changing the ratio of metal salt precursors. Whereas, those metal ions with

large differences in electronic configuration are still difficult to be doped into the
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metal host frameworks, stemming from their difference in coordination behavior with
organic ligands.

3.2. Seed epitaxial growth strategy

Seed epitaxial growth is an efficient method to fabricate dual-MOF core-shell
structures [102-105]. Owing to their similar crystal structure and lattice constant, the
MOF shell epitaxially grown on another MOF seed can be successfully achieved.

Using such strategy, the advantages of MOFs can be incorporated fully to generate

significant synergistic effects [106]. Early in 2014, Huang > repgrted core-shell
Co3[Fe(CN)s2@Ni3[Co(CN)g]> nanocubes using PBA as g materials [107].
Specifically, NiCo PBA as seed was fabricated recipitation method in the

aqueous mixture of NiCl;-6H>O and 0&. In light of the similar crystal
structure and unit cell parameter, a § CoFe PBA was epitaxially deposited onto
the surface of NiCo PBA @ to form a core-shell CoFe@NiCo precursor.
During MOF epitaxial@@rowgh, sodium citrate as an additive interacted with the metal
ions in the homo®gdieols solution to decrease the coordination rate between the
ligands and metal ions. Later on, the same group proposed another study by using
core-shell FeoNi MIL-88/Fe MIL-88 as templates [108]. The dual-MILs nanorods
were successfully fabricated through consecutive hydrothermal reaction of Fe MIL-88
precursors in the solution containing initially formed FeoNi MIL-88 seeds. Then,
core-shell MILs were converted into the final NiFe.O4/Fe,O3 nanotubes by a post-
annealing process. Huang et al. developed a facile method to fabricate CoFe204/CuO
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(sub)microcages using dual-MOF Fe!'-Co PBAs@HKUST-1 heterostructures as both
the precursor and self-sacrificing template [109]. Fe-Co PBAs were first prepared
and then used as seeds to synthetic core-shell Fe'-Co PBAs@HKUST-1 crystals.
After thermal annealing in air, Fe'-Co PBAs@HKUST-1 composites were chemically
transformed into CoFe>O4/CuO (sub)microcages, which effectively retained the
morphology and porous structure of original MOFs, synchronously achieving
homogeneous heteroatom doping and unique hollow architecture.

In Aslam’s work, time dependent ZIF-67@ZIF-8/Z nanfparticles were

prepared by the kinetically controlled synthesig and the nverted to hollow

ZnCoS@Co9Ss/NC (Fig. 7a) after sulfidation and & ion [110]. Cobalt precursors

were added into the solution of 2-M l@ and the homogeneous solution

transformed from transparent to tuly Wver time. After 7 minutes, Zn salts were

The edge growth of if@si -67 crystal and outside ZIF-8/ZIF-67 structure was
clearly confirmed ield emission scanning electron microscope (SEM) (Fig. 7b-c).
Through sulfidation and pyrolysis process, ZIF-67@ZIF-8/ZIF-67 was evolved to
yolk-shelled ZnCoS@CoS and further converted to single-holed hollow
ZnCoS@Co9Ss/N-doped carbon with core-shell structure. The N-doped porous carbon
endowed the catalyst with fast electron transport to achieve exceptionally high-rate
capability. Huang et al. fabricated MoC»/Co embedded hybrid hollow N-doped carbon
polyhedrons (CoMo@HNCP) using core-shell ZIF-8@HZIF-CoMo as precursors
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(Fig. 7d-h) [111]. In the presence of PVP, the as-prepared ZIF-8 microcrystals as
seeds reacted with Co ions, HMoO4 and organic ligands to form polymetallic core-
shell architecture. By further annealing under N> atmosphere, the target
CoMo@HNCP were obtained. Benefiting from the homogeneous distribution of
metallic Co and Mo>C NPs in the hollow N-doped carbon shell, the produced multiple
heterogeneous interfaces helped to improved performance, making it superior to that
of ZIF-8 derived N-doped carbon and HZIF-CoMo derived bimetallic carbon
polyhedron. Undesirably, the reaction of HZIF-CoMo shell o ZIF-8 core are
time-consuming and power-wasting, which limited this meth r further utilization
and large-scale production in industry.

The polyhedral core-shelled MOF %@an be facilely fabricated by using

seed epitaxial growth strategy. heat treatment, the core-shell/hollow
nanomaterials are usually o '@d the integrity of parent MOF is able to retain
to a great extent. Co arthe single MOF crystal, the combination of different
types of MOF can\ert complementary and synergetic effect effectively. Typically,
the ZIF-67 has been well demonstrated to afford its derivate with uniform N doping,
CoNx sites and high graphitization degree yet low surface area; the ZIF-§,
isostructural to ZIF-67, should be a suitable candidate because it can offer derivate
with high surface area and porosity. Thus, the bimetallic ZIFs based on ZIF-8 and
ZIF-67 are expected to inherit both merits of derivates independently from separate
ZIF. Whereas the requirement of similar topological structure restricts its wide
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application. During synthetic process, the precise operation (e.g., seed contents, metal
ratio, stirring time/rate, etc.) is required to achieve the successful epitaxial growth. In
these reported literatures, majority are found to be narrowly confined to ZIFs. In the
future, more attempts should be paid to other types of MOFs.

3.3. lon-exchange strategy

Ion-exchange is a classical solid—liquid interface reaction occurring in the solid
MOF precursors and chemical reagents in the solution. The simultaneous
incorporation of various materials with distinct physical-chQgital pgperties can be
achieved by using this strategy. Since the coordination bondsW MOFs between metal
nodes and organic ligands are weak yet reversible, @ ponds within skeleton can be
easily break to prepare multivariate t tes with different metal centers
through ion exchange process [112-4§ he well-matched ion exchange and etching
process occurred at the two- @facial lead to the well-retained architecture and
dimensions of originff MQFS. According to the different type of the exchanged
chemicals, ion-exC\#Ing® reaction is classified into cation-exchange reaction and
exchange process involving anion.

Cation-exchange are intensively applied to introduce second metal into a single
MOF framework to form mixed metal composites. For example, Co-ZIF-67 as a
template was prepared first using a usual method and then reacted with
Ni(NO3)2:6H20 in ethanol solution to produce a Ni—-Co MOF through cationic
exchange reaction [115]. In this process, these released Co®" and partially oxidized
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Co** co-precipitated with Ni** to produce Ni-Co MOF. The bimetal MOF precursor
still preserved a polyhedral morphology yet showed a rougher surface owing to the
construction of nanosheets. Followed by a subsequent annealing treatment, hollow
porous NiCo,04-nanoboxes were obtained. Xu and colleagues demonstrated a cation-
exchange approach for the conversion of ZIF-67 into Co304/TiO> hollow polyhedrons
[116]. Instead of using ethanol as solvent, they applied N, N-dimethyl formamide
(DMF) for the Ti*" exchange reaction because Co®" ions are unable to hydrolyze in
basic DMF solution, leading to the cation exchange occurre ¢ syiface of ZIF-67.
It is worth mentioning that the cationic exchange took pld&g¥*elied on the lower
electronegativity of Ti*" than Co?’. The ZIF-67 was first dissolved and its
bond between the Co®" cations and cl \@oke to re-bond with Ti*" cations
stepwise. The DMF molecules gra Ainked with Co ions since they still bounded

to the cluster. Then, Ti*'- Ch% ZIF-67 skeleton was formed via the partial
replacement of Co*' The ZIF-67 host showed adequate stability and
flexibility to acconNgodate these exchanged Ti*"

Polymetallic MOFs with single or multiple shelled nanostructures also can be
fabricated by cationic exchange reaction. Starting from ZIF-67, yolk-shelled ZIF-
67/Ni—Co LDHs structures were synthesized and subsequent converted them into
C0304/NiC0204 double-shelled nanocages (DSNCs) by pyrolyzation [117]. Replacing
Ni(NO3) by Mg(NOs3)> and Co(NOs3), a series of single-shelled LDHs were

effectively constructed, including ZIF-67/Mg—Co LDHs and ZIF-67/Co—Co LDHs,
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suggesting a strong universality of this strategy. In reference to similar route, the same
group developed double-shelled Co(OH)@NiCo-LDH nanocages from single-shelled
ZIF-67@LDH [118]. During this process, NaxMoO4 was utilized to generate OH™
ions through hydrolysis, and then OH™ precipitated with Co*" to yield Co(OH), shell.
Importantly, the as-prepared products maintained the polyhedral shape of parent ZIF-
67 core.

Additionally, anion-exchange reaction is also widely studied for the fabrication
of novel-structured MOF hybrids. A series of multi-c %1 microboxes
reported by Lou et al. represented a good example [119]. U microsized Prussian
blue (PB) (Fes[Fe(CN)e]3) crystals as template 2SnO3 as secondary metal

@@ed via the ion exchange coupled

% pnjugate base partially hydrolyzed to form

source, hollow Fe(OH)3/SnO2-xH>O w

with the hydrolysis reaction. KoSn@

kaline environment, which induced PB cubes

oxide hydrate and created Q%
converted to Fe(OH)@

Meanwhile, the in and stoichiometric precipitation of SnO2-xH>O was facilitated

xes through OH™ ions exchanged with Fe(CN)e* .

by the consumption of OH™ during the generation of Fe(OH)s shell, giving rise to the
formation of Fe(OH)3/SnO;-xH>O precursors. By annealing treatment of the as-
prepared samples, Fe>O3/SnO, microboxes were produced. Using Na,GeOsz and
NaxSiO; as the alkaline precursors, FeoO3/SiO> and Fe;03/GeO; microboxes were
acquired based on the same approach. In another work, Na,MO4 (M = Mo or W) was
selected as alkaline precursors for the synthesis of CoMO4—Co(OH), nanocages [120].
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At the first 20 min, the color change of solution implied the initiation of reaction
between MoO4>~ and solid ZIF-67. When the refluxing time prolonged to 2 h, hollow
CoMo004—Co(OH)> nanocages were fabricated. Chen et al. reported an anion-
exchange modification to synthesize Fe doped cationic Co(II)-based MOF and then
transformed into Fe-Co-N-C catalysts, where the ClO4 anions with charge balance
blocked into its one-dimensional (1D) channels [121]. Through exchanging with
ClO4™ anions, [Fe(CN)s]s~ anions generated from K3[Fe(CN)g] were introduced into
the MOF channels, resulting in the formation of Fe/Co-cooRNsting F. After ion-
exchange process, the integrity of MOF scaffold preserv ell. Owing to the
[Fe(CN)s]3~ decomposition and the catalytic role & % goms, Co NPs were wrapped

by graphitic carbon layers, which were c@fi one type of active sites for ORR.

Furthermore, the reactant cd Nation in the exchanged system has a

remarkable effect on the CQ% and shell number. For instance, Lou and co-
workers demonstrate@

structure with the \@nadium oxytriisopropoxide (VOT) as vanadium source [122].

rsion of ZIF-67 into ZIF-67@amorphous-Co3V20s

Through an anion-exchange reaction, 2-MIM anion in ZIF-67 skeleton was stepwise
replaced by the VO4*~ from VOT to generate amorphous Co3V20s shell. Particularly,
the yolk-shelled ZIF-67@amorphous-Co3V20s-50 with a thin shell and a large ZIF-67
core were obtained at 50 uL VOT amount. When the VOT concentration increased to
70 uL, a similar yolk—shelled structure with a thicker shell and a shrunken core can be
observed. As the VOT amount further increased to 120 pL, the ZIF-67 core was
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entirely consumed to form hollow amorphous-Co3V20g nanoboxes. Accordingly,
C0304@Co03V20s nanoboxes with triple shell and double shell and single-shelled
Co3V1,0s were separately acquired after thermal annealing in air.

Ion-exchange strategy, as an energy-saving procedure, usually takes place at
mild conditions. This method can form uniform nanocomposites in situ, which not
only protects the original MOF structures from damage but also is scalable for large-

scale production. For time-consuming exchange process (usually more than 24 h),

microwave-assisted synthesis could be considered for rapi . Of note, the
electronegativity of metal ions plays important role in theNON-exchange reaction.
Through ion-exchange process, multiple shelled es can be facilely obtained
from solid precursors and simple-com en@also be converted into multiple-
component composites. Hence -exchange reaction may create great
opportunity to fabricate co materials in the light of both shell architecture
and chemical comp 1t10§rlng the etching process, the concentration of
exchanged substan¥gis f great importance for the final morphology of polymetallic
materials, further affecting their performance in reaction system. Notably, the
structural distortion may occur due to the inappropriate exchanged time.
3.4. Guest species encapsulation strategy

The cavities in MOF skeletons endow them with adequate space to accommodate
the naturally incompatible metal species, which can function as ideal platform for the

preparation of multi-metallic guest@MOF precursors with new fascinating properties
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[123-125], whereas, it is difficult to perform by conventional methods. The rational
immobilization of metal-containing species inside the MOF voids can purposely
design functional nanomaterials with new fascinating properties. For example, Wang
and co-workers reported a facile double-phase encapsulation approach (DPEA) to
synthesize NiCoTU@NH>-MIL-101(Al) co-precursors (Fig. 8a) [15]. Herein, NH»-
MIL-101(Al) with large pores (ca. 2.9 and 3.4 nm) was chosen as host template for
the accommodation of Ni-Co coordination compound and thiourea (TU). Benefiting
from the immiscibility of the hydrophilic water-ethanol solu ntaghing Ni-Co/TU

and hydrophobic solvent of n-hexane, the as-proposed D enabled the direct

incorporation of the guest species into the interna % pf MOF template suspended
in n-hexane. Subsequently, a heat trea t@arried out to prepare the Ni-Co-
S@G/NSC samples. The encapsulaggn oR¢he Ni-Co precursors and their uniform 3D
distribution within the NH @Al) were conducive to forming small Ni-Co-S
NPs and simultaneouffly 1 e the N and S active sites, resulting in excellent
electrocatalytic acNity.” Similarly, Ni(NO3), and Cu(NOs3), mixed solution were
dropwise pumped into the suspended MIL-101(Cr) with hexane as solvent [126].
Then, the Cu®" and Ni** ions encapsulated into MIL-101(Cr) pores were reduced by
NH3BH3 to afford CuNi@MIL-101(Cr). During this process, Cu NPs were formed

first and served as seeds to trigger the followed reduction of Ni** ions to produce

CuNi NPs.
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The integration of noble metal NPs into MOF pore channels and then calcinated
at high temperature can afford the alloy structure, which not only gives a considerable
enhancements for the physicochemical properties but also improves the utilization
efficiency of noble metals [127]. For instance, Pt@ZIF-67 were prepared based on the
hydrophobic/hydrophilic method [128]. Specifically, ZIF-67 with hydrophilic nature
first dispersed in a hydrophobic solvent of n-hexane, and then Pt NPs were adsorbed

into the MOF pores owing to its hydrophilic affinity towards ZIF-67. Followed by

hydrogen reduction and covered with tannic acid (TA), Pt -07(@TA precursors
were produced. After pyrolysis, the final PtCo/Co@NHPC lysts were obtained,
where the unique alloy structure and ultrafine Ps improved the inherent

activity, stability as well as utilization c@f Pt. The hollow porous carbon

support with nitrogen dopant and g face area was contributed to the excellent

catalytic property. The cg%n of solvent is important in the synthetic
procedure. A mass of @

repulsive outer hyQ@phdbic environment around Co-ZIF, promoting the adsorption

as help to disperse ZIF-67 particles and generate the

process of metal precursors. Recently, the Au and Pd ions guests were trapped into
ZIF-67 pores by a de novo method, followed by reduction into bimetallic Au-Pd NPs
in NaBHj4 solution [129]. A further thermal treatment under air was employed to yield
AuxPd@Co304 cages with an active interface between cobalt oxide and Au-Pd alloyed
NPs (Fig. 8b-d). In this work, ZIF-67 served as a template to separate cobalt clusters
while not catalyst. The organic ligands in ZIF-67 were sacrificed to make the Co*"
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ions close, leading to the formation of the efficient interface with powerful interaction.
It is noting that Au and Pd tended to form bimetallic NPs instead of alloy NPs after
reduction process because both two noble metals possessed multiple oxidation states
in the AuPd@ZIF-67 composites.

Aside from metal NPs, polyoxometalates (POMs) are widely utilized to
encapsulate into MOF pores to construct guest@host template. POMs are a class of
metal-oxygen anion clusters abounding in transition metal source (e.g., Mo, W, V),
which have emerged as promising precursors to synthesi actfye Mo- or W-
containing catalysts. MOFs embedded with POMs endow the posites with greatly
enhancement in performance owing to the combind @ $ individual advantages [130,

131]. As an example, Li et al. conce&z@ctive strategy to design PMoiz-

incorporated MIL-100 (Fe) precur ich responsible for the source of Fe, Mo

and P simultaneously [13 ixture of H3PMo12040, Fe salts and organic

linkers, PMo12 was fo edgnpanied with the self-assembly process of MIL-100
(Fe). This meth%liﬁed the synthetic procedures and reduced the energy
consumption. The obtained PMox@MIL-100 (Fe) showed polyhedral morphology,
similar to parent MIL-100 (Fe), suggesting the structure still maintained intact after
encapsulated operation. Followed by calcination with melamine, Fe3C/Mo2C-
containing N, P co-doped graphitic carbon was obtained (Fig. 8e). Without the
addition of PMoi», sole MIL-100 (Fe) derived FesC@C exhibited a lower graphitic

degree than that of FesC/Mo.C@NPGC (Fig. 8f, g). In another case, Tang and co-
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workers demonstrated a novel solid-phase hot-pressing method to fabricate POMs-
based Co/Zn-ZIFs precursors on carbon cloth (CC) without the usage of binders [133].
In brief, PMo12, Zn*" ions, Co®" ions, organic ligands and polyethylene glycol with a
little ethylene glycol were grinded together to produce purple pastes. Later, the pastes
were deposited on CC using an electric iron at moderate environment to form PMoi»-
Co/Zn-ZIFs/CC composites. Subsequently, the CoP/MoP@NC/CC with unique
structure and large surface area was prepared through the phosphidation. Compared to

the traditional solvent method, this method has many adva of Japid synthesis,
mild reaction conditions, non-pollution and high yigld.

Based on the ordered porous structure of M% guest species encapsulation
strategy is effectively proposed. The su@ementation of such method relies

heavily on the well-matched p of MOF template with molecular/ion

dimension. Owing to the Q@ confinement effect of MOFs, guest species
confined in MOFs af@l

obtained metal NNgmaYy be small-sized, uniformly embedded within the carbon

tion could avoid the particle aggregation and these

matrix with a high density, thus showing an improved reactivity for specific
application. Besides, MOF scaffolds can serve as a multi-spatial-compartmental
nanoreactor that allows physically compartmentalize multiple active species in a
single MOF nanoparticle for facilitating mass transportation. However, the selection

of the type and content of guest species encapsulated into the MOF hole is narrow due
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to the intrinsic feature of pore structure of MOFs, which hindered the widespread
usage of this strategy.
3.5. Solution impregnation strategy

Impregnation method has been widely applied in industrial field. Generally,
MOF precursors are subjected to calcination and then the obtained derivatives are
infiltrated by metal solution followed by post-treatment to generate the final multi-
metal nanomaterials with unique properties [134]. Unlike other strategies, this
synthetic method is to introduce foreign metal species int skejtons of MOF

derivatives instead of pristine MOFs. Accordingly, more 1Culous operation and

mild conditions are needed to avoid the structural & @_ \

Zhou et al. synthesized Co-Fe bim 1c%sites using impregnation method
with iron acetylacetonate as Fe [135]. Starting from ZIF-67, Co/N-C
dodecahedral nanocages ( @e abricated by high-temperature calcination.
Then the obtained Co/g-C s es were mixed with iron acetylacetonate at 300 € to
produce Co-Fe;O4NFC DNCs, in which Fe3O4 NPs grew on the inside and outside
surfaces of Co/N-C. After annealing with S power, CogFeSs/N-C DNCs were finally
synthesized. The structure of CogFeSs/N-C DNCs still remained integrity without
obvious destroy after solution impregnation process and twice high-temperature
calcination. The bimetallic CogFeSg NPs were evenly embedded within porous hollow
N-doped carbon matrix, leading to the synergy effect for remarkable performance. Xu
and co-workers prepared Fe-introduced Zn@Co-MOF composites by two-step
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method [136]. At first, a core@shell structured ZIF-8@ZIF-67 was synthesized by
precise epitaxial growth. After that, guest Fe ions from iron nitrate were introduced
into Zn@Co-MOFs host through wet impregnation to obtain the final samples.

Li et al. reported a general route to fabricate tri-metallic nanorods using
bimetallic FeNi-MOFs as templates [137]. The bi-MOF precursors were transformed
into FeNi3Cx nanorods by thermal annealing under argon atmosphere. In this process,
Fe?" and Ni** ions were reduced into alloyed FeNi NPs by the carbonaceous species
came from trimesic acid ligands. The as-obtained FeNi3Cx n s were dipped into
the aqueous solution of Na;PdCls to form FeNizCy-Pdy with iform shape. During
which, Pd?" ions reacted with L-Ascorbic acid o @ rface of FeNizCx nanorods,
leading to the uniformed dispersion of @d NPs on the outer carbon layer.
Similarly, Cu-MOF-derived Cu/C sor powders were slowly added into a
chloroplatinate solution fo ngo synthesize a core-shell structured Cu@Pt/C
catalyst [138]. Note thigt, tettle amount of Cu species in Cu@Pt/C can induce
more active sites \ggre tly improve the electrochemical activity compared to pure
Pt/C. Mandegarzad et al. reported a novel catalyst based on bimetallic Cu-Pd NPs
supported on nanoporous carbon composites (Cu-Pd/NPCC) through a three-step
process [139]. MOF-199 (Cuz(BTC),, BTC = 1,3,5-benzenetricarboxylate) was
selected as precursor and synthesized by an electrochemical method. Further direct
carbonization under N> atmosphere was performed to obtain Cu/NPCC. After the

addition of PdCl, solution, Cu-Pd/NPCC was fabricated via galvanic replacement of
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Cu atoms by Pd (II) ions. The Pd NPs with size of 50-90 nm were well dispersed on
the porous network of the Cu/NPCC. Benefiting from the interaction effect of
bimetallic composite due to diminishing of d-band center of Pd by Cu component, the
catalysts showed excellent electrocatalytic activity towards HER.

Recently, Guo et al. demonstrated two routes involving one-step and post-treated
method to construct CeO»-based bimetal oxides [140]. In detail, CeO»-CuO catalysts
were synthesized by thermolysis of Ce-centered MOFs followed by loading CuO

species using impregnation method. Differently, Ce-Cu-Oyx ystgdwere obtained

from the direct carbonization of bimetal Ce(Cu)-MOFs. Su ingly, both of them

presented a similar rod-like structure and pore sizd % gution as well as comparable
surface area. However, CeO2-CuO sam i % intensively higher lattice oxygen
percentage of 60.8% than that of of 46.0%, giving rise to superior activity

in CO oxidation. The Q nthetic approach led to varying synergetic
C

interaction between uO species, and thereby affected the defect sites,
redox ability, and\€u -CO adsorption strength. It is worth mentioning that the
extremely low quality of CuO species, homogeneous dispersion and integrated into
the CeO: lattice resulted in the absence of characteristic diffraction peaks of CuO in
XRD pattern of CeO2-CuO and Ce-Cu-Ox samples.

The MOF derivatives are completely and uniformly immersed in metal-
containing solution by using solution impregnation strategy. After thermal treatment,

the metal NPs could homogeneously grow on the inside and outside of MOF
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derivatives. Although solution impregnation has been proven to be efficient, the
complex and tedious operation involved multiple steps in synthesis may bring a
possibility of structural failure, which could increase the cost and reduce the
reproducibility of samples. It is highly significant to carefully manipulate the
infiltrating reaction between MOF derivatives and foreign metal source through
controlling the reaction conditions. Besides, in some cases, the slight collapse of pore
structure of MOF after pyrolysis makes it difficult to immersing metal species into
pores. The size compatibility between derivative and metal onclt is important.

In the future, more wide and deep investigations along with t lution impregnation

strategy are highly needed to explore facild

multicomponent materials. &@

3.6. Combination with extraneouse

pfficient route to prepare

MOF precursors compes @ extraneous pre-designed metal substrates to
fabricate the multi-cor@ aterials have gathered intensive interests [141, 142].
These distinctive sNStrates possessing diverse morphology are deem to be favorable
supports for MOFs. The formed intimate physical and chemical contact between them
offers opportunity for generation of new properties [143, 144]. Although some metal
component can play a role solely, the results still leave much to be desired. Integrating
with functional MOF-based materials is an effective way to improve their
performance. In the research of Kuang, bimetal Cu, Co-embedded N-enriched carbon
matrix (CuCo@NC) catalysts were synthesized by using ZIF-67 on Cu(OH).
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nanowires as co-precursors (Fig. 9a-c) [145]. ZIF-67 was in situ grown on the as-
obtained Cu(OH), nanowires through a self-assembly reaction. Then, the as-
synthesized Cu(OH)>@ZIF-67 composites were transformed into the final CuCo@NC
by thermal treatment under inert gas at 800 € followed by acid etch. The different
tolerance for decomposition temperature of ZIF-67 and Cu(OH), provided a
confinement effect of Co and Cu metals within N-doped carbons, avoiding the self-
aggregation and irreversible fusion of Cu NPs (Fig. 9d). Similarly, a certain amount of
CuO nanosheets were inserted into the dodecahedral ZIF- nstfct CuO-ZIF-8
composites and then evolved into Cu, Zn embedded por carbon frameworks
(CuZn@C) [146]. The CuO nanosheets were co % to small CuxO NPs at high

temperature. With the increase of Cu%@he BET specific surface area of

CuZn@C was decreasing owing to #g pO% blockage of Cu species. In the research of

Zhao, carbon nanotube ﬁb&) were mixed with Zn** and Co?" solution for
the preparation of Zn@

Then, the synthesi TFs@ZnCo,0s4 served as Zn** and Co?" ions source and a

nowire array (NA) on the CNTFs substrates [147].

skeleton for in situ growth of Zn/Co-ZIF, leading to the formation of core-shell
structured ZnCo204 NA@Zn/Co-ZIF. The well-oriented hybrid arrays with a rod-like
morphology of ZnCo0204 NA@Zn/Co-ZIF possessed a uniform length of several
micrometers. After oxidation and sulfurization, CNTFs@ZnCo0204@Zn-Co-S hybrid

arrays were produced.
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Nanotube structure with large surface area and well-defined inner channels could
be an ideal support for the in-situ growth of MOFs [148-150]. For example, MnO>
nanotubes with an overall diameter of 85 nm were first prepared by a hydrothermal
method and then used as supports for synthesis of 1D hierarchical hollow
MnO,@NiCo-LDH/CoS> hybrids (Fig. 9e¢) [151]. Relying on the electrostatic
interactions, the MnO» nanotubes with negative charge absorbed Co?" ions onto outer
layer and thus formed core—shell structured MnO@ZIF-67 (Fig. 91, j and g, k). Upon
adding Ni(NO3)>, the hollow NiCo-LDH nanocages gradua rmel on the MnO»
surface by etching reaction, resulting in MnO2@NiCo-LD cursors (Fig. 9h, I).
After sulfuration, the final 1D hollow nanomat % yere obtained (Fig. 91, m).
Remarkably, the Ni*" ions and thioac i(%A) concentration as well as the
hydrothermal reaction time were ance to the structure and property of

MnO,@NiCo-LDH/CoS;. @e stmilar synthetic route, hierarchical structured

bimetallic Co304@Ni hybrids [152] and ternary CoO/Co0304/CoMo00O4
composites [153] \fre “fabricated by using Co03Os nanowire array and CoMoOs
nanorods as supports, respectively.

Extraneous substrates containing metal compositions combined with MOFs can
effectively construct polymetallic hybrids. Each component possesses a special
function that can conquer the defects of the individual counterparts and plays unique
role in the composites, thus generating a powerful synergistic effect for enhanced

performance. In many cases, the integrated substrates not only serve as secondary
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metal source but also self-sacrificing templates for oriented-growth of
morphology. However, this strategy involved pre-design steps is a time-consuming
process and may increase the production cost. In situ growth for MOFs and foreign
species by one-step method is more expected.
4. Electrocatalytic applications

The growing energy demand prompts the exploration and development of
efficient materials for chemical energy conversion process. Owing to the rational
design and unique properties, MOF-derived multi-metal ateffals have been
highlighted as electrocatalysts for energy-conversion reacti [154-156]. Besides,
MOF-derived electrocatalysts with well-designed e also can exhibit bi- or tri-

functional features, endowing them présin ential in next-generation energy

devices such as rechargeable nagal-Mg batteries and overall water splitting.
Specifically, electrochemic @ittmg involves two half reactions: HER on the
cathode electrode and@o the anode. Besides, ORR 1is crucial in full cell and
metal—air batteries WO 7]" In this section, the application of MOF-derived multi-metal
nanomaterials as catalysts in energy-conversion electrochemical reactions are
discussed, including the oxygen reduction reaction, oxygen evolution reaction and
hydrogen evolution reaction. The catalytic performances of MOF-derived multi-
metallic nanomaterials for electrocatalytic applications have been summarized in

Table 2.

35



719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

4.1. ORR

Enormous efforts have been devoted to develop ORR catalysts, which can
exhibit high current density at low overpotential. The ORR process proceeds through
multiple steps of oxygen-containing intermediates adsorbed on catalyst surface, like
associative, dissociative, or peroxospecies formation [158, 159]. Several two-electron
and four-electron reactions control the overall efficiency of the catalytic systems.
Selective two-electron reduction produces H>O, whereas four-electron reduction leads
to the formation of H>O. In most cases, the four-electron is Jnore preferred

owing to the superior efficiency. As is well-known, noble Pt is recognized as

the benchmark electrocatalyst for this process. Ho

scarcity of Pt still hamper its large—s&@entation. Dealloying of Pt with
transition metal to expose increasesites and concurrently reduce the usage of

Pt is an effective approach Q e ghe superior ORR activity. For example, Chen et

Nhe high cost and the natural

al. utilized ZIF-67 as @0 o develop PtCo bimetallic nanoparticles anchored in
N-doped carbon cA@5ulds PtCo/Co@NHPCC [128]. H2PtCls-6H2O acted as guest
molecules were introduced into the pores of Co-based MOFs. Followed by hydrogen
reduction and pyrolysis process, the final PtCo/Co@NHPCC was produced. The as-
synthesized catalysts showed an excellent ORR performance, with a mass activity that
was 5.5 and 13.5 times higher than that of commercial Pt/C and Pt black, respectively.
Besides, it was exciting to find that PtCo/Co@NHPCC catalyst achieved a
considerably improved durability in terms of both electrochemically active surface
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area and mass activity, in comparison with commercial Pt/C and Pt black catalysts.
The structural features (such as alloy structure, good dispersivity and fine particle size)
as well as the carbon matrix are responsible for the outstanding electrocatalytic
activity.

Downsizing the noble metal particles to expose more available atoms on the
surface is another approach to make Pt-based catalysts more affordable. Atomically
dispersed metal catalysts with high atom efficiency have sparked new interest in
electrocatalysis [160-162]. In the research of Yao, a locally' W& utch atomic Pt-Co
nitrogen—carbon-based catalyst (A-CoPt-NC) was reporte 63]. The obtained
catalyst only contained a small content of Co (~1. ) and a very little Pt (~0.16
wt %). Unexpectedly, it displayed extre% ivities for ORR in alkaline media,
delivering mass activity 267 times than that of the commercial Pt/C catalyst.
No noticeable decay in 2@ s observed after a 240 min electrochemical

durability test. Furthe@

electron pathway 1 , which can be ascribed to the atomic interaction of Pt—Co.

¢ A-CoPt-NC showed a high selectivity for the 4-

Considering the agglomeration and degradation of Pt-based catalyst during
annealing and cycling tests, constructing core-shell structure by combing noble metal
and transition metal is highly desirable, because it can increase the catalytic efficiency
and simultaneously maintain the structural stability. As an example, a quasi-Pt-
allotrope catalyst, comprising of hollow Pt3Co core and N-doped carbon embedding
single-atom Pt shell (H-PtCo@PtN-C) was prepared (Fig. 10a) [164]. When tested in
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0.1 m HC1O4 solution, the mass activity of H-PtCo@PtIN-C was 1.2 mA pgp ' at 0.9
V, corresponding to 8, 10 and 3.4 times greater than those of Pt/C (0.15 mA ugp ),
Pt/NPC (0.12 mA pgp ') and PtCo/NPC (0.35 mA pgp: !), respectively (Fig. 10b).
After 10000 cycle tests, the catalyst presented stable activity without any fade,
showing the excellent durability towards ORR (Fig. 10c). Benefiting from the
synergistic effect between the single Pt atom/N-doped carbon shell and hollow PtCo
alloy core, the H-PtCo@PtiN-C exhibited efficient and stable ORR activities in
various organic electrolytes, suggesting its huge potential in -gengration lithium—
air batteries.

Owing to the inherent defects of noble meta erve and cost, searching for
earth-abundant transition metal alternati i&rable activity and durability is an

attractive task for scientific com % In the research of Hassan, C/NiCo0204

nanocomposite fibers wer by electrospinning method followed by a
simple sintering proce@ged as ORR electrocatalyst [165]. The bimetal oxides
with mixed valen\¢® provided numerous accessible active sites. The half-wave
potential of 0.53 V and the initial potential of 0.59 V for C/NiCo0204 were more
positive than single NiCo204 and carbon free NiCo204. The incorporated carbon can
greatly promote the electron transfer, thus imposing a prominent contribution to the
electrocatalytic activity. Meng et al. reported a hierarchically structured porous Co-
Zn-N-C electrocatalyst for ORR by using ZnCo-ZIF as precursors [166]. The as-
prepared HC-5C095Zn catalysts exhibited excellent half-wave potential (0.78 V vs.
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RHE) and diffusion limiting current density (5.7 mA cm2), which were close to those
of commercial Pt/C catalyst in acidic solution (Fig. 10d). Besides, the resulted HC-

5C095Zn presented a lower Tafel slope of 66 mV dec™!

and better long-term stability
compared with that of Pt/C of 75 mV dec™'. After 30,000 s stability test, the
normalized current of HC-5C095Zn decreased 12.6%, while Pt/C faded by 36.1%

after 20,000 s chronoamperometric response (Fig. 10e). The hierarchical porous

architecture was responsible for the remarkable ORR catalytic activity. Wang and co-

workers developed hierarchical porous N,S-codoped carbon d with Co-Ni-

sulphide nanoparticles (Ni-Co-S@G/NSC) from NH>-MIL-1 1) [167]. Benefiting

from the distinctive nanoarchitectures and the s % yc effect between the active
metal species, the Ni-Co-S@G/NSC d re@.\ltrahigh power density of 261.3
mW cm 2 and high specific capacity % 0f 2947 mA h g'!, as well as comparable

onset potential (0.94 V vs. half-wave potential (0.86 V vs. RHE) to the

commercial Pt/C catal$pt in
4.2. OER

As the reverse reaction to the ORR, the OER is vital to many energy-conversion
devices as well. Similar to ORR, OER is a complicated four-electron process
containing multistep elementary reactions, where O> generation with different
reaction mechanism under acidic and alkaline conditions. Actually, OER normally
occurs as a rate determining step due to the intrinsically sluggish kinetics stemming
from multistep proton-coupled four-electron transfer process related to the H-O
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fracture and O—O bonding [168, 169]. At present, noble-metal-based catalysts (e.g., Ir,
IrO2, and RuQO;) are considered as the benchmark electrocatalysts towards OER.
Utilizing MOF-derived multi-metal nanomaterials to replace precious metal catalysts
for OER have been widely reported. Owing to the high activity and low cost,
transition-metal-oxides has recently attracted significant attention. As an example, 3D
NixCo3—xOs-y nanocages were synthesized using Ni-doped ZIF-67 as precursors and
investigated their electrocatalytic OER characteristics [170]. Substitution of Ni into
Co0304 structure helped to improve the inherent catalytic aRRVIty. virtue of the
presence of nonstoichiometry and low coordination metal sis,*which could reduce
the OH™ adsorption energy and promote the condut m pf catalyst, the NixCo3—~xOs-y
showed enhanced OER activity. The re ng%—l (Ni/Co = 1) exhibited a lower
overpotential of 320 mV at a curre ’ty of 10 mA cm 2 and a lower Tafel slope
of 53 mV dec™'. The porou and rich redox centers were contributed to the
excellent OER perfon@ d made it a competitive electrocatalyst for water
oxidation reaction.

Similarly, Ni-Co mixed oxide cages derived from Ni—-Co PBA cages were
developed as electrocatalysts for OER [48]. The as-prepared catalysts displayed an
outstanding performance towards OER with a small overpotential of 0.38 V at the
current density of 10 mA cm 2. Besides, the catalytic activity of Ni-Co mixed oxide
cages was no obvious loss after 10 h of the electrochemical reactions in alkaline
medium, showing its good durability. In addition to transition metal oxides, transition
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metal sulfides also showed their improved catalytic activity for OER [171, 172].
Recently, ultrathin CogFeSs/CoS nanoparticles grown on carbon nanotubes (CNTs)
skeleton (CogFeSs/CoS@CNT) were developed as OER catalyst, which delivered a
low overpotential of 278 mV for 10 mA c¢cm 2, a very small Tafel slope of 49 mV
dec™! as well as good long-run stability [173]. The excellent activity was attributed to
the introduction of highly conductive CNTs and the homogenously distributed
CogFeSg/CoS nanoparticles.

Aside from multi-metal oxides and sulfides, transitio %ed phosphides
also possessed promising potential for OER due to their fre le metal, favorable
activity and hydrogenaselike catalytic mechamsm them, Co based bimetallic
phosphides have been proved as co OER electrocatalysts. Li et al.
fabricated carbon 1ncorporated metalhc (CoNi/C, CoCu/C, CoMn/C)
phosphide electrocatalyst 4 The as-obtained CoNi/C-HHPNC showed
highest OER activity h ent density of 10 mA cm? at overpotentials of about
267 mV, much lo tha that of the RuO> (366 mV) [175] and IrO> (338 mV) [176].
CoMnP/C and CoCuP/C-HHPNC also delivered lower potentials of 262 and 283 mV
respectively to reach a current density of 10 mA cm™2. In addition, CoNi/C-HHPNC
retained 98.6% of the initial current density after 12 h at the overpotential of 280 mV,
indicating its long-term stability in regard to the intrinsic functionality. The density
functional theory (DFT) calculations demonstrated that the homogenously introduced
secondary metals and the incorporated carbon effectively regulated the electronic
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structure, thus collaboratively resulting in the low kinetic energy barrier for the OER.
Using bimetal CoFe-PBA as platform, bimetal cobalt—iron phosphides (Coi—xFexP)
with uniform metal distribution were achieved [177]. By continuously optimizing the
Co/Fe ratio, the best catalytic activity was observed at the Co/Fe ratio of 1.63, which
exhibited a small overpotentials of 230 and 268 mV at 10 and 100 mA cm2
respectively, exceeding most of the reported transition-metal phosphides. The
superior OER activity could ascribed to the more exposed active sites caused by small
size of Coi—<FexP and the electronic modulation due to t dogng. Lou et al.
fabricated carbon incorporated Ni-Co mixed metal] phosphi noboxes (NiCoP/C)

by two-step methods [178]. Specifically, ZIF-67 nd w gs were synthesized and then

reacted with Ni(NOs3), to form ZIF-6 @ayered double hydroxide (LDH)
nanoboxes. After phosphldatlon aHZPOZ, the nanocomposite NiCoP/C
nanoboxes were produced. from the structural and compositional merits,
the as-prepared catalyffts SQ enhanced electrochemical performance and long-
term stability for , 1ch required an overpotential of 330 mV to attain a current
density of 10 mA cm 2.

4.3. HER

Hydrogen production through electrochemical process is the vital part of clean energy
conversion in water splitting and hydrogen fuel cells. The HER pathway involving H»
production contains several steps reactions with two possible mechanisms, which

proceed through either the Volmer—Tafel mechanism (H' + e — H*; 2H* — H, + 2%)
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or the Volmer-Heyrovsky mechanism (H" + ¢ — H*; H* + H" + ¢ — Hy + *) [179].
Unlike ORR and OER reactions, where the O atoms in the intermediates are adsorbed
on the catalyst surface, hydrogen intermediates (H*) are adsorbed on the active sites
during HER process. Consequently, the hydrogen adsorption energy is a key factor for
the selection of electrocatalysts for HER. Developing efficient HER electrocatalysts is
essential for sustainable development of a hydrogen-based society. As discussed
above, transition-metal-based nanomaterials are regarded as excellent alternatives to
precious metal catalysts owing to their intrinsic properties. 2 as @ne of the most
intriguing layered materials has been proved to be a pront electrocatalyst for
HER [180, 181]. The HER activity of MoS; has b % monstrated to stem from the
edges instead of their basal planes [18 n@search of Lou, nickel and cobalt
incorporated MoS» nanoboxes dert Ni—Co PBA were constructed by an ion-
exchange process with am '%omolybdate [183]. As a HER catalyst, Ni-Co—
MoS> nanobox manif@ghanced activity with an onset potential of 125 mV
and a small Tafel sNfe oY 51 mV dec ™!, better than those of 168 mV and 60 mV dec™
for bare MoS: respectively. The stability of catalysts also was assessed and only
negligible decay was observed after 1000 cycles, suggesting the good durability of the
resulting Ni-Co—MoS, nanoboxes for HER. The strong synergism between various
metal sulfide phases (i.e., NiSx, CoSx, NiMoS, and CoMoS) and MoS; may be
responsible for the improved HER performance. Similarly, hollow Co3Ss@MoS>
heterostructures were fabricated through two-step temperature-raising hydrothermal
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process using ZIF-67 as precursors [184]. Core—shell Co3Ss@MoS: heterostructure
was composed of a hollow Co3S4 polyhedron as the core and MoS; as the shell. The
obtained catalysts showed enhanced HER performance in terms of low overpotential
(210 mV at 10 mA-cm2), high current density, and good durability, outperforming to
those of individual hollow Co3S4 polyhedrons and MoS; nanosheets.
Transition-metal-based nitrides have drawn intense attention recently because the
introduced N atoms with negatively charge can modify the d-band density of the
parent metals, making the electronic structures of metal nitri milg to group VIII
noble metals [185-187]. Guo et al. prepared porous rodli balt—nickel bimetal
nitrides (CoxNiyN) by nitridation from MOF- ]. Tanks to the structural

advantages, uniformed metal dispersion &@ modulation effect. The resulting

e
catalysts exhibited a superior cataly® ' y for HER at all pH values. The optimized
CooNiiN delivered overpotegsm %2.0 mV and 102.6 mV at a current density of 10
mA cm? in acidic @ge media, respectively. Furthermore, the CooNiiN
presented ignorabl§doss’ of current density after 24 h test, indicating its excellent
electrochemical stability in acidic environment. Recently, trimetallic Fe/Co/Cu-based
phosphides decorated with N-doped carbon-graphene (FeCoCuP@NC) were
fabricated through a facile two-step approach [189]. When used as HER
electrocatalyst, FeCoCuP@NC showed superior catalytic performance with low
overpotential of 80 and 169 mV at a current density of 10 mA c¢cm 2 and low Tafel
slopes of 47.6 and 48.8 mV dec™' in 0.5 M H,SO4 and 1.0 M KOH, respectively.
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These values were better than those of FeCoCu@NC without phosphorization,
illustrating the positive effect of phosphorization on the HER performance. Besides,
the N-doped carbon-graphene matrix, the formation of heterojunctions between
different phosphides as well as the cooperation effect between active phosphides were
beneficial to the improved HER activity.
4.4. Bi-/tri-functional electrocatalysts

In fact, the practical electrochemical devices usually involve more than one
process. For example, the metal—air batteries are composed O anll ORR, and the
overall water splitting is related to HER and OER. Cons g that, developing
multifunctional electrocatalysts performed well i OER and ORR and possess
excellent durability is favorable. Multi ta@nomaterlals derived from MOFs
with particular property can pr0V1 gy and are expected to replace precious
metals to meet the dema r development. As an example, Zhao et al.
reported a facile synth sis sigatcgy for bimetal phosphide nanotubes for overall water
splitting [190]. By \@justing the molar ratio of Co/Ni atoms in MOF-74 precursor, a
series of CoxNiyP electrocatalysts were fabricated through low-temperature
phosphorization. Among them, the as-prepared CosNiiP with similar morphology to
precursor possessed a rare form of nanotubes, and exhibited favorable dispersal of the
active sites. The catalysts presented a current density of 10 mA cm 2 at overpotentials
of 129 mV for HER and 245 mV for OER, respectively. Notably, an electrolyzer
using Co4Ni|P as both the anode and cathode catalyst in alkaline medium afforded a
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current density of 10 mA cm 2 at a voltage of 1.59 V, which could compete with the
Pt/C and RuO:; counterparts. Moreover, CosNiiP catalysts showed long-term stability
with no obvious loss of after 50 h continuous operation.

In another case, the ultrafine and monodispersed NiCoZnP nanoclusters
distributed on the ultrathin NC nanosheets (NiCoZnP/NC) were successfully
fabricated as binder-free catalysts for overall water splitting [191]. Owing to the small

size of NiCoZnP and the hierarchical nanoarchitectures of NC, the catalysts showed

large surface area and abundant active sites, thus le®12 toJthe enhanced
electrocatalytic properties. The self-supported NiCoZnP nosheets displayed
high activity for HER with low overpotential of nd OER with overpotential

of 228 mV at current density of 10 m @0 M KOH solution. Also, a low

potential of 1.54 V to reach 10 Q\l! and excellent durability with a little

deactivation during 85 h uous electrolysis testing were achieved by
NiCoZnP/NC. Q

Designing n&@Fprccious electrocatalysts with unique heterostructures is
important to improve the electrocatalytic activity. For example, N-doped carbon-
decorated CoP@FeCoP yolk-shelled micro-polyhedrons were prepared by
phosphorization from ZIF-67@Co-Fe-PBAs (Fig. 11a) [192]. Benefiting from the
yolk-shell construction and N-doped carbon matrix, the aggregation degree of CoP
was large mitigated, thus leading to the high specific surface area and more exposed

active sites. Besides, the synergistic effect between the yolk-shell structure and N-
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doped carbon also helped to optimize the electronic structure. To drive the current
density of 10 mA cm 2, the overpotentials of CoP@FeCoP only required 141 and 238
mV in alkaline electrolyte for HER and OER, respectively, lower than those of
CoP/NC, ZIF-67 micro-polyhedrons and ZIF-67@Co-Fe PBA (Fig. 11b and c¢). When
used as a two-electrode for water splitting, it needed a low cell voltage of 1.68 V to
achieve a current density of 10 mA cm 2, much better than that of RuOx|[Pt/C
electrolyzer, and exhibited good long-term stability after 20 h (Fig. 11d and e).
Recently, a unique core—shell structure of CoSe> laminated Wy oS)p derived from

Co-MOF (MOF-CoSex@MoSez) was successfully fabNe2ted [193]. MOF-

CoSex@MoSe: core—shell structure was directly g a flexible CC substrate and
avoided the usage of binder. The z@ core-shell structured CC/MOF-
CoSex@MoSe> demonstrated a lo tentials of 109.87 and 183.81 mV for the
HER and OER in alkaline ] ctively, and a low voltage of 1.53 V for a two-
electrode water electro@ erformed those of CC/MOF and CC/MoSe:.

As for bifun\®nal’ oxygen electrocatalysts, Chen et al. reported amorphous
bimetallic FeosCoo50x nanoparticles embedded in N-doped reduced graphene oxide
(rGO) by using Fe-Co PBAs as precursors [194]. The as-obtained amorphous
Feo.5sCo0.50x showed superior OER activity with an overpotential of 257 mV for 10
mA cm 2 and a Tafel slope of 30.1 mV dec ™, as well as excellent ORR activity with a

large limiting current density of —5.25 mA cm 2 at 0.6 V. More importantly, a Zn-air

battery delivered a peak power density of 86 mW cm 2, a specific capacity of 756 mA
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h gzn ! (corresponding to an energy density of 904 W h kgz, ') and good long-term
stability over 120 h at 10 mA cm 2. Using the bamboo-like nanofibers composites of
Ni—Co-BTC mixed with polyacrylonitrile as precursors, NiCo-0.8@N-CNFs-800
were developed as bifunctional catalysts for ORR and OER [195]. Owing to a highly
doped-N content, uniform dispersion of NiCo alloy and decentralized NiCo—Ny active
sites, the NiCo-0.8@N-CNFs-800 performed an excellent electrocatalytic
performance. Specially, the ORR onset potential on NiCo-0.8@N-CNFs-800 was
0.91 V and the half-wave potential was 0.82 V. Under th c@ndition, NiCo-

0.8@N-CNFs-800 achieved a minimum potential of 1.61 V e current density of

10 mA cm 2. In recent, atomically isolated binar sites anchored on N-doped
hollow CNTs (CoNi-SAs/NC) were c&@y pyrolysis of dopamine-coated

CoNi-MOF [196]. By virtue of the le-atom active sites and cooperation effect

between diatomic structureQ@ conductive carbon matrix, the as-synthesized
CoNi-SAs/NC showen@l

low overpotential, electron transfer number and excellent reversibility in alkaline

catalytic activity for ORR and OER by presenting

electrolyte, outperforming many non-precious catalysts. In comparison with single
monometallic Ni-N and CoNi counterparts, DFT calculations revealed that the
accessibility of atomically dispersed Co-Ni sites and the synergy of dual metal-N
structure (Co-Ni-N) were conducing to reducing the energetic barrier and boosting

reaction kinetics.
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Aside from bifunctional -electrocatalysts, the cost-efficient and durable
trifunctional heterostructure electrocatalysts for HER, OER and ORR are crucial to
overall water splitting and regenerative metal-air batteries. In the research of Yuan,
binary FeNi phosphide coupled with N, P-modified carbon nanosheets (FeNiP/NPCS)
were synthesized through carbonization-phosphorization method [197]. The structural
advantages and optimized electronic structure of FeNiP/NPCS were responsible for
the exceptional activity of overall water splitting and rechargeable Zn-air batteries,
achieving excellent performance in these energy conversio storge devices. In
another case, Mo2C nanosheets vertically aligned on theNg®-decorated N-doped
carbon polyhedron (Mo2C/Co@NC) were succes nstructed [198]. Benefiting
from the powerful interfacial effect fro 02 osheets and Co@NC polyhedron
as well as the reciprocally permeat ure, the intrinsic properties and accessible
active sites were greatly im %ultlng in high electrocatalytic performance and
good durability for H§R, and ORR (Fig. 12a-f). Using M0o>C/Co@NC as the
electrodes, Mo CNO@NC-based Zn-air battery could efficiently motivate the
electrochemical water splitting. Recently, Lee et al. CoP-N-doped carbon@NiFeP
nanoflakes (CoP-NC@NFP) were developed as multifunctional catalysts for water
splitting and zinc-air battery [199]. The abundant active catalytic sites in CoP-
NC@NFP were contributed to the excellent charge-transfer kinetics and
electrocatalytic activity, with an overpotential of 270 and 162 mV for OER and HER,
respectively, and a Tafel slope of 46 mV dec™! for ORR (Fig. 12g). With respective to
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overall water splitting device, CoP-NC@NFP required a cell voltage of 1.57 V to
attain a current density of 10 mA cm 2 (Fig. 12h). Besides, zinc-air batteries
assembled with CoP-NC@NFP as the air—cathode presented high power density of 93
mW cm 2 (Fig. 12i). These multifunctional electrocatalysts free of noble metals with
remarkable activity and excellent stability opens a practical possibility for clean
energy production and storage.

Optimizing the performance of -electrocatalysts requires atomic-scale

investigation yet it still remains grand challenges for all scie o Jnin an in-depth

understanding for the catalytic behavior of multi-me nanomaterials in

electrocatalysis, the precise identification of c % willy active sites is highly
necessary because it can reveal the in ct@chanism between metal species.
Active sites of electrocatalysts and @ atalytic properties can be experimentally
demonstrated, the direct o iy of intermediates in reaction process is also
important for indisput@ s. Recently, using in situ characterization approaches
is helpful for pr§ng catalyst states and important reaction intermediates on
electrochemical conditions. Specifically, vibrational spectroscopic technologies,
including Raman and Fourier transform infrared spectroscopy (FTIR)-based methods,
are proved to be effective tools to identify active sites, surface state changes, and
interfacial intermediates under operando conditions [200]. Noteworthy, Raman or
FTIR alone is unable to provide a comprehensive information of a complex catalytic

system. Raman is better than FTIR in probing bond vibrations in low frequency range
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without water interference. While FTIR has an edge over in confirming the role of
interfacial water and adsorbed electrolytes.

Furthermore, other in situ characterization approaches, such as in situ X-ray
photoelectron spectroscopy (XPS) and in situ X-ray absorption spectroscopy (XAS),
differential electrochemical mass spectrometry (DEMS), and Mdssbauer spectroscopy,
also can be employed to attain wide insights into the surface evolution and interfacial
reaction occurring in electrocatalytic process [72, 201, 202]. For example, Gorlin et al.
reported a kinetic study of Ni—Fe LDH on OER conditio 1].3The combined

DEMS and XAS analyses verified that the addition of Fe coddYmprove the kinetics

of the metal-reduction step, leading to an enhancd @ of the OER activity. In order
to obtain the comprehensive informati eL@o the evolution of the structure,
composition and surface state ¢ @ of Co2FeOs and CoFe>Os4 NPs, many
characterization methods 1 AS, XPS, atom probe tomography (APT) and
high-resolution tranSr@ ectron microscopy (HRTEM) were utilized during
cyclic voltammet measurements under OER conditions [203]. Using in situ
attenuated total reflection-based FTIR (ATR-FTIR) spectroscopy, Nayak et al.
determined the reaction intermediates of ORR on nanostructured Pt electrodes [204].
Based on XAS analysis, Wang et al. concluded that the NIOOH phase instead of Ni—

Co spinel itself served as the main redox sites because only Ni displayed redox

behavior for OER process [205]. To gain more direct evidence for understanding the
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real structure of multi-metal nanomaterials as well as their catalytic mechanisms,
more advanced instruments and techniques are highly needed.
5. Summary and outlook

The secondary-metal incorporation is confirmed to provide new geometrically
active sites for catalysts or manipulate the inherent electronic and/or surface structures
by electron transfer between host and guest metals toward a powerful synergetic
effect for higher catalytic activity [206, 207]. Because of the different electron-
donating abilities of metals, the changes in electronic strucRge are dffferent, in turn
affecting the catalytic properties. Besides, the ingcorporatio\O? foreign metals can

offer additional active sites by activating inert at jtes, leading to an enhanced

catalysis [208]. Based on the adsorptio% ulations, screening of promising

metal combinations has been condugged X selecting appropriate dopants. Herein, the

superiorities of MOF for ¢ % of multi-metal nanomaterials are summarized.
Importantly, six prin@

MOFs are emphafed.~ It should be remarked that although these strategies are

n strategies for multi-metallic nanomaterials from

separately discussed, two or more pathways are adopted simultaneously in some cases.
The combination of different synthetic approaches can afford vast opportunities for
developing other novel polymetallic materials. Then, the recent advances of MOF-
derived multi-metal nanomaterials for electrocatalytic applications (mainly focus on

ORR, OER and HER) is comprehensively discussed. These examples reported till
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now are truly inspiring, and the nanostructured materials with multi-metallic
components using MOFs as precursors/templates have an extremely bright future.
Despite the achieved success in the transformation of polymetallic MOFs to their
corresponding derivatives, this research field is still at a burgeoning stage, and more
endeavor is required to realize the precise synthesis and large-scale production.

Several challenges and personal perspective related to future development are

critically proposed as follows:

1) The transformation mechanism from MOFs to their deriQgtives sipuld be deeply
explored. As we know, the particle size, shape and stoicht ry greatly affect the
activity, selectively and stability of catalys ever, these parameters are
difficult to rationally control diuf ynthetic process. Thus, more

delicate modulation ofG tgf structures can be achieved through precise

synthesis. Q

2) The constructioyfof MOF derivatives with multiple metals should be considered.

investigations about precise

-]

are highly desirable. Meanwhile, the

To date, many researchers tend to fabricate bimetallic materials. More efforts
should be devoted to introducing three or more metals into a MOF skeleton while
retain the integrity of structure. Multi-metal ions with different oxidation states
can provide more catalytic sites for the electrochemical reaction, leading to
improved intrinsic activity. In addition, the function of metal nodes in catalysis
has been widely studied, but the researches on the role of organic ligands are
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3)

4)

scarce. Therefore, much attention is required to verify the contribution of each
component in multi-metallic materials.

Different morphologies and structures for polymetallic nanomaterials should be
developed. Currently, examples presented mainly focus on the simple hollow and
core-shell structures. It is urgent to design new shapes of MOF-derived multi-
metallic nanomaterials with abundant active sites, such as cube-, polyhedron-,
sheet-, cylinder-, chestnut- or seaurchin-like ones, enabling them to adapt more
challenging reactions under harsh conditions. Meanwhile) orghology of most
materials used for catalysis is nanoparticles,, which is\aSy to self-aggregate,

leading to a reduction of the number of acti . Therefore, more complex

nanostructures are eager to enrich t%@e of MOF-derived multi-metallic
nanomaterials, such as 0D quan@i, 2D nanosheets and single atoms.

Advanced characterizys cgimbined with the auxiliary computational
calculations are hi@gmended. At present, many studies simply attributed
the enhanced addvity to the synergistic effect; whereas, the real origin of such an
effect is still indistinct. To improve the utilization efficiency of these functional
materials, it is of critical importance to investigate the specific active centers, the
location of second metal and the interactions between different metal components.
Therefore, using some advanced technologies such as X-ray absorption
spectroscopy comprising both XANES and EXAFS, aberration-corrected

HAADEF-STEM, and DFT calculations to reveal the real-time structural evolution
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and better design experiments is necessary, thus providing theoretical guidance for
the preparation of multi-metallic nanomaterials from MOFs with high
performance.

5) Novel synthetic protocols for well-designed nanomaterials are imperatively
needed. The synthesis of polymetallic MOF derivatives usually involves several
calcination steps at high temperature, which is averse to preserve the periodic pore
structure from parent MOFs. Moreover, the generated toxic tail gas during
pyrolysis might increase the environmental risks. As the cal Jpplications are

the ultimate goal, the optimization on syntheti¢c procedurdys¥eager to achieve the

mass production and low cost for industrial apj @ IS,

In conclusion, the large diversity @u

ctlon of polymetallic nanomaterials with

ctures and compositions makes
them as suitable platform for the
desirable properties. The r pment of these functional materials will bring
excellent opportunitiefin t st such as adsorption, catalysis, energy conversion
and storage and sy@n, uch beyond that of monometallic materials derived from
MOFs. In the near future, numerous efforts should be devoted to this exciting area to

realize the large-scale engineering and commercial applications.
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b) XRD patterns of amorphg 1E900 and crystalline ZIF-90. ¢, d) TEM images of

amZIF-90. TEM imag@.

surfactants. g) X patterns of the ZIF-90 related products prepared by using
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Fig. 6. a) Schematic of the synthesis procedure of Cu@Fe-N-C. b) Elemental
mappings of Cu@Fe-N-C. Reproduced with permission.[100] Copyright 2018, Wiley
VCH. c) Schematic illustration of the synthetic strategy of FC-C@NC. d) TEM image
of FC-C@NC. e) XRD patterns of different samples. f) PXRD of the directly
synthesized Fe-CoZn-ZIF in the ambient atmosphere via the co-precipitation.
Reproduced with permission.[101] Copyright 2020, Wiley VCH.

76



1959
1960

1961

1962

1963

1964

1965

&

Fig. 7. a) Schematic illustration of the formation p @ pf single-holed hollow core—

shell ZnCoS@Co9Ss/NC. b, c) Field Ssi M images of as prepared ZIF-
67/ZIF-8@ZIF-67. Reproduced wif§ nission.[110] Copyright 2018, The Royal
Society of Chemistry. d) S icglllustration for the synthesis process of hollow
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Fig. 8. a) Illustration of the preparation of mesoporous Ni-Co-S@G/NSC.

Reproduced with permission.[15] Copyright 2017, Elsevier. bjfDe Novo synthesis of

zeolitic imidazolate framework-67-derived Au-Pd embe oxide cages. c)
SEM image and d) TEM image of AuPd -67 NPs. Reproduced with
permission.[129] Copyright 2020, Elsev1er e on of the Fe3C/MoC@NPGC

nanocomposite derived from PO OFs. Raman spectroscopy f) of

Fe;C/MoC@NPGC and g) Fe produced with permission.[132] Copyright
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Fig. 9. a) Schematic representation of the synthesis processfof CuCo@NC. TEM
images of b) bare Cu(OH), nanowires and c¢) ZIF-67 pol own on Cu(OH):
nanowires. d) XRD patterns of ZIF-67, Cu( 2@ZIF-67, Cu(OH)@ZIF-67
calcined at different temperatures, and CuCo 4 roduced with permission.[145]

Copyright 2017, WILEY VCH. ¢) S
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Fig. 10. a) Schematic illus@gtiorfof the fabrication process for H-PtCo@Pt:N-C. b)
Comparison of cggfes for H-PtCo@PtiN-C, PtCo/NPC, Pt/NPC, and Pt/C at
0.85 and 0.9 V. ¢)®Cycling stability of H-PtCo@PtiN-C in tetraethylene glycol
dimethyl ether. Reproduced with permission.[164] Copyright 2019, WILEY VCH. d)
LSV curves of the HC-xCo(100-x)Zn, C-5C095Zn, and Pt/C for ORR in O;-saturated
0.1 M HCIO4 at 1600 rpm. e) Chronoamperometric responses of Pt/C and HC-
5C095Zn in 0.1 M HCIO4. Reproduced with permission.[166] Copyright 2018,

Elsevier.
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HER. c¢) Comparison of the overpotential of achieved a current density of 10 mA cm
for OER. d) Polarization curves of different catalysts for overall water splitting of the
electrolyzer in alkaline. ) Stability test results of the electrolyzer powered by a single

AA battery of CoP@FeCoP/NC||CoP@FeCoP/NC. Reproduced with permission.[192]
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Fig. 12. HER performance of the electrocatal curves of the electrocatalysts

at a scan rate of 5mV s 'and (b) T 1 M KOH. OER performance of the
electrocatalyst: ¢) LSV curves o@ ocatalysts at a scan rate of 5 mV s !and (d)
Tafel slope in 1 M KOH. rformance of the electrocatalyst: ) LSV curves of
Mo2C/Co@NC, 02C and Pt/C and f) the electrochemical activity given as
the diffusion-limite® current density (Ju) at 0.2 V (vs. RHE) for various
electrocatalysts. Reproduced with permission.[198] Copyright 2021, Elsevier. g) Tafel
slope of CoP-NC@NFP and Pt-C for ORR. h) LSV curves of CoP-NC@NFP||CoP-
NC@NFP and Pt-C||RuO; water electrolysis device in 1.0 M KOH for overall water-
splitting. 1) Power density curve and discharge curves compared with the state-of-the-

art catalyst Pt-C + RuO; for the zinc-air battery. Reproduced with permission.[199]

Copyright 2021, Elsevier.
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2014  Table 1. Advantages and disadvantages of different strategies for fabricating multi-metallic nanomaterials from MOFs.

Design strategies Advantages Disadvantages
Metal nodal substitution (i) Facile and usual operation process; (1) Hard to incorporation of metal ions with
(i1) Good preservation for original MOF differ lectronic configuration.
structure;

(ii1) Simple but effective modulation of
metal content;

(iv) Easy to control nanoparticle size, sh

and composition. %
Seed epitaxial growth (i) Beneficial to synthetic cor 1/hQow (1) Strict requirements on similar topological
structure; structure between MOFs.

(i1) Integration indivi ages of

different MOFs;
(111) Tuning (@Cleation.
Ion-exchange strategy (1) Ene em; (1) Strict requirements on reaction time and
(11) Moddte rCaction conditions; substance concentration;

(ii1) Facile to obtain multiple shelled (i1) Possible structural distortion.

structures and multiple-component

composites.
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Guest species

encapsulation strategy

Solution impregnation

strategy

Combination with

extraneous substrates

(1) Homogeneous distribution of metal NPs (i) Highly dependent on pore size of MOFs;
with uniform size; (i1) Limited encapsulated amount.

(i1) Multi-spatial-compartmental

nanoreactor.

(1) Easily capture or anchor metal species; (1) Co eration;

(i1) Uniform growth of metal NPs on the ructural collapse.
inside and outside surface.
(1) Integration individual advantages of (1) Time-consuming process.
different materials;

(i1) Serving as secondary meta&@

self-sacrificing templates;

i1) Complicated pre-synthetic process.

(ii1) Precise control MOF erent

substrates.

&
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Table 2. Summary of MOF-derived multi-metallic nanomaterials for electrocatalytic applications.

MOF-derived Precursors Types of metals Applications Performances Ref.
multi-metallic in the multi-
nanomaterials metallic
nanomaterials
NiFe@C NiFe-PBA Alloy OER 110 mA cm ; Tafel slope = 53 mV decade ! [223]
CoNiP ZIF-67 Phosphide OER NiomAc ; Tafel slope = 45 mV decade ! [224]
NixC03-xO4—y ZIF-67 Oxide OER 010 mA cm 0 mV; Tafel slope = 53 mV decade ! [225]
NiCoP/C ZIF-67 Phosphide OER Q em 2 =330 mV; Tafel slope = 96 mV decade ! [178]
Zn—CoSey/CFC Zn,Co—ZIF Selenide OER . . > =356 mV; Tafel slope = 88 mV decade™! [215]
FeNi@N-CNT Zn/Fe/Ni—ZIF Alloy OE&N mAcm > =300 mV; Tafel slope = 47.7 mV decade™!  [99]
Cu-Ni-CoSex Cu-Ni-Co PBA Selenide Niomacm > = 50.2 mV; Tafel slope = 49.6 mV decade™  [226]
Ni-Co-P-300 Ni-Co PBA Phosphide MNiomaem - = 150 mV; Tafel slope = 60.6 mV decade™!  [227]
Fe-CoxP NCs Fe-Co PBA Phosphide %ER MNomaem - = 125 mV; Tafel slope = 55 mV decade ! [228]
NiFe-NGMT Ni-MOF Alloy Q HER NiomAcm > = 70.5 mV; Tafel slope = 63.4 mV decade™!  [229]
PtFeCo@CN Co-Fe PBA Q HER Niomaem 2 = 45 mV; Tafel slope = 32 mV decade ™! [230]
CoFeZn@pCNT Zn/Co—ZIF TellXide ORR Ei2=0.87 Vvs RHE [231]
Fe—Co alloy/N- ZIF-8/Z1F-67 Alloy ORR Ei2 = 0.88 V vs RHE; Tafel slope = 79 mV decade ™ [232]
doped carbon
CoFe@C MET-6 Atomically ORR E12=0.89 V vs RHE; Eoneset = 0.98 V vs RHE [233]
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dispersed Co—Fe

A-CoPt-NC Co-MOF Atomically ORR Ei12=0.96 V vs RHE; Eoneset = 0.93 V vs RHE ((Co- [163]
dispersed Co—Pt Pt)@N8V4)
Co—NiSe@C ZIF-67 Selenide OER, HER OER: N30 mA em > = 275 mV; Tafel slope = 63 mV [216]
decade™

HER: . 0 mV; Tafel slope = 81 mV

Ni-Fe-P@C Ni-Fe-MOF Phosphide OER, HER AR N10maem > =217 mV; Tafel slope = 40 mV [234]

decade™!

Cu0.3C02.7P/NC Co—Cu-ZIF Phosphide OQR OER: N10maem > = 190 mV; Tafel slope = 44 mV [235]
@ decade™!

Q HER: Niomacm > = 220 mV; Tafel slope = 122 mV
decade !

CoFe@NC/KB- Co-MOF %Q OER, ORR OER: N10mA em > = 385 mV; Tafel slope =91 mV [236]

800 :

&ER: Niomaem 2 = 79 mV; Tafel slope = 92.6 mV

decade”
ORR: Ei2=0.845V vs RHE; Eoneset = 0.95 V vs
RHE; Tafel slope = 88 mV decade !




NiggFeos CM

FeNiCo@NC-P

CoP-
NC@NiFeP

NilCo4S@C

Ni-Fe MOF

FesNi MIL-

88@ZnCo_ZIF

Co-MOF

ZIF-67

Alloy OER, ORR

Alloy/Phosphide OER, ORR

Phosphide OE

e
C

OER: N10mAem 2 = 320 mV; Tafel slope = 98.14 mV

decade™!
ORR: Ei12=0.75V vs RHE; Eonset = 0.88 V vs RHE;

Tafel slope = 103.81 mV decade ™

OER: Mo gl 54 mV; Tafel slope = 64 mV
decadag

ORR: Ei2 84 V vs RHE; Tafel slope = 53 mV
-1

de
R, ORR, HE s0mAcm 2 = 270 mV; Tafel slope = 84 mV
cade™!

XN

<

R, ORR, HER

ORR: Ei»2 =0.831 V vs RHE; Tafel slope =46 mV
decade !

HER: Nsomacm > = 163 mV; Tafel slope = 108 mV
decade™!

OER: N10ma em > = 280 mV; Tafel slope = 64 mV
decade™! (Ni1Co4S@C-1000)

ORR: Ei2=0.60 V vs RHE (Ni1C04S@C-1000)

HER: 10 macm > =247 mV (NilCo4S@C-800)
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