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a b s t r a c t

Multi-metal porous crystalline materials (MPCM), integrating the functions of both multi-metal centres

and porous crystalline materials (e.g., metal-organic frameworks (MOFs) and covalent organic frameworks

(COFs)), are an extended class of porous materials that have attracted much attention for a broad range

of applications. Owing to the advantages of these materials, they generally display high porosity, multi-

metal active sites, well-tuned functions, and pre-designable structures, etc., serving as desired platforms

for the study of structure-property relationships. In view of the clean and sustainable target, a series

of MPCM have been explored as electrocatalysts for electrocatalytic reactions like hydrogen evolution

reaction, oxygen evolution reaction and electrocatalytic CO2 reduction reaction. Concerning the progress

achieved for MPCM in electrocatalytic field during past years, this review will provide a brief introduction

on the recent breakthrough of MPCM based electrocatalysts including their synthesis methods, structure

design, component/morphology tuning, electrocatalytic property and structure-property relationship, etc.

Besides, it will also conclude the current challenges and present perspectives for the MPCM based elec-

trocatalysts, which might promote the development of porous crystalline materials in electrocatalysis and

hope to provide new insights for scientists in related fields.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Porous crystalline materials, including metal-organic frame-

works (MOFs) and covalent organic frameworks (COFs), are a class

of intriguing materials constructed by strong coordination or cova-

lent bonds [1–4]. Owing to the high porosity, crystalline structure,

designable function, and homogenously distributed active sites,

they have been regarded as ideal platforms for a series of appli-

cations like proton conduction, electro-/photo-catalysis, gas stor-

age/separation and sensing, etc. [5–10]. As a kind of porous crys-

talline materials, MOFs are based on the coordination interaction

between metal ion and organic ligand, which possess high porosity,

defined structures, and abundant metal sites, etc. [11–14]. Mean-

while, COFs, another kind of porous crystalline materials composed

of non-metal elements (e.g., C, N, O and B) and connected via sta-

ble covalent bonds, present unique features like low bulk density,

high porosity, adjustable structure/composition, high crystallinity

and stability, etc. [4,15–18]. Although numerous works have re-
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ported their potential applications in catalysis, the current research

works are mostly focused on the none or single metal framework

structures, which generally lack in diversity or multi-functions to

meet the high-performance requirements.

Imparting multi-metal active sites in materials is a promising

way to diversify the functionalities and improve the performance

of materials. The advantages of multi-metal materials have long

been documented in alloy materials [19,20], metal oxides [21–

24] and metal hydroxides [25–28]. On one hand, the introduc-

tion of foreign metals with different electron affinity can efficiently

tune the electron density on the native metal active sites, thus

improving the catalysis activity and selectivity [29–32]. On the

other hand, effectively correlated multi-metal active sites can bring

about synergistic effects or even tandem reactions to realize the

synthesis of complex high-valued molecules [33–36]. Especially for

the MOFs or COFs, the multi-metal active sites might impart these

porous materials with interesting property. Thus obtained multi-

metal porous crystalline materials (MPCM) with the imparted two

or more metal sites in their structures would offer more opportu-

nity in designing multi-functionality or well-tuned metal sites for

varied catalytic applications (Fig. 1) [32,37–41]. Specifically, MPCM

may deliver superior property to none or single metal porous ma-
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Fig. 1. Classification of porous materials and the advantages of MPCM.

terials due to the multi-functionality and complexity derived from

the integration of different metal sites in the structures [42–46].

As a result of the possibly existed synergistic effect that comes

from the interaction among two or more metal sites, they might

exhibit much more potential with better performance when com-

pared with none or single metal porous crystalline materials [47–

51]. It is worth noting that, since MPCM based derivatives are

generally obtained by calcination at elevated temperatures, which

will result in the collapse of porous crystalline structure, they are

sorted as multi-metal materials but out of the scope of this review.

This review will focus on the development of MPCM with porous

and crystalline structures to discuss their potential in electrocat-

alytic applications.

The design of MPCM might replace the traditional none or sin-

gle metal porous crystalline materials, which can endow the elec-

trocatalysts with higher activity and more available functions to

meet the requirements of efficient electrocatalysis [52]. Owing to

the high surface area and ordered pore structure, as well as their

abundant and varied metal sites, MPCM have arouse much interest

in electrocatalytic field owing to the following advantages: (1) The

introduction of multi-metal might affect the disorder of crystalline

lattice to result in more attractive property [28,43,53,54]; (2) The

imparted accessible metal sites (e.g., unsaturated metal sites) in the

porous structure would optimize the electron cloud density to im-

prove the electrocatalytic activity; (3) The existed two or more dif-

ferent metal sites in a electrocatalyst might lead to high-entropy

alike state in MPCM that can endow diversified microenvironments

to boost the performance; (4) The well-defined and designable

structures would provide ideal platforms related mechanism inves-

tigation [55–58]. In view of these, the exploration of MPCM with

new functions that can meet the different requirements of varied

electrocatalysis systems is highly demanded and thus this paper

will discuss the potentials application of MPCM in electrocatalysis.

The request for sustainable and eco-friendly energy sources

causes for the development of advanced energy storage or conver-

sion technology all around the world [59–62]. In particular, elec-

trocatalysis technology powered by renewable electricity provides

possibilities for energy conversion and realize the organic synthe-

sis under mild conditions [63–67]. However, electrocatalysis re-

actions including oxidation (e.g., oxygen evolution reaction (OER),

methanol oxidation reaction (MOR)) or reduction ones (e.g., hydro-

gen evolution reaction (HER), and CO2 reduction reaction (CO2RR))

still have some challenges like the energy barriers of catalytic re-

actions, the competition of side reactions, multi-step mechanistic

processes and sluggish reaction kinetics, which needs the specific

and complex design of electrocatalysts [68–73]. To meet these re-

quirements, a desirable electrocatalyst needs to display some basic

features like high catalytic activity, accessible active sites, efficient

charge/mass transfer capability and durability, which causes for the

precise design of functional units in electrocatalyst [74–78]. Even

more, the varied reaction requirements of the electrocatalytic oxi-

dation or reduction reactions cause for different electron gaining or

Fig. 2. The schematic representation of the type, synthesis and application of

MPCM.

Fig. 3. Evolution timeline and related electrocatalysis applications of MPCM. Repro-

duced with permission [89–98]. Copyright 2020, Elsevier Inc. Copyright 2019, 2020,

2019, 2022, Wiley-VCH. Copyright 2018, 2018, 2021, ACS. Copyright 2019, RSC. Copy-

right 2020, Nature.

donating ability of advanced electrocatalysts like MPCM. MPCM, in-

tegrating tunable redox multi-metal centers with above-mentioned

advantages, hold much promise in these applications (Fig. 2).

To date, although some noble metals (e.g., Pd, Ir or Ru) have

been currently studied as powerful electrocatalysts because of their

exceptional performances, the exorbitant price and scarcity still

restrict them in large-scale production and practical applications

[79–88]. In recent years, significant progress has been made in de-

veloping the MPCM based electrocatalysts especially for the last

five years (Fig. 3). From 2018, a growing number of MPCM are

emerging as important category of advanced porous crystalline

materials for electrocatalysis applications [89,90]. After that, spe-

cial attention has been paid to the number tuning of metallic el-

ements from two to maximum five as well as the intrinsically

electrocatalytic property [69,89–98]. With the increase number of

metallic elements in MPCM, the structure of MPCM is more com-

plex with giant diversity of possibly introduced metal types, which

has attracted much attention for scientists around the world [99–

101]. Up to date, the previously reported reviews mainly focus on

none or single metal MOFs or COFs based electrocatalysts and few

reviews focused on the MPCM based electrocatalysts [7,10,102,103].

Thus, a timely and systematic review of the preparation strategy,

structure, morphology, or electrocatalytic property study for MPCM

based electrocatalysts is worthy of attention, which can provide

insightful guidance or powerful enlightenment for their applica-

tions in electrocatalysis. In this paper, the development, challenge,

and perspective of MPCM as electrocatalysts for energy storage
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and conversion are reviewed (Fig. 3). Recent advances in synthetic

strategies, electrocatalytic performance and structure-property re-

lationships of MPCM have been discussed. We hope this review

might stimulate widespread interest to further promote the explo-

ration of MPCM in related electrocatalysis fields.

2. Synthetic strategies for the preparation of MPCM

Up to date, there are two main strategies to synthesize MPCM:

One-pot synthesis and post-synthetic modification. At present,

most of the synthetic attempts of MPCM focus on one-pot method

because of its facile and readily available process [104–106]. In

contrast, although the post-synthetic modification method pos-

sesses the relatively complex process, it also has advantages like

purposefully implanted metal types and higher controllability on

the tuning of active metal sites [107–109]. This section will focus

on the analysis of these two synthetic methods and in-depth eval-

uation of their advantages/disadvantages, so as to discuss the prac-

ticality of distinct methods and their potential for further applica-

tions.

2.1. One-pot synthesis

The reaction of one-pot synthesis can start from relatively sim-

ple and easily available raw materials, which can directly trans-

form into products without the separation of intermediates or

multi-step treatments, thus improving the overall reaction effi-

ciency [110–114]. The one-pot synthesis method (e.g., hydrother-

mal, solvothermal, microwave and ball-milling method) using ap-

propriate ratios of varied metal-precursors is promising for the

one-pot synthesis of MPCM. It presents the following advantages:

(1) Simple synthesis process, the one-pot method enables the facile

preparation of MPCM through the direct conversion of precursors;

(2) Wide adaptability, MPCM with a variety of crystal structures,

nanostructures and compositions can be designed and obtained

through this method; (3) Atom economic chemistry, one-pot syn-

thesis is more atom economic when compared with multi-step

synthesis process [115–117].

Based on the one-pot synthesis method, Zheng et al. have

prepared a kind of tetra-metallic FeCoMnNi-MOF-74/NF with

a multilevel and hollow nanostructure (Figs. 4a and b) [72].

Briefly, organic linkers and metal salts were added into a

mixed solution of N,N-dimethylformamide (DMF), H2O, and

EtOH followed by a solvothermal process at 100 °C for 24h

to give FeCoMnNi-MOF-74/NF. Specifically, the feeding amount

and ratio of metal ions (e.g., Fe2+, Co2+, Mn2+) were op-

timized and FeCoMnNi-MOF-74/NF-1 (Fe2+:Co2+:Mn2+ =2:3:3),

FeCoMnNi-MOF-74/NF-2 (Fe2+:Co2+:Mn2+ =3:2:3) and FeCoMnNi-

MOF-74/NF-3 (Fe2+:Co2+:Mn2+ =3:3:2) were prepared (Fig. 5).

2.2. Post-synthetic modification

Post-synthetic modification, including methods like the metal

exchange or metal insertion, has been regard as promising alter-

native to produce MPCM that cannot be obtained through nor-

mal one-pot synthetic methods due to the limitation of different

metal reactivity. Besides, the post-synthetic modification can effi-

ciently tune the properties of MPCM for specific applications by

controlling the dose of hetero-metal atoms that incorporated into

the porous frameworks.

Metal exchange is a readily available post-synthetic modifica-

tion method for the synthesis of MPCM. For example, Li et al. ob-

tained Pd-MOF by metal exchange of the Ni2+ site with Pd2+ site

through a metal exchange post-synthetic modification method (i.e.,

BUT-33) [118]. The modified material retained the excellent meso-

porous property of the original MOF material and exhibited excel-

Fig. 4. Structure and characterization of materials. (a) In situ growth diagram of

FeCoMnNi-MOF-74/NF. (b) TEM image and element map of FeCoMnNi-MOF-74/NF.

Reproduced with permission [72]. Copyright 2021, ACS.

Fig. 5. SEM images of samples. (a) FeCoMnNi-MOF-74/NF. (b) FeCoMnNi-MOF-

74/NF-1. (c) FeCoMnNi-MOF-74/NF-2. (d) FeCoMnNi-MOF-74/NF-3. Reproduced with

permission [72]. Copyright 2021, ACS.

lent chemical stability. The precise distribution of Pd2+ metal sites

on atoms had various advantages such as wide application range,

high chemical stability, large porosity, and functional controllabil-

ity. BUT-33(Ni) was immersed in CDCl3 solutions with Pd(II) at 60

°C to obtain BUT-33(Pd) without single atom Pd and guarantee the

crystallinity of the original material (Fig. 6). Thus, skeleton struc-

ture and high exchange rate are guaranteed. Energy dispersive X-

ray spectroscopy (EDS) element mapping based on TEM reveal the

distribution of palladium and nickel in BUT-33(Pd) (Fig. 7a). The

Pd element (Pd) in BUT-33(Pd) is evenly distributed throughout

the nanocrystals. In addition, the material was characterized by X-

ray photoelectron spectroscopy (XPS) to better study the elements

of BUT-33(Pd). The results of these characterization above all con-

firm the successful conversion of Ni2+ to Pd2+ in the BUT-33 net-

work, rather than the incorporation of Pd nanoparticles or other

substances (Figs. 7b-d).

Besides, Du group reported a kind of Ru-doped NiCo-MOF hol-

low porous nanospheres (Ru@NiCo-MOF HPNs) by using the metal

insertion post-synthetic modification method [119]. Ru@NiCo-MOF

HPNs with different contents of RuCl3 can be obtained through
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Fig. 6. Metal exchange method for the synthesis of Pd-MOF based on Ni-MOF. Re-

produced with permission [118]. Copyright 2021, ACS.

Fig. 7. Characterization of BUT-33(Pd). (a) TEM and elemental mapping images. (b)

The XPS spectra. (c) Pd 3d spectra. (d) Ni 2p spectra. Reproduced with permission

[118]. Copyright 2021, ACS.

Fig. 8. Synthetic diagram of Ru@NiCo-MOF-4 HPNs through post-synthetic method.

Reproduced with permission [119]. Copyright 2021, ACS.

this method (Fig. 8). During the experimental process, differ-

ent amounts of RuCl3 were added into the suspension of NiCo-

MOF HPNs in ethanol under magnetic stirring to accomplish the

metal insertion post-synthetic modification process. The resulting

Ru@NiCo-MOF HPNs with different Ru doping amounts were ob-

tained by centrifugation.

In this reported work, Ru was shown to uniformly distribute

on the shell of NiCo-MOF HPNs while Ni, Co and O dispersed in

the body. The ultra-low dose of Ru with high OER activity on the

exposed surface of NiCo-MOF HPNs can further improve catalytic

performance of the bimetallic catalyst. In addition, the MOFs pre-

cursor helps to maintain the original hollow spherical structure af-

ter electrochemical test, ensuring its good catalytic stability (Fig. 9).

The work not only shows the successful incorporation of Ru on the

surface of NiCo-MOFs through the metal insertion post-synthetic

Fig. 9. HAADF-STEM images of (a) NiCo-MOF HPNs and (b) Ru@NiCo-MOF-4 HPNs.

TEM images of (c) NiCo-MOF HPNs and (d) Ru@NiCo-MOF-4 HPNs. (e) XRD patterns.

(f) Elemental mapping images of Ru@NiCo-MOF HPNs. Reproduced with permission

[119]. Copyright 2021, ACS.

Fig. 10. Preparation and characterization of Cu/Ag-COF. (a) Synthesis process of

Cu/Ag-COF. (b-g) Element mapping of Cu/Ag-COF. Reproduced with permission

[120]. Copyright 2022, Elsevier Inc.

modification method, but also proves the high OER performance

and stability of thus-obtained electrocatalyst.

In addition to these, the metal insertion post-synthetic modi-

fication method is also applicable to produce bimetallic COFs ma-

terial. For example, Wang et al. have synthesized a kind of cova-

lent organic skeleton-supported bimetallic nano-catalysts (Cu/Ag-

COF) (Fig. 10a) [120]. Initially, COFs was first synthesized by Schiff

base condensation reaction at room temperature. Porous COFs can

provide rich sites for the loading of metal nanoparticles. Then, the

Cu/Ag-COF bimetallic nano-catalysts were further prepared by the

post-synthetic reduction reaction of metal nanoparticles on COFs.

The Cu/Ag-COF synthesized by post-modification can be further

characterized. Based on the SEM and TEM tests, the COFs prepared

by this method is spherical and the size is about 1 μm. The fixation

of metal nanoparticles did not change the morphology of COFs. Be-

sides, the EDS mapping of Cu/Ag-COF showed that Ag and Cu el-

ements were uniformly dispersed on the COF nanosphere, further
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confirming that metal nanoparticles are successfully loaded onto

the COFs (Figs. 10b-g).

3. Applications of MPCM in electrocatalytic oxidation reaction

In general, MPCM with multi-metal sites presents much oppor-

tunities to integrate the diversity and synergistic effects due to the

existence of abundant metal sites. This is reflected by their more

superior performances or higher stability to their none or single

metal counterparts. Electrocatalytic oxidation reactions are a class

of important catalysis technology that can convert low-value sub-

strates into more valuable products through the electron transfer

process [121–123]. In this section, the electrocatalytic oxidation re-

actions (e.g., OER and MOR), a class of important catalysis reactions

that can convert low-value substrates into more valuable products

through the electron transfer processes are reviewed sequentially

[124–128]. The superiority of MPCM as advanced electrocatalysts

for energy storage and conversion are described and discussed in

detail.

3.1. The applications of MPCM in OER

OER is a kind of important electrocatalytic reaction that plays

vital roles in a series of applications like water splitting, metal-

air batteries, and fuel cells [129–132]. However, the sluggish ki-

netics of the four electrons and four protons process of OER sup-

presses the high-efficiency energy conversion. Therefore, it is im-

portant to design efficient electrocatalysts to advance reaction ki-

netics and improve OER catalytic activity [129–132]. During past

years, MPCM have exhibited high electrocatalytic activities in OER

and a large number of interesting works have been reported [133–

136]. The following section will discuss the recent development of

MPCM in OER based on the classification from bimetallic MOFs to

high-entropy MOFs.

3.1.1. Bimetallic MOFs

Bimetallic MOFs, as a kind of traditional MPCM, have been com-

monly investigated in the fields of energy storage and conversion.

Compared with single metal porous crystalline materials, the in-

herited advantages of porosity together with inherent multi-metal

coordination of bimetallic MOFs can greatly improve their perfor-

mances in electrocatalysis [44]. This chapter will review the latest

research progress of bimetallic MOFs used in electrocatalytic OER

reactions.

Based on the proper choice of metal ions, diverse frameworks

have been applied to construct MPCM. Among them, Prussian blue

is an ideal platform to construct bimetallic MOFs. The Prussian

blue analogue (PBA) produced by replacing Fe ions with a second

metal can generate promising electrocatalytic performance [137].

For example, Zhang et al. reported a bimetallic PBA, Ni-Fe-PBA, as

electrocatalyst for OER under alkaline conditions [138]. The results

showed that Ni ions could be completely conversed into Ni hy-

droxide by the electrochemical treating process, in which Ni(OH)2
would serve as the active substance for OER. Operando X-ray spec-

troscopy studies further showed that the in-situ formed Ni(OH)2
exhibited a unique property to allow the deprotonation to be oc-

curred at an applied potential to produce NiOOH2-x containing

Ni4+ ions. Specifically, the deprotonation process was potential de-

pendent and reversible and, during which the Ni4+ amount en-

hanced with the increase of potential. The in-situ activated sam-

ple has a low overpotential of only 258mV at 10mA/cm2. At the

overpotential of 304mV, the current density could reach up to

61mA/cm2, which was about 6 times higher than that of IrO2

(10mA/cm2). DFT calculations showed that Ni4+ served as a trig-

ger for the oxygen-oxide ion to act as the electrophilic center to

subsequently activate the anionic redox reaction of OER.

Fig. 11. Synthesis and electrocatalytic performance of materials. (a) Schematic dia-

gram of S-CoFe-PBA/CFP synthesis process. (b) Linear polarization curves. (c) Over-

potential at different current density. Reproduced with permission [133]. Copyright

2020, RSC.

Another bimetallic Prussian blue was adopted by Gong et al.

[133] They prepared a kind of S-treated two-dimensional (2D) CoFe

bimetallic PBA (S-CoFe-PBA/CFP) on carbon fiber paper (CFP) as an

electrocatalyst for high-efficiency OER at alkaline conditions (Fig.

11a). The reasons for the high performance are as follows: (1) The

favorable factors, including the 2D nanosheet structure and con-

ductive substrate CFP, impart higher starting point for the whole

system; (2) The electron interaction between the amorphous CoSx

and Fe-PBA nanosheets would be much beneficial for the absorp-

tion of intermediates in OER and charge transfer; (3) -SOx contin-

ues to capture H+ from intermediates of ∗OH and ∗OOH on the

catalyst surface, resulting in rapid OER progress and reduced ac-

tivation energy. The OER catalytic activity of the synthesized S-

CoFe-PBA/CFP was significantly improved. Driving current densi-

ties of 10, 50, and 100mA/cm2 require only 235, 259, and 272mV

of overpotential (Figs. 11b and c), and the ultra-low Tafel slope is

35.2mV/dec. More notably, when 1.5V vs. RHE potential is applied,

a current density of 90mA/cm2 can be achieved.

Except for PBA, zeolitic imidazolate frameworks (ZIFs) have

also been utilized to synthesize the bimetallic MOFs (i.e., CoCu-

ZIF) [96]. For instance, the CoCu-ZIF@GDY nanomaterials was syn-

thesized by post-synthetic modification using CoCu-ZIF NSs and

graphite-alkyne (GDY) (Fig. 12a). Compared with GDY nanowire, its

content of adsorbent O is higher than that of GDY nanowire, indi-

cating that it has higher OER electrocatalytic activity. In addition,

one-dimensional GDY nanowires have highly conjugated structures

and contain a large number of carbon points. Due to the interac-

tion between the carbon skeleton of GDY and the active catalyst

metal site of CoCu-ZIF NSs, the OER performance of CoCu-ZIF@GDY

is significantly better than that of the individual components of

CoCu-ZIF and GDY. CoCu-ZIF@GDY nanomaterials demonstrated su-

perior OER properties with a 250mV overpotential at a current

density of 10mA/cm2 (Figs. 12b and c). When applied as an elec-

trolytic cell catalyst for water splitting in two-electrode system, it

also showed a low cell voltage of 1.52V at 10mA/cm2 and high

stability.

Moreover, Tang et al. have fabricated a kind of bimetallic MOFs

(Ni0.9Fe0.1−MOF) during the OER process [97]. A potential-induced

two-step structural transformation was observed at the metal

nodes during the OER process on NiCo-MOF-74, including an acti-
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Fig. 12. Synthesis and electrocatalytic performance of materials. (a) Formation of

CoCu-ZIF@GDY. (b) LSV curves. (c) Tafel plots. Reproduced with permission [96].

Copyright 2020, Elsevier Inc.

Fig. 13. (a) Structure of Ni0.5Co0.5−MOF-74. (b) N2 isotherm of Ni0.5Co0.5−MOF-74.

(c) Ni0.5Co0.5−MOF-74 and commercial RuO2. (d) Tafel diagram. Reproduced with

permission [97]. Copyright 2020, Nature.

vation process to produce oxyhydroxide from hydroxide under po-

tential and further conversion process into NiCo-MOF-74 after the

potential is removed. Furthermore, the catalytic activity can be ad-

justed by changing the Ni/Co ratio. Based on the above principle,

Ni0.9Fe0.1−MOF was fabricated and achieved high OER activity. It

exhibits a low overpotential of 198mV at 10mA/cm2 and 231mV

at 20mA/cm2, respectively (Fig. 13). Besides, Fu et al. synthesized

MOF-74 (Cu/Co) as catalyst for the applications of styrene oxida-

tion [139]. The catalytic performance of MOF-74 (Cu/Co) can be

adjusted by changing the Cu/Co ratio in MOF-74. Interestingly, the

MOF-74 (Cu/Co) catalyst showed superior activity in the styrene

oxidation reaction to the physical mixture of MOF-74 (Cu) and

MOF-74 (Co) with almost identical Cu and Co contents. Therefore,

Fig. 14. Crystal structure and electrocatalytic OER performance of NNU-21–24. (a)

3D framework. (b) LSV curves. (c) Tafel plots. (d) Overpotential at 10mA/cm2. (e)

Plots for Cdl. Reproduced with permission [141]. Copyright 2018, Wiley-VCH.

the higher activity of MOF-74 (Cu/Co) catalyst can be attributed

to the synergistic interaction of Cu2+ and Co2+ active sites. Sur-

prisingly, the incorporation of Cu2+ into MOF-74 (Co) completely

inhibited the polymerization of styrene, while the introduction of

Co2+ into MOF-74 (Cu) promoted the reaction from styrene to ben-

zaldehyde, epoxy-styrene and phenacetaldehyde. Besides, the in-

crease of Co2+ amount in MOF-74 (Cu/Co) could enhance the con-

version of substrate, improve the selectivity of epoxide styrene and

phenacetaldehyde, and reduce the selectivity of benzaldehyde.

In contrast to the conventional strategy to synthesize MOFs

with high crystallinity, Li et al. constructed low crystalline bimetal-

lic MOFs (i.e., Fe1Ni2-BDC) when inducing foreign metal ions [140].

Interestingly, the introduction of Ni ions led to the coordination

mismatch with the organic ligand and defective pore structure for

Fe1Ni2-BDC. The obtained structure possessed abundant local crys-

tallinity defects, which largely enhanced the mass transport and

accessible sites. In addition, the distance of Ni-O in Fe1Ni2-BDC

is larger than that of Fe-O, and the Fe-O bond itself also has a

small increase when Ni2+ ions are introduced into the Fe-BDC

framework. When used as a kind of OER electrocatalyst, the low-

crystal bimetallic MOFs presented a low 260mV overpotential at

10mA/cm2 and a 99.5% Faraday efficiency.

Although bimetallic catalyst has been widely applied in OER,

the reason for its improved performance remains elusive. To study

it, Lan et al. have designed and synthesized a series of stable

bimetal-organic framework to explore the OER mechanism (Fig.

14a) [141]. The optimized NNU-23 displayed the highest OER per-

formance with a 365mV overpotential at 10mA/cm2, which is su-

perior to most of the MOF-based electrocatalysts in 0.1mol/L KOH

(Figs. 14b-d). Specifically, all bimetallic MOFs showed improved

OER activity compared to monometallic MOFs. DFT calculations

show that the introduction of extra metal can bring the d-band

center closer to Fermi level and form stronger binding interactions

between the adsorbate and catalyst, thus improving the OER per-

formance.

Except for the choice of metal ions and framework structure,

adjusting morphology is also an alternative method to enhance the

electrocatalytic property of MPCM. Dong et al. developed an in situ

self-dissociation-assembly method for the one-pot preparation of

3D ultra-thin CoNi-MOF nanosheet arrays (CoNi-MOFNA) that can

be applied as highly active OER catalyst [142]. Electrochemistry

and time-varying XAS techniques clearly indicate that the activity

and structural evolution is caused by the synergistic interaction of

bimetallic electronic coupling and the active site of the coordinated

unsaturated atom. This strategy has also been shown to be effec-

tive for the control of thickness and height that can also be avail-

able for the large-scale fabrication of various types of ultra-thin

MOFs nanosheet arrays on different substrates. Compared with the

bulk CoNi-MOF, CoNi-MOFNA and CoNi-MOFNS have larger surface
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area, which significantly improves the OER activity. Besides, the ac-

tivity of CoNi-MOFNA is much higher than that of CoNi-MOFNS,

which may be ascribed to the tight interaction with the conduc-

tive substrate and ordered array structure. Moreover, CoNi-MOFNA

displayed a 10mA/cm2 current density at a 215mV overpotential

and showed negligible attenuation even after 300h reaction. No-

tably, its mass activity could be 14 times larger when compared

with commercial RuO2.

Apart from the electrocatalysis, energy storage is also a promis-

ing application for bimetallic MOFs. Jiao et al. reported the prepa-

ration of [Ni3-xCox(OH)2(tp)2(H2O)4]·2H2O (X=0.69) (Co/Ni-MOF)

by partial substitution of Ni2+ in Ni-MOF with Co2+ via a hy-

drothermal process [143]. It still retained the crystal structure

of Ni-MOF, and could deliver electron and ion transport path-

ways, which is beneficial for the storage of electrolyte ions.

Specifically, Co/Ni-MOF//CNT-COOH presented high energy density

(49.5Wh/kg) and power density (1450W/kg). The superior prop-

erty would be ascribed to the synergistic interaction of integrated

mixed metal sites that can enhance the conductivity and surface

area of MOFs, henceforth providing a favorable path for charge

transport and improving the electrochemical double-layer capaci-

tance (EDLC) with the increase of surface area.

In addition to the common transition metal elements, lan-

thanides can also be used as synthetic materials for poly-

metallic MOFs. Aghazadeh et al. cultured a spherical mixed

thulium/samarium metal MOFs (i.e., Tm, Sm-IMC-MOF) uses 1-

imidazol-carboxylate (IMC) as an organic connector on a Ni-foam

(NF) porous carrier [144]. This new strategy can be simply used

to prepare one- or multi-component MOFs materials in aqueous

media for different applications. The properties of synthetic mate-

rials can also be adjusted by changing the electrodeposition envi-

ronment. Tm, Sm-IMC-MOF/NF electrodes had good electrochemi-

cal properties. The assembled material device presented a specific

capacity of 239 C/g at 4 A/g and a surface capacity of 2.11 C/cm2,

with a capacity retention rate of 63% at current density from 1 A/g

to 20 A/g. Notably, Tm, Sm-IMC-MOF based electrode can provide

a suitable specific capacity of 645 C/g at 1 A/g. After 5000 cycles at

4 and 8 A/g, the cycle retention rates of the assembled ASC devices

were 85.4% and 91.5%, respectively. In addition, EIS data show that

Tm,Sm-IMC-MOF have lower internal resistance and lower elec-

tron/electrolyte transport resistance at NF electrodes. Subsequently,

Aghazadeh et al. prepared tubular and secondary sea urchin-like

bimetallic samarium/thulium nitrate organometallic skeletons (ST-

MOF). As electrode material, ST-MOF has high specific capacity,

good cycle life and excellent high rates performance. The high

performance is attributed to its good battery type behavior [145].

When applied in supercapacitor, high capacitance of 511 C/g and

419 C/g can be obtained for ST-MOF@NF based electrode when the

current density is 10 A/g and 50 A/g. With the current density in-

creases from 5 A/g to 100 A/g, a 64.6% amplification capacity is

obtained. At 10 A/g and 50 A/g current loads, the initial capaci-

tance stability of ST-MOF@NF electrode after 12,000 galvanostatic

charge/discharge cycle is 93.25% and 75.18%, respectively.

In related applications in the battery field, the aforementioned

NiCo-containing metal MOFs also have superior performance for

energy storage. He et al. synthesized a series of isostructured Co-

Ni-MOF by a simple method in the presence of Co/Ni mixed metal

ions with different molar ratios [146]. The storage capacity of Li+

can be improved by doping Co ion in Ni-MOF. The enhanced prop-

erties of Co-Ni-MOF materials are mainly due to the synergis-

tic effect of the two kinds of metal sites, the improvement of

electron/ion conductivity, the enhancement of structural stability,

which ultimately guarantee the high performance. Specifically, the

Co-Ni-MOFs electrodes with optimized Co/Ni molar ratio showed

a specific capacity of 800 mAh/g, with 98% maintained after 100

cycling at 100mA/g.

Lu et al. synthesized a Ni/Co hybrid MOFs with hierarchi-

cal spherical structure by hydrothermal method (i.e., Ni/Co-MOF)

[147]. By adjusting the molar ratio of Ni/Co and ligand, the mor-

phology evolution and performance optimization of hybrid MOFs

were intensively studied. The Ni/Co hybrid MOFs as electrode ex-

hibits better electrochemical performance than the mono-metal

MOFs, and its morphology can be adjusted by tuning the Ni/Co

ratio. The structure and the corresponding capacity of the mixed

MOFs showed a pattern, in which the MOFs with Ni/Co=1:2 (re-

ferring to the mixing ratio of Ni and Co during the synthesis

process) had the best capacity. At 1 A/g, the specific capacity of

Ni/Co=1:2 is as high as 339.3 C/g and maintained 70.3% after

2000 cycles. In addition, the prepared two-electrode cells displayed

energy densities of 12.8Wh/kg at 372.5W/kg and 5.8Wh/kg at

6760W/kg, respectively.

3.1.2. Trimetallic MOFs

In addition to the relevant exploration of bimetallic MOFs in the

field of electrocatalysis, trimetallic MOFs can further optimize the

performance of electrocatalysis in terms of synergistic effects. Re-

markable progress was made in the fields of OER by introducing

trimetallic units in MOFs and regulating their morphology [148].

Compared with bimetallic MOFs, trimetallic MOFs might further

enhance the reaction activity and performance, which may be due

to the enhanced adsorption energy of intermediates and more ac-

tive centers. The literatures reported include MOF-74, PBA, Materi-

als of Institut Lavoisier (MIL) MOFs, etc. [149]. Thus, we will focus

on trimetallic MOFs to review their relevant applications in elec-

trocatalysis.

For example, Lang et al. have synthesized a series of trimetal-

lic MOFs (FeNiCo-MIL-53) through a solvothermal method that

can be used as a high efficiency OER electrocatalyst [150]. The

optimized FeNi2.4Co0.4−MIL-53 showed overpotentials of 219mV

and 236mV at 10mA/cm2 and 20mA/cm2, respectively. Besides,

FeNi2.4Co0.4−MIL-53 can provide 79.6mA/cm2 for OER at 1.50V

(relative to RHE), twice as much as FeNi2.4−MIL-53 (33.6mA/cm2),

making it one of the best electrocatalysts for OER reported to date.

Because the active centers of FeNi2.4Co0.4−MIL-53 was evenly dis-

tributed, the existed Fe, Co and Ni could modulate the inherent

property to improve the OER performance.

Besides, Zhang et al. successfully prepared MOFs (i.e., FCN-BTC

MOF) with unique chrysanthemum nanoflower structure on Ni

foam (NF) by a simple one-pot solvothermal strategy [71]. Notably,

the catalyst only required overpotentials of 218, 250 and 268mV

to obtain current density of 10, 100 and 300mA/cm2 for OER, re-

spectively, in 1 mol/L KOH solution. In addition, the loss of cur-

rent density was only 3.5% after 24h reaction at 50mA/cm2. More-

over, stronger synergistic effects can also be observed in trimetal-

lic MOF-74 than its bimetallic counterparts. For example, Hu et

al. modulated the electronic structure of Mn0.52Fe0.71Ni-MOF-74

by imparting Mn into bimetallic MOF-74 (Fig. 15a) [93]. In the

electrocatalysis process, Mn can be used as a precursor of high

energy metal intermediate for the products stabilized by the re-

dox regulator, thus facilitating the electrocatalysis. The optimized

Mn0.52Fe0.71Ni-MOF-74 thin film electrode exhibited high perfor-

mance, with current density of 10mA/cm2 at HER overpotential of

99mV and 100mA/cm2 at OER overpotential of 267mV. As a bi-

functional catalyst, Mn0.52Fe0.71Ni-MOF-74 thin film electrode pre-

sented superior water splitting performance, with low overpoten-

tials of 245 and 462mV at current density of 10 and 100mA/cm2,

respectively (Figs. 15b-e).

Additionally, Li et al. explored a partial pyrolysis method in

which a solid NiCo/Fe3O4 heteropatric was constructed in the

NiCoFe-MOF-74 as a precursor to achieve efficient OER (Fig. 16a)

[90]. The method preserved the skeleton structure of MOFs while

preparing highly active nanoparticles, which is conducive to the ef-
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Fig. 15. Synthesis and electrocatalytic performance of Mn0.52Fe0.71Ni-MOF-74 on

nickel foam (NF). (a) Preparation process of Mn0.52Fe0.71Ni-MOF-74. (b) OER prop-

erties. (c) Tafel diagrams. (d) Nyquist diagram. (e) Long-time stability. Reproduced

with permission [93]. Copyright 2020, Wiley-VCH.

Fig. 16. Electrocatalytic performances of NiCoFe-MOF-74. (a) LSV curves. (b) The

overpotentials at the current density of 10 and 50mA/cm2. (c) Tafel slope. Repro-

duced with permission [90]. Copyright 2018 ACS.

fective diffusion of substrates. The electrocatalytic properties of the

samples were tested in 1mol/L KOH. NiCoFe-MOF-74 with the ele-

ment ratio of Ni:Co:Fe=1:2:1 exhibited an overpotential of 270mV

at 10mA/cm2, which exceeds the overpotential of monometallic

(i.e., Ni-MOF-74, Co-MOF-74 and Fe-MOF-74) and bimetallic coun-

terparts (i.e., NiCo-MOF-74, NiCo-MOF-74 and CoFe-MOF-74) (Fig.

16b). Additionally, the Tafel diagram illustrates the reaction mech-

anism (Fig. 16c).

Kundu et al. have synthesized a series of trimetallic ZIFs via a

wet chemical strategy [151]. After the introduction of metals into

the porous framework, this powder sample was fabricated into

fibers (CoNiFe-ZIF-MFs) through electrospinning. The overpotential

value of CoNiFe-ZIF-MFs was 273mV at 10mA/cm2, indicating that

the catalyst had a high electrochemical OER activity. This result

is comparable to that of commercial RuO2 and NiO catalysts. The

overpotential values of RuO2 and NiO catalysts at 10mA/cm2 were

265mV and 309mV, respectively. It is clear from this study that

the presence of the Ni, Co and Fe possesses synergistic effect on

the improvement of OER activity and extended stability.

Prussian blue has also been applied as trimetallic MOFs in elec-

trocatalytic applications. For instance, Wang et al. prepared 2D-3D

Fig. 17. Synthesis and electrocatalytic performance of Pt-NiFe PBA. (a) preparation

process of Pt-NiFe PBA. (b) HER performances in 1mol/L KOH. (c) Overpotentials at

10 and 50mA/cm2. Reproduced with permission [69]. Copyright 2021, Science Press.

nanostructures with metal hydroxide and PBA in-situ growth onto

NiFe foam (Pt-NiFe PBA) using a simple and scalable corrosion co-

ordinate method (Fig. 17a) [69]. With a contact angle of 0°, Pt-

NiFe PBA exhibits super hydrophilicity, which facilitates the close

contact with electrolyte or electrode and maximizes the reaction

sites to accelerates the kinetics. The specially designed morphol-

ogy is conducive to providing sufficient reaction sites, optimizing

reaction pathways and accelerating mass transfer during electro-

catalysis. The synthesized Pt-NiFe PBA required overpotentials of

29 and 210mV for HER and OER to achieve 10mA/cm2 in 1mol/L

KOH deionized water, respectively (Figs. 17b and c). In seawater

containing 1mol/L KOH, Pt-NiFe PBA requires an overpotential of

21mV to drive 10mA/cm2 and has superior durability. In addition,

using Pt-NiFe PBA as the bifunctional electrocatalyst, the voltage

required to drive 10mA/cm2 in 1mol/L deionized water KOH and

1mol/L seawater KOH is 1.46V and 1.48V, respectively.

Apart from the electrocatalysis, trimetallic MOFs can also be ap-

plicated in energy storage. Shi et al. synthesized a regular micron

rod-like Ni, Fe, Mn benzene-1,2,4,5-tetracarboxylic acid trimetallic

organic skeleton (NiFeMn-PMA) and explored the performance of

lithium ions batteries (LIBs) [70]. Trimetallic MOFs (NiFeMn-PMA)

showed higher rate properties than single-metal MOFs (Ni-PMA)

and bimetallic MOFs (NiFe-PMA), which was ascribed to the syn-

ergistic interaction of polymetallic mixed sites. Notably, NiFeMn-

PMA based cathode shows high capacity of 802.1 mAh/g and good

cycle stability (624 mAh/g for 100mA/g over 100 cycles) in LIBs.

Meanwhile, after 100 cycles, holes are formed on the surface of

the NiFeMn-PMA electrode, which can largely accelerate the inter-

action between electrolyte and electrode, deliver abundant sites for

Li storage and facilitate the Li+ migration.

3.1.3. HE-MOF

Based on the above research, there are more metal-doped MOFs

materials such as five-membered metal MOFs, which is often re-

ferred to as high-entropy (HE) alike MOFs. HE materials com-

monly exhibited unique characteristics, tunable compositions, and

high physicochemical properties. Zhang et al. proposed an one-

step solvothermal method to synthesize a high entropy alike MOFs

(HE-MOFs) [73]. The EDS spectra of metal-rich HE-MOFs showed

that C, O, S, Fe, Co, Ni, Mn, Cu and other elements were evenly

distributed. HE-MOFs with high specific surface has more electro-

chemically active sites, which accelerate the mass transfer and re-

action kinetics of OER process. The results show that the HE-MOF

lattice distortion caused by the introduction of polymetallic ions
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Fig. 18. Electrocatalytic performance of HE-MOF-RT. (a) LSV polarization curves. (b)

Tafel plots. (c) EIS curves. (d) Long-time stability at 10mA/cm2. Reproduced with

permission [95]. Copyright 2019, RSC.

leads to an increase in OER activity compared to the original MOFs

of a single metallic site. Notably, the overpotential of the optimized

Co-HE-MOF is 310mV at the current density of 10mA/cm2, which

is better than that of RuO2 catalyst under the same conditions.

More importantly, the introduction of multi-metals with different

radii/valences alters the coordination environment around the cat-

alytic atoms, showing the presence of oxygen defects, thereby in-

creasing OER activity by altering the electronic structure and thus

affecting the desorption-absorption strength of oxygen intermedi-

ates.

Mu et al. reported a class of HE-MOFs synthesized from a mix-

ture of five metals (Mn2+, Fe3+, Co2+, Ni2+, and Cu2+) and 1,4-

benzodicarboxylic acid (1,4-BDC) [95]. Five components of high

entropy metal-organic skeleton were synthesized by solid phase

method at room temperature. The results show that all the metal

ions in the obtained HE-MOFs are randomly dispersed and nearly

equimolar distribution, which indicates that HEMs are success-

fully formed by solid phase method. Specifically, the overpoten-

tial (245mV) for OER of the prepared HE-MOF-RT was superior to

those of HE-MOF-ST (293mV) and commercial RuO2 (346mV) at

10mA/cm2 (Fig. 18).

Chen et al. prepared HE-MOFs containing Ni, Co, Fe, Zn and

Mo by a mild solvothermal way. HE-MOFs was composed of 2,

6-naphthalene dicarboxylate and inorganic metallic oxygen layers,

with each metal ion in octahedral coordination (Fig. 19a) [152].

HE-MOFs presented a 2D array structure that could both im-

prove the conductivity and facilitate the mass transport. In addi-

tion, the synergistic effect of different metals contributes to the

entropy-increasing effect, which drives efficient OER performances.

HE-MOFs showed the best electrocatalytic OER activity with can

remain stable up to 100h. Interestingly, HE-MOFs required a

minimum overpotential of 254mV to drive the current density

of 50mA/cm2, which was better than Fe-MOF (277mV), NiFe-

MOF (357mV), NiFeZn-MOF (289mV), NiFeZnMo-MOF (265mV),

NF (549mV) and IrO2 (346mV) (Figs. 19b and e). Additionally, the

Tafel diagrams of main samples and contrast samples are shown

in Fig. 19c to detect changes in reaction mechanism. This kind of

HE-MOFs also has a relatively small impedance (Fig. 19d).

3.1.4. Bimetallic COFs

The research on MOFs materials has reached a relatively mature

stage, but the research on COFs has remained in a relatively pre-

liminary stage since 2005 [4]. Therefore, the multi-metallic COFs

Fig. 19. Synthesis and electrocatalytic performance of 2D HE-MOFs array. (a) Syn-

thetic illustration of the 2D HE-MOFs array. (b) LSV curves. (c) Tafel plots. (d)

Nyquist plots. (e) The overpotential at 50mA/cm2. Reproduced with permission

[152]. Copyright 2022, ACS.

materials reported so far are all based on binary metals, and their

applications are relatively preliminary. We summarized the appli-

cations related to binary metal COFs, mainly including Fe0.5Co0.5Pc-

CP, COF-Re-Co and so on.

Yao et al. reported a series of 2D conjugated materials

(CPs) nanosheets with fully conjugated electronic structures (i.e.,

Fe0.5Co0.5Pc-CP) through the exfoliation of ethynyl-linked phthalo-

cyanine (Pc) CPs (MPc-CPs, M= Fe, Co, Fe0.5Co0.5) [153]. It exhib-

ited a layered structure with abundant inherent structural defects

and highly disordered frame properties. Specifically, Fe0.5Co0.5Pc-

CP NS@G showed excellent zinc-air battery activity with an open-

circuit voltage of 1.34V and a peak power density of about

180mW/cm2. Its high performance is ascribed to the accessible

active centers with synergistic interaction in the two-dimensional

nanolayer and the high electron transfer capacity of graphene NSs.

Noble metals like Au or Ag can also act as intrinsic metal sites

for better performance. Wang et al. synthesized a Cu/Ag bimetal-

lic nanoparticles supported covalent organic skeleton (Cu/Ag-COF),

which showed excellent catalytic activity for 4-NP reduction [120].

The system presents synergistic interaction and improves the ac-

tivity of metal nanoparticles. Cu and Ag nanoparticles are evenly

distributed on COFs, which provides active sites for 4-NP reduc-

tion. Cu/Ag-COF has high catalytic activity after 8 cycles, implying

its high reusability. The pure COFs only acts as the catalyst car-

rier and had low catalytic activity, and. Besides, bimetallic Cu/Ag-

COF presented the highest catalytic performance in 4-NP reduction,

which was 2.28 times and 1.55 times that of Ag-COF and Cu-COF,

respectively. The excellent performance of Cu/Ag-COF in the 4-NP

reduction makes it have the potential to degrade 4-NP in water

pollution treatment.
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Fig. 20. Diagram of preparation of NiCo-MOF and its use as MOR electrocatalyst.

Reproduced with permission [164]. Copyright 2021, Elsevier Inc.

3.2. The applications of MPCM in MOR

Direct methanol fuel cells based on the electrocatalytic oxida-

tion of methanol is one of the most promising energy conver-

sion technologies due to its high effectiveness, simpler handling

and delivery of liquid fuels, ease in operation and so on [154–

157]. Electrocatalytic MOR as a vital reaction has drawn much

attention [158–160]. The MOR including multi-step reaction path

and different reaction intermediates. Formic acid is one of the

intermediates, in addition to strong adsorption of CO and CO2,

which is the end product in addition to water [160,161]. How-

ever, the sluggish kinetics of the MOR suppresses its potential ap-

plications like the direct methanol fuel cells. Therefore, it is im-

portant to design efficient electrocatalysts to advance reaction ki-

netics and improve MOR catalytic activity. MPCM with abundant

interface enable boosted MOR kinetics via the synergistic effect

from different components [162,163]. For instance, Wang et al. have

synthesized bimetallic NiCo-MOF through the assembly of 2,2′-
bipyridine-5,5′-dicarboxylic acid with mixed Ni and Co acetates by

one-pot method (Fig. 20) [164]. NiCo-MOF exhibited the best elec-

trochemical MOR activity, which was ascribed to the synergistic

interaction of Ni and Co. There are some factors that are benefi-

cial for the enhancement of catalytic performance: (1) The high

porosity is conducive to the diffusion of methanol; (2) The existed

Ni2+ and Co2+ sites can synergistically improve the reaction ki-

netics, thus significantly improving the performance of electrocat-

alytic MOR. Specifically, NiCo-MOF displayed a high current den-

sity of 225mA/cm2 (at 1.6V) in an alkaline electrolyte containing

0.5mol/L methanol. Meanwhile, it also presented excellent long-

term reaction stability.

4. Applications of MPCM in electrocatalytic reduction reaction

As the complemental half reaction of oxidation reaction in an

electrolytic cell, electrocatalytic reduction reaction has comparable

importance and serves as another main scope in the development

of MPCM electrocatalysts [165–169]. In this section, we will review

the applications of MPCM in HER, CO2RR and ORR. The superiority

of MPCM as advanced reduction electrocatalysts for energy conver-

sion are described and discussed in detail.

4.1. The applications of MPCM in HER

H2 is regarded as an ideal energy resource and promising sub-

stitute for fossil fuels [170,171]. Among various strategies for H2

production, HER is regarded as an effective process due to its suit-

able manufacture and high product purity [172–176]. So far, the

Fig. 21. Crystal structure of Ni-NKU-101. Reproduced with permission [98]. Copy-

right 2022, Wiley-VCH.

most effective electrocatalysts for HER are precious Pt-based ma-

terials yet they are still short in problems like high price or low

reserve in earth [165,177–180]. Therefore, it is necessary to explore

efficient catalysts to replace Pt-based catalysts and improve HER

catalytic activity. During past years, MPCM have exhibited high

electrocatalytic activities in HER and a large number of interesting

works have been reported [72,181]. The following section will dis-

cuss the recent development of MPCM in HER based on the classi-

fication from bimetallic MOFs and Tetra-metallic MOFs.

4.1.1. Bimetallic MOFs

Bimetallic MOFs like MxNi1-x-NKU-101 (M=Mn, Co, Cu, Zn)

have been prepared by Zhang et al. using Ni-NKU-101 as the ma-

trix (Fig. 21) [98]. The overpotential of Cu0.19Ni0.81–NKU-101 at

10mA/cm2 was 324mV in 0.5mol/L sulfuric acid electrolyte for

HER. Interestingly, the ratio of Cu/Ni possessed apparent effect on

the activity of CuxNi1-x-NKU-101 electrocatalyst. This synergistic

effect may be attributed to the following factors: (1) The binding of

Cu and Ni on the surface of MOFs produced a suitable adsorption

site that was beneficial for the hydrogen binding energy optimiza-

tion; (2) The metal ratio of Cu and Ni can effectively change the

ligand interaction and adjust the D-band position; (3) The spongy

crystal surface generated by Cu2+ exchange greatly expanded the

accessible active sites.

4.1.2. Tetra-metallic MOF

Besides, Zheng et al. in-situ grew a series of tetra-metallic MOF-

74 on Ni foam (NF) [72]. It presented better electrocatalytic perfor-

mance than bimetallic and trimetallic MOFs materials. FeCoMnNi-

MOF-74/NF with multilayer hollow structure was prepared and ap-

plied as an efficient bi-functional electrocatalyst for water split-

ting. From the overpotential value of MOFs, it was observed that

the multilayer hollow nanostructure was beneficial for the elec-

trocatalytic process, providing sufficient active metal centers for

FeCoMnNi-MOF-74/NF, making full use of the electrocatalyst, and

having a synergistic effect of full mixing and dispersion. In 1mol/L

KOH, the overpotential of OER and HER is 250 and 108mV for

the current density of 50 and 10mA/cm2, and the Tafel slope is

41.28 and 72.89mV/dec, respectively (Figs. 22a and b). Besides, as a

bifunctional catalyst for water splitting, FeCoMnNi-MOF-74/NF re-

quires a low cell voltage of 1.62V to reach 10mA/cm2 current den-

sity. It is superior to other polymetallic-MOF-74 composites under

the same conditions, and also exceeds the benchmark of commer-

cially available precious metal catalysts. Additionally, In impedance

test and long-term stability test, the material also has the advan-

tages of low impedance and high stability (Figs. 22c and d).
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Fig. 22. Electrocatalytic performance of FeCoMnNi-MOF-74/NF. (a) LSV curves. (b)

Tafel diagram. (c) Nyquist plots. (d) Chronoamperometric curve at 1.65V. Repro-

duced with permission [72]. Copyright 2021, ACS.

4.2. The applications of MPCM in CO2RR

Electrocatalytic CO2RR has attracted much attention due to its

ability of using clean energy to convert the greenhouse gas CO2

into high value-added chemicals such as carbon monoxide, formic

acid, ethylene, and ethanol [182–185]. However, the sluggish kinet-

ics of CO2 reduction with large energy barriers and competitive

side reactions restrict its practical application [186–189]. There-

fore, it is desired to develop efficient electrocatalysts to achieve

high selectivity, high activity and low energy consumption. Specif-

ically, MPCM shows much potential to be used as electrocata-

lysts in CO2RR. For example, Huang et al. have reasonably de-

signed and synthesized a new ultra-stable bimetallic phthalocya-

nine COFs (i.e., CuPcF8–CoPc-COF and CuPcF8–CoNPc-COF) and ex-

plored its electrochemical CO2 reduction performance and catalyst

stability (Figs. 23a-c) [92]. Notably, the LSV curves showed that

CuPcF8–CoPc-COF has a smaller onset potentials of −0.4V than

that of CuPcF8–CoNPc-COF (−0.42V). Besides, CuPcF8–CoNPc-COF

displayed a FECO of 97% and an exceptionally high TOF of 2.87

s−1, which is superior to CuPcF8–CoPc-COF (FECO, 91%; TOF, 1.25

s−1) and most COF-based electrocatalysts (Fig. 23d). The reasons

for the high performance of CuPcF8–CoNPc-COF can be ascribed to

its larger pore size and stronger π-π stacking interaction that can

facilitate the CO2 capture and electron transfer for more efficient

CO2RR.

Besides, Marinescu et al. synthesized a novel rhenium bipyri-

dine COFs (i.e., COF-Re_Co, COF-Re_Fe) with metallic porphyrins

and bipyridinium units [89]. In this experiment, the authors also

studied the electrocatalytic CO2 reduction activity of COF-Re, COF-

Re_Co and COF-Re_Fe in phosphate buffered aqueous solution with

pH 7.2 and 0.5mol/L KHCO3. The result show that COF-Re_Co per-

formed the highest activity for CO2RR, achieving a FECO of 18%. The

low selectivity for CO2RR may be ascribed to a competitive rela-

tionship between the two metal centers as opposed to the desired

synergistic relationship.

4.3. The applications of MPCM in ORR

ORR is an important cathodic reaction process for energy con-

version in devices like metal-air batteries and fuel cells [190–193].

The four electron-reaction processes of ORR have the key interme-

diates, such as O2
∗, OOH∗, O∗, and OH∗. The reaction free energies

of these reaction intermediates are crucial evaluation criteria for

Fig. 23. Schematic illustration and electrocatalytic CO2 reduction performance of

CuPcF8–CoPc-COF and CuPcF8–CoNPc-COF. (a) Synthesis process. (b) LSV curves of

CuPcF8–CoPc-COF (black), CuPcF8–CoNPc-COF (red). (c) I-t curves of CuPcF8–CoNPc-

COF at different potentials (from top to bottom: −0.35V, −0.38V, −0.41V, −0.46V,

−0.50V, −0.55V, −0.59V, −0.63V, −0.67V, −0.7V). (d) FECO of CuPcF8–CoPc-COF

(blue) and CuPcF8–CoNPc-COF (red). Reproduced with permission [92]. Copyright

2021, ACS.

the ORR activities. The sluggish reaction kinetics and high over-

potential of ORR in fuel cells lead to the inefficient conversion of

chemical energy into electricity [194,195]. Therefore, it is crucial

to design efficient electrocatalysts to selectively catalyze the ORR

reactions. The following section will summarize the recent devel-

opment of MPCM in ORR.

4.3.1. Bimetallic MOFs

Wang et al. used Fe and Co salts and tricarboxylic acids to syn-

thesize a kind of MOFs (i.e., MOFs (Fe/Co)) [196]. The high poros-

ity is conducive to oxygen diffusion in catalysts and the utilization

of catalytic sites, which is favorable for the improvement of OER

and ORR. In the range of 0.35–0.55V potential, ORR occurs mainly

through dual electron pathway. When the potential scans more

negative, ORR occurs through the four-electron and two-electron

hybrid pathways, and gradually develops towards the four-electron

pathway. In the range of 0.55–1.0V potential, the number of elec-

tron transfer varies with the change of potential, indicating that

the ORR is affected by the overpotential.

4.3.2. Bimetallic COFs

Sun et al. synthesized a multifunctional electrochemical catalyst

bimetallic COFs (i.e., Fe, Co-COF) and explored its ORR performance

(Fig. 24a) [91]. The catalyst showed high electrocatalytic activity

in ORR, with a positive half-wave potential (50mV), a higher lim-

iting diffusion current density, and a lower Tafel slope than that

of Pt-C. In addition, the catalyst showed excellent electrochemical

performance for HER, with overpotential of −0.26V and −0.33V

at 10mA/cm2 in acidic and alkaline aqueous solutions, respectively
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Fig. 24. Synthesis and electrocatalytic performance of the materials. (a) Synthesis

of Fe, Co-COF. (b) CV curves. (c) RDE curves. (d) Tafel diagrams. (e) Number of trans-

ferred electrons and H2O2 yields. C–COF (blue) and C-Fe, Co-COF (red). Reproduced

with permission [91]. Copyright 2018, European Chemical Societies Publishing.

(Figs. 24b-e). The excellent properties of COFs are due to the syn-

ergic structure effect: (1) Fe and Co in COFs facilitate the graphi-

tization process and promote the formation of rich carbon lay-

ers around Fe and Co nanoparticles; (2) The carbon layers can

protect the nanoparticles under alkaline conditions and improve

their durability; (3) Compared with microporous structures, metal

nanoparticles contribute to the formation of mesoporous structures

and enhance the ion transport for the activity improvement of ORR

and HER.

5. Applications of MPCM in full electrolytic cell

In the above section, MPCM have exhibited much potential as

the electrocatalysts for both electrocatalytic reduction and oxida-

tion reactions. Henceforth, the MPCM might also serve as bifunc-

tional catalyst to catalyze full electrolytic cell reaction. In this sec-

tion, the full electrolytic cell reaction (e.g., water splitting), a class

of important catalysis reactions that can convert low-value sub-

strates into more valuable products through the electron and pro-

ton transfer processes [144,145,197], is reviewed sequentially. The

superiority of MPCM as advanced electrocatalysts for energy con-

version is described and discussed in detail.

Some bimetallic MOFs can simultaneously show excellent per-

formance in HER and OER, acting as a bi-functional catalyst for

water splitting. For instance, Vishnu et al. reported that rCoFe-

PBA can produce hydrogen in alkaline water [197]. The overpoten-

tial of rCoFe-PBA-coated foam Ni electrode was 311mV (OER) and

100mV (HER) at 10mA/cm2, which was much lower than that of

IrO2 (381mV) and close to Pt/C (36mV). The turnover frequency

(TOF) was calculated to be 0.22 s−1 (OER), which was five times

larger than that of IrO2 (0.040 s−1). Meanwhile, the TOF for HER

was 0.26 s−1, which was ten times larger than that of Pt/C (0.025

Fig. 25. Electrocatalytic performance of materials. (a) Schematic illustration of wa-

ter splitting. (b) LSV curve of water splitting. (c) LSV curves. (d) Overpotential re-

quired for Ru@NiCo-MOF-4, NiCo-MOF, and commercial RuO2 to achieve 10mA/cm2

and 30mA/cm2. Reproduced with permission [119]. Copyright 2021, ACS.

s−1). Under the test condition of solar electrolysis, the overpoten-

tial of rCoFe-PBA at 1mol/L KOH was 411mV, and the durability

exceeded 180h.

Furthermore, Du et al. reported an ultra-low ruthenium-

doped Ni-Co-MOF hollow porous nanospheres (Ru@NiCo-MOF

HPNs) [119]. The obtained Ru@NiCo-MOF-4 HPNs exhibit a three-

dimensional, uniform hollow spherical structure composed of

many layered nanosheets. The addition of Ru to NiCo-MOF HPNs

can stabilize OER activity for at least 39h. Besides, due to the

high porosity and large surface area of MOFs and the electronic

properties optimized by Ru doping, the optimized Ru@NiCo-MOF-

4 HPNs (13.5 at% Ru doping) presented the highest OER activity

with high mass activity (310mA/mg) at 284mV overpotential. In

addition, the Ru@NiCo-MOF-4 based two-electrode cells (anode,

Ru@NiCo-MOF-4 and cathode, commercial Pt/C) also displayed ex-

cellent electrochemical water splitting property (cell potential of

1.57V at 10mA/cm2) (Figs. 25a and b). Specifically, Ru@NiCo-MOF

HPNs showed an overpotential of 284mV and a Tafel slope of

78.8mV/dec at 10mA/cm2 in alkaline electrolyte (Figs. 25c and d).

They performed EIS analyses on Ru@NiCo-MOF-4 and Ni-Co-MOF

to study the charge transfer property in the water decomposition

reaction. It is obvious that the semicircle of Ni-Co-MOF was wider

than Ru@NiCo-MOF-4 and was positively correlated with the value

of charge transfer resistance (Rct), implying the electron transfer at

the interface is increased after doping with ultra-low ruthenium,

which corresponds to the increase of OER and HER activity.

6. Perspective

Based on above-mentioned content, we have summarized the

applications of MPCM in electrocatalytic yet there are still some

important issues need to be summarized and discussed. Owing

to the advantages of these materials, they generally display high

porosity, multi-metal active sites, well-tuned functions, and pre-

designable structures, etc., serving as desired platforms for elec-

trocatalytic reactions like HER, OER and CO2RR. For MPCM, the im-

parted two or more metal sites in their structures offer more op-

portunity in designing multifunctionality or well-tuned metal sites

for a wider range of applications. Specifically, MPCM may deliver

superior property over none or single metal porous crystalline ma-

terials by providing complexity and introducing multi-functionality
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derived from the integration of different metal sites in the struc-

tures. MPCM have attracted much attention in different electro-

catalytic reactions owing to the following advantages: (1) The in-

troduction of multi-metal might affect the disorder of the lattice

to result in more unique properties; (2) The imparted accessible

metal sites in the porous structure would optimize the electron

cloud density to enhance the catalytic activity; (3) The existed

three or more different metal sites in a catalyst might lead to high-

entropy alike state in MPCM that can endow diversified microen-

vironments to boost the performance. However, as a result of the

possibly existed synergistic effect that comes from the interaction

among two or more metal sites, MPCM might exhibit much more

potential with better performance when compared with none or

single metal porous crystalline materials in electrocatalysis.

However, there are still some existed bottlenecks for the appli-

cations of MPCM in electrocatalysis: (1) A systematic study for the

modulation of conditions and limitations of strategies that is con-

trolled by thermodynamics or kinetics is still challenging; (2) The

precise definition of the location of multi-metal sites is essential

yet still hard for further applications; (3) The relationship of struc-

tural features and electrocatalytic activity are crucial for identifying

the active sites and mechanistic study; (4) The low-cost and scal-

able MPCM systems is meaningful for the potentially large-scale

industrial production and practical applications.

To address these bottlenecks, potential methods of these ma-

terials might be noted as follows. For the preparation of MPCM,

we need to explore more facile and readily available methods

based on the one-pot and post-synthetic modification ones that

can systematically consider the overall cost, efficiency and possi-

bility of mass production. For the characterizations MPCM, more

advanced techniques need to be explored to define the actuate

multi-metal sites, which is also vital for the mechanistic study

to reveal their possible interaction or synergistic effect of these

metal sites. For the stability of MPCM, we need to design explore

more stable porous frameworks through the specific selection of

structure struts, which would be much beneficial for the post-

synthetic treatment or harsh condition electrocatalysis. At present,

most of the applications in electrocatalysis are mostly limited to

OER or HER, more advanced and valuable reduction-type reactions

is needed to maximize the advantages of MPCM. Meanwhile, a

more depth understanding of inherent structure-property relation-

ship is extremely important for the directional design of MPCM in

electrocatalysis applications.

7. Conclusion

In this review, the preparation strategy, structure, composition,

electrocatalytic performance, and reaction mechanism of MPCM

were analyzed. It provides guidance and powerful inspiration for

the potential application of this material in energy related fields.

This paper also reviews the major challenges, solutions and poten-

tial development trends of MPCM as advanced electrocatalysts for

energy storage and conversion, and further explores the innovation

of these materials in energy storage and conversion. Besides, the

challenges faced by MPCM are summarized and the relevant solu-

tions and prospects are proposed. We anticipate this review will

provide a new perspective or guide to readers’ deep understand-

ing of this field, and promote the application and development of

MPCM in energy conversion to expand the limitations of current

electrocatalysis technologies.
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