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Abstract: At present, the research and development of low cost, high activity and high stability oxygen reduction
electrocatalytic materials is the key to the commercialization of fuel cells. For platinum-free catalysts, metal
organic framework (MOFs) has many advantages, such as diverse structure, large specific surface area, low
cost and resistance to methanol poisoning. On the basis of previous studies on electrocatalysts containing nickel
and copper, the applicant intends to construct and design organic frame materials containing nickel and copper
by means of green synthesis, and regulate their surface structure, morphology, conductivity, lattice constant and
electronic structure, so as to improve the adsorption performance of MOFs materials on O, and improve
catalytic activity. At the same time, the key technology for preparing electrocatalysts will be explored, and the
crystal growth mechanism was discussed. By studying the correlation between the different composition,
structure and electron distribution state of the catalyst and the electrocatalytic performance, the catalytic
activity center and the possible catalytic reaction mechanism of the catalyst will be revealed. The
structure-activity relationship of the prepared catalyst was revealed. The improvement mechanism of its
catalytic performance will be illustrated by quantitative chemical calculation. The research of this project
should be provide experimental and theoretical basis for the design and preparation of nickel and copper based
MOFs electrocatalytic materials with low cost and good performance.
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I Introduction

In recent years, the massive consumption of fossil fuels has brought serious energy and environmental
problems, and therefore, the development and application of clean energy technologies is urgent [1]. Fuel cell
has many advantages such as high efficiency, no pollution, no noise, high reliability and modularity. It is the
fourth generation of power generation mode after thermal power, hydropower and nuclear power. It has a very
wide application prospect in portable electronic equipment, fixed power stations, electric vehicles and aerospace
fields [2-3]. The core reaction process of the fuel cell system —— The reaction rate of oxygen reduction
reaction ( ORR) is slow (the cathode reaction rate is more than 6 orders of magnitude slower than the anode
reaction rate), which seriously restricts the development and application of fuel cell technology. In order to
speed up the reaction speed, it is necessary to use electrocatalyst. Among many catalytic materials, the precious
metal platinum based catalyst is the most effective [4,5]. However, due to the high price and limited reserves of
platinum, and in the actual application process, the catalyst is easy to poisoning, poor stability and other
shortcomings, which affect the performance and service life of the energy system, this problem has also become
the bottleneck to achieve large-scale commercialization of fuel cells [6-8]. Therefore, the development of
non-precious metal ORR catalysts with low cost, rich material sources, high activity and stability is of great
theoretical and practical significance.
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Figure 1 Cost schematic diagram of each component of the proton exchange membrane fuel cell

At present, in the field of platinum catalytic materials research, a series of in the alkaline conditions
have good ORR catalytic activity and stability of non-precious metal catalyst: including doped carbon materials,
transition metal oxides, nitrogen oxides, nitrogen oxides, carbide have been found [9-13], among them, the
metal doped carbon base catalyst is more attention. However, in the current widely used acidic media, the ORR
activity and stability of carbon-based catalysts are poor due to the corrosion of carbon materials and the
continuous dissolution of transition metals [14]. Deng yida, professor wen-bin hu team by precise adjustment of
bimetallic ZnCo-ZIFs precursor amount of zinc doping, successfully realized the cobalt atoms at the atomic
level, the nitrogen doped carbon base prepared different cobalt atoms aggregation of cobalt based catalyst:
cobalt nanoparticles, cobalt atomic clusters and cobalt single atoms, this strategy makes the TM catalyst size
effect to single atom scale. It is shown that the single atom cobalt has high chemical activity, and its
coordination with N in the substrate ensures its stability, excellent electrical conductivity of the carbon base, and
rich pore structure and large specific surface area. This work provides a reference for the regulation of particle
size through the spatial separation effect, and useful for the deep understanding of the nanocatalyst
size-performance relationship [15].

Compared with other non-precious metal ORR catalysts, "metal-organic frame nanomaterials" (MOFs)
stand out. They have the advantages of rich and orderly porous structure, excellent acid and alkali corrosion
resistance, large surface area, wide sources, [16], and are considered to have the potential to replace the
traditional platinum-based catalysts, and become one of the hot research directions in the field of new energy
technology. However, the poor conductivity and stability of most MOFs themselves, which limited their further
application in the field of electrochemistry. In 2012, American scientists discovered that Metal-organic
Frameworks (MOFs), like metals, could conduct electricity, as shown in Figure 2, creating a revolutionary
breakthrough for renewable energy harvesting and storage[17].
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Figure 2 The conductive MOFs found by American scientists

I. Preparation methods of metal-organic frame materials (MOFs)

The controllable preparation of multi-dimensional nickel and copper-based metal-organic frame
nanomaterials mainly include solvent thermal method, microwave synthesis method, electrochemical synthesis
method, ultrasonic synthesis method, etc. First, the study is to make the synthesis process greener by changing
the solvent, metal salt and ligand. Secondly, the effects of using different preparation processes and processes on
the yield, structure and morphology, and crystallinity of MOFs catalysts with the same reactants are studied.
Through the effective doping of the second transition metal, the final product pore structure and conductivity by
the appropriate electrochemical process and the green solution is the preferred electrochemical process of the
catalyst.
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2.1 Optimization of the solvent

Finding environmentally friendly solvents or developing less / solvent-free synthesis method is the only
way for the green synthesis and even industrial production of MOFs. Screening of solvents with high efficiency
and low toxicity is a feasible route, e. g., for HKUST-1 synthesis using MetA and copper acetate,
dihydrol-glucoside (Cyrene) is used as a solvent instead of conventional DMF, and the product specific surface
area is higher than the latter.

2.2 Optimization of the metal sources and the ligands

Avoid chloride and nitrate, because chloride is generally highly corrosive, nitrate is easy to cause an
explosion. A preface direction of ligand optimization lies in the recycling or utilization of its recycled ligands
from discarded resources. For example, we can place the discarded PET plastic and metal salts in a microwave
reactor to obtain the degradation product —— terephthalic acid, while self-assemble with metal ions in the
process. In March 2020, a team of researchers from the School of Science at Clemson University demonstrated
that a new double-spiral metal organic frame architecture in a partially oxidized form can conduct electricity and
is expected to become a new generation of semiconductors. The work was published in ACS Applied Materials
& Interfaces and became a cover article. They introduced a butterfly-like tetrathiofuvalene (EXTTF) convex
ligand into the MOF, creating a unique S-shaped charge transport path that extends along adjacent joints. Thus
yields a novel double helical structure that is conductive once it is partially oxidized by the guest iodine
molecule. When the EXTTF ligands on one side of each double helix are iodine-oxidized, while those on the
other remain neutral, they form intermolecular charge-transfer chains along the seam. Electrons flow along this
path in an intermolecular fashion, enabling better electrical conductivity of metallic organic frames.”
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Figure 3 The double-helical structure of the conductive MOFs

The research team of Chinese scholar Liu Qinghua used the light-induced lattice distortion strategy to
introduce lattice stress into the lattice of some transition metal-based —— metal organic frame compounds,
successfully activating the catalytic activity of the metal node of the compound, and realizing its electrodriven
oxygen reduction catalysis with high quality activity and high stability. The NiFe-MOFs compounds show
excellent electrocatalytic oxygen reduction and oxygen precipitation activities, and are expected to become
efficient cathodic oxygen reduction catalysts for industrial fuel cells, providing a new approach for the
development of non-precious metal catalysis [18]. Their research results have effectively improved China's
national competitiveness in related fields, and laid a foundation for the smooth development of non-platinum
electrocatalytic materials. Recently, professor G. Li’s group from Zhengzhou University was invited to publish a
review paper entitled "Proton conductive carboxylate-based metal organic frameworks” in Coordination
Chemistry Reviews, which summarized the research and application progress of carboxylic acid MOFs in
proton conduction. A comprehensive overview of the design and preparation strategy, structural stability, proton
conductivity, mechanism and application is given. Based on the latest research results, the new progress of
proton conductivity mechanism by using single crystal proton conductivity test, molecular dynamics fitting,
solid-state nuclear magnetic test and quasi-elastic neutron scattering is summarized. At the same time, the
application progress of this kind of metal organic framework in fuel cell is introduced. At present, the research of
scholars at home and abroad on this topic mostly focuses on the synthesis of MOFs materials and the
photocatalytic properties of [20,21], while the relationship between the electrical conductivity, structure and
catalytic activity, catalyst active site and catalytic mechanism are rarely reported. For the catalytic reaction, the
active center, catalytic mechanism and structure-activity relationship of the catalyst are an important theoretical
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basis to guide the catalyst design and modification. Copper and nickel in the first cycle transition elements have
low prices, are rich in reserves, and have strong redox capacity, and their complexes have the potential to serve
as electrocatalysts. Nickel, as a non-precious metal, has variable oxidation and original price, is an ideal
substitute for the same precious metals palladium and platinum. Copper has high abundance in the crust and its
stable elemental properties. which are widely used in biomimetic materials and metallurgical devices. Copper
belongs to the transition metal of the ds zone, which has a strong coordination ability and is easy to form
complexes with pyridines, peptides and amides. Applicants' previous studies have found that nickel-or
copper-doped precious-metal catalysts can significantly reduce costs without affecting their activity. Therefore,
the design and development of excellent nickel, copper based MOFs electrocatalytic materials, change the
structure of MOFs materials, adjust the composition of the catalyst, study the influence of the second metal
doping on catalyst properties and structure, reveal the active center of the catalyst and the possible catalytic
reaction mechanism, will deepen the understanding of MOFs nanomaterials based electrocatalytic ORR rule,
and guide the development of high performance ORR catalyst.

1. Research objectives and general thinking
3.1 Green chemical process was used to control the synthesis of a series of Cu-MOFs, Ni-MOFs, Ni-MOFs, and
Cu-Ni-MOFs.
3.2 Master the influence of ligand type and metal ion source on the growth, structure, morphology and
composition of MOFs; clarify the growth mechanism, determine the relationship between experimental
conditions and factors affecting product structure, provide support for the identification, analysis and
performance mining of the system, and promote the research and development of new materials.
3.3 The physical and chemical characteristics of copper and nickel-based MOFs and the relationship between
the catalytic activity and stability of oxygen reduction reaction should be clarified from the micro scale, so as to
establish the structure-activity relationship of the surface interface, so as to provide theoretical basis and guiding
direction for the design and synthesis of efficient and stable non-precious metal oxygen and raw materials.

Iv. Key scientific issues to be addressed
4.1 Green synthesis method and growth mechanism of nanomaterials of nickel and copper-based MOFs
This project adopts electrochemical method and green solvent screening technology to accurately
regulate the macro-morphology and micro-structure of MOFs; such as designing materials with good electrical
conductivity and pore structure. The relationship between experimental parameters and product structure is
established to control the control of nickel and copper based MOFs. The crystal growth process was analyzed by
careful characterizing and quantified computation to propose the growth mechanism.

4.2 Structure activity relationship of nickel and copper-based MOFs nanomaterials in electrochemical
reactions

The composition, structure of the catalyst and the correlation between the electron distribution state of
nickel and copper and the electrocatalytic performance of ORR were clarified, the general law of the influence
of the structure, composition and preparation process of the catalyst was revealed, and the catalytic active center
of the catalyst and the possible catalytic reaction mechanism were revealed. To compare and analyze the
differences in bifunctional electrocatalytic properties of MOFs with different components and structures, and to
understand their catalytic performance influence on ORR reaction at the micro-scale. To understand the
correlation between the physical morphology structure, surface interface chemistry, internal electronic structure
and electrochemical catalytic properties, to clarify the relationship between oxygen reduction and structure
activity of nickel and copper-based MOFs, and to provide theoretical basis and guiding direction for the design
and optimization of efficient and stable non-precious metal bifunctional oxygen reduction electrocatalysts.

Although copper and nickel-based MOFs based nanomaterials catalysts have been synthesized in
recent years, the properties of these catalysts are far from the level of practical application [22,23]. In particular,
the synthesis of green chemistry and the research on the active center, catalytic mechanism and structure-activity
relationship of the catalyst should be further deepened. Applicants follow the principle of low carbon chemistry,
synthetic one-dimensional, two-dimensional or three-dimensional structure multi-scale nickel, copper based
MOFs nano electrocatalytic materials, study its special morphology effect, surface exposure of the active site on
the ability of ORR, help to reveal the MOFs material catalytic active center and catalytic reaction mechanism,
deepen the understanding of ORR electrocatalytic rules, to guide the higher level of MOFs based nanomaterials
ORR electrocatalytic materials development lay the theoretical basis.

V. Prospects and prospects
According to the previous research results, the future innovation and breakthrough points are
summarized as follows: Firstly, following the principle of low-carbon concept, adopts electrochemical synthesis
and preferred green solvent method, designs multi-scale nickel and copper-based MOFs ORR catalysts, and
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systematically discusses the influence of the preparation method and process conditions on the structure and
performance of the catalyst. Secondly, By regulating the morphology and structure of copper-based MOFs
nanomaterials and introducing the second transition metal nickel, the internal structure of the catalyst is changed
to regulate its catalytic activity, so as to realize the construction of the catalyst with excellent ORR performance.
Thirdly, through quantitative calculation, revealed the structure-active relationship between the catalytic active
center and the ligand of the catalyst, which provided theoretical basis and experimental basis for the
development of nickel and copper-based MOFs.
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