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Abstract  The most important topics in the world today are environmental and resource issues. The development of 

green and clean energy is still one of the great challenges of social sustainable development. Two-dimensional(2D) 

metal-organic frameworks(MOFs) and derivatives have exceptional potential as high-efficiency electrocatalysts for 

clean energy technologies. This review summarizes various synthesis strategies and applications of 2D MOFs and 

derivatives in electrocatalysis. Firstly, we will outline the advantages and uniqueness of 2D MOFs and derivatives, as 

well as their applicable areas. Secondly, the synthetic strategies of 2D MOFs and derivatives are briefly classified. 

Each category is summarized and we list classic representative fabrication methods, including specific fabrication 

methods and mechanisms, corresponding structural characteristics, and insights into the advantages and limitations of 

the synthesis method. Thirdly, we separately classify and summarize the application of 2D MOFs and derivatives in 

electrocatalysis, including electrocatalytic water splitting, oxygen reduction reaction(ORR), CO 2 reduction reac-

tion(CO2RR), and other electrocatalytic applications. Finally, the development prospects and existing challenges to 

2D MOFs and derivatives are discussed. 
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1  Introduction 

Two-dimensional(2D) materials are one of the cores of 

current low-dimensional materials research. In 2004, Novose-

lov et al.[1] successfully stripped graphene from graphite with 

adhesive tape. Since then, graphene has opened the mysterious 

door of 2D nanomaterials. Graphene, graphene oxide, boron 

nitride, chalcogenide, phosphorus, layered metal oxide, layered 

double hydroxide and other related 2D nanomaterials have 

been developed[2―4]. 2D nanomaterials exhibit unique physical 

and chemical properties and their advantages are as follows: (1) 

2D nanomaterials have a high proportion of lateral size struc-

tures and a higher reaction rate. (2) 2D nanomaterials are flexi-

ble, which facilitates further structural modification. (3) 2D 

nanomaterials are designable, and can be used as basic mate-

rials for composite design with other functional materials to 

form multifunctional composite materials. Based on these ad-

vantages, 2D nanomaterials have become emerging materials in 

biomedicine[5], capacitive energy storage[6] and energy cataly-

sis[7,8].  

Metal-organic frameworks(MOFs) are a new type of po- 

rous materials composed of metal ions or clusters coordinated 

with organic ligands[9]. MOFs have high porosity, large surface 

area and adjustable coordination structure[10―12]. The metal ions 

in MOFs structure are usually Zn, Co, Fe, Ni, Cu, Cr, Mn ions 

and other transition metals[13,14]. At present, MOFs have shown 

promising applications, such as gas separation and storage[15,16], 

chemical sensing[17], biomedicine[18], capacitor energy sto-

rage[19―22] and other applications[23―27] through the coordina-

tion of pore structure and functional sites. However, when 

MOFs are used as electrocatalysts, the metal nodes are sur-

rounded by organic linking groups, resulting in poor conducti- 

vity[28], which is a fatal flaw. In recent years, there have been 

many reports of combining MOFs with highly conductive ma-

terials(such as nickel foam and carbon cloth) to form composite 

materials to overcome the low conductivity of MOFs. 

Traditional electrocatalysts are designed based on precious 

metal materials. However, due to the high price of precious 

metals and the scarcity of resources, it is necessary to look for 

electrocatalysts that can replace precious metals with high effi-

ciency. Transition metals have abundant reserves in the earth, 

and the price is relatively low. Therefore, transition metals have 

become the most potential substitutes for precious metal cata-

lysts. In recent years, transition metal-based MOFs have been 

widely used in catalyst fabrication strategies[29―31]. From 

low-dimensional nanotubes, nanofibers and nanosheets to 

complex three-dimensional structures and composites, they 

have demonstrated excellent electrocatalytic potential in elec-

trocatalytic hydrogen evolution reaction(HER), oxygen evolu-

tion reaction(OER), oxygen reduction reaction(ORR), CO2 
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reduction reaction(CO2RR) and N2 reduction reaction 

(NRR)[32,33].  

Low-dimensional MOFs combined the characteristics of 

MOFs with the unique physical and chemical properties of 

low-dimensional materials[34,35]. Designing MOFs into 2D na-

nostructures is an effective strategy for manufacturing 

high-performance electrocatalysts, because they have the fol-

lowing advantages as electrocatalysts. (1) Nanometer thickness 

can improve mass transfer and electron transfer rate[36].      

(2) Highly unsaturated metal active sites are exposed through a 

higher specific surface area, which has high catalytic activity[37]. 

(3) The surface structure can be selectively adjusted and de-

signed to improve catalytic performance. In addition, ultra-thin 

MOFs are more conducive to industrial production and manu-

facturing of MOFs because of their good flexibility, which can 

further expand the commercial application value of MOFs in 

the future. At present, low-dimensional MOFs have good per-

formance applications in chemical sensing[38] and supercapaci-

tor[39].  

Although the exploration of 2D MOFs and derivatives in 

electrocatalytic reactions is insufficient systematization and 

deepening, some outstanding research results have been ob-

tained. Especially in the two aspects of structural optimization 

and catalytic activity improvement in the direction of electro-

catalysis. In this article, we introduce classic representative 

fabrication strategies for 2D MOFs and derivatives, including 

specific fabrication methods and mechanisms, corresponding 

structural features, insights into the advantages and limitations 

of synthetic methods. Subsequently, the application of 2D 

MOFs and derivatives in electrocatalysis is summarized, main-

ly including electrocatalytic water splitting, ORR, CO2RR and 

other catalytic reactions. This article aims to provide a brief and 

comprehensive theoretical summary of relevant aspects for the 

future optimization design of 2D MOFs and derivatives(Fig.1). 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Schematic summary of 2D MOFs and 

             derivatives for electrocatalysis 

OER, Copyright(2018) Wiley-VCH
[40]

; HER, Copyright(2018) Wi-

ley-VCH
[41]

; ORR, Copyright(2019) Wiley-VCH
[42]

; NRR, Copyright(2019) 

Wiley-VCH
[43]

; CO2RR, Copyright(2018) The Royal Society of Chemi-

stry
[44]

; Others, Copyright(2019) American Chemical Society
[45]

.  

2  Synthesis Strategy 

In recent years, the urgent need for high-performance 2D 

MOF nanosheets has greatly promoted the rapid development 

in the field of fabrication and synthesis methods. The fabrica-

tion methods of 2D MOF nanosheets are generally divided into 

two categories, top-down and bottom-up[46―48]. Top-down syn-

thesis is mainly to delaminate the layered MOFs that have been 

synthesized through external force-assisted exfoliation or 

chemical solvent-induced exfoliation, and strip out the MOF 

nanosheets. Bottom-up synthesis is the direct synthesis of 2D 

MOF nanosheets through the control of solvothermal synthesis 

or interface-mediated synthesis. Different synthetic methods 

have their own advantages and disadvantages. The 2D MOF 

nanosheets fabricated by different synthetic methods also exhi-

bit different chemical properties. Next, we will summarize each 

category and enumerate classic representative fabrication me-

thods, including specific fabrication methods and mechanisms, 

corresponding structural features, and insights into the advan-

tages and limitations of the synthesis methods. 

2.1  Top-down Synthesis 

2.1.1  External Force-assisted Exfoliation 

MOFs are crystal structures composed of metal ions and 

organic ligands, but not all crystals form atomic bonds in three 

dimensions[49]. According to the phenomenon that graphite can 

be peeled and layered to produce ultra-thin atomic graphene, 

some MOFs with a layered crystal structure can be physically 

peeled off[50―53]. In 2008, Nielsen et al.[54] reported for the first 

time that metal-organic compounds can be peeled off a single 

layer of nanosheets by ultrasonic vibration. They used a classic 

solvothermal method to prepare Zn(C12H14O4), and the crystal-

lographic analysis proved that the compound was a       

metal-organic layered structure(MOLS). Moreover, there was 

only weak van der Waals force between layers and was no 

strong chemical bond. It was observed through Atomic Force 

Microscope(AFM) images that ultrasonic treatment with dif-

ferent solvents(acetone, ethanol, toluene and 2-propanol) can 

peel off a single layer about 2 nm thick. Therefore, by simply 

adding the external force-assisted exfoliation method, the weak 

interlayer interaction can be easily overcome, and the MOFs 

can be delaminated into 2D MOF nanosheets. 

Cliffe et al.[55] discovered hcp UiO-67, which was a li-

gand-deficient layered analogue. 3D hcp UiO-67 can form 2D 

metal-organic nanosheets hxl UiO-67 by plane shear layering. 

First, hcp UiO-67 was fabricated by solvothermal reaction, 

after 30 min of ultrasonic treatment, the supernatant was eva-

porated after precipitation to obtain 2D hxl UiO-67 sheets. 

Comparing XRD patterns, it can be proved that 2D hxl UiO-67 

sheets are formed from hcp UiO-67 by breaking metal-bpdc2– 

bonds rather than the cleavage of the μ2-OH bonds between the 

clusters. In the next experiment, they also found that when 

washed in hot N,N-dimethylformamide(DMF, 70 °C), 2D hxl 

UiO-67 sheets could be re-coordinated with the remaining 

small amount of ligands to form hcp UiO-67. This further indi-

cated that the Hf-carboxylate bonds between the 3D hcp 

UiO-67 layers could not only be broken by external 

force-assisted, but also be re-bonded after a second reaction. 

This report revealed that there might be some MOFs that could 

complete the bidirectional reversible transition process from 3D 

to 2D to 3D under certain conditions, and proposed a new me-

thod for the structural regulation of MOFs in the future. 
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In addition to the classic solvothermal method for ultra-

sonic peeling, Jayaramulu et al.[40] proposed a new method for 

preparing a large number of stacked Co-ZIF-9(III) nanosheets 

by fully mixing and grinding[Fig.2(A)][40]. Through infrared 

spectroscopy analysis, it was found that hydrophobic benzimi-

dazole groups were distributed on the layer and layer surface of 

the stacked Co-ZIF-9(III) nanosheets. Therefore, by placing the 

stacked Co-ZIF-9(III) nanosheets in ethanol dispersant for full 

ultrasonic dispersion, the weak van der Waals force could be 

overcome, and Co-ZIF-9(III) nanosheet with a thickness of 

only 2 nm was peeled off. From fabrication to peeling of nano-

sheets, the whole process was very simple and fast. An effec-

tive and feasible method was proposed for the future industrial 

mass production of 2D metal-organic frameworks and their 

derivatives. 

Tian et al.[56] used an electric field to assist in situ hy-

drolysis of MOFs into ultra-thin metal oxyhydroxide 

nanosheets[Fig.2(B) and (C)][56]. By reacting 2,5-di(1H-1,2,4- 

triazol-1-yl)terephthalic acid(H2BTTA) ligands with Fe clusters 

or Co-doped Fe clusters, two isomers of MOF(FJI-H25Fe and 

FJI-H25FeCo) with different chemical stability were fabricated. 

Under the assistance of electric field, FeCo-MOF(FJI-H25FeCo) 

was hydrolyzed to produce FeCo-hydroxy oxide 

(FeCo-MOF-EH) nanosheets with a thickness of 3 nm. Further 

research showed that the formation of nanosheets came from 

the following two key processes. (1) FeCo-MOF was easily 

hydrolyzed into FeCo-MOF-H blocks under alkaline conditions. 

(2) The electric field promoted the reorganization of 

FeCo-MOF-H blocks into FeCo-MOF-EH nanosheets. This 

article proposed a new method for preparing metal oxyhydro- 

xide nanosheets with good crystallinity and morphology.  

Ball mill grinding is also one of the methods of external 

force-assisted exfoliation. For example, Peng et al.[57] fabri-

cated a layered Zn2(Bim)3 by solvothermal reaction, and suc-

cessfully peeled off ultra-thin 2D Zn2(Bim)3 nanosheets after 

low-speed grinding with a ball mill and ultrasound in a water 

bath. Wu et al.[58] hydrothermally synthesized Ni(Im)2 with a 

2D layered structure, and then ultrasonically stripped out 2D 

Ni(Im)2 nanometers with various thicknesses(5, 15, 65 and 140 

nm) sheets. This fully exposed the shortcomings of the external 

force-assisted exfoliation method. (1) The thickness of the ex-

foliated nanosheets varies, and the thickness of the exfoliated 

2D MOF nanosheets cannot be selectively controlled[59]. (2) 

The external force-assisted exfoliation method is only applica-

ble to MOFs with weak interlayer interaction[57]. (3) The spal-

ling yield is relatively low[60].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig.2  Schematic representation of 2D Co-ZIF-9(III) nanosheets exfoliated in liquid phase from bulk Co-ZIF- 

9(III)(A), the possible evolution process from FeCo-MOF bulk to FeCo-MOF-EH nanosheets(B) and SEM 

image of FeCo-MOF-EH(C) 

        
  

(A) Copyright(2018) Wiley-VCH
[40]

; (B) and (C) Copyright(2020) Wiley-VCH
[56]

.  

2.1.2  Chemical Solvent-induced Exfoliation 

In order to effectively and accurately peel off the sin-

gle-layer nanosheets, the researchers have proposed a fabrica-

tion method that can regulate the interaction force of the che- 

mical bonds between the layers through a controlling chemical 

reaction, and can specifically peel off the single-layer 2D nano-

structure[61―64]. For example, Chandrasekhar et al.[65] found 

that solvents, such as ethanol and dimethyl sulfoxide(DMSO) 

could break the hydrogen bonds between the layers, causing Cd 

tris(2-pyridylmethyl)amine(Cd-TPA) to exfoliate into 2D na-

nosheets. This improves the potential for structural damage and 

the incompleteness caused by external force-assisted exfolia-

tion, a physical stripping method. Au et al.[66] reported a 

layered Cu(II)-MOF with Kagome lattice[Fig.3(A)]. When the 

layered Cu(II)-MOF was put into an aprotic polar solvent[DMF 

or tetrahydrofuran(THF)] and gradually expanded, the 

cross-section remained unchanged and the longitudinal stretch 

was elongated[Fig.3(B)]. When the interlayer distance of 

Cu(II)-MOF expanded to a certain extent, adding some external 

force to assist stirring can completely peel off the double-layer 

and single-layer mixed nanosheets. In addition to solvents, such 

as ethanol, DMF and DMSO, Ding et al.[67] found that diphenyl 

disulfide(DPDS) could be inserted into layered MOF crystals, 

increasing the interlayer distance from 0.98 nm to 2.26 nm, 

while retaining the layered MOFs crystal structure[Fig.3(C) 

and (D)]. Then excessive trimethylolpropane(TMP) was added 

to the ethanol solution containing Zn2(PdTCPP)(DPDS)2 crys-

tals, and the ultra-thin nanosheets were successfully peeled off 

under the action of reduction reaction and external stirring. This 

proves that the embedded DPDS can effectively strip MOFs 
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into 2D MOF nanosheets through chemical reaction. Moreover, 

the peeling of the nanosheets may be due to the significant 

reduction of the interlayer interaction after removing part of the 

intercalator. 2D MOF nanosheets can be synthesized at a high 

yield(57% yield of 1 nm ultra-thin nanosheets) by controlling 

the peeling of MOFs crystals through intercalator. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Synthesis of kgmSMe and a microscopic image of its green hexagonal crystals(A), snapshots of kgmSMe upon 

expansion in DMF(B), schematic illustration of the overall process developed to produce 2D MOF 

nanosheets via an intercalation and chemical exfoliation approach(C) and experimental PXRD patterns of 

Zn2(PdTCPP) before and after insertion of DPDS along with simulated results considering the preferred 

orientation in the (001) direction(D) 

        
  

(A) and (B) Copyright(2019) American Chemical Society
[66]

; (C) and (D) Copyright(2017) American Chemical Society
[67]

.  

In contrast to the use of solvents for chemical reactions, 

Liu et al.[44] reported a new strategy for thermal strip-

ping[Fig.4(A) and (B)]. First, hexamethylenetetramine(HMT) 

and transition metal clusters(Ni, Co and Cd) were coordinated 

to form metal-hexamine framework(MHF), which was a 

layered topological framework structure. Then, pyrolysis in Ar 

atmosphere resulted in the thermal exfoliation of the layered 

MHF, which was further converted into carbon-based nano-

sheets with a thickness of only 6 nm. By comparing the condi-

tions of the control variables, it was found that NO, CH2O and 

NH3 would be produced during the pyrolysis process. When 

these gases were released, a larger gas pressure was generated, 

which was enough to break the interaction force between the 

MHF layer and the weak hydrogen bond in the layer. Moreover, 

the carbon-based nanosheets exfoliated by pyrolysis have been 

uniformly dispersed in the metal nanoparticles, and the 

N-doping amount was also very high, which was beneficial to 

further improve the electrochemical performance of MHF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
     
Fig.4  SEM images of Ni-HMT MHFs annealed at 200(a), 300(b), and 400 ℃(c), respectively, at a heating rate of 

10 °C/min(A), the schematic of the thermal exfoliated process(B), selective pillar removal and exfoliation of 

a pillared-layer MOF(C) and SEM images of 2D-Co-NS(a) and the corresponding height profile of 

2D-Co-NS(b)(D) 

        
  

(A) and (B) Copyright(2018) The Royal Society of Chemistry
[44]

; (C) and (D) Copyright(2018) Wiley-VCH
[68]

. 

Huang et al.[68] found that when 3D columnar MOF was 

used as an electrocatalyst for water oxidation(pH 13), columnar 

ligands were removed by in-situ oxidation to form 2D-Co na-

nomaterials[Fig.4(C) and (D)]. Through the control experiment, 

it was further found that 3D-Co nanomaterials could be con-

verted into 2D-Co nanosheets(NS) only in the electrolyte solu-

tion under O2 saturation, which showed that the conversion of 

3D-Co nanomaterials was closely related to the oxidizing en-

vironment atmosphere. Comparing the difference in crystal 

structure between the two, it was found that the concentration 
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of 2D-Co-NS active site was 15.1 mol/kg, which was 4 times 

that of 3D-Co nanomaterials. This was because all metal ions in 

2D-Co-NS had two monodentate water ligands, thus signifi-

cantly improving OER performance. 

Although the fabrication method of top-down synthesis is 

simple and convenient, there are also inevitable disadvantages. 

(1) This method is applicable to limited and partially MOFs 

with layered structure, and structural damage may occur during 

the peeling process. (2) The peeling is limited to lower concen-

tration, because the high concentration peeling may cause the 

problem of re-stacking of 2D MOFs. (3) The yield of 2D MOF 

nanosheets generally obtained by top-down synthesis is rela-

tively low. Therefore, for the industrial fabrication of 2D MOF 

nanosheets with uniform thickness, high quality and high out-

put, top-down synthesis method is obviously not feasible. 

2.2  Bottom-up Synthesis 

2.2.1  Solvothermal Synthesis 

Early research has indicated that the shape change of 

MOFs can be adjusted and controlled by adding surfac-

tants[69―71]. Similarly, by adding surfactants that can inhibit 

crystal growth in the vertical direction during the fabrication 

process, 2D MOFs can be successfully fabricated with a con-

trollable thickness[72,73]. The inhibitors commonly reported 

include polyvinylpyrrolidone(PVP)[72―75], pyridine[76], 

4,4'-bipyridine(BPY)[77], monocarboxylic acids(formic acid, 

acetic acid, lauric acid and oleic acid)[78], cationic surfactants 

cetyl trimethyl ammonium bromide(CTAB)[79] and ethyl trime-

thyl ammonium bromide[80]. Moreover, more and more surfac-

tants have been proved through experiments to selectively inhi-

bit crystal growth. For example, Zhao et al.[81] found that the 

carboxyl functional groups in 4,4'-biphthalic acid(BPDC) and 

benzoic acid(BA) could selectively combine with zinc ions, 

increase the steric hindrance, and limit the growth of Zn-TCPP 

MOF[Fig.5(A)].  

Pham et al.[82] synthesized MOF{[Cu2(ndc)2(dabco)]n} 

with different sizes and shapes by adjusting the growth of crys-

tals in different directions by using acetic acid and pyridine. 

The comparative experimental results showed that pyridine 

could inhibit the crystal growth in the [001] direction, and 

acetic acid hindered the crystal growth in the [100] direction. 

Similarly, Lin et al.[83] obtained 2D MOF hexagonal nano- 

plate(defined as HXP) with hexagonal cross-sections but uni-

form thickness changes by adjusting the concentration of pyri-

dine[Fig.5(B)]. Through control variates, it was found that the 

higher the concentration of pyridine was, the smaller the thick-

ness of HXP would be. This was because the original interlayer 

structure of MOF was linked by triethylenediamine(DABCO) 

molecules. Due to the similar molecule size of pyridine and 

DABCO, the pyridine molecule occupied the original coordina-

tion position of the DABCO molecule, which hindered the 

growth of MOF. Zhao et al.[84] reported a smooth ultra-thin 

Zn(bim)(OAc)MOF nanosheets with an average thickness of 

about 5 nm[Fig.5(C)]. The synthesis mechanism of 

Zn(bim)(OAc)MOF nanosheets was analyzed in combination 

with Fourier transform infrared(FTIR) spectroscopy. First, Zn2+ 

was coordinated with gluconate in the solvent. Since the ligand 

had stronger coordination ability with Zn2+, when adding the 

ligand, the gluconate group was occupied by the ligand substi-

tution. However, a small amount of unsubstituted gluconate 

continued to occupy the Zn2+ coordination sites, thereby hin-

dering the growth of crystals in the [100] plane direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Synthesis of 2D metal-organic framework nanodisk(A), schematic illustration for the HXP preparation and 

TEM image of the HXP(B) and schematic illustrations of the synthesis of Zn(bim)(OAc) and 

UT-Zn(bim)(OAc)(C) 

        
  

(A) Copyright(2018) The Royal Society of Chemistry
[81]

; (B) Copyright(2020) American Chemical Society
[83]

;  

        
  

(C) Copyright(2018) The Royal Society of Chemistry
[84]

.  

Li et al.[85] used an appropriate mixed solvent(DMF and 

H2O) to perform solvothermal reaction to synthesize ultra-thin 

Ni-Fe-MOF nanosheets with only 1―2 nm[Fig.6(A) and (B)]. 

Through comparative experiments, it was found that when the 

solvent was only H2O, the hydrothermal product was 

Ni-Fe-MOF with nano flower structure. When the solvent was 

only dimethylacetamide(DMAC), the hydrothermal product 

had a fluffy structure with a certain thickness. The article ex-

plained that H2O in the mixed solvent occupied the metal coor-

dination on the surface of the nanosheet, which limited the 
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structure growth of Ni-Fe-MOF. However, there is still much 

room for exploring the specific mechanism of the formation of 

nanosheets in the hydrothermal method of mixed solvents, 

which needs further investigation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Fig.6  Synthetic procedure for the production of ultra-thin MOF nanosheets and their utilization for the OER(A), 

TEM images of Ni-Fe-MOF nanosheets(B), schematic illustration of the 2D oxide sacrifice approach(2D 

OSA) conversion of M‐ONS with H4dobdc ligand to form M‐MNS(C) and TEM images of FeCo‐MNS(D) 

        
  

(A) and (B) Copyright(2019) Wiley-VCH
[85]

; (C) and (D) Copyright(2019) Wiley-VCH
[86]

.  

The surfactant is generally attached to the surface of MOF 

nanosheets or directly combined with metal ions to achieve the 

effect of inhibiting crystal growth. Therefore, the use of surfac-

tants may reduce the catalytic activity of some active sites. 

Yao’s team[86] proposed a method for preparing ultra-thin 2D 

MOF nanosheets without adding surfactants[Fig.6(C) and (D)]. 

Using metal oxide nanosheets(including single metal oxides Co, 

Ni, Cu and bimetallic FeCo, NiFe, CoCu oxides) as templates, 

a quantitative amount of 2,5-dihydroxyterephthalic acid 

(H4dobdc) was added to synthesize MOF-74 nanosheets by 

solvothermal method. Among them, the thickness of the MOF 

precursor metal oxide nanosheets FeCo-ONS was only 1.2 nm, 

and the thickness of the synthesized FeCo-MOF-74 nanosheets 

was only 2.6 nm, which was one thousandth of the thickness of 

MOF-74 particles synthesized by ordinary solvothermal me-

thod. In addition, through TEM images, it can be observed that 

FeCo-MOF-74 nanosheets had a smooth surface with relatively 

uniform thickness and good dispersion. Without the hindrance 

of surfactant and the structural destruction of exfoliation, the 

structural defects of FeCo-MOF-74 nanosheets on the outer 

surface were reduced to a certain extent, the utilization of Fe 

and Co ions was increased, and the catalytic activity of the 

metal active center was increased. 

It is also a widely used fabrication method to construct 2D 

MOF nanosheets crystals by in-situ solvothermal growth of 

MOFs arrays on a conductive substrate(e.g., carbon cloth,   

Ni foam)[41,87,88]. For example, Wei et al.[89] added Ni foam 

during the reaction of Zn ion, Ni ion, Fe ion and terephthalic 

acid, and the petal-like ultra-thin 2D MOF nanosheets were 

successfully in situ grown on the foam Ni under the action of 

ultrasonic stirring. By adjusting the ratio of Ni and Fe ions, it 

was found that the presence of Ni ions would make MOF tend 

to form the shape of fluffy nanosheets, while the presence of Fe 

ions would make MOF tend to agglomerate nanoparticles or 

amorphous structures. Therefore, when the ratio of Ni ions to 

Fe ions was 7:3, the MOF presented uniformly dispersed fluffy 

petal-shaped ultra-thin nanosheets. Through comparative expe-

riments, it was further proved that the addition of Zn ions was 

conducive to the uniform dispersion of MOF nanosheets and 

the growth of MOF nanosheets, improving the surface area of 

MOF nanosheets and the catalytic performance. Compared 

with the traditional method of electrocatalysis using a binder to 

load 2D MOF nanosheets on a glassy carbon electrode, this 

integrated electrocatalyst showed greater application potential. 

(1) The metal active centers on this integrated conductive cata-

lyst are more evenly distributed and the catalytic effect is better. 

(2) The use of surfactants and the binders to prepare electrodes 

will cause catalysts to lose part of its catalytic activity. (3) It 

can be directly used for electrocatalytic testing without secon- 

dary electrode fabrication, which further simplifies the experi-

mental process. (4) The practical application of 2D MOF na-

nosheets electrocatalysis is further promoted and is moving 

closer to the flexible functional application. 

2.2.2  Interface-mediated Synthesis 

The chemical reaction in the two-phase interface region is 

more unique than the reaction in the bulk phase, and can also 

limit the nucleation and growth of crystals[90,91]. Therefore, 2D 

MOF nanosheets can also be synthesized by controlling the 

crystal morphology and structure through interface-mediated 

synthesis. According to the synthesis method of different  

interfaces, it can be divided into liquid-liquid interface[92,93], 

gas-liquid interface[94], gas-solid interface[95], liquid-solid  
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interface[96], etc. 

When two components with different solubility react with 

each other, the liquid-liquid interface synthesis method is 

usually selected. For example, Rodenas et al.[92] fabricated 

dispersible copper 1,4-phthalate MOF nanosheets by kinetic 

diffusion of a three-layer liquid medium. According to the dif-

ferent density of the three liquids, the metal ions and the ligand 

solution were placed in the top and bottom solvent layers, se-

parated from each other by the solvent layer in the middle. 

Through the slow diffusion of molecules, MOF nanosheets 

were formed in the intermediate solvent layer. Tsukamoto et 

al.[93] synthesized multiple coordination nanosheets(CONASHs) 

with a large sheet size(centimeter level) at the liquid/liquid 

interface[Fig.7(A) and (B)]. The fabrication strategy was to 

dissolve the ligand in CH2Cl2 and place it on the bottom of the 

bottle, then the ligand solution was covered with pure water to 

form a water/oil interface. Then, by slowly pipetting, the 

aqueous solution of Zn(BF4)2 was added to the aqueous phase, 

and a film could be formed at the interface after 5 days. Many 

different nanosheets, such as Cu-BHT[97], Cu-3(btc)[98] and 

Co-THT[99] have been successfully fabricated through the  

liquid-liquid interface synthesis method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  
Fig.7  1-Zn generated at the liquid/liquid interface between Zn(BF4)2 in water(1.3×10–2 mol/L) and ligand 1 in 

dichloromethane(1.0×10–4 mol/L) after 5 days(A), appearances of 1-Zn on a quartz substrate under am-

bient(a), TEM image of 1-Zn(b) and AFM image and its cross-section analysis of 1-Zn on a Si sub-

strate(c)(B), schematic illustration of sublimation-vapor phase transformation mechanism of LDH-MOF 

NS(C) and SEM images of pristine LDH-MOF@NF(D) 

        
  

(A) and (B) Copyright(2017) American Chemical Society
[93]

; (C) and (D) Copyright(2019) Wiley-VCH
[95]

.  

The gas-liquid interface can be used in the synthesis of 

insoluble reactants[100]. The hydrophilic group of the reactant in 

the liquid solvent is combined with the solvent molecule to 

ensure that they are fully spread on the solvent surface, while 

the relatively hydrophobic part faces the reactant in the gas[101]. 

A classic example is that Makiura et al.[94] grew 2D molecular 

thin crystal MOF nanosheets composed of porphyrin building 

blocks and metal ion junctions(NAFS-13) on the air/liquid 

interface. The fabrication strategy was to disperse the PdTCPP 

solution of the molecular building unit directly on the pure 

water subphase, and then the copper ion metal joint solution 

was gently injected into the subphase. Through comparative 

experiments, it was proved that the necessary conditions for 

film formation were that the PdTCPP molecules were packed 

closely and stood vertically at some angle to the air/liquid  

interface. 

The gas-solid interface is a novel fabrication method of 

2D MOF nanosheets. Chen et al.[95] fabricated a vertically 

aligned, uniform and controllable NiFe-based MOF nanosheet 

array(LDH-MOF@NF) using the sublimation-vapor phase 

pseudocrystal transformation(SVPT) method[Fig.7(C) and (D)]. 

First, NiFe-LDH@NF was fabricated by the hydrothermal me-

thod of metal salt mixed urea. Then terephthalic acid(BDC) 

was added to the crucible and NiFe-LDH@NF was added 

above the crucible to avoid direct contact with the ligand. After 

sealing the crucible, it was heated at 350 °C for 1 h under N2 

atmosphere. When the temperature reached the sublimation 

point of BDC, the BDC powder would sublimate into gas, and 

the rising BDC gas would fully react with NiFe-LDH@NF to 

finally obtain LDH-MOF@NF. This fabrication scheme can be 

universally applied to the synthesis of many different metal 

ions and ligands. 

In addition to the three fabrication strategies of       

liquid-liquid interface, gas-liquid interface and gas-solid inter-

face, liquid-solid interface can also synthesize 2D MOF nano-

sheets. Kitagawa et al.[96] reported the successful fabrication of 

Fe(py)2[Pt(CN)4](py=pyridine) by the liquid-solid interface 

method. Using 4-mercaptopyridine as the raw material, ethanol 

solvent mixed with metal ions could form a 2D MOF layer on 

the liquid-solid interface of each cycle. After 30 cycles, a film 

with a thickness of 16 nm could be fabricated. Infrared spec-

troscopy analysis results showed that this fabrication strategy 

could achieve cycle control of film growth. 

2.3  Other Synthesis Method 

The template method can effectively limit the growth of 

MOFs and control the structural changes. By properly design-

ing the template to adjust the synthesis of MOFs, successful 

fabrication of 2D MOF nanosheets can be achieved. For exam-

ple, Huang et al.[102] for the first time combined ZIF with inor-

ganic salt templates to prepare ultra thin ZIF-67 nanosheets. 
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The synthesis of ZIF-67 nanosheets was divided into two parts. 

First, NaCl powder was added during the synthesis of ZIF-67 at 

room temperature, and NaCl@ZIF-67 nanosheets were ob-

tained by evaporating methanol solvent. Then, after carboniza-

tion under the protection of N2 atmosphere, a stable 2D MOF 

derivative carbon nanosheet was obtained, and subsequently 

the NaCl template was removed by repeated washing with 

deionized water. Successful fabrication of ultra-thin 2D nano-

materials required two key conditions, a limited volume of 

solvent and an appropriate ratio of precursor to salt. The sol-

vent was confined in the salt crystallite gap, which effectively 

limited the growth space and direction of ZIF-67. The precursor 

was limited, only enough to supply ZIF-67 nanoparticles’ 

growth along the salt crystallite plane. Consequently, ZIF-67 

particles could not be formed. In addition to this, the pyrolysis 

temperature was particularly important. If the pyrolysis tem-

perature was not high enough, graphitization would be incom-

plete. Therefore, Co ions could not be reduced to Co nanopar-

ticles, and some active sites would be lost in the 

post-processing process, which would reduce the catalytic per-

formance. However, if the pyrolysis temperature was too high 

and exceeded the crystal melting point of NaCl, the full fusion 

of NaCl would reunite the Co nanoparticles, which was not 

conducive to play the catalytic role of Co nanoparticles. There-

fore, a suitable pyrolysis temperature(800 °C) was conducive to 

Co ion reduction and carbon encapsulation, which could pre-

vent agglomeration, achieve the purpose of uniform dispersion, 

and maximize the utilization of active sites. 

Zhu et al.[42] used chemical solvent-induced exfoliation 

method to remove large MoS2 in n-butyl lithium solution to 

strip MoS2 nanosheets, and then the Co-BDC/MoS2 hybrid 

nanosheets were fabricated by reacting the MoS2 nanosheets 

with ligands and metal ions through ultrasonic assisted solution 

method. Recently, Cai et al.[103] successfully fabricated a 2D 

CoFe-MOF by combining 2D layered double hydroxide(LDH) 

with ligands. In addition, graphene oxide(GO)[104,105], 

K0.5Mn2O4
[106], Ni(OH)2

[107], etc. have also been reported as 

templates for the coordinated synthesis of 2D MOF nanosheets. 

3  Electrocatalytic Applications 

Because 2D MOFs have a highly exposed surface area and 

good flexibility, they have shown potential application pros-

pects in many fields[108―110]. Especially in the field of electro-

catalysis, the structure and function of 2D MOFs can be ad-

justed by combining various metal ions and ligands, thus pro-

viding specific excellent performance for electrocatalysis[111,112]. 

The carbonization, oxidation, sulfidation or doping of 2D 

MOFs produces 2D MOF-derivative materials that have more 

unique advantages than 2D MOFs, further improving electro-

catalytic performance[113―115]. In this part, we mainly summa- 

rize the application of 2D MOFs and derivatives in electroca-

talysis, including electrocatalytic water splitting, ORR, CO2RR, 

NRR and other electrocatalytic applications. 

3.1  2D MOFs for Electrocatalysis 

The important materials of electrocatalysts are precious 

metals and their oxides(Pt, RuO2, IrO2, etc.). However, due to 

the high price of precious metals and the scarcity of resources, 

it is necessary to look for electrocatalysts that can replace pre-

cious metals with high efficiency. 2D MOFs have abundant 

unsaturated metal sites and a high specific surface area, which 

has attracted the attention of researchers[37,116]. After years of 

research and exploration, it has successfully opened up a new 

world of 2D MOFs in the field of electrocatalysis.  

3.1.1  Electrocatalytic Water Splitting 

Electrolyzed water is an efficient and sustainable way to 

produce hydrogen and is considered to be an effective method 

for renewable energy production in the future. Electrolyzed 

water consists of two half reactions, HER and OER. HER is a 

two-electron transfer reaction, and OER is a 

four-electron-proton coupling reaction, which requires a higher 

overpotential[117,118]. The design and synthesis of 

high-efficiency OER catalysts is the key to improving the effi-

ciency of hydrogen production from electrolyzed water. At 

present, the most effective OER catalysts are RuO2 and IrO2, 

but they are expensive, scarce in resources and poor in stability, 

and are not ideal catalysts[119].  

Transition metals have the advantages of abundant re-

serves and low cost. Most MOFs are composed of transition 

metals. For example, Rui et al.[120] anchored Fe-MOF nanopar-

ticles to NiCo-MOF nanosheets and used the synergistic effect 

between NiCoFe to directly catalyze OER without annealing. 

Similarly, Li et al.[85] used bottom-up solvothermal methods to 

prepare Ni-M-MOF nanosheets(NSs) with a thickness of only a 

few atomic layers(M=Fe, Al, Co, Mn, Zn and Cd), and can be 

used directly for OER. Among them, Ni-Fe-MOF NSs had the 

best OER performance, and the overpotential was only 221 mV 

at a current density of 10 mA/cm2. Through X-ray photoelec-

tron spectroscopy(XPS) comparative analysis, it was found that 

the peaks of Ni2p and Fe2p of Ni-Fe-MOF NSs moved to a 

higher binding energy compared to Ni-MOF NSs, which indi-

cated that the introduction of Fe improved the electrocatalytic 

performance. The following density functional theory(DFT+U) 

calculations showed that the overpotential of Fe site on OER 

was significantly lower than that of Ni site, which further 

proved that high-active Fe might replace part of Ni site and 

Ni-Fe-MOF NSs showed higher electrocatalysis active.  

Recently, Cai et al.[103] successfully fabricated a 2D 

CoFe-MOF by combining 2D layered double hydroxide(LDH) 

with ligands[Fig.8(A)]. Because of the synergistic effect of Co 

ions and Fe ions, and the structural advantages of 2D 

CoFe-MOF, 2D CoFe-MOF has excellent performance in elec-

trocatalytic water oxidation[Fig.8(B)]. In addition, 

NiFe0.2Co0.3-ZIF[121], NiFe-UMNs[122], NiCo-UMOFNs[123] and 

Ni0.75Fe0.25BDC[124] have all used binary, even ternary metals to 

increase the active site to improve OER performance.  

In recent years, reports about the combination of 2D MOF 

nanosheets and conductive carriers to improve the low conduc-

tivity of MOFs have emerged as a new strategy for synthesizing 

high-efficiency electrocatalysts. Typically, Sun et al.[41] used 

solvothermal methods to grow MIL-53(Fe) in situ on Ni 

foam[Fig.8(C)]. However, due to the addition of ligand BDC, 
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the mixed solution was weakly acidic(pH 5). The Ni metal in 

the Ni foam was etched into Ni and Fe ions to react with the 

ligand to form a tightly stacked Ni foam MIL-53(FeNi) nano-

sheets array. XRD, XPS and FTIR spectroscopy could fully 

prove that MIL-53(FeNi) was successfully loaded on Ni foam. 

At a high current density of 50 mA/cm2, MIL-53(FeNi)/NF 

only had an overpotential of 233 mV, and the Tafel slope was 

only 31.3 mV/dec[Fig.8(D)]. In addition, after 1000 cycles of 

cyclic voltammetry(CV) in 1.0 mol/L KOH electrolyte, the 

polarization curve was basically unchanged, showing excellent 

stability. Compared with the traditional method of electrocata-

lysis using a binder to load 2D MOF nanosheets on a glassy 

carbon electrode, this integrated electrocatalyst showed greater 

application potential. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
   
Fig.8  Schematic illustration for the ligand-assisted transformation to prepare 2D-MOFs(A), polarization curves(a) 

and corresponding Tafel(b)(B), schematic illustration of the fabrication procedure of MIL-53(FeNi)/NF(C) 

and polarization curves(D) 

        
  

(A) and (B) Copyright(2020) The Royal Society of Chemistry
[103]

; (C) and (D) Copyright(2018) Wiley-VCH
[41]

.  

The other half reaction of electrolyzed water is HER, and 

there are few reports on the high performance of MOFs in the 

HER catalytic reaction, which indicates that the application of 

MOFs in HER is still in a preliminary stage to be explored. The 

precious metal Pt is considered to be the current highly effec-

tive HER catalyst. Rui et al.[45] deposited Pt on 2D Ni-MOF 

nanosheets to obtain Ni-MOF@Pt[Fig.9(A)]. The surface of 

Ni-MOF nanosheets contained a large amount of oxygen atoms 

with unpaired electrons, which provided sufficient favorable 

conditions for Pt deposition. Therefore, the loading of Pt in 

Ni-MOF@Pt reached 20%(mass fraction). Both the 0.5 mol/L 

H2SO4 acid electrolyte and the 1 mol/L KOH alkaline electro-

lyte showed better HER electrocatalytic performance than 

standard Pt/C electrode[Fig.9(B)].  

Recently, Zhu et al.[42] used MoS2 nanosheets as templates 

to react with ligands and metal ions to prepare Co-BDC/MoS2 

hybrid nanosheets[Fig.9(C)]. It could be clearly observed from 

scanning   electron   microscope(SEM)   images   that 

Co-BDC/MoS2 hybrid nanosheets perfectly inherited the origi-

nal morphology of MoS2 nanosheets[Fig.9(D)]. XRD also fur-

ther proved that Co-BDC was successfully fabricated on the 

basis of MoS2 nanosheets. In electrochemical tests, the HER 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Schematic illustration for the preparation of the 2D MOF@Pt heterostructure(A), polarization curves of 

electrocatalysts in 0.5 mol/L H2SO4(a) and 1 mol/L KOH(b)(B), schematic of the synthesis process for 

Co-BDC/MoS2 hybrid nanosheets(C), TEM image of Co-BDC/MoS2 nanosheets(D), and LSV curves of 

electrocatalysts in 1 mol/L KOH(a) and LSV curves of Co-BDC/MoS2 recorded before and after 2000 CV 

cycles(inset: the chronopotentiometric response of Co-BDC/MoS2 at a constant current density of –10 

mA/cm2 for 15 h)( b)(E) 

        
  

(A) and (B) Copyright(2019) American Chemical Society
[45]

; (C) and (D) Copyright(2019) Wiley-VCH
[42]

.  
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performance of Co-BDC/MoS2 hybrid nanosheets was much 

higher than that of Co-BDC and MoS2, with good stability 

[Fig.9(E)]. This proved that the composite fabrication of 

Co-BDC and MoS2 could enhance the electrocatalytic activity, 

and proposed a creative strategy for the composite fabrication 

of MoS2 and various other MOFs. Similarly, 

Au/CoFe-MOFNs[125], THAT-Co/G[126], AB&CTGU-5[127] and 

NiBTC/Ni foam[88] were all compounded with MOFs and 

highly conductive materials to improve HER performance. 

Recently, Ji et al.[128] used the first-principles calculations and 

screened out 6 of 36 2D π-conjugated metal-organic nano-

sheets(Rh-N, Ir-N, Ru-O, Rh-O, Co-S and Pd-S) HER potential 

catalyst. This provided an important theoretical basis for the 

future design of single-atom catalyst synthesis.  

Catalysts with HER and OER catalytic functions can be 

used as both cathode and anode catalytic materials. When as-

sembled, they can form a complete electrolytic cell[89,118]. Duan 

et al.[87] reported a fabrication strategy for depositing MOFs on 

Ni foam to form 2D MOF nanosheets[Fig.10(A)]. Electro-

chemical tests were carried out in 0.1 mol/L KOH electrolyte 

environment. Compared with Fe-MOF/NF, Ni-MOF/NF and 

calcined NiFe-MOF/NF, it was found that the original 

NiFe-MOF/NF had the best performance. When using 

NiFe-MOF/NF as the cathode and anode, only a voltage of  

1.55 V was needed to achieve a current density of 10 mA/cm2, 

which was better than the standard noble metal electrode for 

water electrolysis[Fig.10(B)]. Xu et al.[43] found that ultra-thin 

Ni-ZIF/Ni-B nanosheets could be easily synthesized by a sim-

ple room temperature boronization of Ni-based ZIF[Fig.10(C)]. 

OER and HER tests were carried out in the 1.0 mol/L KOH 

electrolyte environment and Ni-ZIF/Ni-B nanosheets only re-

quired 234 and 67 mV overpotentials to achieve a high current 

density of 10 mA/cm2. In the alkaline electrolytic cell, 

Ni-ZIF/Ni-B@NF could be directly used as the anode and ca-

thode of the overall water splitting without secondary sample 

fabrication. It only needed 1.54 V to complete the high current 

density work of 10 mA/cm2[Fig.10(D)], which was better than 

the overall water splitting catalyst materials of transition   

metal-based MOF reported so far. Although, 2D MOF nano-

sheets have made some research progress on the overall water 

splitting catalytic performance, but there is still a long way to 

go for the practical application of clean energy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  Synthetic process of MOF nanosheet array with SEM images(scale bars: 1 mm)(a)(A), LSV plots of a full 

electrolytic cell using two NiFe-MOF electrodes obtained at 10 mV/s in 0.1 mol/L KOH(a) and the 

two-electrode electrolytic cell obtained before and after 20 h chronoamperometric tests at a cell voltage of 

1.5 V(inset: corresponding chronoamperometric plot)(b)(B), schematic illustration of the synthetic process 

of Ni-ZIF/Ni-@NF(C), and the polarization curves of Ni-ZIF/Ni-B@NF-4||Ni-ZIF/Ni-B@NF-4, and 

Pt/C@NF||IrO2/C@NF for overall water splitting at a scan rate of 1 mV/s(a) and the duration test of 

Ni-ZIF/Ni-B@NF-4 for water splitting at a controlled potential of 1.54 V(b)(D) 

         
  

(A) and (B) Copyright(2019) Nature Publishing Group
[87]

; (C) and (D) Copyright(2017) Wiley-VCH
[43]

.  

3.1.2  Oxygen Reduction Reaction(ORR) 

Different from OER, ORR is a catalytic process that   

reduces O2 to produce H2O2 or H2O. In this process, not only 

the four-electron reduction reaction, but also the inevitable 

two-electron reduction reaction occurred[129]. The presence of 

the two-electron reduction reaction reduces the ORR reaction  

efficiency, and the intermediate product H2O2 will destroy the 

catalyst activity and accelerate the aging of the fuel cell. The 

advantages of MOFs in structure and physicochemical proper-

ties coincide with the necessary conditions for enhancing the 

catalytic activity of ORR. ORR electrocatalysts can be de-

signed by pyrolyzing MOFs, adding graphene oxide and other 

compounds. But there are few reports on 2D MOF nano-

sheets[117,130].  

Recently, it was reported that Zhong et al.[131] synthesized 

a new type of 2D conjugated MOF by solvothermal method 

with 2,3,9,10,16,17,23,24-octahydroxyphthalocyaninato copper 

and cobalt ions. The large amount of exposed Co was defined 

as the efficient ORR active site of PcCu-O8-Co. In addition, the 

ORR performance of the composite material after mixing 

PcCu-O8-Co and carbon nanotubes was further improved. In 

addition to metal active sites, Ni-N4 in 

Ni3(hexaiminotriphenylene)2 2D MOF has also shown to be an 

active catalyst for ORR[132] and can be used in zinc-air battery 

devices, providing efficient discharge functions. 

3.1.3  CO2 Reduction Reaction(CO2RR) 

CO2 is one of the main products produced by the burning 

of fossil fuels and the source of contemporary global    
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greenhouse environmental problems. The development of clean 

energy is still urgently needed to be explored, but the use of 

fossil fuels to cause large amounts of CO2 emissions is still 

inevitable. If CO2 can be captured and converted into available 

carbon resources, this will maximize the recycling of energy. 

CO2RR is the reduction of CO2 to CO, CH4, C2H4, alcohols and 

other reusable carbon resources through catalytic reac-

tions[99,133―135]. CO2 reduction involves more complex multi- 

electron reactions, and correspondingly, a greater energy barrier 

needs to be overcome[136]. Using the advantages of the porous 

structure and high specific surface area of MOFs to design 2D 

MOF nanosheets catalysts can expose more active sites and 

improve the efficiency of CO2 reduction[137,138].  

For example, Wu et al.[58] reported a 2D Ni(Im)2 nano- 

layered structure based on Ni ions and imidazole ligands syn-

thesized under hydrothermal conditions[Fig.11(A) and (B)]. 2D 

Ni(Im)2 nanosheets with different thicknesses were peeled off 

with ultrasonic vibration. By electrolyzing 2D Ni(Im)2 nano-

sheets with different thicknesses at different potentials, it was 

proved that the thinner the 2D Ni(Im)2 nanosheets were, the 

higher the electron transfer exchange rate would be. Corres-

pondingly, the larger the carbon monoxide partial current den-

sities were, the better the CO2RR performance would 

be[Fig.11(C)]. Analogously, Wu et al.[139] designed cathodized 

copper porphyrin MOF nanosheets with Cu ions and porphyrin 

ligands, which could selectively and efficiently reduce formic 

acid and acetic acid. In addition to Ni and Cu, there were also 

reports on the use of Ag with high active sites to construct 

highly efficient CO2 electroreduction catalysts 

[Fig.11(D)―(F)][140]. However, based on the problem of per-

manent use of catalytic materials, the catalytic stability of 2D 

MOF nanosheets needs to be further explored and improved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
      
Fig.11  Scheme of the liquid exfoliation process(A), TEM image of 2D Ni(Im)2-5 nm(B), potential-dependent fa-

radaic efficiencies of CO(a) and potential-dependent CO partial current densities(b)(C), schematic illu-

stration of Ag2O/layered ZIF synthesis(D), TEM images of the Ag2O/layered ZIF(E) and LSV curves of 

different catalysts in CO2-saturated 0.25 mol/L K2SO4 at the scan rate of 50 mV/s(F) 

         
  

(A)―(C) Copyright(2019) The Royal Society of Chemistry
[58]

; (D)―(F) Copyright(2017) The Royal Society of Chemistry
[140]

.  

3.1.4  Other Electrocatalytic Applications 

In addition to the electrocatalysis of OER, HER, ORR and 

CO2RR summarized above, 2D MOF nanosheets are also in-

volved in other electrocatalytic reactions, including alcohol 

oxidation[141], glucose oxidation[142], urea oxidation[143] and so 

on[144,145]. Recently, Xu et al.[146] used solvothermal methods to 

grow Ir-doped Ni-MOF ultra-thin nanosheets on Ni foam in 

situ. The NiIr-MOF/NF composite electrode can be directly 

used in the electrocatalytic reaction of urea oxidation without 

secondary electrode fabrication. In addition, Ir and Ni on the Ni 

foam were evenly distributed, which increased the active area 

and the electron transfer rate. Wang et al.[144] have developed a 

trimetallic 2D MOF(NiCoFe-CAT), whose electrocatalytic 

oxidation performance for benzylamine was currently the best 

among the known MOF-based catalysts. A high yield of   

benzonitrile[0.058 mmol/(mg·h)] and Faraday efficiency    

(ca. 87%) were achieved in the 1.45 V benzylamine elec-

tro-oxidation reaction. This was mainly due to the multi-metal 

ions(Ni, Co and Fe) in NiCoFe-CAT, which provided abundant 

active sites. 

3.2  2D MOF-derivatives for Electrocatalysis 

Although 2D MOF nanosheets have abundant unsaturated 

metal sites and high specific surface area, the disadvantages of 

poor conductivity and low mass permeability severely limit 

their use in electrocatalysis for cycle stability[28]. The research 

in recent years has shown that 2D MOF-derivatives obtained by 

carbonizing, oxidizing, vulcanizing and doping 2D MOFs can 

improve the inherent disadvantages of 2D MOFs[113―115]. 2D 

MOF-derivatives not only have the advantages of high specific 

surface area and structural designability of MOF precursors, 

but their carbon-based structure is also more conducive to im-

proving the durability of the catalyst and optimizing the elec-

trocatalytic performance of the catalyst. In this section, 2D 

MOF-derivatives for electrocatalysis are classified and summa-

rized using classic catalytic reactions. 

3.2.1  Electrocatalytic Water Splitting 

Electrochemical water splitting presents new possibility 

for the industrial mass production of green new energy hydro-

gen. Due to the poor water stability of most MOFs, structural 
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collapse occurs during the process of electrolyzing water, 

which affects the later catalytic efficiency of MOFs electro- 

catalysts. In 2008, Xu et al.[147] first pyrolyzed MOFs to pro-

duce porous nanocarbons with high specific surface area and 

excellent electrochemical performance, and proposed an inno-

vative MOF-derivative material fabrication strategy. Since then, 

the door of MOF-derivatives in the direction of electrocatalytic 

water splitting has been opened. 

High temperature calcination in an inert atmosphere can 

reduce a large number of metal atoms to metal NP, optimize the 

electronic structure, and enhance the electrocatalytic activity of 

MOF-derivatives. For example, Gao’s team[148,149] used pyroly-

sis and oxidation of multi-metal MOF to form nanoflowers 

stacked with carbon-based nanosheets. The nanoflowers had 

ultra-thin nanosheet petals and showed a high specific surface 

area. The carbonized and oxidized nanosheets also showed a 

porous structure, which was beneficial to expose more active 

sites. Assuredly, MOFs could also be grown in situ on a con-

ductive carrier template(such as carbon cloth, Ni foam, etc.), 

and then they were pyrolyzed to form a carbon-based nanosheet 

array[150―153]. This integrated electrocatalyst had excellent 

flexibility and plasticity. After carbonization, it could still 

maintain high electrocatalytic performance after 20 h of stabi- 

lity test, which indicated that the electrocatalyst had better  

stability.  

MOFs usually introduce some heteroatoms before pyroly-

sis. During pyrolysis, heteroatoms are directly and uniformly 

doped into the carbon matrix of MOF-derivatives through or-

ganic ligands. The doping of heteroatoms will cause the elec-

tronic structure of metal atoms in MOFs to change, resulting in 

highly conductive and stable compounds, such as nitrides and 

phosphides, which will help to improve the activity and stabili-

ty of electrocatalysis. At present, the heteroatoms reported for 

doping include N[83,152,154], S[76,152], P[155], B[43], metal ele-

ments[156,157] and so on. Typically, Jiang et al.[155] produced 

ultra-thin 2D MOF nanosheets by interfacial diffu-

sion[Fig.12(A)]. P-Doped 2D MOF nanosheets were pyrolyzed 

in Ar atmosphere at 300 °C, and a 2D bimetallic phospho-

rus-doped ultra-thin carbon nanosheet was successfully synthe-

sized. By adjusting the ratio of bimetallic Co and Fe, the au-

thors found that adding a certain amount of Fe ions could make 

nanosheets thinner, which could promote the oxidation of CoP 

nanoparticles and improve the catalytic performance of OER. 

But when the added Fe ion exceeded a certain proportion, it 

would cause the metal ion to agglomerate, which was not con-

ducive to the uniform dispersion of the active sites. Therefore, 

when the ratio of Co to Fe was 7:3, the OER performance of 

the carbonized MOF-derivatives reached the best(current  

density j=10 mA/cm2, overpotential of 270 mV, and the Tafel 

slope of 27 mV/dec)[Fig.12(B)]. The 2D MOF nanosheets after 

carbonization successfully maintained the ultra-thin nanosheet 

structure of the MOF precursor, which was conducive to the 

rapid exchange of electrons in the electrolyte and improved the 

conductivity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
   
Fig.12  Photographs of a glass test tube at the initial stage of MOF synthesis and after 24 h(layers labeled as 1, 2, 

and 3 corresponding to the solution of Co2+/Fe2+ ions, the spacer layer and the BDC solution, respective-

ly)(a), schematic illustration of the MOF assembling process at layer 2(b) and schematic illustration of the 

preparation of Co1–xFexP/C nanosheets(c)(A), LSV curves(a) and the corresponding Tafel plots(b) of 

Co1–xFexP/C nanosheets and commercial RuO2 catalyst in 1 mol/L KOH solution(B), schematic illustration 

of the preparation strategy of 2D N-doped Ni-Ni3S2@carbon nanoplates from Ni-based MOFs precur-

sor(C) and LSV curves of Py-1@SNC600 and Py-1.5@SNC600 at a scan rate of 5 mV/s(D) 

         
  

(A) and (B) Copyright(2018) The Royal Society of Chemistry
[155]

; (C) and (D) Copyright(2019) Wiley-VCH
[76]

.  

Recently, Lin et al.[76] synthesized 2D Ni-Ni3S2 carbon 

nanoplates using 2D Ni-based MOF nanosheets as tem-

plates[Fig.12(C)]. In the process of synthesizing MOFs, NiSO4 

not only provided Ni ions, but SO4
2– was also used as a source 

for the internal supply of S during pyrolysis of 2D Ni-based 

MOF nanosheets. The 2D Ni-based MOFs used 4,4′-bipyridine 

as the ligand. During the carbonization process, the N atoms in 

4,4′-bipyridine were evenly anchored in the carbon matrix to 

form a small amount of N-doping. In 1 mol/L KOH electrolyte, 

Ni-Ni3S2 carbon nanoplates required an overpotential of 284.7 

mV to achieve a high current density of 10 mA/cm2[Fig.12(D)]. 

Wang et al.[154] reported a Zn-based bimetallic MOF   
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fabricated by a solvent-free molten salt method. Zn-based bi-

metallic MOF was carbonized at 900 °C to obtain bifunctional 

N-doping monometallic porous carbon nanosheet materials 

with HER and ORR. In the ORR test, the initial overpotential 

of Fe-NC was –0.963 V, which was 6 mV lower than the initial 

overpotential of Pt/C. In 0.1 mol/L KOH electrolyte, Co-NC 

only needed an overpotential of –255 mV to achieve a current 

density of –10 mA/cm2. Moreover, after continuous 20000 s 

electrocatalytic cycle, Fe-NC and Co-NC could still maintain 

more than 90% of the electrocatalytic activity. The excellent 

electrocatalytic performance of single-metal nitrogen-doped 

porous carbon nanosheet materials was inseparable from the 

support of the following aspects. (1) The complete escape of Zn 

ions under high temperature pyrolysis made the surface of car-

bon nanosheets uniformly distributed in a 15-nm hole. These 

abundant nanopores increased the specific surface area, so that 

more active sites were fully exposed, which was conducive to 

improving the electron transfer rate. (2) There were both ze-

ro-valent metals and multiple metal oxides in single-metal ni-

trogen-doped porous carbon nanosheet materials. This was a 

necessary condition for the carbon nanosheet material to have 

dual functions of HER and ORR. (3) The single-metal nitro-

gen-doped porous carbon nanosheet material contained N 

atoms with a doping content(mass fraction) of up to 4%, which 

provided abundant active sites for electrocatalysis. (4) The 

metal ions under the carbon encapsulation were evenly dis-

persed, which avoided the rapid loss under the initial catalysis 

and improved the stability and durability of the single metal 

nitrogen-doped porous carbon nanosheet material. 

In addition to the nitrogen doping and phosphorus doping 

methods listed above, 2D MOF-derivatives can be combined 

with other low-dimensional carbon materials to design compo-

site materials. For example, Srinivas et al.[158] reported a com-

posite material of MOFs and carbon nanotubes[Fig.13(A)]. 

FeNi3 and Fe3O4 nanoparticles were evenly dispersed on 2D 

MOF-derivatives and 1D carbon nanotubes by pyrolysis. OER 

and HER tests were carried out by glassy carbon electrodes. 

When the overpotentials were 234 and 108 mV for OER and 

HER, respectively, the current density could achieve 10 

mA/cm2. Furthermore, after 20-h long-term electrolyzed water 

testing, it was proved that the stability of the 2D 

MOF-derivative composite was good. When this material was 

used as anode and cathode to construct an integral wa-

ter-splitting electrolysis cell(the load is 0.28 mg/cm2), only 360 

mV overpotential was required to achieve a current density of 

10 mA/cm2.This is higher than the efficiency of electrolyzing 

water with noble metal Pt as the cathode and RuO2 as the 

anode(overpotential of 393 mV at a current density of 10 

mA/cm2)[Fig.13(B)]. This work proposed a novel 2D and 1D 

mutually assisted composite material, which provided sufficient 

evidence that MOF electrocatalysts could completely replace 

precious metal catalysts in the future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.13  Two-step fabrication process of FeNi3-Fe3O4 NPs/MOF-CNT NPs(A), polarization curves of FeNi3-Fe3O4 

NPs/MOF-CNT and FeNi3-Fe3O4 NPs/MOF as both the cathode and anode, and noble-metal catalyst 

combination(Pt/C and RuO2) for overall water splitting in 1.0 mol/L KOH(a) and amperometric j-t curve 

at the overpotential of 360 mV(b)(B), electric-field assisted in-situ hydrolysis of MOF bulk into ultra-thin 

MOOH nanosheets for efficient oxygen evolution(C) and LSV curves of electrocatalysts(a) and galvano- 

static measurements of FeCo-MOF-EH and IrO2 at a constant current density of 10 mA/cm2(b)(D) 

         
  

(A) and (B) Copyright(2020) American Chemical Society
[158]

; (C) and (D) Copyright(2020) Wiley-VCH
[56]

.  

Recently, Tian et al.[56] fabricated FeCo-MOF-EH nano-

sheets in situ on Ni foam, showing excellent OER perfor-

mance[Fig.13(C)]. At a current density of 10 mA/cm2, it 

showed an extremely low overpotential of 231 mV[Fig.13(D)]. 

The Tafel slope was only 42 mV/dec，and Cdl value was 105.8 

mF/cm2. Concurrently, it had a long-term durability of more 

than 30 h. This work not only provided a new strategy for the 

ultra-fast and easy preparation of low-cost and efficient OER 

electrocatalysts, but also provided a new method for preparing 

metal oxyhydroxide nanosheets with good crystallinity and 

morphology. This was a new way to mildly synthesize nano- 

scale derivatives from MOF materials. 

3.2.2  Oxegen Reduction Reaction(ORR) 

Zinc-air battery has a higher energy density than Li ion, 

and the manufacturing cost is relatively low. It is the most po-

tential green and efficient battery device in the future[159]. At 

present, one of the biggest challenges facing zinc-air batteries 

is that the efficiency of the air catalyst(ORR) is not high 

enough. In particular, the four-electron process in ORR mainly 

relies on highly exposed active sites. Therefore, the fabrication 
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of high-performance ORR catalysts requires a combination of 

intrinsic(selecting appropriate MOFs as precursors) and extrin-

sic(design heteroatom doping)[160,161].  

Classically, MOFs are grown in situ on layered double 

hydroxide(LDH), graphene oxide(GO) and other templates. 

Then pyrolysis is used to form a porous carbon-based 

MOF-derivative network structure[162―164]. The size of these 

MOF-derivative nanoplates is large, and the surface forms a 

rich and uniform honeycomb due to the escape of metal ions, 

which is conducive to improving the exchange rate of electrons. 

Huang et al.[102] combined ZIF with inorganic salt templates for 

the first time to prepare ultra-thin ZIF-67 nanosheets, and ob-

tained stable 2D MOF-derivatives carbon-based nanosheets 

after pyrolysis. Comparing the ORR electrocatalytic activity at 

different pyrolysis temperatures, it was found that the pyrolysis 

products performed best at 800 ℃. The Eonset and E1/2 of 

Co,N-C NS-800 were calculated to be 0.938 and 0.869 V, re-

spectively, which had better catalytic performance than com-

mercial precious metal standard Pt/C electrode. The methanol 

tolerance test was added in the 3000 cycles of durability test. 

The results showed that, compared with the standard Pt/C elec-

trode, Co,N-C NS-800 had better resistance to methanol  

etching. In addition, Co,N-C NS-800 had excellent long-term 

stability, and the initial current density can still be maintained 

above 98% after continuous operation for 36000 s. The out-

standing ORR catalytic performance of Co,N-C NS-800 was 

inseparable from the fabrication design strategy. The high spe-

cific surface area of the 2D structure, the rich porous structure, 

and the uniform distribution of carbon-encapsulated active sites 

all laid the foundation for improving the catalytic activity of the 

catalyst.  

Lately, Zhang et al.[165] proposed to use polydopa-

mine(PDA) to optimize Zn and Co-ZIF pyrolysis to prepare 

hollow cactus-like CS/CNT electrocatalyst for ORR[Fig.14(A)]. 

The entire fabrication strategy was simple and easy to operate. 

A certain amount of PDA was added when stirring at room 

temperature to prepare Zn,Co-ZIF. Due to the limitation of 

PDA, a hollow cactus-like CS/CNT structure was formed du- 

ring pyrolysis. By controlling the amount of added PDA, it was 

proved that increasing the amount of added PDA was condu-

cive to controlling ZIF to form a large cavity, and the thicker 

outer layer of PDA could generate rich carbon nano-

tubes[Fig.14(B)]. These were conducive to accelerating the rate 

of electron conduction. The pyrolysis temperature condition 

was more important. The higher pyrolysis temperature was 

beneficial to the reduction of Co ions and the graphitization of 

the structure, but the structure was destroyed when the tempe- 

rature exceeded 1000 °C. Therefore, the ORR performance of 

the pyrolyzed CS/CNT at 900 °C was the best, which could be 

comparable with the commercial standard Pt/C electrode 

[Fig.14(C)]. The article also used the rotating disk elec-

trode(RRDE) test to calculate the yield of H2O2 and explore the 

principle of the catalyst’s oxygen reduction reaction. Among 

them, the H2O2 yield of the 0.5-CS/CNTs-9 sample was the 

lowest, but higher than the Pt/C yield. This showed that the 

four-electron reduction reaction of 0.5-CS/CNTs-9 is favoura-

ble, but there is also two-electron reduction reaction. After 

20000 s of stability test with 0.1 mol/L KOH electrolyte with 

saturated O2, 0.5-CS/CNTs-9 could still maintain 98% electro-

catalytic activity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  
Fig.14  Schematic illustration of the formation process of CS/CNTs(A), TEM images of ZIFs@PDA(a) and 

0.5-CS/CNTs-9(b)(B) and polarization curves of electrocatalysts(a), long-term durability of 0.5-CS/CNTs-9 

in O2-saturated 0.1 mol/L KOH solution(b) and methanol tolerance of 0.5-CS/CNTs-9 in O2-saturated 0.1 

mol/L KOH solution(c)(C) 

          
 
Copyright(2019) The Royal Society of Chemistry

[165]
.  

Wang et al.[166] reported a method for directly converting 

3D In-based MOF(CPM-5) into 2D Co,N-doped carbon nano-

sheets(NCNS-Co0.5In0.5) by pyrolysis. Co(NH3)6
3+ ions were 

added before CPM-5 pyrolysis to obtain Co(NH3)6@CPM-5 

because Co(NH3)6
3+ ions could provide Co and N doping 

sources in the subsequent pyrolysis process. At 400 °C, CoIn2 

alloy was formed in the material. However, as the temperature 

continued to increase, the amino and CoIn2 alloys in the struc-

ture evaporated and were taken away by the flow of inert gas. 

This caused the original MOF structure to collapse, and a large 

number of mesopores and micropores were formed, which was 

beneficial to increase the electron diffusion rate and the ORR 

electrocatalytic activity. In the report, the authors compared the 

ORR performance of NCNS-Co0.5In0.5 with a commercial 



  WEN Jinguli et al. 15 

 

standard Pt/C electrode. NCNS-Co0.5In0.5 achieved a half-wave 

potential of 0.82 V, and the Eonset was only 0.91 V, which was 

20 mV lower than the standard Pt/C electrode. Besides, after 20 

h continuous catalytic testing, NCNS-Co0.5In0.5 still maintained 

more 92.76% of the electrocatalytic activity, which was over  

10% more stable than Pt/C. The assembled Zn-air battery de-

vice could provide 25 diode lamps to emit power. In addition, 

the open circuit potential of NCNS-Co0.5In0.5 is comparable to 

commercial standard Pt/C electrodes. This report provided a 

new strategy for the conversion of other In-based MOFs into 

2D MOF-derivatives with excellent electrocatalytic properties. 

Consequently, compared with 2D MOFs, 2D MOF-    

derivatives have some more unique advantages. (1) 2D 

MOF-derivatives not only retain the size structure and high 

specific surface area of MOF, but also further enrich the porous 

structure after carbonization[167]. (2) The carbon matrix pyro-

lyzed from organic ligands has high conductivity, which is 

conducive to improving the disadvantages of poor conductivity 

of 2D MOFs and the electron transfer efficiency during elec-

trocatalysis[168―170]. (3) Various heteroatoms can be directly and 

uniformly doped into the carbon matrix of 2D MOF-derivatives 

after pyrolysis through organic ligands. The heteroatoms them-

selves can not only become catalytic active sites, but also inte-

ract with other metal ions, thereby generating more active 

sites[171]. (4) During the pyrolysis process, the metal ions are 

converted into metal nanoparticles coated with carbon, which is 

conducive to uniform distribution and prevents metal ions from 

agglomerating. In addition, the carbon encapsulation avoids the 

rapid loss of metal active sites in the initial stage of catalysis, 

and improves the stability and durability of 2D 

MOF-derivatives[73,172].  

4  Conclusions and Outlook 

In summary, this paper reviews the research progress of 

2D MOFs and derivatives for electrocatalysis in recent years, 

mainly including electrocatalytic water splitting, ORR, CO2RR 

and other catalytic reactions. It categorizes and summarizes 

classic representative fabrication methods, including specific 

fabrication methods, mechanisms, corresponding structural 

features, and insights into the advantages and limitations of the 

synthesis methods. The explosive development of MOFs in the 

past few years proves that 2D MOFs and derivatives are the 

most potential electrocatalysts. They may play an important 

role in the future of new energy and mitigate environmental 

problems. 

In the past several years, although there are still some 

challenges, the application of 2D MOFs and derivatives in 

electrocatalysis has made great progress. By designing the 

chemical composition of MOFs, adjusting the ratio of 

non-noble metal ions or combining with a variety of conductive 

carriers to form composite materials, many highly efficient 

electrocatalysts based on non-noble metals have been deve- 

loped. The electrocatalytic properties of various 2D MOFs and 

derivatives materials are comparable to those of commercial 

standard precious metal Pt/C electrodes. Some are even better 

than precious metal Pt/C electrodes. Great progress has been 

made in the design and fabrication of the bifunctional electro-

catalysts of ORR and OER. However, during the charging and 

discharging process, the air electrode of the zinc-air battery 

would inevitably undergo a small amount of oxidation reaction, 

which is detrimental to the cycle stability of the zinc-air battery 

device. In addition, 2D MOFs and derivatives for electrocataly-

sis mostly focus on the application of the three aspects of HER, 

OER and ORR. For other aspects of electrocatalytic perfor-

mance, the research needs to be further developed. 

In brief, 2D MOFs and derivatives are excellent materials 

with unique advantages as low-dimensional materials. 2D 

MOFs and derivatives have excellent nano-cale size, large spe-

cific surface area, abundant active sites rich in metal ions, 

high-fficiency electron transport and transfer capabilities, ma- 

king their development prospects in the field of electrocatalysis 

remarkable. Nevertheless, 2D MOFs and derivatives still have 

two challenges in future research. (1) The synthesis method of 

2D MOFs and derivatives still requires the development of new 

strategies. The fabrication method of top-down synthesis is 

simple and convenient, but it also has the disadvantages of 

uneven thickness and size of the finished product. Bottom-up 

synthesis can flexibly control the thickness and size of the fi-

nished product during the fabrication process, but the synthesis 

rate is relatively low, which cannot meet the large-scale indus-

trial demand. (2) The synthesis mechanism of 2D MOFs and 

derivatives needs to be revealed more completely and clearly. 

This will help the functional design of 2D MOFs and deriva-

tives and explore the specific process and mechanism of cata-

lytic reactions. Thereby, the functional application of 2D MOFs 

and derivatives can be raised to a new height. 
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