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Abstract 

In recent years, we are witnessing a substantially growing scientific interest in MOFs and their derived materials in the 
field of electrocatalysis. MOFs acting as a self-sacrificing template offer various advantages for the synthesis of carbon-
rich materials, metal oxides, and metal nanostructures containing graphitic carbon-based materials benefiting from 
the high surface area, porous structure, and abundance of metal sites and organic functionalities. Yet, despite recent 
advancement in the field of MOF-derived materials, there are still several significant challenges that should be over-
comed, to obtain better control and understanding on the factors determining their chemical, structural and catalytic 
nature. In this minireview, we will discuss recently reported advances in the development of promising methods and 
strategies for the construction of functional MOF-derived materials and their application as highly-active electrocata-
lysts for two important energy-related reactions: nitrogen reduction to produce ammonia, and CO2 reduction into 
carbon-based fuels. Moreover, a discussion containing assessments and remarks on the possible future developments 
of MOF-derived materials toward efficient electrocatalysis is included.
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1  Introduction
In modern society, there is a constantly rising demand 
for the supply of energy sources, in order to sustain the 
global economy growth. Nowadays, fossil fuels based on 
hydrocarbons such as petroleum, natural gas, and coals 
act as the main energy sources to fulfill this vast energy 
demand [1, 2]. As an outcome, there is an alarming 
growth in carbon-emissions, which are directly affects 
global warming. The rapid depletion of fossil fuels opens 
up a major quest for the scientific community to find 
alternative sources of fuels. In that regard, electrocataly-
sis is considered as one of the most promising technolo-
gies that could replace the currently used fossil fuels, and 

be utilized for the production of fine-chemicals and fuels 
in a clean, cheap and efficient manner [3–6].

Nevertheless, in order to achieve this ambitious goal, 
one need to design and develop suitable functional 
materials that can effectively catalyze the desired reac-
tions. in that context, various porous materials have 
been explored for this purpose, such as porous carbons, 
Metal-Organic Frameworks (MOFs), metal/metal-oxide 
nanoparticles [7–15]. Moreover, porous carbon-based 
materials and their composites with metal-oxide nano-
particles are viewed as important catalytic materials due 
to their excellent electrochemical activity, high chemical 
and thermal stability, and the possibility for their rational 
design according to the requirement of a specific applica-
tion [16, 17].

MOFs, a family of crystalline porous coordination pol-
ymers, are built from repeating structural units of metal 
ions/clusters and multi-topic organic ligands (see illus-
tration in Fig.  1) [3, 6, 18]. These materials have MOFs 
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The unique features of MOFs such as high surface area, 
tunable porosity, design flexibility, and ease of chemi-
cal-functionalization [19] provide major advantage over 
other existing materials. As an outcome of these men-
tioned virtues, over the passed two decades, MOFs have 
attracted great attention from the scientific community 
due to the scope of using either pristine MOFs or MOF-
derived materials in various important applications. They 
have also been extensively evaluated as highly promising 
candidate materials for the design of efficient renewable 
energy based electrochemical devices e.g., supercapaci-
tors, batteries, and electrocatalysis [5, 17, 20–23].

To date, pristine MOF-based systems have been stud-
ied in various vital electrocatalytic processes e.g., oxy-
gen evolution reaction (OER), oxygen reduction reaction 
(ORR), hydrogen evolution reaction (HER), CO2 reduc-
tion reaction (CO2RR), and N2 reduction reaction (NRR). 
However, despite the the progress made in recent years, 
pristine MOFs electrocatalysts are often found to exhibit 
inferior performance compared to conventional, het-
erogeneous inorganic electrocatalysts, mainely due to: 
(i) their intrinsicly low electrical conductivity, (ii) mod-
erate stability under the conditions of electrochemical 
performance.

Alternatively, in order to overcome the aforemen-
tioned drawbacks of pristine MOFs, one can use them as 
a sacrificial soft and hard templates, to fabricate various 
conducting carbon-based nanomaterials such as porous 
graphitic carbon materials, N-rich graphitic carbons, 
heteroatom doped carbon materials, and metal/metal-
oxide doped carbons. These MOF-derived materials offer 
tailorable morphologies, hierarchical porous structures 
(exposing high density of catalytically-active sites), ease 

of surface-functionalization, heteroatom doping, and also 
superior electrical conductivity, ionic conductivity, and 
chemical/structural stability compared to their pristine 
MOF precursors [13, 24, 25].

Generally, the following strategies have been followed 
widely for the synthesis of MOF-derived materials: (1) 
direct MOF pyrolysis; (2) chemical decomposition; (3) 
pyrolysis of precursor-mixtures containing MOFs and 
added various substances [9, 26, 27]. Depending on the 
reaction condition, the thus formed derivatives cover a 
wide range of chemical composition ranging from metal-
oxides, carbides, nitrides, sulfides and phosphides [25, 
28–31]. Additionally, various carbon-based materials 
could be formed, having great potential in the fields of 
energy conversion and storage. The following approaches 
have been adopted widely for controlling the chemical 
composition of MOF-derived material: (1) by tuning the 
composition of MOF precursor; (2) controlled tuning of 
MOF derived structure during the conversion process; 
(3) post-synthesis modification [32–34]. Figure 2, depicts 
a typical approach to design MOF-derived materials. 
On account of these benefits, MOF-derived materials 
have been reviewed by many researchers in the field of 
electro-catalysis. This review will account for the recent 
developments of the synthesis and electrocatalytic appli-
cations of various MOF-derived materials (as summa-
rized in Fig. 2). In addition, an emphasis will be given to 
2 key and highly explored catalytic conversion reactions: 
nitrogen reduction to ammonia and CO2 reduction to 
sustainable fuels. Finally, possible future perspectives for 
further advancing the field of MOF-derived materials will 
be discussed. We believe that this review will aid readers 
in finding new methods for the synthesis of MOF-derived 

Fig. 1  Illustration of MOF’s building blocks and resulting porous, crystalline structure.
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materials while pointing for different manner in which 
they could be utilized to achieve efficient electrocatalysis.

2 � MOF‑derived electrocatalysts
Most of the crucial electrochemical processes required 
for the generation of clean, renewable energy sources 
require the application of high overpotentials in order 
to perform the process at a practical catalytic rate e.g., 
oxygen reduction (ORR), oxygen evolution reaction 
(OER), hydrogen evolution reaction (HER), which are 
key reactions of fuel-cells and water splitting applica-
tions. Thus, there is an urgent need to develop efficient 
and stable electrocatalyst to carry out these processes. 
With increasing alarming effects of global warming, 
reduction of CO2 to useful chemicals, and conversion 
of atmospherically abundant N2 to ammonia can be of 
utmost importance in the near future. Electrocatalysts 

can dramatically reduce the activation energy barrier 
for the conversion process and hence accelerate both 
the reaction rates as well as the efficiency of chemical 
transformations. Noble transition-metal-based electro-
catalysts are often found to be very efficient, yet are not 
suitable for large scale applications as they are highly 
expensive. Thus, there is an ongoing demand for the 
design and development of new, efficient, robust and 
cost-effective electrocatalysts constructed with highly 
abundant elements. In that regard, over the last years, 
MOF-derived materials constitute one of the most 
promising candidates for alternative electrocatalytic 
compounds, as will be further discussed in the next 
sections of this minireview. As illustrated in Fig.  2, 
depending on the synthetic conditions of MOF conver-
sion, one can obtain either nanostructured porous car-
bons, or carbon-metal/metal-oxide composites.

Fig. 2  Summary of the different routes for the synthesis of MOF-derived porous graphitic carbon-rich materials, alongside their chemical, electrical 
and catalytic properties and application in electrocatalysis
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3 � Porous carbon nanostructures
Electrically-conducting porous carbon materials offer 
excellent chemical, electrical, thermal, and surface prop-
erties, with distinct morphologies and dimensionalities, 
ranging from zero-dimensional (0D) to three dimensional 
(3D) carbon networks [35, 36]. Typically, MOFs acts 
as an ideal precursor material for the synthesis of such 
porous carbons, as they provide the ability to gain fine 
control over the end-product’s crystallinity and degree of 
graphitization, as a result of their well-defined structural 
properties and distinctive decomposition features dur-
ing high-temperature pyrolysis conditions [21, 37–39]. 
For pyrolysis-based MOF-derived synthesis of nano-
structured porous carbons, one can distinguish between 
several experimental parameters, namely the pyrolysis 
temperature, the composition of reaction’s gas/gas mix-
ture, and post-synthetic chemical treatments [40, 41]. 
Depending upon the used temperature and reaction envi-
ronment, it is possible to control the degree of graphiti-
zation (and hence tune the surface area and electronic 
properties) of the carbonaceous product. Upon thermal 
treatment, the obtained metal nanostructures embed-
ded in the carbon matrix can be removed by an acid wash 
step followed by and high-temperature evaporation [21, 
24]. Salunkhe et al. reported on a ZIF-67 derived carbon 
to posses graphitized carbon-containing walls with a high 

specific surface area of 350 m2 g− 1 under N2 atmosphere 
at 800  °C, followed by HF treatment as shown in Fig. 3, 
to remove the metal ions [20]. Several notable examples 
of MOF-derived carbonaceous materials include: (i) Xia 
et  al. reported the synthesis of N-doped carbon nano-
tubes using direct thermal treatment of ZIF-67 particles 
under Ar/H2 atmosphere at 700 °C  [34]. (ii) Ye et al. fab-
ricated 3D porous carbons by the pyrolysis of oxygen-
rich zinc-containing MOF [42]. (iii) Zhang et al.. invented 
highly graphitized nitrogen-doped porous carbon with a 
very high specific surface area of 932 m2 g−1 using ZIF-
8, under N2 atmosphere at 1000 °C for 10 h [39]. (iv) Liu 
et  al. synthesized double-shelled hybrid carbon nanoc-
age derived from the epitaxial grown ZIF-67 crystals 
over ZIF-8 (ZIF-8@ZIF-67). ZIF-8@ZIF-67 were sub-
jected to carbonization at 700  °C under N2 atmosphere 
followed by acid washing results unique double-shelled 
hybrid carbon nanocage with high specific surface area 
of 467 m2 g− 1  [43]. All These aforementioned carbon-
based nanomaterials exhibits desired virtues for an excel-
lent electrocatalyst:high specific surface area, rexcellent 
electrical conductivity and mass-transport properties, 
structural robustness coupled with remarkable chemi-
cal stability over a wide range of pH, which makes them 
potential candidates for various energy related electro-
catalytic applications [42].

Fig. 3  Schematic representation of the preparation of nanoporous carbon and nanoporous Co3O4 from a ZIF-67 polyhedron with their respective 
SEM and high-resolution TEM images. The scale bar for SEM image is 500 nm in length. TEM analysis suggests the removal of cobalt nanoparticles 
from the nanoporous carbon surface after thermal treatment and HF washing (as marked by the white dotted lines). However in the case of Co3O4, 
the optimized heating conditions result in the conversion of the ZIF-67 polyhedron into an oxide polyhedron. Reproduced with permission from 
Ref. [20]. Copyright 2015, American Chemical Society
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4 � Carbon–metal/metal‑oxide nanostructures 
derived via MOF pyrolysis

Generally, carbon-metal nanostructures can be synthe-
sized by direct decomposition of MOFs under controlled 
temperature and a suitable environment as mentioned 
before. As a result of the thermal treatment, the organic 
linkers decompose causing the framework structure to 
break down. In the process, it creates high porosity in the 
matrix during the removal of the volatile molecules and 
leaves behind metal nanoparticles/ metal oxide nano-
particles embedded within highly electrically conduct-
ing carbon matrix. The embedded metal nanoparticles 
on the porous carbon matrix offer features like excellent 
electrical conductivity, high density of catalytically-active 
sites, while preserving the ability to accommodate solu-
tion-based mass-transport, an essential aspect to allow 
efficient electrocatalysis. There are various pathways to 
produce carbon-metal nanostructured composites. It is 
important to develop control over crystallinity, graphiti-
zation and composition of the MOF-derived carbon-
metal electrocatalysts, which can be achieved varying 
metal centre (mono/bi-metallic), decomposition tem-
perature, and post-synthesis modifications [32, 44]. For 
instance, as highlighted by Zhang et al. bi-metallic MOF-
based precursors were synthesized and subsequently 
were subjected to pyrolysis treatment result improved 
oxygen-reduction performance in polymer-electrolyte-
membrane fuel cells [45]. The decomposition tempera-
ture plays a major rule indefining the end product’s 
electrical nature. As a rule of thumb, it has been widely 
observed that during pyrolysis, the greater the tempera-
ture of thermal annealing under an inert atmosphere, 
the greater is the scope of graphitization [46]. Singh et al. 
have grown Fe/Ni-MIL-53 over carbon cloth via electro-
phoretic deposition and pyrolyzed at a different tempera-
ture to achieve metal embedded carbons [47]. Kampouri 
et al. synthesized mixed face TiO2 embedded in a carbon 
framework, by pyrolyzing a Ti-based MIL-125-NH2 at 
various temperatures [48]. Using post-synthesis modi-
fication strategy Chen et  al. have successfully anchored 
W atoms on N-doped carbon matrix derived from the 
mixing of WCl5 and UiO-66-NH2 at an elevated tem-
perature 900 °C [24]. Shin et al. produced porous carbon 
decorated with inexpensive metals nanomaterial Cu and 
Co (Cu, CO@PC) derived from ZIF-67 at 700  °C under 
N2 atmosphere [49]. Hu et al. have developed a new strat-
egy to obtain ternary composites of Co/CoN/CoP2 out of 
a Co-MOF precursor [26]. To attain the different com-
posites, the MOF powder was subjected to carbonization 
by mixing it with different sources of nitrogen and boron 
at an elevated temperature of 600 °C. Additionally, Zhang 
et al. have used a multi-step strategy to derive a Co@BCN 
based core-shell catalyst from ZIF-67 [37]. To do so, the 

ZIF-67 starting material was subjected to carbonization 
with different sources of boron and nitrogen to receive 
N and B doped carbon cages Co@BCN, Co@CN, and 
Co@C. Luo et al. synthesized Co3O4 based nanocompos-
ites with N-doped carbon from a ZIF-67 precursor, by 
multi-step oxidation and reduction [38]. Salunkhe et al.. 
reported ZIF-67-derived nanoporous Co3O4 using a two-
step thermal treatment, under N2 and ambient atmos-
phere at 500 °C, and 350 °C respectively (Fig. 3) [20].

He et al. have synthesized a multimetallic MOF, NiFe-
MIL-53, and through a post-phosphorization step per-
formed a replacement of bridging ligands toward efficient 
electrocatalysis [28]. In another important work by you 
et  al., phosphorous was incorporated in a Co-based 
porous carbon-nitrogen framework using a simple physi-
cal mixing followed by a carbonization treatment. In 
this report, ZIF-67 was used as precursors to synthesize 
the Co-based high surface area porous carbon-nitrogen 
material, while phosphorization was performed in the 
second step (Fig.  4), where pre-synthesized carbonized 
MOF powder was mixed with a phosphorous source to 
obtain the final Co-P/NC compound [50].

Tang et al. have demonstrated the use of as-synthesized 
MoS2/CoS2 nanotube arrays as highly efficient catalysts 
by a multi-step fabrication process. At first, a Co-based 
MOF has been grown over carbon cloth electrodes. 
Thereafter, the MOF was subjected to an hydrothermal 
reaction to convert it into the final MoS2/CoS2 nanotube 
array structure [51]. Liang et al. shown phosphorization 
of bimetallic MOF to derive Ni2P-CoP nanostructure (As 
can be seen in the illustrative synthetic scheme and trans-
mission electron microscopy (TEM) images in Fig. 5). In 
this work, the source of phosphorous was mixed with the 
MOF during the pyrolysis process. The above example 
shows the variety of nanomaterials, which can be synthe-
sized using the carbonization of MOF with foreign dop-
ing of element during pre- and post- synthesis of MOFs 
[44]. These above-mentioned examples highlight the fact 
that MOFs provide an exceptionally versatile platform 
for the design and fabrication of functional carbon-metal 
nanostructures, having a wide-range of elemental com-
positions and chemical/physical properties.

5 � MOF‑derived materials for electrocatalytic 
applications

MOF-derived material plays a key role in the design 
and development of efficient, potent electrocatalysts 
possessing unique attributes such as selectivity for the 
desired product, high density of solution-accessible 
catalytically-active sites, and stability under the harsh 
operational condition of electrocatalysis. In the past 
years, MOF-derived materials have demonstrated 
great potential to replace noble-metal based catalysts 



Page 6 of 10Singh et al. Nano Convergence             (2021) 8:1 

for a wide range of electrocatalytic energy conversion 
reactions as OER, ORR, HER, and many other oxida-
tion processes, as vastly reported in literature [5, 52, 
53]. Moreover, the alarming rise in global CO2 emis-
sion to the atmosphere demands for rapid development 
of advanced technologies enabling the production of 
clean, sustainable alternative fuels, replacing the tra-
ditional, polluting fossil fuels [52, 54]. In that regard, 
electrocatalytic reduction of CO2 is a promising solu-
tion, as it can lower the concentration of CO2 from 

the atmosphere and also produces valuable molecules, 
which can be further reused. Furthermore, yet another 
energy-consuming catalytic reaction is the indus-
trial high-temperature synthesis of ammonia from N2 
(Haber-Bosch process, which accounts for about 2% of 
the world’s energy demand) [55–60]. Thus, there is an 
urgent need to develop new efficient catalysts for both 
CO2 reduction reaction (CO2RR) and N2 reduction 
reaction (NRR), as will be further discussed over the 
next section.

Fig. 4  Schematic representation of the fabrication of Co-P/NC nanopolyhedrons. a, b are the SEM image and high magnification SEM image. The 
elemental mapping of Co-P/NC show the even elemental distributions of Co, P, N, and C. Reproduced with permission from Ref. [50]. Copyright 
2015, American Chemical Society
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6 � Electrochemical CO2 reduction reaction (CO2RR)
Electrochemical conversion of CO2 into alternative fuels 
and value-added chemicals is a promising approach 
to tackle the current energy demand and to reduce the 
concentration of CO2 in the atmosphere. Electrochemi-
cal CO2RR is a very intricate reaction, involving multi-
electron and multi-proton transfer process to generate 
various types of surface reactions and reactive interme-
diates [54, 61]. In general, electrocatalytic CO2RR mainly 
encompasses three key steps: (1) the flux of CO2 toward 
the catalytic sites; (2) the surface reaction between the 
catalyst and CO2 to produce an adsorbed, stabilized cata-
lytic-intermediate (usually through a 1-electron 1-proton 
transfer); (3) the desorption of the final product. Depend-
ing on the reaction’s pathway, a wide variety of carbon-
based products are possible from C1 (i.e., one carbon 
atom containing) to C3 (i.e., three carbon atoms con-
taining) products [54, 62–64]. To date, several ways have 
been attempted in order to prepare an high-performance 
MOF-derived CO2RR electrocatalyst, including: (i) gen-
eration of highly-porous structures to increase the den-
sity of active sites and promote efficient mass-transport 

within the catalysts pores, (ii) improving electrical con-
ductivity by gaining control of the degree of graphitiza-
tion, as well as ii) enhancing the intrinsic catalytic activity 
by fabrication of single-atom-based electrocatalysts [65, 
66].

Commonly, MOF-derived materials based on ZIFs, 
tend to exhibit good CO2RR selectivity toward CO pro-
duction, while Cu-based MOF-derived nanomaterials 
are intrinsically more selective for a multi-carbon prod-
uct [61, 63] Table 1 provides a examples of state-of-the-
art MOF-derived CO2RR electrocatalysts, with details 
regarding their preparation methods and catalytic perfor-
mance characteristics.

Nam et  al. have shown that a Cu-coordinated Cu-Cu 
CN framework could be synthesized from an HKUST-1 
precursor, thus enabling selective CO2RR toward multi-
carbon products [67]. Zhao et  al. produced nitrogen-
doped carbons from ZIF-8 to stabilize Ni single atom 
active-sites for selective CO formation with high turno-
ver rates [65]. Additional evidence for the important role 
played by MOF-derived single atom based catalysts was 
provided by Wang et  al. which used ZIF-67 to stabilize 

Fig. 5  a Schematic representation of the fabrication of Ni2P − CoP matrix from NiCo-MOF. b, c TEM images of CoP and Ni2P nanoparticles, 
respectively. Reproduced with permission from Ref. [44]. Copyright 2015, American Chemical Society
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a single Co-atom catalyst for selective CO2 to CO for-
mation [68]. In another work, a Fe-doped ZIF-8-derived 
material supported on carbon nanotube substrate, pro-
viding a conductive pathway toward the Fe-N active sites 
(embedded in the N-doped carbon derived from ZIF-8, 
via a two-step modification method that involves chemi-
cal modification followed by pyrolysis), and hence facili-
tating the production of CO with 100% efficiency [69]. 
Interestingly, application of MOF-derived aerogels were 
explored by Albo et al. for ethanol/methanol production, 
albeit with a very low faradaic efficiency of 10% [61]. In 
another report, Cardoso et al.. deposited ZIF-8 nanopar-
ticles on Ti/TiO2 nanotubes for CO2RR, with low yield of 
ethanol generation [70]. Nevertheless, a Ru-doped Cu-
based HKUST-1 (synthesized via an hydrothermal pro-
cess), successfully provided product mixtures of ethanol/
methanol during CO2RR, while exhibiting high faradaic 
efficiency of 47% [66]. Yet, despite the recent advance in 
the synthesis and application of MOF-derived materials 
for CO2RR, it appears that this field is still in his infancy, 
and there is much to be further explored in order to 
understand the fundamental principles controlling the 
activity and selectivity of these systems.

7 � Nitrogen reduction reaction (NRR)
Ammonia (NH3) is a valuable industrial feedstock-chem-
ical, serving as an activated nitrogen source for fertiliz-
ers, plastics, textiles, and pharmaceuticals production. 

The traditional approach to produce NH3is by using the 
Haber-Bosch process, which requires substantial amount 
of energy and results in intensive CO2 emission. A prom-
ising, sustainable manner to produce NH3 is the electro-
chemical nitrogen reduction reaction (NRR) of using an 
efficient and robust electrocatalyst. NRR is considered 
a challenging task due to the difficulty of activating the 
inert N2 molecule, as a consequence of slow kinetics of 
N2 adsorption over heterogeneous surfaces while cleav-
ing The stable nitrogen-nitrogen triple bond [59, 60]. 
Additionally, hydrogen evolution reaction (HER) consti-
tutes a major competing side-reaction during NRR, fre-
quently resulting in low reaction selectivity toward NH3 
generation [55, 58, 60]. Hence. the key design rules for 
preparing an efficient NRR electrocatalyst are: (1) selec-
tion of suitable metal atom; (2) mitigation of the compet-
ing HER; (3) utilization of porous materials exposing high 
density of catalytically-active sites.

In that sense, MOF-derived porous materials with a 
suitable choice of metal atom could be a potent electro-
catalyst for NRR. Indeed, there are several reports on 
MOF-derived NRR systems, as highlighted in Table  2. 
For instance, Mukherjee et al. have used an N-doped car-
bon derived from ZIF-8 as active NRR catalyst, possess-
ing NH3 faradaic efficiency (FE) of 10% [41]. In another 
important work, ZIF-67 based MOF was used as a pre-
cursor to produce Co3O4@NCs core-shell structures via 
a two-step fabrication process of carbonization followed 

Table 1  Electrocatalytic CO2RR reduction using MOF-derived materials

Synthetic method Electrode Potential Electrolyte Product FE (%) Refs.

Pyrolysis HKUST-1 derived Cu/carbon − 0.7 V vs. RHE 1 M KOH CO 71 [67]

Pyrolysis ZIF derived Co-N − 0.68 V vs. RHE 0.5 M KHCO3 CO 94 [68]

Pyrolysis ZIF-8 derived NiSAs/N-C − 0.89 V vs. RHE 0.5 M KHCO3 CO 72 [65]

Pyrolysis HKUST-1 derived Cu-Cu CN − 1.07 V vs. RHE 1 M KOH C2H4 45 [67]

Pyrolysis ZIF derived carbon and CNT − 0.74 V vs. RHE 0.1 M NaHCO3 CO 97 [69]

Hydrothermal/pyrolysis Ti/TiO2NT-ZIF-8 + 0.1 V vs. RHE 0.1 M Na2SO4 C2H5OH – [70]

Hydrothermal Cu based HKUST-1 − 1 V vs. Ag/AgCl 0.5 M KHCO3 CH3OH/C2H5OH 10.3 [61]

Hydrothermal Ru doped HKUST-1 − 2 V vs. Ag/AgCl 0.5 M KHCO3 C2H5OH 47.2 [66]

Pyrolysis ZIF-8 derived Fe-N sites − 0.42 V vs. RHE 1 M KHCO3 CO 92 [64]

Table 2  Electrocatalytic nitogen to ammonia conversion using MOF-derived material

Synthetic method Electrode Potential Electrolyte FE (%) Refs.

Pyrolysis Ni-BTC derived C@NiO@Ni − 0.7 V vs. RHE 0.1 M KOH 11 [71]

Pyrolysis ZIF-67 derived Co3O4@NC − 0.2 V vs. RHE 0.05 M H2SO4 8.5 [38]

Pyrolysis ZIF-8 derived Fe-N/C − 0.2 V vs. RHE 0.1 M KOH 9.2 [56]

Pyrolysis ZIF derived carbon − 0.3 V vs. RHE 0.1 M KOH 10.2 [41]

Pyrolysis ZIF derived Fe-N/C − 0.4 V vs. RHE 0.1 M PBS 18.6 [72]
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by oxidation in air. Interestingly, it was found that a syn-
ergetic effect between the N-doped carbon and Co3O4 
accounts for the good NRR activity, resulting in FE of 
8.5% [38]. Lu et  al. fabricated Ni-based MOF-derived 
C@NiO@Ni microtubes that exhibited NH3 FE of 11% 
[71]. Wang et  al. rationally designed an Fe-N/C NRR 
catalyst reaching NH3 FE of 9.2%, by carbonization of 
a Fe-ZIF-8-CNTs precursor at 1000  °C   [55]. In another 
work Lu et  al. fabricated N-coordinated single Fe-sites 
by pyrolysing mixed-metal ZIF-8-MOF precursor at 
1000 °C reported a high FE of 18.6% for N2 to NH3 con-
version [72]. Overall, in spite of these recent examples, 
the amount of reports on MOF-derived electrocatalysts 
for NRR are still very limited. Hence, there is an obvious 
need to explore the vast chemical/structural versatility of 
MOFs in order to develop new, highly active and selective 
catalysts for electrochemical NH3 production.

8 � Summary and future perspective
The continuously increasing number of reported MOFs 
structures has provided the opportunity to design new 
functional materials and to utilize them in energy-related 
electrochemical applications. Although direct use of pris-
tine MOFs for electrocatalytic systems still suffers from 
relatively low conductivity, and lacking desirable chemi-
cal/structural robustness, MOF-derived materials are 
showing great promise for their use as catalysts, demon-
strating exceptional electrochemical activity and stabil-
ity. In particular, the notion of using MOFs as templated 
platforms to synthesize intricate nanostructured porous 
materials is of particularly high importance. These nano-
structures may inherit essential structural and composi-
tional properties from their MOF precursors, that may in 
turn be responsible for their remarkable electrochemical 
performance.

Nevertheless, in spite of the growing number of exam-
ples for using MOF-derived materials as electrocatalysts, 
further leap in their catalytic performance is still needed 
inorder to advance the field toward practical realization. 
Specifically, there are several key obstacles and draw-
backs that still need to be overcomed: (i) In order to be 
able to design highly-efficient MOF-derived electrocata-
lysts, one should gain the ability to achieve fine-control 
over the structure, morphology, and elemental composi-
tion of the final derived materials. Yet, despite the great 
progress in the field, our knowledge of the precise MOF-
conversion mechanisms is still very much limited. Hence, 
Future efforts should focus on obtaining new insights on 
the fundamental principles governing MOF-conversion, 
while understanding how to control and manipulate the 
chemical and structural properties of these MOF-derived 
compounds. Furthermore, there is a need t develop new 
means for MOF-conversion at milder condition than the 

traditional high-temperature pyrolysis. In that manner, it 
may be possible to obtain fine-control over the resulting 
material’s properties. (ii) Generally, in order to further 
improve the electrocatalytic performance of these MOF-
derived materials, attention must be given to elucidate 
the relation between electrocatalyst’s structure and activ-
ity. Meaning, there is a need to gain deeper understand-
ing of the catalyst’s active-site identity, while unveiling 
the details of the catalytic reaction mechanisms. By doing 
so, one can obtain data on the catalyst’s intrinsic activ-
ity, and design new strategies to construct more efficient 
MOF-derived electrocatalytic systems. We believe that 
a smart combination of computational and experimen-
tal efforts could pave the way for finding new, promising 
MOF-derived structures that will be able to overcome the 
abovementioned challenges. Lastly, we are certain that 
the important field of MOF-derived materials will con-
tinue to expand and involve contributions from multidis-
ciplinary research areas over the next few years, and will 
lead to breakthroughs in a wide range of energy-related 
electrochemical reactions.

Abbreviations
MOF: Metal–organic framework; OER: Oxygen evolution reaction; ORR: Oxygen 
reduction reaction; HER: Hydrogen evolution reaction; CO2RR: CO2 reduction 
reaction; NRR: N2 reduction reaction.

Acknowledgements
We thank the Ilse Katz Institute for Nanoscale Science and Technology for the 
technical support in material characterization. C. Singh thanks the financial 
support from the Planning and Budgeting Committe (PBC) fellowship pro-
gram (Academic Year 2020/ 2021) of Israel.

Authors’ contributions
All authors contributed to the manuscript’s writing. All authors read and 
approved the final manuscript.

Funding
This work was funded by the Israel Science Foundation (ISF; Grant No. 306/18).

Availability of data and materials
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 19 October 2020   Accepted: 16 December 2020

References
	1.	 S. Chu, A. Majumdar, Nature 488, 294 (2012)
	2	 N.S. Lewis, D.G. Nocera, Proc. Natl. Acad. Sci. U. S. A. 103, 15729 (2006)
	3.	 H. Furukawa, K.E. Cordova, M. O’Keeffe, O.M. Yaghi, Science 341, 1230444 

(2013)
	4.	 H. Furukawa et al, Science 329, 424 (2010)
	5.	 N.-T. Suen, S.-F. Hung, Q. Quan, N. Zhang, Y.-J. Xu, H.M. Chen, Chem. Soc. 

Rev. 46, 337 (2017)
	6	 C. Dey, T. Kundu, B.P. Biswal, A. Mallick, R. Banerjee, Acta Crystallogr. Sect. B 

70, 3 (2014)
	7.	 R. Das, P. Pachfule, R. Banerjee, P. Poddar, Nanoscale 4, 591 (2012)



Page 10 of 10Singh et al. Nano Convergence             (2021) 8:1 

	8.	 Y.-Z. Chen, R. Zhang, L. Jiao, H.-L. Jiang, Coord. Chem. Rev. 362, 1 (2018)
	9.	 S. Dang, Q.-L. Zhu, Q. Xu, Nat. Rev. Mater. 3, 17075 (2017)
	10.	 J. Liu, D. Zhu, C. Guo, A. Vasileff, S.-Z. Qiao, Adv. Energy Mater. 7, 1700518 

(2017)
	11.	 P. Pachfule, V.M. Dhavale, S. Kandambeth, S. Kurungot, R. Banerjee, Chem. 

Eur. J. 19, 974 (2013)
	12.	 J. Su, Y. Yang, G. Xia, J. Chen, P. Jiang, Q. Chen, Nat. Commun. 8, 14969 

(2017)
	13.	 B.Y. Guan, L. Yu, X.W.D. Lou, in Adv Sci (Weinh)2017), p. 1700247
	14.	 W.T. Hong, M. Risch, K.A. Stoerzinger, A. Grimaud, J. Suntivich, Y. Shao-

Horn, Energy Environ. Sci. 8, 1404 (2015)
	15.	 B.M. Hunter, W. Hieringer, J.R. Winkler, H.B. Gray, A.M. Müller, Energy Envi-

ron. Sci. 9, 1734 (2016)
	16.	 S. Chandra, D. Roy Chowdhury, M. Addicoat, T. Heine, A. Paul, R. Banerjee, 

Chem. Mater. 29, 2074 (2017)
	17.	 J.-B. Tan, G.-R. Li, J. Mater. Chem. A 8, 14326 (2020)
	18.	 J.-B. Raoof, S.R. Hosseini, R. Ojani, S. Mandegarzad, Energy 90, 1075 (2015)
	19.	 D. Song et al., J. Am. Chem. Soc. 141, 7853 (2019)
	20.	 R.R. Salunkhe, J. Tang, Y. Kamachi, T. Nakato, J.H. Kim, Y. Yamauchi, ACS 

Nano 9, 6288 (2015)
	21.	 R.R. Salunkhe, Y.V. Kaneti, Y. Yamauchi, ACS Nano 11, 5293 (2017)
	22.	 R. Shimoni, W. He, I. Liberman, I. Hod, J. Phys. Chem. C 123, 5531 (2019)
	23.	 I. Liberman, R. Shimoni, R. Ifraemov, I. Rozenberg, C. Singh, I. Hod, J. Am. 

Chem. Soc. 142, 1933 (2020)
	24.	 W. Chen et al., Adv. Mater. 30, 1800396 (2018)
	25.	 W. He, R. Ifraemov, A. Raslin, I. Hod, Adv. Funct. Mater. 28, 1707244 (2018)
	26.	 L. Hu, Y. Hu, R. Liu, Y. Mao, M.S. Balogun, Y. Tong, Int. J. Hydrog. Energy 44, 

11402 (2019)
	27.	 L. Peng et al, ACS Catal. 7, 8184 (2017)
	28.	 W. He, H.-M. Gao, R. Shimoni, Z.-Y. Lu, I. Hod, ACS Appl. Energy Mater. 2, 

2138 (2019)
	29	 W. He, I. Liberman, I. Rozenberg, R. Ifraemov, I. Hod, Angew Chemie Int. 

Ed. 59, 8262 (2020)
	30	 F.-L. Li, Q. Shao, X. Huang, J.-P. Lang, Angew Chemie Int. Ed. 57, 1888 

(2018)
	31.	 S. Zhao et al, Nat. Energy 1, 16184 (2016)
	32.	 Z. Wang, S.M. Cohen, Chem. Soc. Rev. 38, 1315 (2009)
	33.	 H.B. Wu, X.W. Lou, Sci. Adv. 3, eaap9252 (2017)
	34.	 B.Y. Xia, Y. Yan, N. Li, H.B. Wu, X.W. Lou, X. Wang, Nat. Energy 1, 15006 

(2016)
	35.	 X. Deng, J. Li, L. Ma, J. Sha, N. Zhao, Mater. Chem. Front. 3, 2221 (2019)
	36	 L. Wang, X. Hu, Chem. Asian J. 13, 1518 (2018)
	37.	 H. Zhang et al, ACS Nano 10, 684 (2016)
	38.	 S. Luo, X. Li, B. Zhang, Z. Luo, M. Luo, ACS Appl. Mater. Interfaces 11, 

26891 (2019)
	39.	 L. Zhang, Z. Su, F. Jiang, L. Yang, J. Qian, Y. Zhou, W. Li, M. Hong, Nanoscale 

6, 6590 (2014)
	40.	 Q. Shao, J. Yang, X. Huang, Chem. Eur. J. 24, 15143 (2018)
	41.	 S. Mukherjee et al, Nano Energy 48, 217 (2018)
	42.	 L. Ye, G. Chai, Z. Wen, Adv. Funct. Mater. 27, 1606190 (2017)
	43.	 S. Liu, Z. Wang, S. Zhou, F. Yu, M. Yu, C.-Y. Chiang, W. Zhou, J. Zhao, J. Qiu, 

Adv. Mater. 29, 1700874 (2017)

	44.	 X. Liang, B. Zheng, L. Chen, J. Zhang, Z. Zhuang, B. Chen, ACS Appl. Mater. 
Interfaces 9, 23222 (2017)

	45.	 C. Zhang, Y.-C. Wang, B. An, R. Huang, C. Wang, Z. Zhou, W. Lin, Adv. Mater. 
29, 1604556 (2017)

	46.	 S. Gadipelli, T. Zhao, S.A. Shevlin, Z. Guo, Energy Environ. Sci. 9, 1661 
(2016)

	47.	 C. Singh, I. Liberman, R. Shimoni, R. Ifraemov, I. Hod, J. Phys. Chem. Lett. 
10, 3630 (2019)

	48.	 S. Kampouri, C.P. Ireland, B. Valizadeh, E. Oveisi, P.A. Schouwink, M. Mensi, 
K.C. Stylianou, ACS Appl. Energy Mater. 1, 6541 (2018)

	49.	 H. Shin et al. Bull. Korean Chem. Soc. (2020). https​://doi.org/10.1002/
bkcs.12141​

	50.	 B. You, N. Jiang, M. Sheng, S. Gul, J. Yano, Y. Sun, Chem. Mater. 27, 7636 
(2015)

	51.	 B. Tang et al, J. Mater. Chem. A 7, 13339 (2019)
	52.	 B.A. Rosen, I. Hod, Adv. Mater. 30, 1706238 (2018)
	53.	 K. Shen, X. Chen, J. Chen, Y. Li, ACS Catal. 6, 5887 (2016)
	54	 F.N. Al-Rowaili, A. Jamal, M.S. Ba, Shammakh, A. Rana, ACS Sustain. Chem. 

Eng. 6, 15895 (2018)
	55.	 Q. Cui, G. Qin, W. Wang, G.K. R, A. Du, Q. Sun, J. Mater. Chem. A 7, 14510 

(2019)
	56.	 Y. Wang et al, ACS Catal. 9, 336 (2019)
	57.	 B.H.R. Suryanto, H.-L. Du, D. Wang, J. Chen, A.N. Simonov, D.R. MacFarlane, 

Nat. Catal. 2, 290 (2019)
	58.	 W. Qiu et al, Nat. Commun. 9, 3485 (2018)
	59.	 X. Guo, H. Du, F. Qu, J. Li, J. Mater. Chem. A 7, 3531 (2019)
	60.	 G. Zheng, J.-M. Yan, G. Yu, Small Methods 3, 1900070 (2019)
	61.	 J. Albo, D. Vallejo, G. Beobide, O. Castillo, P. Castaño, A. Irabien, ChemSu-

sChem 10, 1100 (2017)
	62.	 P. Shao, L. Yi, S. Chen, T. Zhou, J. Zhang, J. Energy Chem. 40, 156 (2020)
	63.	 Z. Han, R. Kortlever, H.-Y. Chen, J.C. Peters, T. Agapie, ACS Cent. Sci. 3, 853 

(2017)
	64.	 Y. Ye et al, Nano Energy 38, 281 (2017)
	65.	 C. Zhao et al, J. Am. Chem. Soc. 139, 8078 (2017)
	66.	 M. Perfecto-Irigaray, J. Albo, G. Beobide, O. Castillo, A. Irabien, S. Pérez-

Yáñez, RSC Adv. 8, 21092 (2018)
	67.	 D.-H. Nam et al, J. Am. Chem. Soc. 140, 11378 (2018)
	68.	 X. Wang et al, Angew. Chemie. Int. Ed. 57, 1944 (2018)
	69.	 Y. Guo, H. Yang, X. Zhou, K. Liu, C. Zhang, Z. Zhou, C. Wang, W. Lin, J. Mater. 

Chem. A 5, 24867 (2017)
	70.	 J.C. Cardoso, S. Stulp, J.F. de Brito, J.B.S. Flor, R.C.G. Frem, M.V.B. Zanoni, 

Appl. Catal. 225, 563 (2018)
	71.	 S. Luo, X. Li, W. Gao, H. Zhang, M. Luo, Sustain. Energy Fuels 4, 164 (2020)
	72.	 F. Lü et al, Nano Energy 61, 420 (2019)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1002/bkcs.12141
https://doi.org/10.1002/bkcs.12141

	Metal–organic framework derived nanomaterials for electrocatalysis: recent developments for CO2 and N2 reduction
	Abstract 
	1 Introduction
	2 MOF-derived electrocatalysts
	3 Porous carbon nanostructures
	4 Carbon–metalmetal-oxide nanostructures derived via MOF pyrolysis
	5 MOF-derived materials for electrocatalytic applications
	6 Electrochemical CO2 reduction reaction (CO2RR)
	7 Nitrogen reduction reaction (NRR)
	8 Summary and future perspective
	Acknowledgements
	References




