
REVIEW

1800415  (1 of 13) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-methods.com

MOFs for Electrocatalysis: From Serendipity 
to Design Strategies

Harshitha Barike Aiyappa, Justus Masa, Corina Andronescu, Martin Muhler, 
Roland A. Fischer, and Wolfgang Schuhmann*

DOI: 10.1002/smtd.201800415

relentlessly shifted toward sustainable 
energy provision by means of intercon-
version of chemical and electrical energy. 
This development has motivated the 
exploration of efficient alternatives to the 
conventionally used high cost and scarce 
electrocatalysts like Pt for the oxygen 
reduction reaction (ORR) or the hydrogen 
evolution reaction (HER), as well as RuO2 
and IrO2 for the oxygen evolution reac-
tion (OER), that are primarily involved in 
important electrochemical energy systems 
such as fuel cells, water electrolyzers, 
metal–air batteries, etc.[1–3] Specifically, the 
sluggish reaction kinetics associated with 
the oxygen electrochemical processes have 
necessitated a lookout for more efficient 
ORR and OER electrocatalysts, which can 
be economically implemented for large-
scale applications. Any electrochemical 
reaction involving coupled diffusion–
reaction–conduction processes typically 
encompasses the interactions between a 

solid electrode, an electrolyte, and the dissolved reactants or 
products. Ideally, such interactions demand the need for high 
electric and ionic conductivity apart from a high surface area 
interface to ensure the effective interaction between the dif-
ferent phases involved in these reactions.[4] A classic catalyst 
design strategy would target improving the quality (in terms of 
the intrinsic activity) and quantity (in terms of the density) of 
the active sites. Additionally, availability of large specific surface 
area with substantial porosity and high charge transfer capa-
bility are the prerequisites of the “ideal” electrocatalyst architec-
ture. In this direction, a plethora of materials including carbon 
allotropes,[5] metal chalcogenides,[6] organometallic complexes,[7] 
conducting polymers[8] and their composites have been tested 
for their electrocatalytic activity. A recent class of porous mate-
rials, popularly known as metal–organic frameworks (MOFs) 
or porous coordination polymers (PCPs) have been extensively 
explored as electrocatalysts or as precursors to derive efficient 
heterostructures owing to their synthetic flexibility besides 
customizable electronic and chemical properties.[9–12] These 
highly crystalline materials are well known for their ultrahigh 
specific surface area of up to 10  000  m2  g−1, wide pore size 
distribution, modifiable framework composition, and control-
lable pore volumes. The possibility to employ different metal 
ions-ligand coordination combinations with varying degrees 
of connectivity has stimulated the realization of ≈20 000 MOF 

The rapid upsurge of metal–organic frameworks (MOFs) as well as MOF-
derived materials has stimulated profound interest to capitalize on their 
many potential untapped benefits in electrocatalysis for energy applications. 
The possibility of tuning the metal–ligand junctions of the MOF architecture 
opens new avenues to design robust, extended heterostructures for 
addressing the present-day energy challenges. Interestingly, despite having 
detailed crystallographic information, it is often difficult to envisage the 
interplay of charge transport (electrons and ions), mass transport (pore 
system) together with the specific effects of the molecularly defined reaction 
center of MOFs for a given electrocatalytic reaction. Here, guidelines are 
offered for judiciously engineering the electronic structure of MOFs to deliver 
targeted electrocatalytic function. Some of the pivotal works on MOF-based 
materials for electrocatalysis are discussed, which can be correlated to the 
biological models in terms of their structural resemblance and an instructive 
insight is provided about the “new chemistry” that can be explored based 
on the lessons learned from nature in combination with the theoretical 
understanding of the energetics of the reactions.
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1. Introduction

In a bid to address the growing global energy needs and simul-
taneously tackle the perils and the challenges associated with 
the present-day energy systems, the past decade has witnessed 
a revolution aiming to reduce the society’s traditional depend-
ence on exhaustible fossil resources. Specifically, the focus has 
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structures to date, a figure which continues to grow.[13] From 
an electrochemical perspective, MOFs could be perceived as 
spatial architectures wherein discrete functional units can be 
designed to lie in close proximity so as to render sites for insti-
gating bond breaking/forming reactions.[14] In particular, con-
sidering their highly accessible metal–ligand junctions, MOFs 
have been extensively tested for their interfacial electronic cou-
pling interactions, which determine the efficiency of important 
electrochemical reactions involved in formation and splitting 
of water.[15] The high density of such closely located sites could 
consequently allow the reactants to easily navigate along the free 
energy landscape and transform into the desired products. The 
interaction energies between reactant, catalyst, and the product 
are the common descriptors that are believed to dictate the rate 
of these reactions. Thus, a rational combination of redox active 
metal ions and organic linkers offers a very convenient means 
of connecting essential electroactive components into infinite 
structural networks with desirable electrochemical function-
ality. If realized effectively, these predetermined catalytic sites 
could also be intelligently ordered to selectively drive cascaded 
reactions of vital electrochemical conversions involved, e.g., in 
the complex CO2 reduction reaction (CO2RR), which demands 
multifunctional catalytic sites for yielding products with high 
selectivity and specificity.[16] However, it is important to admit 
that despite numerous attempts to mimic biological catalytic 
sites, the synthetic analogues are yet to follow the function, 
specifically in terms of their stability and efficiency. This review 
discusses the rational design perspectives of both MOF and 
MOF-derived catalysts aiming to strengthen the prognostic 
ability toward the realization of the robust real-world electrocat-
alysts, capable of driving some of the most important electro-
chemical reactions of relevance for energy conversion, namely, 
HER, OER, CO2RR, and the ORR (Figure 1). This review is not 
intended to be exhaustive and thus only presents an abridged 
account of some important works in line with the proposition. 
The reader is guided to some excellent reviews for a detailed 
understanding of the fundamentals of the different electrocata-
lytic reactions[17–19] discussed in this review.

In the frame of building a hydrogen economy, the splitting 
of water into molecular hydrogen and oxygen is the most viable 
option for producing a clean energy carrier gas for the large-scale 
implementation of fuel cell technology. The thermodynami-
cally uphill oxygen evolution reaction involves a four-electron 
oxidation process of water molecules and is considered to be 
the bottleneck of the overall water-splitting (2H2O  →  2H2  + 
O2; ΔE° = 1.23 V) reaction. The heterogeneous nature of these 
electrocatalytic reactions imposes the need to provide specific 
active sites for the adsorption of the reactants, followed by their 
multiple intermediate step transformation to finally facilitate 
the desorption of the products from the surface. Considering 
the variations in the physical, chemical, and electronic proper-
ties of the reactants, the adsorption energies involved in each 
of these steps are very much different from one another.[20] 
Therefore, the design of an active site demands a careful con-
sideration of the interaction energies, strain, and steric effects 
involved in each of these intermediate steps. Importantly, as 
every electrocatalytic process demands the coexistence of rapid 
charge transfer across the extended reaction interface, it is also 
imperative to utilize design principles that lead to electrically 

conductive MOFs with high surface area, substantial porosity 
and good charge mobility, simultaneously.[21] The MOFs can be 
perceived as intrinsically highly ordered solid-state molecular 
metal sites, wherein functional motifs can be assembled into 
an array of a functionally repeating matrix. However, despite 
containing the active molecular structure, the poor charge 
transport properties of many chemically stable MOFs often 
restrain their effectiveness as direct electrocatalysts. Interest-
ingly, owing to the occurrence of metal and organic species 
in its framework, MOFs are popular as self-sacrificial precur-
sors or templates for deriving porous carbon-based composite 
materials with highly dispersed inorganic nanophases as cata-
lytic active sites in combination with a porous network for 
enhanced mass transport. MOFs are typically heat-transformed 
into a conductive carbon-based composite matrix wherein the 
functional active sites are not only preserved but also firmly 
embedded inside the MOF templated skeleton.[22] The ligands 
of such MOFs usually contain heteroatoms (like N, S, and P) 
to tailor the electron donating or accepting properties of the 
resulting carbon composite.[9,23] It is undisputable that the 
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physical and the chemical properties of the resulting “carbon 
composite” depend on the nature of the MOF precursor and 
the conditions used to derive it. Therefore, in order to achieve a 
targeted MOF or an MOF-derived electrocatalytic function, it is 
important to diligently select the metal and the ligand species, 
which can potentially offer active sites capable of driving the 
desired electrocatalytic reaction. The selection of active sites is 
generally influenced by (i) natural biological structures, which 
are mimicked to emulate their structure–property relations, (ii) 
mechanistic studies of the high energy intermediates of the 
reaction, (iii) inorganic species that are part of the active sites in 
the molecular catalysts, and (iv) computational activity–compo-
sition–structure predictions.

1.1. Guided by the Nature-Inspired Structural Motifs

Biological metalloproteins such as myoglobin (Mb) and hemo-
globin (Hb) involve metal ions as cofactors to support their 
function. The intricate functioning of these structures with 
high selectivity and efficiency has intrigued an understanding 
of their structure–activity correlations. In particular, the role 
of the metal ions in promoting the chemical function of each 
metalloprotein is one of the principal interests of material sci-
ence research. In general, many biological systems involve 
copper and iron-based active centers because of their ubiqui-
tous occurrence in nature.[24] However, it is often observed that 
these metal ions do only function efficiently in the presence 
of certain coordinating ligands, which underscores the impor-
tance of the local environment on reactivity. Therefore, mim-
icking the structural configuration of such metallocomplexes 
necessitates a need to involve a dynamic metal–organic hybrid 
that can accommodate the concerted electron/proton transfer 

reactions occurring during the course of 
the reaction under consideration. The exist-
ence of metal ion-ligand coordination in its 
framework has popularized MOFs as a plat-
form for emulating the structural features 
identical to the ones found in the metallopro-
teins. A rational design criterion principally 
involves translating the biological structural 
factors in MOFs by engaging the active metal 
ions in similar organic environments.[25] For 
instance, the cooperative insertion of CO2 
in the MnN bonds of a diamine-appended 
Mg-based MOF [mmen-Mg2 (dobpdc)] to 
mimic the enzymatic pockets of Rubisco, a 
metallozyme involved in biological nitrogen 
fixation process.[26]

1.2. Guided by the Theoretical Understanding 
of the Reaction Mechanism

The Sabatier principle is one of the arche-
typal rules in catalysis. It asserts that the 
transformational ability of any catalytic sur-
face depends on the binding energy of the 
intermediates formed during the course of 

the reaction. In accordance with Sabatier’s principle, an ideal 
catalyst facilitates the binding of the key intermediate such that 
it is not only strong enough to attract the reactants to adsorb 
and react, but also weak enough to assist the easy desorption of 
the product formed.[27] Interestingly, volcano relations that typi-
cally arise from activity—adsorption descriptor plots often dis-
play discrepancies, owing to possible multiplicity of the active 
sites within the catalyst structures.[28,29] For instance, in the case 
of pyrolyzed MOFs, the active catalyst may comprise of metal 
centers coordinated to nitrogen (MNx), nitrogen-functionalized 
carbon groups (CNx) as well as metal oxide (MOx) species, 
each of which possesses some inherent catalytic activity.[30] 
Most importantly, the theoretically derived “volcano plots” fail 
to include the influence of the local pH value, the presence 
of counter ions in the reaction medium and the impact of the 
position of the d-band center in the metal complex on the rate 
of an electrochemical reaction.[31,32] Moreover, these relations 
are only valid for catalytic surfaces that exhibit a similar reac-
tion mechanism. So, despite being a sound approach, these 
plots cannot be the ultimate criterion for selecting the optimal 
catalysts for all kinds of reactions, owing to the complexity of 
the underlying factors and reaction dynamics in heterogeneous 
catalysis. Nevertheless, an understanding of the reactivity of 
the key intermediates and the activity of the catalyst material 
for a particular reaction is still crucial to “kick-start” the selec-
tion procedure. Thus, volcano plots can be observed as a useful 
guide to select suitable metal centers while designing a new 
catalyst structure.

1.3. Guided by Synthetic “Molecular Electrocatalysts”

Molecular electrocatalysts have been regularly employed as 
models to probe structure–property relations, given their 
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Figure 1.  Potential electrocatalytic reactions driven by MOF/MOF-derived electrocatalysts.
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distinct advantage of forming reaction intermediates that 
can be isolated to elucidate the catalytic mechanisms. How-
ever, they suffer from a low density of catalytic sites, limited 
stability, and poor recyclability, wherein their heterogeneous 
counterparts excel. MOFs are considered as a bridging link 
between inorganic and polymeric functional materials. In 
order to design an electroactive MOF, the basic challenge 
is to identify such functional molecular units that can be 
possibly self-assembled to result into long-range ordered 
structures without losing their imprinted functionality.[14] 
It is important to keep in mind that during electrocatalysis, 
MOF structures may undergo activation transformation to 
produce catalytically active forms. For example, during OER 
electrocatalysis by a Co-ZIF-9(III), it was observed that the 
Co ion undergoes surface oxidation to cobalt oxyhydroxide 
prior to oxygen evolution, however, without affecting the 
bulk structure of the MOF.[33] Thus, it is imperative to 
design the frameworks such that they do not undergo any 
irreversible chemical alterations in the presence of the reac-
tive adsorbates or the reaction conditions, which could other
wise challenge the structural integrity of the MOFs porous 
architecture.

1.4. Guided by Computational Activity–Composition–Structure 
Predictions

Understanding of the chemical changes at the surface occur-
ring during the catalytic transformation is important in order 
to design an effective catalytically active surface. Molecular 
simulation techniques, in particular, quantum mechanical 
model-based density functional theory methods are regularly 
employed to theoretically describe (elec-
trochemical) reactions at catalyst surfaces 
with great detail and high accuracy.[34] This 
method rationally simulates the variations 
in the catalytic activity arising from the dif-
ferences in the material composition or 
structure and could therefore be used to 
design surfaces with predetermined cata-
lytic activity.[35] Recent advances in simula-
tion techniques have proposed numerous 
general relations that are believed to help 
understand trends in catalytic activity. For 
instance, the d-band centre is found critical 
for the bonding of adsorbates on transi-
tion metal surfaces.[36] It is observed that 
a linear relationship between the energy 
of activation and the enthalpy change 
of an elementary reaction step (i.e., the 
Brønsted–Evans–Polanyi relationship) is 
often followed.[37] Furthermore, a quantita-
tive approach was also reported by evalu-
ating the trends between the selectivity and 
the bond strength.[38] Thus, in combination 
with the practical assessments, computation-
ally driven design principles also hold great 
promise in guiding the discovery of new cat-
alytic surfaces.

2. Directed Engineering of a “Pristine” MOF 
Electrocatalyst

2.1. Toward OER

To date, molecular catalysts with structural resemblance to the 
active center of photosystem II and metal oxides are the two 
important variants of successfully tested “synthetic” water oxi-
dation catalysts.[39] The formation of the OO bond is supposed 
to result from the nucleophilic attack of water molecules at 
the high oxidation sites of the catalyst or via interaction of two 
adjacent M–O units within the catalytic structure.[17] In either 
of the case, a typical OER active surface should provide sites 
for accommodating the proton coupled electron transfer pheno
menon (Figure 2a,b). Among the economical alternatives, the 
3d transition metal oxide systems are found to exhibit OER 
activity comparable to that of the standard Ir/Ru-based precious 
OER catalysts. Using the OHad–M2+δ interaction for OH− as 
the primary descriptor, the reaction trends toward the OER are 
observed to follow the order Ni > Co > Fe > Mn.[40] From a mate-
rial design standpoint, MOFs could be used as scaffolds to host 
such reducible oxide centers so that the OO bond formation is 
entropically favored. Additionally, kinetically inert ligands could 
be chosen so that it does not degrade during the water oxidation 
reaction. Successful reports exist of OER activity in MOFs con-
structed using the above metal combinations. An enlightening 
example is a Ni- and Fe-based bimetallic MOF (with Fe/Ni 
atomic ratio = 23%) grown on a flexible 3D macroscopic nickel 
foam.[41] The NiO6 units inside the MOF structure are projected 
to undergo oxidation forming NiO6/NiOOH species, which then 
promote the oxidation of hydroxide ions into molecular oxygen 
in alkaline conditions. The Fe impurity is assumed to introduce 
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Figure 2.  Strategies toward the development of the OER-active MOFs: Utilization of electroac-
tive bimetallic ions in the MOF by a) postsynthetic modification or b) direct mixing. c) Illustra-
tion of the cooperative effect of the proton-accepting groups on the OER activity.
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additional structural vacancies in the Ni-MOF structure thereby 
enhancing its catalytic activity. Furthermore, combinations of 
metal ions have proven successful in improving the electrocata-
lytic activity of some Co-based MOF nanosheets. The introduc-
tion of Ni2+ ions into the coordinatively unsaturated sites of a 
Co2+-based ultrathin framework is reported to instigate a partial 
electron transfer from Ni2+ (with fully occupied t2g d-orbitals) 
to high spin Co2+ site (with unpaired t2g d-electrons) through 
the oxygen of the ligands.[42] This electronic coupling effect is 
observed to boost the π electron (e−) donation through the Co2+ 
centers, thereby improving the overall OER activity. In addition 
to the reactivity of the metal ions, the presence of coordina-
tively unsaturated metal sites may also boost the OER activity in 
MOFs. One of the interesting defect-based approaches is based 
on the atomic dispersion of the active sites in Co-based ZIF-67 
by the partial removal of the coordinating ligands by means of 
plasma etching effects.[43] The high density of the unsaturated 
metal sites is believed to improve the interaction of the active 
sites with oxygen, thereby facilitating faster OER kinetics on the 
etched ZIF-67 surface. Remarkably, the constituting ligands are 
also expected to influence electronic perturbations of the redox 
centers in electroactive MOFs. During the OER, “protophilic” 
ligands are believed to act as a “local proton sink” and assist 
the deprotonation of the water molecules thereby facilitating 
the “OO” bond formation (Figure 2c). In one such explicit dis-
play of ligand-assisted OER activity, the benzimidazolate motifs 
in the vicinity of the Co (II) centers in Co-ZIF-9 are observed 
to accept a proton and help in the initial dehydrogenation step 
of the water molecule.[33,44] MOFs with flex-
ible ligand linkers can be expected to easily 
adapt to the electronic demands of the high 
oxidation states of the metal centers. In par-
ticular, the ligands with electron-withdrawing 
ability could be potentially employed to sup-
port the formation of reactive high oxidation 
state of metals. Thus, it can be concluded that 
an MOF with metal ions that can exhibit high 
oxidation states and ligands that are kineti-
cally robust to evade self-oxidation could be 
productively used for catalyzing the OER.

2.2. Toward HER

Hydrogenases and nitrogenases contain 
Ni–Fe and Fe–Mo active sites for reversibly 
catalyzing the HER under aerobic conditions. 
The Ni atoms are largely accepted water dis-
sociation centers, while the Mo atoms possess 
superior hydrogen adsorption properties. In 
addition, the presence of strong π–acceptor 
ligands such as CO and CN− close to [Ni–Fe] 
active sites promotes the formation of low-spin 
Ni(III/II/I) oxidation states, which serve as 
active site for the HER.[45] Thus, it can be per-
ceived that a surface which can promote the 
dissociation of water molecules besides sup-
porting the hydrogen recombination step can 
be explored for catalyzing the HER (Figure 3a). 

Important illustrations of nature’s brilliant masterstroke are the 
Mo- and W-containing molybdopterin proteins, which are known 
to exhibit reversible redox behavior and high resistance to hydro-
genation. The metal–dithiolene complexes are thereby one 
of the potential structural motifs that are explored for proton 
reduction reactions.[46] Using the MOF extended framework 
these units could be replicated yet well separated to minimize 
the chances of their deactivation via aggregation (Figure 3b). 
An example of this strategy is a report of the integration of the 
cobalt dithiolene complexes into a MOF.[47] The extended 2D 
supramolecular polymers show an improved exposure of cata-
lytic sites, enhanced stability, improved adhesion to the surface 
alongside with maintaining the activity and reduction potential 
as that of their molecular analogues. Among the HER mole
cular catalysts, polyoxometallates (POMs) contain polyanionic 
molecular oxo-clusters of early transition metal ions in their 
highest oxidation state (WVI, MoVI, or VV), which can support 
reversible multivalence reduction/oxidation (Figure 3c).[48] In 
an explicit attempt to incorporate these soluble functional units 
into an MOF, the redox active {ε-PMoV

8MoVI
4O36(OH)4 Zn4} 

Keggin units modified with 1,3,5-benzene tricarboxylate linkers 
are capped by Zn(II) ions to result into a 3D electroactive 
POMOF.[49] Convincingly, the POMOFs are reported to dis-
play a pH-dependent electrocatalytic HER activity in aqueous 
medium. In an extension of this line of work, the ε-Keggin units 
are modified using benzene tribenzoate (resulting into NENU-
500) and [1,1′-biphenyl]-3,4′,5-tricarboxylate linkers (resulting  
into NENU-501) to result in HER active POMOFs.[50]
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Figure 3.  a) Volcano plots based on exchange current density versus the calculated free energy 
of H adsorption at U = 0 V. Adapted with permission.[102] Copyright 2010, American Chemical 
Society. b) Prospective metal–thionene coordination configuration used for the MOF synthesis. 
c) Ball-and-stick representation of the typical POM Keggin core and its incorporation in a ε 
(trim)4/3 POMOF. Reproduced with permission.[49] Copyright 2011, American Chemical Society.
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2.3. Toward CO2RR

Electrochemical reduction of the kinetically inert and ther-
modynamically stable CO2 molecule is an energy intensive 
process, often resulting in poor selectivity of the formed 
products. Metallated complexes involving macrocyclic ligands 
and polypyridine ligands are some of the coordination com-
plexes that have been explored as homogeneous catalysts for 
the CO2 reduction reaction (Figure 4a).[51,52] An extensive 
study reported using Fe(0) porphyrin systems underlines 
the synchronized actions of bimetallic sites for effective CO2 
reduction; an electron-rich center to initiate the CO2 reduc-
tion and an electron-deficient Lewis acid site to complete 
the transformation.[53] One of the direct approaches used 
for introducing CO2RR activity into MOFs is the integration 
of porphyrinic catalytic units into the MOF framework.[54] 
An important example is a report using chemically stable 
Fe-porphyrin containing Zr-based MOF-225 which contains 
electrochemically addressable catalytic site with a density of 
≈1015 sites per cm2.[55] The Fe centers in the porphyrin units 
of the framework exhibit a typical Fe(I/0) redox behavior, 
where CO2 is reduced into CO. The active site of the fastest 
biological CO2 sequestrating enzyme, carbonic anhydrase, 
contains a Zn2+-based prosthetic group to initiate the hydra-
tion of CO2. Interestingly, among the 3d transition metals, Zn 
is observed to display weak CO binding energy, which helps it 
evade the negative consequences of CO poisoning during the 
CO2RR.[56] The propensity of the Zn2+ ions to reduce CO2 is 
recorded in a robust ZIF-8 structure, wherein they undergo 
electroreduction into Zn+ species, which are then catalytically 

active toward reducing CO2 into CO.[57] Owing to their open 
framework structures, MOFs can be designed to specifically 
adsorb the reactant molecules via modulation of their metal 
ion–ligand junctions. In particular, MOFs containing open-
metal sites and accessible coordination vacancies are observed 
to be potentially capable of accommodating electroactive 
guest molecules like CO2 (Figure 4b).[58] Among the transi-
tion metal ions, Cu is estimated to possess moderate binding 
energy for CO, thereby offering a unique ability to reduce CO2 
to C2 hydrocarbons with high selectivity and conversion effi-
ciency.[59] This has prompted the exploration of numerous Cu-
based MOFs as CO2RR electrocatalysts. An initiative taken in 
this direction is a report using electrochemically synthesized 
Cu-HKUST, whose activity is tested after drop coating it onto 
a glassy carbon electrode surface.[60] It is proposed that the 
Lewis acid nature of the activated Cu(II) ions helps in stabi-
lizing CO2 via adduct formation, while its propensity to imme-
diately reduce into Cu(I) catalyzes the CO2RR to produce 
oxalic acid. Additionally, the porosity of the Cu-BTC frame-
work is believed to act as a CO2 reservoir in facilitating a con-
current sequestration as well as electroreduction within the 
pores. Apart from the reactive metal centers, in specific cases, 
the protogenic OH-based ligands are found to add-on the role 
of a local proton source and further boost the intrinsic activity 
of the MOF toward electrocatalytic reduction reactions like 
CO2RR. In one such exemplary report, a dithiooxamide-based 
ligand is used to construct a Cu-based MOF.[61] The high selec-
tivity of formic acid (over 98%) produced using CR-MOF elec-
trode is proposed to be due to the presence of a proton source 
very close to the Cu(II) site. Protogenic ligands are believed to 

induce a local change in the proton concen-
tration, subsequently decreasing the elec-
tron density at the metal ion centers. This in 
turn weakens the adsorption of CO2 on the 
active site, resulting in the selective reduc-
tion of CO2 into HCOOH.

2.4. Toward ORR

The oxygen reduction reaction typically pro-
ceeds through concerted proton–electron 
transfer pathways with the complete reduc-
tion (4e−  + 4H+) of O2 producing H2O and 
the partial reduction (2e−  + 2H+) pathway 
generating H2O2. The four electron transfer 
mechanism is the most energy rewarding 
conversion and therefore the desired reac-
tion for energy applications.[7] In particular, 
the rate of the electrochemical cathodic ORR 
determines the ultimate performance of the 
fuel cells. A number of molecular models, 
mostly inspired by biological systems like 
hemoglobin (Hb), myoglobin (Mb), mito-
chondrial cytochrome c oxidase, etc. are devel-
oped to understand the steps influencing the 
kinetics and selectivity of the ORR.[62] Inter-
estingly, each of these natural ORR sites 
is observed to perform specific functions; 
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Figure  4.  a) Macrocyclic ligands well-known to catalyze the CO2RR. b) Illustrations of the 
HKUST-1 structure and the open metal coordination site in the Cu-paddlewheel environment. 
Reproduced with permission.[103] Copyright 2011, American Chemical Society.
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Hb and Mb are only involved in reversible O2 binding, while 
the cytochrome c oxidase is capable of reducing O2 to H2O. 
The studies underpin the role of the nature of the metal and 
ligands present in the catalytic structure in modulating the 
kinetics and selectivity of the ORR. For instance, laccase in the 
aerobic respiratory chains consists of a multicopper active core 
with catalytic activity reportedly outperforming the standard Pt 
catalysts.[63] The cytochrome c oxidase metalloprotein involves 
a binuclear heme and copper site that is responsible for the 
binding and subsequent reduction of molecular oxygen.[64] 
“M–N4” coordination centers of these enzymes are the typi-
cally targeted structural motifs for ORR catalysts (Figure 5b). 
The possibilities of numerous metal–ligand coordinations in 
MOFs make them promising candidates for designing hetero-
geneous ORR catalysts. The first step of the ORR in alkaline 
electrolytes (toward producing both H2O or H2O2) involves the 
transfer of an electron to O2 to form superoxide (O2

•−), which 
in case of the metallated systems is typically coordinated to 
a metal center.[7] The oxygen adsorption strength (ΔGO*) is 
the generally used catalytic descriptor representing the bond 
strength between the surface and the reaction intermediates 
(O*, OOH*, and OH*) (Figure 5a).[65] MOFs constructed using 
transition metal centers (typically Fe and Co) are observed to 
efficiently catalyze the ORR. Early reports of the intrinsic ORR 
activity in MOFs reported a water-stable Cu-bipy-BTC MOF, 
with the “Cu–N” groups expected to be the electroactive sites in 
a 0.1 m phosphate buffer (pH 6.0) solution.[66] The MOF exhib-
ited a redox type catalysis involving the Cu (II/I) redox couple 

and pronounced ORR activity to produce water was observed. 
In another report, the ORR-active Fe-porphyrin units are 
embedded within a robust Zr-based MOF, [Zr6O4(OH)4(Fe(III)-
(TCPP)3)].[67] The redox-active Fe-porphyrin units are observed 
to catalyze ORR through the 4e− pathway in 0.1 m LiClO4/DMF. 
The employment of proton relaying moieties has been a major 
directive used to promote the transfer of the protons across 
the ORR-active centers (Figure 5c).[68] The intrinsic electrocat-
alytic ability of the MOFs is also found to largely depend on 
the redox activity and the pKa of the comprising organic struts. 
One such observation is made using an electrically conductive 
HITP (2,3,6,7,10,11-hexaiminotriphenylene)-based Ni-MOF, 
Ni3(HITP)2.[69] Contrary to the usual observation, it is proposed 
that herein the Ni sites only contribute to the electronic struc-
ture of the active species but do not directly participate in the 
ORR activity. Rather, electrochemical and spectroscopic studies 
in conjunction with computational studies suggest that the 
redox activity of the organic ligand induces ORR activity in 
the system. The HITP ligand is found to efficiently mediate 
charge delocalization across the framework rendering the key 
intermediates accessible throughout the reaction. Likewise, the 
ligands could also be designed to impart stability to the con-
stituting framework. For example, the electron withdrawing 
effect of the tetrapyrrole moiety is found to stabilize the Co 
(II) active centers in a 3D porphyrinic MOF.[70] It is perceived 
that separation of the unsaturated metal centers by the ligands 
increases the longevity of the catalytic activity in these extended 
structures.
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Figure 5.  a) Volcano plot indicating the variations in the oxygen reduction activity as a function of the oxygen binding energy. Reproduced with permis-
sion.[104] Copyright 2004, American Chemical Society. b) Metal–ligand combinations for developing ORR-active MOFs. c) Illustration of the cooperative 
effect of the proton relaying ligand on the ORR activity.
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3. Directed Designing of MOF-Derived 
Electrocatalysts

A large proportion of the state-of-the-art MOFs employed as 
electrocatalysts suffer from acute stability issues in both low 
and high pH aqueous electrolytes. The metal–ligand coordina-
tion often succumbs to hydrolysis in the presence of the reac-
tant adsorbates, such as water, thereby impairing the direct use 
of virgin MOFs as electrocatalysts. In addition, the nature of 
the hard Mn+–redox inactive ligand coordination further ren-
ders poor electronic conductivity to the long-range architec-
ture. Thus, attempts have been made to transform metal and 
heteroatom emblazoned MOFs into functional carbon-based 
composites, which can conveniently circumvent the conduc-
tivity and stability issues faced by its predecessors. Owing to 
the existence of metal and carbonaceous ligand junctions in its 
framework, MOFs can be readily employed as a self-sacrificial 
template for deriving functional carbon composites.[71] How-
ever, it is important to carefully choose the annealing condi-
tions, as the properties of the final carbon composite heavily 
rely on its course of thermal activation.[72] It is important to 
observe that although this approach does not help in conserving 
the molecular structure of the MOF, the active metal coordina-
tion centers are largely retained. This approach is particularly 
important toward utilizing a large number of MOFs with signif-
icant metal–ligand combinations, that are either not chemically 
stable or suffer from poor conductivity issues.

3.1. Toward OER

The naturally occurring oxygen-evolving center in photosystem 
II (PSII) of the green plants comprises of a high oxidation 
state Mn4CaOx “cubane” cluster.[73] Thus, functional motifs 
like spinel oxides with structural resemblance to the “cubane” 
structure are typically explored for catalyzing water oxidation 
reactions (Figure 6). The possibility of designing MOFs with 
multiple metal ions presents the opportunity to integrate such 
centers in the MOF backbone. In addition to providing large 
extended reaction interfaces, MOFs could be viewed as effec-
tive snares that prevent the agglomeration of active metal oxide 
particles, which could otherwise diminish the density of acces-
sible active sites and their utilization. In this context, MOF 
structures could be viewed as simple yet versatile precursors 

for deriving OER active phases. For instance, a bimetallic 
Mn3[Co(CN)6]2 Prussian blue analogous MOF consisting of 
a high oxidation state Co(+2.46) and Mn(+2.69) was used to 
derive “cubane” bearing spinel cobalt manganese oxide nano-
cubes to drive the OER in 0.1 m NaOH.[74] In another instance, 
a series of Fe and Ni-based MOFs are oxidatively transformed 
into FexNix –oxides, predominantly with spinel NiFe2O4 struc-
ture, which display composition-dependent OER activity in 
0.1 m KOH.[75] Likewise, the thermal synthesis of MxCo3-x O4 
(M = Co, Mn, Fe) porous nanocage materials was reported by 
precisely controlling the composition of metals in Prussian 
blue analogues, M3 [Co (CN)6]2 (M = Co, Mn, Fe).[76] Further, 
on-site mild oxidation of metal centers into atomically dis-
persed metal oxide species is also perceived to induce OER 
activity in MOF-derived structures. For instance, O2 plasma 
treatment of ZIF-67 is observed to produce atomic-scale CoOx 
species, which are capable of catalyzing OER with activity 
superior to the standard RuO2 electrocatalyst at alkaline pH 
conditions.[77]

3.2. Toward HER

The HER is a typical two-electron transfer reaction whose rate 
is largely determined by ΔGH, the hydrogen adsorption free 
energy. Thus, it is expected that the metals which can opti-
mally bind hydrogen, also referred as “overpotential-deposited 
hydrogen” (Had), should display the highest catalytic activity.[78] 
However, as the volcano plots which reflect Sabatier’s principle 
do not include the (local) pH effects, violations in the activity 
trend at different pH conditions are usually observed.[31] More-
over, it is important to understand that as water is a potential 
hydrogen donor in alkaline media, the catalyst surface should 
not have any strong affinity to adsorb the spectator hydroxide 
ions, which could otherwise passivate the catalyst.[79] An impor-
tant investigation of the HER activity on Pt electrodes modi-
fied with 3D transition metal systems highlights the stability 
of 3d-TM(OH)2 clusters (mainly Ni, Co, Fe, and Mn) in the 
potential range of interest.[40] A metal coordination center with 
optimum hydrogen interaction energy and water dissociating 
ability could be primarily considered for catalyzing the HER. 
In addition to metal oxides, corresponding sulfide/selenide/
phosphide centers are also known to promote HER activity in 
both acidic and basic environments.[80,81] In order to ensure 
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Figure 6.  Nature-inspired design of OER-active MOF-derived materials. a) Illustration of Mn4Ca2+O5 cluster of PS-II. Adapted with permission.[105] 
Copyright 2017, Macmillan Publishers Limited, part of Springer Nature. b) Illustration of the “cubane” units in Prussian blue analogues structures and 
c) illustration of spinel oxide structures obtained after their oxidative transformation.
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porosity in the forming structures Co, Ni, Mo-based porous 
MOFs were used as precursors for generating such HER-active 
phases (Figure 7a). In most of the cases, the annealed MOFs 
are often subjected to sulfurization/phosphorization/seleniza-
tion to produce M–S, M–P, and M–Se coordination centers. 
For example, nanocubes of Ni–Co Prussian blue analogues are 
observed to structurally transform into HER-active NiS hollow 
structures when treated with Na2S under annealing conditions 
(Figure 7b).[82] In a typical strategy used to effectively disperse 
the HER-active sites, a bimetallic MOF is used to derive Ni–Co 
mixed metal phosphide nanotubes via two solid-state reaction 
steps.[83] The Co4Ni1P nanotubes possess similar morphology 
to their parent MOF precursor and show remarkable HER per-
formance in 1 m KOH. Likewise, selenization of a Ni- and Fe-
based bimetallic MOF results in NiSe2/Fe3Se4/C hybrids, which 
are found to be active toward catalyzing the HER in alkaline 
conditions.[84]

3.3. Toward CO2RR

Anaerobic bacteria contain NiFe4S4-centered carbon mon-
oxide dehydrogenases (CODHs) that are known to efficiently 
reversibly catalyze the reduction of CO2 to CO at room 

temperature.[85] During the catalysis CO2 initially bridges to 
both Ni and Fe sites. The Lewis basicity of the Ni center helps 
in the electron transfer to the antibonding lowest unoccupied 
molecular orbital of CO2 (Figure 8a). The resulting increase in 
the negative partial charges at the oxygen atoms is sequentially 
stabilized by the Lewis-acidic Fe center and the hydrogen bonds 
of the amino acid residues within the metalloenzyme. These 
biological models suggest that an “amphoteric” structure with 
similar electron rich and electron deficient nuclear configura-
tions can be explored for generating a CO2RR active material. 
Interestingly, heteroatom-doped carbons are the recent class of 
metal-free substrates identified to exhibit CO2 reducing char-
acteristics.[86,87] In particular, the CO2RR activity is believed to 
originate from the interaction between the acidic CO2 and Lewis 
basic pyridinic carbon groups present in nitrogen-doped carbon 
structures.[88] In this direction, MOFs could be explored as pre-
cursors for synthesizing porous nitrogen-doped carbon struc-
tures, preferably with pyridinic N defects, which are known 
to potentially form adducts with CO2 molecules.[89] A seminal 
work in this direction used N-doped carbon derived by thermal 
treatment of a Zn-based ZIF-8.[23] The electron rich pyridinic-
N and electron deficient quaternary-N groups in the porous 
carbon are proposed to synergistically stabilize the COOH* 
intermediate, thereby imparting catalytic activity to the carbon 
structure. Interestingly, in the case of ZIF-derived carbon com-
posites, the presence of low coordinated M–Nx sites is observed 
to favor the stabilization of the anion radical formation during 
the CO2 reduction reaction (Figure 8b,c).[90] Such active sites 
are usually created by involving bimetallic MOFs with Zn2+ as 
one of the ions. The reduced Zn evaporates during carboniza-
tion leaving atomically dispersed Co atoms behind, which are 
thereafter anchored on a N-doped porous carbon matrix.

3.4. Toward ORR

The use of metallated macrocycles as fuel cell cathode catalysts 
has gained momentum ever since Jasinski initially investigated 
the ORR activity of M–phthalocyanine (M = Co, Ni, Pt, Cu) com-
plexes in alkaline medium.[91] The highly delocalized π-electron 
cloud in the macrocyclic ring is believed to activate fast reac-
tion kinetics in such complexes. Following this finding, a wide 
spectrum of organometallic compounds based on structurally 
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Figure  7.  a) Inducing the HER activity in MOFs after post-synthetic 
modification. b) Exemplary representation of the formation of NiS 
nanoframes using a Ni–Co Prussian blue analogous MOF. Reproduced 
with permission.[82] Copyright 2015, Wiley-VCH.

Figure 8.  a) Volcano plot for CO2 reduction activity as a function of the CO binding strength. Adapted with permission.[56] Copyright 2014, American 
Chemical Society. b) Metal–ligand coordinations useful as CO2RR active sites. c) Illustration of desired heteroatom carbon structures for the CO2RR.



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800415  (10 of 13)

www.advancedsciencenews.com www.small-methods.com

related porphyrins or phenanthroline com-
plexes have been tried for catalyzing the 
ORR.[7] The (M–Nx) motif of this catalytic 
system is often used as reference architec-
ture for the molecular design of synthetic 
ORR electrocatalysts.[92] A large number of 
soluble molecular catalysts containing such 
structural motifs have successfully yielded 
ORR activity. However, the slow diffusion 
and poor mass transport within the thick 
electrocatalyst films often limits their activity. 
A mechanistic insight into the functioning 
of the biological metalloproteins under-
lines a golden rule that in order to attain a 
high rate of electron transfer, the redox sites 
should not be separated by a distance of 
more than 15 Å.[93] One way of effectively 
harnessing the utility of such systems is the 
direct immobilization of catalytic thin films 
on the electrode surface. However, in such a 
case, the increased proximity of the catalytic 
sites could not only aggravate the delete-
rious effects of catalyst aggregation butalso 
restrict the active site density due to limited 
film thickness. A more pragmatic move is 
to engage electron transfer mediators like 
carbon particles to relay electrons across the 
catalytic sites. In this direction, porous MOFs 
constructed using “M–Nx” coordination sites 
could be viewed as potential precursors for 
increasing the lifetime of such catalyticallyac-
tive sites.[92] Crystalline MOF structures can 
be judiciously treated to produce chemically 
stable and porous M–Nx/carbon composites 
in which the structural motifs are conserved 
and effectively embedded within a conductive 
network.[22] One of the works in this direc-
tion is the use of a cobalt-imidazolate frame-
work, which is observed to transform into 
an ORR active state following thermal treat-
ment under an inert atmosphere.[94] During 
the activation, the metal ion centers of the 
parent ZIF are conserved while the rest of 
the imidazole linkers convert into a conduc-
tive N-doped carbon framework (Figure 9a). 
Structurally, the catalyst is assumed to pos-
sess the “Co–N4” motif embedded within 
the N-doped carbon matrix. One of the smart 
strategies employed for precisely controlling the spatial disper-
sion and coordination structure in the MOF derived composite 
is the insertion of ‘volatile’ metal ions in the MOF lattice.[95] 
This approach is very well illustrated using a bimetallic ZIF 
structure.[96] Herein, the Zn2+ ions are strategically placed as 
spacers between the Co2+ sites in the ZIF lattice to prevent 
the Co sites from agglomerating during the thermal treatment 
(Figure 9b). On heating the Zn/Co ZIF, the Zn atom evaporate 
at ≈900  °C leaving the reduced and well separated Co single 
atoms in the N-doped porous carbon behind. The utilization of 
MOFs with transition metals that can induce graphitization of 

carbon is also observed to promote the stability of such MOF-
derived composites. Furthermore, the annealing conditions can 
be adjusted to tune the reactivity of the catalyst structure.[97] In 
one such typical approach, Co-based ZIFs are treated under a 
reducing atmosphere (He containing traces of H2) to induce 
the formation of Co/CoCx/CoNx structures encapsulated within 
a graphitic carbon matrix.[30,98] The embedded “Co–Nx” moie-
ties and N-functionalized groups in the carbon framework are 
proposed to impart ORR activity to such MOF-derived com-
posites. In order to induce the creation of OER active “Co–O” 
sites, the resulting composite is further subjected to controlled 
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Figure 9.  a) Conceptual illustration of the retention of metal coordination during heat treat-
ment. Adapted with permission.[22] Copyright 2002, American Chemical Society. b) Crystal 
structure of a typical Co- and Zn-based bimetallic ZIF, and SEM image of one of the variants 
Co0.1Zn0.9(MeIm)2. Reproduced under the terms of the CC BY 4.0 license.[95] Copyright 2016, 
Nature Publishing Group. c) Representation of the formation of core–shell nanoparticles via 
reductive carbonization of a typical ZIF-67 structure. Reproduced with permission.[30] Copyright 
2016, Wiley-VCH.
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mild calcination.[30] This treatment expedites the partial oxida-
tion of the metallic cobalt surfaces resulting in the formation 
of core–shell spinel Co@Co3O4 nanoparticles encapsulated in 
a N-doped carbon nanotube-grafted carbon polyhedral matrix 
(Figure 9c). This treatment also facilitates the removal of the 
amorphous carbon covering the active metal centers, thereby 
increasing the electrocatalytic response of such MOF-derived 
composites. Additionally, the tuning of the metal composi-
tion of the MOF structure is also reported to improve the cata-
lytic activity and stability of some of the MOF-derived carbon 
materials.[99] The effective utilization of the metal sites in such 
an MOF-derived matrix is further observed to improve by 
atomically dispersing the metal sites within the MOF-derived 
matrix. In one such report, a mixed-ligand strategy was used 
to achieve single atom Fe-implantation in a N-doped MOF-
derived matrix.[100] Herein, a nonmetallated porphyrinic ligand 
was inserted to spatially separate the Fe-metallated porphyrinic 
ligand in the MOF matrix, which effectively suppresses the 
aggregation of the Fe centers during the subsequent pyrolysis 
of the MOF.

4. Conclusion and Outlook

The review outlines prospective approaches through which 
MOF-based materials can be rationally designed to achieve 
desired electrocatalytic properties. It illuminates the role of 
nature inspired biological structural factors, synthetic molec-
ular catalysts, their thermally derived counterparts, and the 
need for solid understanding of the particularities of the elec-
trocatalytic reaction in influencing the rational design of the 
targeted structure. Specifically, it can be outlined that designing 
of MOF-based electrocatalysts demands an in-depth under-
standing of the nature of the reaction intermediates formed 
and the configuration of the active sites needed to stabilize 
these transient species. Working toward this goal, it is impor-
tant to judiciously choose suitable metal–ligand combinations 
apart from ensuring the provision of a high surface area reac-
tion interface within the MOF architecture. Herein, the primary 
challenge is to identify the key structural motifs that govern the 
specific catalytic pathways and the ways in which they can be 
employed to reproduce the catalytic function in the MOF/MOF-
derived matrix. In case of bioinspired structural motifs, the 
coordination environment should be highly regarded to obtain 
the desired structure–property relation. The chemical stability 
of the metal–ligand coordination under catalytic conditions 
must be additionally ensured for a stable performance. The 
spatial dispersion of the recognized active sites is also identified 
to significantly increase the utilization of the extended MOF 
surface. The potential combinations of metal ions, as indicated 
by the theoretical understanding of the reaction pathways, can 
be alongside implemented to tune the reactivity of the metal 
centers. Besides improving the competence of the metal nodes, 
the electronic perturbations of the constituting ligands is also 
observed to influence the activity of the MOF derived catalyst 
in terms of the reaction kinetics and catalytic turnover number. 
Furthermore, it is also perceived that the above-mentioned 
strategies can be very much extended to screen and design cata-
lysts for broader electrocatalytic applications like, e.g., ammonia 

synthesis, methanol oxidation, hydroxymethylfurfural (HMF) 
oxidation reactions among others. For instance, Fe-based MOFs 
can be modified to emulate the 4Fe–4S clusters of the enzyme 
nitrogenase under formation of Fe−Sx/Fe−Px based active 
centers, which are proposed to catalyze the electroreduction 
of N2 at room temperature.[101] It is therefore hoped that the 
review will inspire informed design and selection of MOFs in 
electrocatalysis and broaden their application beyond mere rec-
ognition as intriguing materials of laboratory curiosity.
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