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Taking cognizance of the United Nations Sustainable Develop-
ment Goal 7 “affordable and clean energy”, metal–organic
frameworks (MOFs) and derived materials have spurred research
interest in electrocatalysis. New findings have made headway in
water splitting (oxygen evolution reaction and hydrogen
evolution reaction) and other electrocatalysis, including the
oxygen reduction reaction and electrochemical CO2 reduction.

Thanks to their structural versatility and compositional modu-
larity, MOFs offer bespoke design paradigms for electrocatalyst
development. Albeit most advances in this area are predicated
upon direct carbonization (pyrolysis) of MOFs/MOF composites,
eschewing these energy-intensive and high-cost methods, this
review summarizes all recent advances in MOF-based electro-
catalysts exclusively prepared through indirect post-treatments.

1. Introduction

Built from bottom-up self-assembly of metal ions or clusters
linked by organic ligands, metal-organic frameworks (MOFs), a
subclass of coordination networks, are (generally) crystalline
framework solids featuring potential voids.[1] Two decades of
intensive research findings along this interface of molecular
coordination chemistry and materials chemistry have catapulted
MOFs into applications in storage/separations,[2] catalysis,[3] and
sensing.[4] Thanks to their structural periodicity and diversity
that can be rationally fine-tuned, i. e., the unique combination
of compositional modularity, nanoporosity, and high surface
areas,[5] the high active site density and durability could be akin
to state-of-the-art heterogeneous catalysts.[6] In fact, the uni-
formly nanoporous channels in MOFs, in synergy with acces-
sible active sites, have delivered record-high catalytic activities
versus the traditional and/or typical heterogeneous catalysts.
Thanks to their deference to the first principles of crystal
engineering design,[7] and reticular chemistry,[8] adoption of
MOFs can harmonize the dual benefits of both heterogeneous
and homogeneous catalysts. Unsurprisingly, significant interests
have spurred solid-state chemists to leverage MOFs for catalysis
since the early days, which include chemical catalysis,[6]

photocatalysis,[9] and electrocatalysis.[10]

The ever-increasing energy crisis and environmental pollu-
tion have intensified the quest for renewable and green energy
sources as viable alternatives to fossil fuels. H2 is the most
promising alternative, thanks to its high energy density and
cheap, abundant source, i. e., water.[11] Water splitting, or water
electrolysis is a straightforward process to produce H2 [at the

cathode; H2 evolution reaction (HER)], and O2 [at the anode; O2

evolution reaction (OER)], and this has great importance in
terms of energy production (Scheme 1). The other environ-
mentally benign energy conversion systems are H2� O2 fuel cells
and metal-air batteries, whose reaction product is water.[12] In
this system, oxygen reduction reaction (ORR) is an inevitable
cathode reaction (Scheme 1). Nevertheless, these green energy
sources heavily rely upon electrocatalysts.

Electrocatalysis is at the forefront of several renewable
energy storage and conversion technologies, offering sustain-
able routes to produce commodity chemicals and fuels.[13] As
aforementioned, electrochemical splitting of H2O to enable H2

and O2 production are green routes perfectly aligned with the
clean energy technologies of tomorrow. Targeting this pair, viz,
HER and OER, finding inexpensive yet high-performing, stable
electrocatalysts that refrain from the use of precious platinum
group metals is the need of the hour. Likewise, the recent surge
in fuel cells and metal-air battery research has fast-tracked
advances in a) hydrogen oxidation reaction (HOR); b) ORR; c) N2

reduction to evolve ammonia. Without utilizing platinum and/
or other precious metals as aforementioned, delivering bench-
mark electrocatalytic performances from stable, robust electro-
catalysts is an area of particular relevance, in direct alignment
with the United Nations Sustainable Development Goal 7
“affordable and clean energy”.[14]

1.1. Metal-organic frameworks for electrocatalysis

Embodying “nanomaterials by design”, the library of crystalline
MOFs (>100,000 and rising[15]) leverage advantages from the
principles of coordination chemistry, linking it with solid-state
chemistry principles.[16] Most MOF compositions comprise
inexpensive first-row transition metals, Mn(II)/Mn(III), Fe(III),
Co(II), Ni(II), Cu(II), Zn(II), etc. and low-cost, commercially
available organic ligands (mostly carboxylates). This composi-
tional aspect endows MOFs as promising earth-abundant
electrocatalysts. Albeit a spur in research findings in the last ten
years, major challenges are unmet, leaving several opportunities
for utilizing MOFs as electrocatalysts. Consequently, question
arises on the best routes of advancing MOF-based electro-
catalysts (Figure 1).[17]

One widely held paradigm is to use MOFs as precatalysts,
i. e., to afford 3D carbonaceous nanocomposites functionalized/
embedded with transition metal species-based nanoparticles.
The latter metallic component is exemplified by oxides,
chalcogenides, oxypnictides, and pnictides. Regarding composi-
tions of the metal-embedded carbonaceous composites, ligand
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pyrolysis directly contributes to the carbon content, whereas
metal ions/clusters give rise to the metallic content. Relying
upon its propensity to produce a high density of active sites
dispersed across porous conductive carbon matrices, the recent
literature on MOF-pyrolyzed phases has witnessed record-high
electrocatalytic performances.[18] Nonetheless, such a boost in
electrocatalytic efficiency largely stems from the high surface

area, while suffering from limited (to negligible) scopes of
accumulation, particularly with respect to the ideal layout of
piling up catalytic activities from individual metal catalyst
components. Perhaps as the most significant drawback,
pyrolysis impairs the foremost asset of MOFs, i. e., their fine-
tuned metal-ligand coordination environments, turning out
moot for electrocatalysis. In essence, pyrolysis of exotic ligand-
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functionalized, high-cost MOFs to prepare nanocomposites,
despite benchmark performances, suffers from a weak spot: the
bottom-up MOF design approaches only contribute little to the
electrocatalytic efficiencies. Then again, MOFs as the precursors
to prepare single-atom catalysts (SACs) embedded in carbon
nanostructures have emerged as an alternative route to success,
albeit wrecking the framework architectures.[18] On the flip side,
direct use of MOFs can overcome most (or all) of the limitations
mentioned above, but suffers from limited electrical conductiv-
ity and lack of optimal stability because of harsh conditions in

the purview of electrochemical reactions.[6] Two factors domi-
nate here: a) most organic ligands are redox-inactive; b)
electronic interactions between the metal centers and organic
ligands are weaker than those found in traditional solid-state
materials, such as metallic oxides. This is why most MOFs
demonstrate insulating nature, presenting a see-saw
situation.[19] Breaking this trade-off, thanks to a number of
recent reports by us and others, conducting or semiconducting
MOFs have recently come to the fore.[20] The oft-encountered
catch-22 situations can be addressed by ultrathin MOFs.[21]

Scheme 1. Schematic illustration of a) water splitting in an electrochemical cell, including b) ORR.

Figure 1. Schematic illustration of electrocatalytically active MOF derivatives prepared through indirect post-treatment routes, avoiding calcination or
pyrolysis.
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Despite the rarity, thin nature minimizes the electrical transport
distance, integrating well with the rationally selected conduct-
ing scaffolds to deliver high conductivity. In principle, the
resulting prêt-à-porter MOF derivatives tend to be replete with a
high unsaturated metal density, each catalytically active and
therefore contributing to the catalytic performance.[21]

In MOFs, metal ions and/or clusters are coordinated to
organic ligands. Whereas electrocatalytic conditions (when
extreme) can dissociate these coordination bonds, free metal
ions or clusters can form, their assembled forms potentially
acting as catalysts. Kinetics of this disassembly-reassembly
transition gets influenced by the metal-ligand bond strength,
delivering electronic and crystal structures amenable for highly
active sites. As a result, structural features of the re-constructed
MOF derivatives play dominant roles in dictating the catalytic
efficiencies. In addition, metal types and their distribution in
MOFs also impact the efficiencies significantly.[22] This leads us
to believe that investigating structural derivatization and the
metal-ligand scaffold roles can unlock the design of highly
efficient electrocatalysts in future. Unsurprisingly, these advan-
tages have spawned several research findings of late. Several
active-site rich MOF derivatives demonstrate HER, OER, ORR,
and electrochemical CO2 reduction reactions, as we review
herein.[21,23]

2. MOF Stability for Electrocatalysis

Electrocatalyst performance relies upon several key parameters.
These primarily comprise onset potential, overpotential, Tafel
slope, exchange current density, turnover frequency, Faradic
efficiency, product selectivity and/or catalyst durability vis-à-vis
stability.[17a] Whereas MOF-carbonized or MOF-pyrolyzed carbon
matrices tend to uphold electrocatalytic performances under
the relevant ‘harsh’ conditions, moving away from these treat-
ments and adopting indirect post-treatments imply that
intrinsic metal-ligand bonds in the MOFs would be subjected to
harsh reaction conditions. This is in particular reference to the
MOF’s prolonged water stability, inertness to acidic and/or
alkaline pH, and often poses a bottleneck in MOFs. MOFs’ and
MOF-derived hybrids’ instability in the presence of water or
harsh chemicals is largely because these are comprised of
typically labile metal-organic bonds and sometimes accompa-
nied by coordinatively unsaturated and reactive metal
centers.[24] Performance is compromised by generally poor
selectivity.[24b]

Whereas metal complex-based molecular OER catalysts get
decomposed under OER conditions to afford metal oxide/
hydroxide catalysts, the more reducing HER conditions retain
the molecular metal complexes as catalysts.[25] On the contrary,
organic linkers in MOFs could be oxidized under OER
conditions, leading to framework collapse. Simply put, MOFs, in
such cases, will merely assume the role of precursors, i. e., the
“precatalysts”, eventually generating the true OER catalysts.[13]

Consequently, to leverage MOFs in OER catalysis,[26] or other
oxidations,[27] surface-sensitive structural characterizations
should lead the way.[28] In general, these techniques involve

Raman spectroscopy, X-ray photoelectron spectroscopy (XPS),
and X-ray synchrotron spectroscopy, either monitoring before
and after the reactions (Ex-situ), or during the reaction (In-situ
and/or In-operando). Results typically reveal: a) whether the
MOFs are indeed stable under the oxidative environments of
OER; b) accurately determine the active catalysts on the
surfaces. Meeting these stability criteria qualify some MOF
derivatives as OER electrocatalysts, while a few select analogues
turn out precatalysts, i. e., precursors to metal oxide/hydroxide
catalysts.[25] Considering the lower overpotentials and milder
conditions involved with electro-reduction, such as CO2 reduc-
tion reaction (CO2RR) and ORR, the stability of MOFs to these
reaction conditions would be higher versus OER.

The majority of MOFs are sensitive to water exposure, either
to liquid water or humidity. That water molecules are in
opulence under water splitting conditions, and other electro-
catalytic conditions such as CO2RR imply the high relevance of
MOF stability to aqueous electrolytes.[29] Metal-ligand bond
strength arguably contributes the most, largely dominated by
Lewis acidity of the coordinated metal sites and the linkers’ pKa
values.[30] Water stability can be typically predicted from the
principle of hard and soft acids and bases,[31] where either a
hard Lewis acid-hard Lewis base tie-up (e.g., UiO-66,[32] MIL-
125(Ti)[33]) or a soft Lewis acid-soft Lewis base pairing (e.g.,
Ni3(BTP)2,

[34] Co(bdp)[35]) culminates in high hydrolytic stability of
the metal-ligand bonds. Lability of the metal cluster also
contributes, leaving Group 4 metal cluster (Zr(IV), Ti(IV), Hf(IV))
based ‘robust’ MOF platforms at the upper echelon of stable
MOFs (regardless of their insulating nature impeding electro-
catalysis thus far).[36]

3. MOF Derivatives for Electrocatalysis

3.1. OER and HER case studies: mechanisms manifested

3.1.1. MOF derivatives for OER: representative examples

3.1.1.1. Mechanism of OER

Due to its sluggish kinetics and multi-electron transfer, the half-
reaction of water splitting, OER, is the limiting step in water
electrolyzers.[11,37] To understand the pivotal factors governing
the activity of OER electrocatalysts, several mechanisms have
been proposed according to the intermediates identified at the
electrolyte-catalyst interface during the reaction. For instance,
the conventional adsorbate evolution mechanism (AEM) is
implemented on a tandem four concerted proton-electron
transfer (CPET) mechanism occurring at the catalytically active
metal sites (denoted as M) (described in Figure 2a). As regards
OER, the proposed AEM steps in acidic and alkaline media are
listed in Table 1:[23a,37–38]
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3.1.1.2. OER active MOFs

In light of the dynamic structural variations observed at the OER
catalyst surfaces, lattice oxygen oxidation mechanism or lattice
oxygen-mediated mechanism (LOM) can enable OER. This
arguably has a direct bearing on the ever-growing attempts to
develop perovskite-type electrocatalysts.[39] The activated lattice
oxygen assumed around the active metal sites can directly
couple with the deprotonated *O intermediate to form *OO
species (i. e., the single-metal-site mechanism (SMSM) in Fig-
ure 2b), and the latter is further converted into O2 over the
subsequent step. The oxygen vacancy caused by the consumed
lattice oxygen can be subsequently refilled by OH� .[40] Accord-
ing to the number of participated lattice oxygen, a dual-metal-
site mechanism (DMSM) has also been proposed, as shown in
Figure 2c. The adjacent activated lattice oxygen atoms facilitate
the construction of M� OO� M intermediate, where O2 is directly
evolved, and two oxygen vacancies are generated.[41] The recent
flourish in experimental techniques, such as 18O isotope
labeling,[42] and O-based X-ray spectroscopy,[43] have accelerated
the all-inclusive comprehension on the LOM pathway and are
expected to break the inherent limitations of scaling relation-
ships between the *OH and *OOH intermediates in AEM. This is
primarily because the rate-determining steps of *OH deprotona-
tion and *OOH formation do not exist along the LOM catalytic
cycle.[44] Accordingly, LOM is considered one of the most
promising mechanisms to guide OER activity improvement.
Over the past few decades, substantial research efforts have
gone into investing LOM on the state-of-the-art OER electro-
catalysts, RuO2,

[45] IrO2,
[46] Zn-substituted CoO2 slab,

[47] NiCo2O4,
[48]

etc.

The development of previously unreported electrocatalyst
types with high activity is another effective way of overcoming
the constraints posed by slow water oxidation kinetics.[49] Over
the past few years, extensive studies have revealed a number of
high-performing MOF-derived OER catalysts.[23c,50] However, as
far as MOF design rationales are concerned, systematic
research-based targeted blueprints largely remain obscure.
Particularly, preparing MOF-derived state-of-the-art catalysts
under energy-efficient, mild conditions needs in-depth explora-
tion. The following section outlines several advanced strategies
on MOF-derived OER catalysts’ preparation, including alkaline
hydrolysis, electrochemical conversion, ion etching, and sulfuri-
zation.

MOF-based electrocatalysts have been widely studied for
water oxidation owing to their well-defined metal sites, tunable
compositions, and structures.[2,26] However, the structure-per-
formance relationships and origins of their superior OER
activities remain elusive. Taking account of the MOF’s hydrolytic
stability in extremely acidic or alkaline electrolytes, more studies
focus on the pre-catalytic chemical processing of the pristine
MOFs.[51] Especially, carboxylate-based MOFs are relatively
fragile under strongly alkaline conditions (that OER entails),
while OH� ions can cleave the coordination bonds holding the
carboxylate linkers to the metal sites, resulting in the formation
of metal hydroxides.[51b,52] Accordingly, some latest works have
reported an alkaline hydrolysis strategy for delivering MOF-
derived OER electrocatalysts.[51a,53] As an example, Li and co-
workers developed a facile alkali-etched method to obtain the
defect-rich ultrathin Ni-MOF nanosheet array (D� Ni� MOF NSA)
for OER.[54] In alkaline electrolyte, partial coordinated Ni� O
bonds of 2D MOFs could be broken due to KOH invasion,
producing open unsaturated Ni(II) sites (Figure 3a).[55] XRD
patterns demonstrate clear retention of the Ni-MOF NSA
diffractogram post-alkali etching treatment, evident of frame-
work stability. The exposed (002) plane referring to the metal-
oxide layers, however, shows a faint negative shift (Figure 3b).
This result indicated an increased space between the metal-
oxide layers after alkali etching treatment. Two reasons can
likely cause such observation: a) breaking of the partially
coordinated Ni� O bonds; b) the weakening of interactions
between the neighboring layers. Meanwhile, a positive shift to
the O 1s XPS spectra in D� Ni� MOF NSA can be found as
compared to that in Ni-MOF NSA (Figures 3, c, and d). Notably,
a peak at 530.9 eV shows a high XPS area ratio after alkali
etching, indicating a high number of oxygen vacancies. This
could be due to the breaking of Ni� O bonds after KOH
intrusion. According to the Fourier-transformed k3χ(k) EXAFS
spectra (Figure 3e), Ni-MOF and D� Ni� MOF display the same
dominant peak at 1.60 Å, suggesting a coordinated nature of
the Ni� O bonds. However, the low average coordination
number in D� Ni� MOF further manifests the rich unsaturated Ni
sites.

To improve the OER performance of MOF-derived electro-
catalysts and to elucidate their structural conversion mecha-
nisms, more studies have started to pay close attention to the
completely reconstructed MOFs following alkaline
hydrolysis.[53,58] Using a mixed Fe� MOFs@Ni� MOFs hybrid plat-

Figure 2. a) The adsorbate evolution mechanism (AEM) of OER in both acidic
(blue line) and alkaline (red line) media. Reproduced with permission from
Ref. [11]. Copyright 2017, Royal Society of Chemistry. b and c) The lattice
oxygen oxidation mechanism (LOM) of OER in alkaline media, including the
single-metal-site mechanism (SMSM) and dual-metal-site mechanism
(DMSM). Red squares represent oxygen vacancy.

Table 1. Mechanism of OER, in acidic and alkaline media.

Acidic media

M+H2O!M� OH+H+ +e� (1)
M� OH!M� O+H+ +e� (2)
2 M� O!O2+2 M+ +2e� or M� O+H2O!M� OOH+H+ +e� (3)
M� OOH!M+O2+H+ +e� (4)

Alkaline media

M+OH� !M� OH+e� (5)
M� OH+OH� !M� O+H2O+e� (6)
2 M� O!O2+2 M+ +2e� or M� O+OH� !M� OOH+e� (7)
M� OOH+OH� !M+O2+H2O+e� (8)
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form, Bu and co-workers systematically investigated the active
species and reaction mechanisms.[55] Their results demonstrated
that most organic ligands in MOFs were replaced by OH� ions
in alkaline electrolyte, leading to the generation of NiFe-LDH
(Figure 3f) (LDH: layered double hydroxides[59]). The derived
NiFe-LDH acts as the active species during water oxidation.
Especially, the conspicuous differences in morphology noticed
in the SEM and TEM images alluded to the reconstruction of the
mixed Fe-MOFs@Ni� MOFs after alkaline hydrolysis (Figure 3g).
The distinct nature of lattice fringes assuredly manifests the
existence of metal hydroxides in the MOF derivatives, featuring
a lattice spacing of 0.24 nm, which corresponds to the (006)
facet of FeNi-LDH.

Attentively, albeit alkaline hydrolysis could partially or
completely destroy MOF structures, accurate information on the
post-destruction phases vis-à-vis during (and/or after) the OER
remains missing. Multiple reports also demonstrated that some
MOFs displayed relatively high stability over a short period of
the alkali immersion treatment.[55,60] Such a conjecture in terms
of the relationships between the real active sites in MOF-
derived catalysts and the pristine MOFs needed to be resolved.
Resorting to CV and amperometry measurements, Lee and co-
workers comprehensively discussed the structural and morpho-
logical transitions in ZIF-67.[56] As shown in Figure 4a, ZIF-67
undergoes a two-step phase evolution (ZIF-67!α-Co(OH)2! β-
Co(OH)2) during the electrochemical treatment (CV, LSV, etc.),
accompanied by ligand substitution. During the pre-catalytic
treatment, CV profile for the ZIF-67 electrode is measured
within different potential windows of 0.925–1.325 V and 0.925–

1.525 V, as shown in Figure 4b. With an increasing number of
CV cycles at the potential window of 0.925–1.325 V, two
recognizable redox peaks can be observed until the 40th cycle,
corresponding to the reversible redox transition between Co2+

and Co3+ species.
Notably, two redox peaks with half-wave potentials set at

1.049 V and 1.124 V are attributed to α-Co(OH)2 and β-Co(OH)2,
respectively. After the 40th cycle, the redox peak of α-Co(OH)2
gradually disappeared. The CV curve at the larger potential
window of 0.925–1.525 V shows a new anodic peak. This peak
located at 1.330 V is attributed to the oxidation of Co3+ to Co4+.
More In-situ spectroelectrochemical studies were further used
to explore the pre-catalytic transition of Co species in ZIF-67
(Figure 4c). At the low potentials, UV-vis spectra of ZIF-67 show
an uprising absorption (<400 nm) corresponding to the 2-
methylmimdazole ligands. With the increasing applied poten-
tial, the decreased above absorption verifies the leaching of
ligands. More obvious changes can be observed from the
absorption in the region of 500 to 600 nm, where three
representative peaks of tetrahedral Co sites are located at 540,
566, and 587 nm, respectively. At higher applied potential,
these absorption peaks of tetrahedral Co sites gradually weaken
and disappear at 1.525 V, suggesting the destruction of
tetrahedral coordination units in MOFs. Furthermore, In-situ
Raman spectroelectrochemistry shows a similar derivatization
process for ZIF-67 during the CV cycle. Specifically, the Raman
peaks stemmed from the ligands gradually vanish with the
increasing applied potential. On the other hand, the peak at
522 cm� 1 implies the generation of α-Co(OH)2, and its four-

Figure 3. a) Schematic illustration of fabricating defect-rich Ni� MOF nanosheet array (D� Ni� MOF NSA). b) The XRD variations of Ni� MOF NSA along with the
alkali etching time. c and d) XPS of O 1s spectra in Ni� MOF and D� Ni� MOF. e) Fourier-transformed k3χ(k) EXAFS of Ni� MOF and D� Ni� MOF. Reproduced with
permission from Ref.. [54]. Copyright 2020, Wiley-VCH. f) Schematic of the derivatization process leading to Fe-MOFs@Ni� MOFs (FN-2). g and h) SEM images of
FN-2 and FN-2i. i) TEM image of FN-2i. Reproduced with permission from Ref. [55]. Copyright 2019, Wiley-VCH.
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coordinated bonds around Co sites are confirmed by the peak
at 253 cm� 1. When the applied potential increases from 0.925 to
0.985 V, the fresh peak arising at 506 cm� 1 belongs to the β-
Co(OH)2. This result provides evidence in terms of the phase
transition of α-Co(OH)2 to β-Co(OH)2. Mechanism of the electro-
chemical conversion of ZIF-67 to α-Co(OH)2 and β-Co(OH)2 are
also illustrated in Figure 4d.

In fact, the flexible reconstruction of MOFs in the alkaline
electrolyte during the electrochemical measurement compli-
cates the investigation of the evolution mechanism.[63] Recently,
our group has employed the heterostructured NiFe-based
surface-mounted MOFs (Ni jFe-[TA]-SURMOFs) to elucidate the
structural and compositional variants during both alkaline
immersion and the electrochemical measurements.[57] As shown
in Figures 4e–g, grazing-incidence wide-angle X-ray scattering
(GIWAXS) technique was the first time to be used for the study
of MOF evolution. In the 2D GIWAXS patterns and the
corresponding line-cut and tube-cut profiles, the crystal phase
of Ni jFe-[TA]-SURMOFs can be determined with these diffrac-

tion spots and Bragg peaks. However, the crystalline structures
of SURMOFs are destroyed after 3 min KOH immersion treat-
ment, since no diffraction spot and Bragg peak can be
detectable. After the OER test, a fresh Bragg peak at q=

2.72 Å� 1 matches well with the (015) diffraction peak of NiFe-
LDH. These results indicate that MOF evolution should include
two continuous processes: 1) phase transition of the crystalline
SURMOFs into the amorphous metal hydroxides in KOH electro-
lyte; 2) electrochemical activation and conversion of the
amorphous metal hydroxides to low crystalline NiFe-LDH during
the CV cycling. More interestingly, a finding with respect to the
redistribution of active species in MOFs during the derivatiza-
tion process declares the self-reconstruction of heterostructured
SURMOFs. This was detected utilizing an advanced time-of-
flight secondary ion mass spectrometry (ToF-SIMS) instrument.
As shown in in-depth profiles (Figure 4h), with the increasing of
sputter time (oxygen plasma), Fe+ signal can be detected
earlier than Ni+ signal in the pristine SURMOFs, suggesting the
good agreement with the design concept of the heterostruc-

Figure 4. a) The evolution of ZIF-67(Co) under electrochemical treatment. b) CV cycling of ZIF-67@carbon fiber paper at two different potential windows. c) In-
situ UV � vis and In-situ Raman spectroelectrochemical studies for ZIF-67. d) Mechanism illustration of the electrochemical conversion of ZIF-67 to α-Co(OH)2
and β-Co(OH)2. Reproduced with permission from Ref. [56]. Copyright 2020, American Chemical Society. e-g) Grazing-incidence wide-angle X-ray scattering
(GIWAXS) data of SURMOFs in the as-prepared state, after 3 min KOH immersion and after OER measurements. In e and f, the cake cuts are obtained at angle
regions of χ=26–34° and 38–48°, respectively. In g, the tube cuts are performed in a q range of 2.65–3.00 Å� 1. h) The depth profiles of C+, Fe+, Ni+, Au3+and
Ti+ secondary ions in Ni jFe-[TA]-SURMOFs and Ni jFe-[TA]-Catalyst. All data are obtained with a time-of-flight secondary ion mass spectrometry (ToF-SIMS).
Reproduced with permission from Ref. [57]. Copyright 2021, Wiley-VCH.
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ture. In contrast, Ni- and Fe-species in the Ni jFe-[TA]-Catalyst
(after OER) display a relatively uniform distribution. This data
further reinforces the hypothesis of self-reconstruction.

Despite extensive research on alkali etching, realities of the
latent MOF derivatization mechanisms and uncontrolled con-
version processes impede their transition along higher techno-
logical readiness levels,[64] a cornerstone for commercial
adoption.[65] Of particular importance is to develop versatile and
precise methods for the design of high-performance MOF-
based catalysts. Apart from the alkali etching, multiple recent
studies demonstrate the advantages of etching other cations or
anions, such as S2� , Ni2+, Fe3+, Co2+, and so on.[62,66] Currently,
transition metal chalcogenides have fast-tracked research
interest in the form of efficient water splitting catalysts due to
their appropriate electronic states and high electrical
conductivities.[67] Given the unique morphology and atomically
dispersed metal sites, MOFs provide an ideal template for
preparing chalcogenide-based OER catalysts. For example, Luo
and co-workers developed a facile method to fabricate Co3S4/
EC-MOF-based hybrid electrocatalysts.[61] In Figure 5a, metal
hydroxyl fluorides were first prepared solvothermally, showing
an echinops-like architecture. Afterward, a universal vapor-
phase approach was utilized to grow well-aligned MOFs basing

upon the sacrificial template of metal hydroxyl fluorides. Finally,
a vulcanization reaction promoted the conversion of the facial
MOFs into metal sulfides, i. e., the Co3S4/EC-MOF hybrids. Both
Co3S4 and EC-MOF in Co3S4/EC-MOF catalysts are detectable in
the XRD patterns (Figure 5b). Moreover, the holistic echinops-
like morphology and sheet-like Co3S4 species are further
confirmed by SEM and TEM images, as shown in Figures 5c–e.
Notably, Co3S4/EC-MOF hybrid produced through the controlled
surface vulcanization reaction with Na2S achieves an excellent
OER performance, thanks to a measly overpotential of 226 mV
at the current density of 10 cm mA� 2. Additionally, cation-
etching methods greatly increase the diversity of MOF-derived
catalysts. In the aqueous/ethanolic reaction solution, there is a
hydrolysis equilibrium for the newly added metal salts, accom-
panied by proton generation. When MOF crystallites get
dissolved in the etchant solution, the H+ produced from metal
salts’ hydrolysis destruct the MOF coordination bonds, releasing
organic ligands and metal ions.[49] These released metal ions can
react with the external metal ions to generate binary metal
hydroxides at the interface of MOFs and electrolytes. In turn,
the consumption of protons promotes the aforementioned
hydrolysis equilibrium, affording more protons. As shown in
Figure 5f, Co-MOF nanoarrays were synthesized on a 3D

Figure 5. a) Schematic representation of the synthetic route of Co3S4/echinops-like Co-based MOF (Co3S4/EC-MOF). b) XRD patterns of EC-MOF and Co3S4/EC-
MOF. c) SEM image, d) TEM image, e) HRTEM image of Co3S4/EC-MOF. Reproduced with permission from Ref. [61]. Copyright 2019, Wiley-VCH. f) The
preparation of Co-MOF and defect-rich ultrathin Co(OH)2 (D� U� Co(OH)2). g) Polarization curves of D� U-Co(OH)2 and other reference electrocatalysts.
Reproduced with permission from Ref. [62]. Copyright 2019, American Chemical Society.
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conductive nickel foam, followed by the conversion of Co-MOF
into defect-rich ultrathin Co(OH)2 (D� U-Co(OH)2) through In-situ
etching reaction with Co2+ at room temperature.[62] Further-
more, the MOF-derived D� U-Co(OH)2 reveals a high OER
activity, much superior to the as-prepared thick Co(OH)2 as well
as the commercial RuO2.

3.1.2. MOF and MOF derivatives for HER: representative
examples

3.1.2.1. Mechanisms of HER

HER, like OER, is an integral part of water electrolysis, affording
high purity hydrogen. However, catalysts usually exhibit
remarkably higher exchange current densities as the HER has
fewer reaction steps, and binding energies of reaction inter-
mediates can be tailored more easily. The reaction pathway
consists of two steps. In the acidic medium, a proton first
adsorbs on the surface of the catalyst (*) in the Volmer step:

Hþ þ e� þ * ! H* (1)

Subsequently, the adsorbed proton reacts either in the so-
called Heyrovsky step with another proton from the electrolyte
to form a hydrogen molecule:

H* þ Hþ þ e� ! * þ H2 (2)

or two protons adsorbed on the catalyst surface combine in
the so-called Tafel step to form a hydrogen molecule which
subsequently desorbs:

2H* ! 2* þ H2 (3)

In alkaline media, the Tafel mechanism remains unchanged.
However, due to the low proton concentration in the electro-
lyte, the Volmer and Heyrovsky steps are associated with water
dissociation.

H2Oþ e� þ * ! H* þ OH� (4)

H2Oþ e� þ H* ! * þ H2 þ OH� (5)

To identify the reaction mechanism and the rate determin-
ing step (RDS), the Tafel slope is often studied. The Tafel slope b
denotes the potential difference at which the measured
Faradaic HER current increases tenfold. In general, the meas-
ured overpotential h is often approximated by the equation
h ¼ b � log j

j0
, where j0 is the exchange current density. Thus,

the parameter b can be easily read as the slope when plotting
the (over)potential against the logarithmic current density. In
case the proton adsorption/water dissociation (in the alkaline
electrolyte) is fast, and the RDS is the Tafel step, i. e., the
combination of the adsorbed protons with chemical desorption,
one should observe a Tafel slope of b ¼ 2:3 RT

2F ¼ 29 mVdec� 1.

If electrochemical desorption via Heyrovsky mechanism is
the RDS, a higher Tafel slope of b ¼ 4:6 RT

3F ¼ 39 mVdec� 1 is
expected. Otherwise, the Volmer step may limit the reaction,
i. e., by slow proton adsorption or water dissociation. According
to the theory, this is reflected by a Tafel slope of

b ¼ 4:6
RT
F
¼ 116 mVdec� 1:

Note that R and F are the gas and Faraday constant,
respectively and that Tafel slopes are estimated for a temper-
ature T =25 °C.[68]

It should be further mentioned that although the HER is a
relatively simple reaction, it is still not completely understood.
Specifically, non-Tafel dependencies, misinterpretations of pseu-
do-Tafel slopes,[69] and unexpected pH effects are frequently
observed.[70]

Especially in acidic media, platinum is an excellent catalyst
for HER. An ideal catalyst would bind protons only ~0.1 eV
weaker than the Pt(111) surface, which explains its high
activity.[71] Top-notch electrochemical stability in alkaline and
acidic electrolytes are appreciated even more, particularly for
technical applications, e.g., PEM electrolyzers. Therefore, espe-
cially in an acidic medium, Pt is considered as the benchmark to
compare other catalysts. However, it is known that although
the activity of Pt electrodes is significantly lowered in alkaline
electrolytes. Modifications of the surface with nickel or nickel-
iron clusters have proven to relativize this effect, presumably by
promoting the water dissociation step.[72] However, the high
prices due to the limited availability of Pt make their replace-
ment with cheaper substitutes very attractive. MOFs and their
derivatives received significant attention as HER catalyst in the
last decade.[73]

3.1.2.2. HER active MOFs

The application of MOFs as HER electrocatalysts has advanced
beyond classical pyrolysis and calcination treatments. A few
select methods also preserve the MOF structures partially. In
some cases, MOFs can also find direct use, upon deposition, as
HER catalysts. For example, Y. Xu and co-workers recently
prepared a highly active NiRu-based binary MOF: Ru-doped
Ni2(BDC)2TED MOF on a nickel foam and carbon cloth substrate
(H2BDC: 1,4-benzenedicarboxylic acid or terephthalic acid).[73]

This MOF was synthesized using a facile solvothermal method.
As evident from the SEM images shown in Figures 6a and

6b, the MOF film consists of vertically aligned nanosheets,
which leads to a significant increase in the electroactive surface
area. The individual nanosheets showed a lateral size of ~2 μm
and a thickness of ~10 nm. XPS studies confirm the presence of
C, O, N, Ni, Ru in the final MOF film. Compared to a MOF
prepared without Ru, the Ni peak is observed with a slight shift,
indicating Ru incorporation in the Ni MOF. Further evidence
supporting this could be found in the XRD diffractograms. Here,
a small lattice distortion of the parent Ni� MOF structure was
observed, which is likely caused by the formation of a binary
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NiRu-based MOF structure. The HAADF-STEM elemental map-
ping (Figure 6c) shows that the elements are uniformly
distributed in the MOF as expected. Moreover, a Ru/Ni atomic
ratio of ~6/94 was determined from EDX and ICP-MS.
Furthermore, it was discovered that the wettability of the MOF
film increased significantly compared to the untreated sub-
strate. This can generally increase the electrochemically active
surface area (ECSA) as a larger part of the surface can get wet
with the electrolyte. The HER activity was finally investigated in
a 1 M KOH solution and compared to that of a commercial
platinum on carbon catalyst (Pt/C) (Figure 6d).[73]

The polarization curve of the NiRu-MOF film shows lower
current densities compared to Pt/C, at overpotentials lower
than 190 mV. Interestingly, this trend reverses at overpotentials
>200 mV and the MOF outperforms the Pt/C catalyst. However,
this is not due to better HER reaction kinetics but due to the
fact that the surface of the Pt/C catalyst is partially blocked by
the evolving hydrogen, decreasing its effective ECSA. This effect
is reduced for the MOF film due to its higher hydrophilicity.
Therefore, the surface remains largely free and can contribute
to the reaction. Though, this effect is likely to be less

pronounced in technical applications such as electrolyzers, since
the gas phase is discharged through the gas diffusion layer, and
thus, a Pt/C catalyst is also less susceptible to blocking by the
hydrogen produced during the HER. In general, this MOF shows
a very high HER activity. For example, an overpotential of
51 mV and 156 mV is reported for a current density of
10 mAcm� 2 and 100 mAcm� 2, respectively.[73] It should be
noted, however, that the current was not normalized on the
ECSA, but on the geometric area of the nickel foam used. This
can be orders of magnitude smaller. Tafel slope was determined
as 90 mVdec� 1, which led the authors to conclude that the
reaction proceeds via the Volmer Heyrovsky mechanism.[73] In
fact, the slope suggests that the Volmer mechanism is limiting.
However, the situation is too complex to show without further
measurements that the Heyrovsky mechanism occurs without
contributions from the Tafel mechanism.

Since the MOF film was used directly as a catalyst for the
HER without prior conversion, the stability of the film is an
important issue. When storing the MOF in water for several
days, no significant conversion or degradation was detected by
XPS, XRD, and SEM. Furthermore, a degradation experiment
was performed, where the sample was immersed in 1 M KOH
and exposed to a constant current density of 30 mAcm� 2 for
24 h. Figure 6e shows that the overpotential increased only
slightly. Furthermore, by XPS and HAADF-STEM elemental
mapping, it was found that the elemental composition
remained largely unchanged. However, in the SEM shown in
Figures 6f and 6 g, a significant change compared to the initial
state is visible (Figure 6a versus Figure 6b). This could be due to
a partial transformation of the film, for example, by partial
leaching of organic linkers, which causes the structure to
partially collapse. Nevertheless, the high activity is largely
preserved, which makes the work of Y. Xu and co-workers an
excellent example of highly active MOFs, which remain largely
unchanged even after prolonged use and show only minor
morphological transformations. Furthermore, this work pays
special attention to an important aspect, the hydrophilic
properties of MOFs, which can be beneficial properties for
certain applications.

Of course, there are also other examples of direct usage of
MOFs as HER catalyst. For instance, it was recently shown by R.
Nivetha and co-workers that the large-pore iron(III) carboxylate
MIL-100(Fe), which has been known for more than a decade,[74]

could also be directly used as a low-cost HER catalyst.[75] Lately,
also a quick method for the electrochemical synthesis of a
NiBTC/Ni MOFS at room temperature has also been demon-
strated. This MOF can be used directly as a HER electrocatalyst
in both acidic and alkaline media.[76]

3.1.2.3. Conversion of MOFs in HER catalysts

Due to low conductivity, it is often unavoidable to convert the
MOFs. However, the controllability of the conversion and the
tunability of the final product are significant advantages for the
detailed analysis of active sites and optimization of catalyst
design. W. He and co-workers have recently demonstrated a

Figure 6. NiRu-based MOF: a) SEM images after synthesis. b) SEM images
after preparation, with higher magnification. c) HAADFSTEM with corre-
sponding elemental mapping images. d) Polarization curves for plain Nickel
foam substrate (NF), a Ni� MOF/NF reference sample, the as synthesized
NiRu-MOF on nickel foam and a Pt/C catalyst also supported on Nickel foam.
e) Chronopotentiogram of NiRu-MOF/NF in 1.0 M KOH at a cathodic current
density of 30 mAcm� 2.. f), g) SEM images after degradation tests. Adapted
with permission from Ref. [73]. Copyright 2020, American Chemical Society.

ChemElectroChem
Review
doi.org/10.1002/celc.202101476

ChemElectroChem 2022, 9, e202101476 (11 of 18) © 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 23.03.2022

2207 / 233008 [S. 16/23] 1



route for controlled electrochemical conversion of MOFs to
amorphous metal sulfides.[67b] This was demonstrated on two
different commonly encountered MOF films, namely ZIF-67 and
Fe-MIL-88. H3BTC-modified (1,3,5-benzenetricarboxylic acid)
FTO was chosen as the conductive, transparent substrate.
Hereupon, MOF films were deposited and subsequently electro-
chemically converted into amorphous metal sulfides using an
electrolyte of 0.1 M KCl and 0.5 M thiourea by potential cycling
as shown in Figure 7a. For the ZIF-67, the potential was cycled
in the range � 1.76 and +0.15 V versus Ag/AgCl reference
electrode, as can be seen in Figure 7b. Different scan rates were
tested. A clear influence of the scan rate on the morphology of
the MOF-derived film could be shown. At the relatively high
scan rate of 500 mV/s, the morphology of CoSx(0.5) remained

largely unchanged, but additional nanosheets were formed on
the surface, shown in Figure 7c. As can be seen in Figure 7d, a
reduction of the scan rate to 200 mV/s caused the nanosheets
to form a highly porous 3D structure denoted as CoSx(0.2). A
further decrease of the scan rate to 20 mV/s (CoSx(0.02)) leads
to a complete loss of the initial morphology and a rather
compact film Figure 7e. Best results were achieved by stepwise
decreasing scan rates from 200 to 20 mV/s. As seen in Figure 7f,
this results in even larger nanosheets, further increasing film
porosity of CoSx(0.2–0.02). Furthermore, a decrease of film mass
was detected during the electrochemical conversion by electro-
chemical quartz crystal microbalance (EQCM). This was attrib-
uted to the dissolution of the 2-MI ligands. Analysis of XRD, FT-
IR, XPS, and Raman spectroscopy data revealed that the Co2+

ions in ZIF-67 transform into amorphous cobalt sulfate a-CoSx,
while the 2-MI ligands are released, and thiourea serves as a
sulfur source. Moreover, in this process, the OH� concentration
plays a decisive role. During conversion, the potential is cycled
in the HER regime (Figure 7b). Due to the low proton
concentration (at neutral pH), the HER proceeds partially via the
alkaline pathway (comparing reactions 4 and 5). Hence,
especially at higher overpotentials, OH� ions are formed. These
hydroxide ions hydrolyze thiourea, releasing S2� ions, which in
turn replace the 2-IM ligands in ZIF-67, as shown in Figure 7a. In
this way, the dynamic potential curve influences the local OH�

concentration at the electrode and, therefore, the conversion
process. This allows fine-tuning of S2� content and porosity by
adjustment of potential cycling parameters.

Finally, the electrocatalytic HER properties of the different a-
CoSx films were investigated at neutral pH, as shown in
Figure 7g. They were further compared with activities measured
of the plain substrate, a platinum film, and a standard CoSx film
which was deposited electrochemically. Obviously, Pt shows the
highest and the bare substrate almost zero HER activity. Among
the cobalt sulfide films, CoSx(0.2–0.02)-12 showed the highest
activity followed by the thinner CoSx(0.2–0.02), CoSx(0.02),
CoSx(0.2) the CoSx(0.5) and finally, the standard CoSx film. This
trend was explained by the difference in porosity and
proportion of S2

2� species in the film. To examine the latter, the
S2

2� fraction was compared to the overpotentials for different
films, as shown in Figure 7h. A direct correlation was observed.
This fits with previous studies that identified the S2

2� species
acting as active sites for the HER.[77]

W. He and co-workers showed that the Tafel slopes range
from 76 to 109 mVdec� 1 for the different films. This cannot be
assigned to a single rate-determining reaction step, which is
not surprising as in the neutral pH of PBS electrolyte even acidic
and alkaline pathways of HER can occur in parallel. The general
applicability of this approach for MOFs was demonstrated by
the application to Fe-MIL-88, which was successfully trans-
formed into FeSx.

The main advantages of this method are the simple but
reproducible and finely tuneable transformation which can
likely be transferred to other MOFs. Since the method is
dependent on the local OH� concentration, a different diffusion
behavior can additionally be used to influence the electro-
chemical MOF transformation.

Figure 7. Electrochemical conversion of ZIF-67 (EC-MOF) films into amor-
phous CoSx. a) Schematic illustration of the mechanism. b) Cyclic voltammo-
grams during the electrochemical transformation. The initial 25 cycles are
shown, and a scan rate of 200 mV was applied. Inset shows the film prior to
(purple) and after the transformation (black region). SEM images of c) CoSx-
(0.5). d) CoSx-(0.2), e) CoSx-(0.02), f) CoSx-(0.2-0.02). Insets show typical cross
sections. g) Polarization curve of the as-prepared a-CoSx samples, performed
in 1 m PBS buffer solution (pH=7) at a scan rate of 5 mVs� 1. h) Correlation
between percentage of S2

2� and electrochemical activity. Adapted with
permission from Ref. [67b]. Copyright Wiley and Sons 2018.
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3.2. MOF based electrocatalysts for oxygen electro-reduction

The electro-reduction of oxygen is of high importance for
various energy conversion systems such as fuel cells and metal-
air batteries.[78] So far, only Pt-based catalysts have shown
sufficient catalytic activity and stability.[79] Recently, there has
been much attention on developing MOF-based electrocatalysts
towards ORR, owing to their easily tuneable structure and
composition.[80] First of all, it should be noted that there are
several fundamental requirements for an efficient ORR catalyst.
First, the catalyst material needs to be electrically conductive.
Second, for good catalytic performance, the binding energy of
ORR intermediates to the active sites needs to be neither too
strong nor too weak.[37,81] Third, the catalyst needs to be stable
in the potential range of 0.1–1.0 V vs RHE at which the ORR
takes place in aqueous electrolytes.

Currently, there are two main strategies for the usage of
MOF-based ORR electrocatalysts, namely, pyrolyzed and unpyr-
olyzed. The focus of this section is set on the studies utilizing
unpyrolyzed MOF-based ORR electrocatalysts. Unpyrolyzed
MOF-based ORR electrocatalysts can be divided into the
following subgroups: utilization of pristine conductive MOFs
directly as the electrode, MOFs decorated with active species/
clusters/nanoparticles, MOFs integrated/mixed with other con-
ductive materials such as carbon.

Considering conditions above, several MOF-based materials
have been utilized as ORR catalysts. For instance, conductive
MOF with nickel centers, Ni3(hexaiminotriphenylene)2
(Ni3(HITP)2), has shown promising activities in alkaline
solutions.[23c] The ORR polarization curves are shown in Fig-
ure 8a. The electrocatalytic performance of Ni3(HITP)2 is clearly
seen in the presence of O2; see the red curve in Figure 8a.
Theoretical calculations were done to identify the possible
active sites, where Ni atom, the nitrogen atoms of imine, or one
of the three unique carbon atoms were considered.[82] The
calculations gave the lowest O2 binding energy to β-C near the
imine groups, as illustrated in Figure 8b. Another study
investigated the ORR performance of metal-catecholates (M-
CATs, M=Ni or Co), hexahydroxytriphenylene (HHTP:
2,3,6,7,10,11-hexahydroxytriphenylene) linked with transition
metal ions (Ni(II) and Co(II)).[83] In that study, the M� CATs were
mixed with carbon black for the electrocatalytic activity
measurements. The ORR activities for both of the M� CATs were
promising. The authors indicated that M� O6 coordination sites
are the likely active sites for ORR. These studies highlight the
promising application of conductive MOFs as ORR catalysts
which is in its infancy.

Recently, ZIF-8 has been used as the template in the
preparation of Pt nanoparticles with ~1 nm diameter.[84] The
schematic of the Pt12 clusters inside the ZIF-8 and subsequent
dissolution of the MOF in an acidic environment leaves ultra-
small Pt nanoparticles with ~1 nm diameter on the substrate,
schematically shown in Figure 8c. Such Pt nanoparticles have
shown twice higher ORR activity compared to the commercial
Pt/C catalyst. In another study, the Cu-MOF was mixed with CuS
nanoparticles, where authors prepared various amounts of CuS
nanoparticles (nano-CuS) in/on a 3D Cu� MOF,

[Cu3(BTC)2 · (H2O)3] (BTC=1,3,5-benzenetricarboxylate), see Fig-
ure 8d.[84] The electrical conductivity of Cu-MOF increased with
the addition of CuS nanoparticles. Particularly, the conductivity
increased from 0.17 Scm� 1 to 1.8 Scm� 1 when the CuS loading
increased from 28 wt% to 56 wt%. Highest onset potential,
0.91 V vs RHE, towards the ORR was observed for 28 wt% CuS
loaded Cu-MOF samples. The observed ORR activity was still
significantly lower than that of commercial Pt/C catalyst but it
provides a new paradigm for the synthesis of MOF-based
composite ORR catalyst materials.

3.3. Non-pyrolyzed MOF derivatives for bifunctional
electrocatalysis

Exploring active and stable electrocatalysts that enable dual
functions, either OER and ORR, or HER and OER, are important
for harnessing clean energy in electrolyzers, fuel cells and next-

Figure 8. a) The ORR polarization curves of Ni3(HITP)2 in N2 saturated (green)
and O2 saturated (red) 0.1 M KOH electrolyte. Polarization curve of glassy
carbon electrode (GCE) in N2 and O2 saturated (blue and purple, respectively)
0.1 M KOH solutions are shown for comparison. The working electrodes were
rotated at 2000 r.p.m. and scan speed was set to 5 mV/s. Adapted with
permission from Ref. [23c]. Copyright © 2016, Springer Nature. b) Simulated
image indicating the binding site of O2 molecules on the Ni3(HITP)2. O, Ni, N,
C, and H atoms are illustrated in red, yellow, blue, grey, and white colors,
respectively. Adapted with permission from Ref. [82]. Copyright © 2017,
American Chemical Society. c) A schematic showing the synthesis of Pt
nanoparticles using ZIF-8 as a template. The dissolution of the ZIF-8 by
protonation in acidic solution results in small Pt nanoparticles on the
support electrode. Adapted with permission from Ref. [85]. Copyright ©
2019, American Chemical Society. d) Illustration shows the synthesis of CuS
nanoparticles (x wt%)@Cu-BTC. Adapted with permission from Ref. [84].
Copyright © 2016, Wiley.
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generation batteries. Whereas a number of pyrolyzed MOF
derivatives are known for bifunctionality, a) ORR and OER; b)
OER and HER electrocatalysts, developing non-pyrolyzed MOF
derivatives for bifunctional electrocatalysis remain under-
studied.

Design of electrocatalysts with dual functions should meet
the well-known Sabatier principle: the binding strength be-
tween the catalysts and intermediates should neither be too
strong nor too weak.[86] Following this, Fischer and co-workers
reported an electrocatalyst strain modulation approach, leading
to highly active bifunctional ORR/OER electrocatalysts based on
surface mounted NiFe-BDC MOFs.[87] In brief, different functional
groups such as � Br, � OCH3, and � NH2 were introduced to BDC,
eliciting defect strain and adjustable binding energies. Results
demonstrated that the -NH2 modified MOF derivatives exhibited
high OER activity (current density of 200 mAcm� 2 at an over-
potential of only �210 mV) in alkaline media across a small
overpotential window of �0.69 V. An outcome of modest
binding strength with the intermediates, this OER activity
outperformed the then state-of-the-art OER catalysts.

3.4. Non-pyrolyzed MOF derivatives for electrochemical CO2

reduction

Electrochemical CO2 reduction reaction comprises two, four, six,
and eight electrons transfer reaction paths corresponding to
the production of different products, such as carbon monoxide
(CO), formic acid (HCOOH), formaldehyde (HCHO), oxalic acid
(H2C2O4), ethylene (C2H4), methane (CH4), ethanol (C2H5OH),
etc.[88] The reaction pathways and products of electrochemical
CO2 conversion are mainly dominated by the electrocatalysts.[91]

Generally, ECO2RR covers three stages: a) CO2 adsorption onto
surface; b) combination and transformation of CO2 into
intermediates after electron and proton transfer reactions; c)
release of the products.[92] Briefly, the C=O bond in CO2 could
be initially perturbed upon getting adsorbed on the electro-
catalyst surface. This, perhaps, has the most profound impact in
ECO2RR. Meanwhile, the CO2 molecules and the electrocatalysts
share electrons and protons during ECO2RR, where CO2

molecules are converted to CO* and further form COOH* (or
HCO2

·) in the electron-proton system (* refers to the catalysts/
electrode surface sites). If the electrocatalyst surface binds the
CO* weakly and COOH* strongly, the resulting product is highly
likely to be CO. Or else, the other products will be produced
from ECO2RR. It is noteworthy that CO2 molecules tend to form
two carbon radical anions (CO2

–) in aprotic solvents (e.g., N,N-
dimethylformamide) and further react with another adsorbed
CO2 molecule in non-aqueous systems (CO2

� +CO2

!O2C� CO2
� ). Therefore, aligned with the mechanism afore-

said, designing an electrocatalyst with optimal binding affinity
for CO2

� and COOH* is a high-reward research frontier.
Akin to other electrocatalysis reactions, MOFs and MOF

derivatives have drawn increasing interest from researchers
towards the electrochemical conversion of CO2. This is partic-
ularly expedited by their tunable porosity and amenability to
facile electrode preparation.[10c,93] However, synthesizing MOFs

or MOF derivatives breaking the trade-off between high
selectivity and top-notch Faradaic efficiency, remains an
uncharted territory. Recently, several reviews have summarized
the hitherto known strategies for improving the faradaic
efficiency and selectivity of pristine MOFs and MOF derivatives
for ECO2RR.[10c,17a,93–94] Nevertheless, the current MOF derivative-
based ECO2RR benchmarks are obtained through pyrolysis.

Reviewing the ECO2RR literature, we find the present
research attention to largely revolve around the In-situ electro-
chemical transformations of pristine MOFs to highly active
electrocatalysts in 0.5 M KHCO3. Depending on the stability,
intrinsic composition, and conductivity of the pristine MOFs,
two approaches generate highly active species by In-situ
electrochemical transformations: 1) partial conversion; 2) com-
plete conversion. Considering ECO2RR, for example, a single
type of Cu2O active sites is essential to achieve high CH4

selectivity. As a proof of concept, Cao and co-workers employed
In-situ electrochemical transformation to generate a single kind
of Cu2O active sites. This was done by partially reducing the
metal nodes of CuHHTP into Cu2O@CuHHTP (Figure 9).[89] This
concept shows the merits of controllable size by engaging
several facets to the active sites, sustains optimal conductivity,
and stabilizes the intermediates. Results suggest that the
Cu2O@CuHHTP prepared by In-situ partial electrochemical trans-
formation could demonstrate a CH4 selectivity as high as 73%.
On the other hand, the long-range order and high surface area
nature of pristine MOFs enable to create high concentrations of
surface metal-based active sites. Nonetheless, the pristine MOFs
usually suffer from poor conductivity, restricting their applica-
tions in electrocatalysis.

Interestingly, some pristine MOFs exhibit electrochemical
instability when subjected to overpotential. Taking this in mind,
researchers proposed the strategy of electrified stimuli-based
structural rearrangements at certain reducing potentials to fully
convert the pristine MOFs to highly active ECO2RR electro-
catalysts. Simply put, this strategy was aimed at improving their
Faradaic efficiency. By tuning the ligand of the pristine MOFs
and reduction potentials, a Faradaic efficiency of 95% is

Figure 9. Schematic illustration of the In-situ electrochemical transformation
of pristine MOF to obtain MOF derivatives: a) partially conversion; Copyright
2020, Wiley-VCH Verlag GmbH & KGaA, Weinheim; Reproduced with
permission from Ref. [89]. b) fully conversion. Copyright 2021, Royal Society
of Chemistry. Reproduced with permission from Ref. [90].

ChemElectroChem
Review
doi.org/10.1002/celc.202101476

ChemElectroChem 2022, 9, e202101476 (14 of 18) © 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 23.03.2022

2207 / 233008 [S. 19/23] 1



achieved in Bi(BTB) (BTB: 1,3,5-Tris(4-carboxyphenyl)benzene)
while electrochemically reducing CO2 to HCOOH. This can
further be improved to 98% by utilizing Bi-BDC as the pristine
MOF.[89,97] These results establish the In-situ electrochemical
method as an efficient paradigm to deliver ECO2RR catalysts
with high Faradaic efficiency. However, studies in this area are
limited, and only HCOOH and CH4 have been realized thus far
as the reduced commodity chemicals (Table 2). To improve the
Faradaic efficiencies and to selectively produce other high-value
chemicals (e. g., CH4, C2H4, methanol, ethanol), generalized
trends need to evolve. This can perhaps only happen by more
intensive research efforts hereafter.

4. Conclusion and Future Outlook

Contextualizing the societal relevance of green energy in a
sustainable future, new benchmark electrocatalysts with limited
energy demand are the need of the hour. With a steady
upswing in new MOFs with just the crystalline frameworks
soaring beyond 100,000 structures (Cambridge Crystallographic
Data Center MOF collection),[15,98] their compositional modularity
paves the way for bottom-up design and development of
highly active electrocatalysts. In this review, we summarize
several approaches of harnessing MOFs as electrocatalysts,
sharing one common characteristic: these overcome the bottle-
neck of energy-intensive catalyst preparation (in the form of
calcination or pyrolysis).

As regards electrocatalysis, research findings over the last
decade have translated into several effective MOF design
approaches.[99] These include fine-tuning of defect chemistry,
lattice strain, electronic structure, catalyst crystallite size,
electronic and ionic conductivity, among others.[100] Under this
backdrop, to holistically improve the catalytic activities of MOFs,
it is beyond time to address the elusive knowledge gaps. Some
aspects that preclude a general paucity of comprehension are:
a) What is the role of MOFs, the catalyst or precatalyst?; b)
Where do the active sites originate from?; c) Can we
quantitatively, a priori correlate structure and electrocatalytic
performance parameters? These are burning questions that

future studies have to answer in the pursuit of gaining insights
into key factors that preclude translational research in this area.

Aligned with the overarching commitment of translational
research in materials chemistry to green and sustainable routes,
the development of environmentally benign post-treatment
approaches is an alternative, promising for many reasons.
Adopting these mild treatments mitigate not only the energy
footprint of traditional calcination and pyrolysis treatments but
also offer low-cost, greener solutions. In synergy with the
determination of catalytically active sites, a critical interrogation
of the underlying mechanisms of structural transitions holds the
key to unlocking the “real-world” potentials. Many aspects
appear interwoven: 1) Top-of-the-line characterization techni-
ques under In-situ or In-operando conditions should be
developed. These include small-angle X-ray scattering (SAXS), X-
ray absorption spectroscopy (XAS), small-angle neutron scatter-
ing spectroscopy (SANS), X-ray absorption near edge structure
(XANES), and isotopic labeling. 2) More efforts need to be
invested in the evaluation of material properties before and
after electrochemical treatments, disclosing the origin of active
species as well as the structure-function relationships. 3) Addi-
tionally, utilization of density functional theory provides another
way to probe the optimal electrochemical reaction pathways,
offering de novo design of active sites in MOFs and/or MOF
derivatives. This can culminate in a predictive modeling-guided
blueprint complemented well by state-of-the-art machine
learning approaches.[101]

With the benefit of hindsight, we envisage that a two-way
iterative feedback loop between experimental observations
(complemented by machine learning tools) and computational
simulations (augmented by machine learning tools) will serve
as a strong prognostic indicator,[102] making headway in
handpicking commercialization-ready MOF electrocatalysts.[65]

Our present assessment, herein, not only offers a perspective
on the energy-efficient, environmentally benign approaches of
developing MOF electrocatalysts (thus avoiding pyrolysis and/or
calcination derived carbonized hybrids), it also widely underpins
the general understanding of MOF electrocatalysts.

Reflecting upon the diverse pore environments offered by
modular families of MOFs and the synthetically tailored
versatility while designing them de novo,[103] potentials of MOFs
and MOF derivatives (without compromising their framework
nature and/or porosity) largely remain unexplored. Moving
away from the traditional high-throughput approach of explor-
ing “one-size-fits-all” material solutions, the discovery of reac-
tion-specific and stable electrocatalysts could make swift
progress if we critically examine each benchmark MOF electro-
catalyst documented thus far, as regards the catalysis mecha-
nisms and active sites’ density regulation are concerned. Paying
more attention to energy-efficient and environmentally benign
activation routes can only take us closer to the lofty targets set
for new-generation electrocatalysts.

Table 2. Non-pyrolyzed MOFs for electrochemical reduction of CO2.

Pristine MOF Derivatization
approach

Main
product

Faradaic
Efficiency
(%)

Refs.

Bi(btb) In-situ electrochemi-
cal transformation

HCOO� 95 [95]

Bi-TATB (TATB;
1,3,5-triazine-2,4,6-
tribenzoic acid)

In-situ electrochemi-
cal transformation

HCOO� 96.1 [90]

CuHHTP In-situ electrochemi-
cal transformation
(Partially, Cu2O)

CH4 73 [89]

Bi9(C9H3O6)9(H2O)9
(CAI-17)

In-situ electrochemi-
cal transformation

HCOOH 95 [96]

Bi-BDC In-situ electrochemi-
cal transformation

HCOO� 98 [97]
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