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Abstract Metal-organic frameworks (MOFs) have recently become prospective
materials for electrocatalysis. MOFs constructed via coordination chemistry of inor-
ganic metal nodes and organic ligands, possess the exclusive features over traditional
inorganic or organic materials, which include ultrahigh porosity, large surface areas,
structural tunability and high stability. Based on these features, MOFs are already
being applied in storage and separation, catalysis, optoelectronics, drug delivery and
biomedical imaging. Particularly, with the advantageous feature, MOFs have poten-
tial to work as efficient electrocatalysts for a variety of redox reactions, such as
hydrogen evolution reaction (HER), oxygen reduction reaction (ORR), oxygen evo-
lution reaction (OER), etc. In this chapter, a discussion has been presented on MOFs,
their composites, MOF-derived carbon materials and their performance as electro-
catalysts. This chapter will inspire new research direction regarding the development
of advanced electrocatalytic materials using MOFs.
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Abbreviations

HER Hydrogen evolution reaction
OER Oxygen evolution reaction

ORR Oxygen reduction reaction
CO,RR Carbon dioxide reduction reaction
MOFs Metal—organic frameworks

PCPs Porous coordination polymers
ZIFs Zeolitic imidazolate frameworks
CPE Controlled-potential electrolysis
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DMF Dimethylformamide

DEF Diethylformamide

GC Glassy carbon

CV Cyclic voltammetry

TS Tafel slope

TON Turnover number

BHT Benzenehexathiol

TOF Turnover frequency

MoSx Molybdenum polysulfide

POMs Poly oxometalates

OFP Open-framework polyoxometalate
POMOFs POM-based metal-organic frameworks
TBA Tetrabutylammonium ion

BDC 1,4-benzene-dicarboxylate

BTB Benzenetribenzoate

BTC 1,3,5-benzenetricarboxylate

Hydcpa 4,5-di(4’-carboxylphenyl)phthalic acid
azene (E)-1,2-di(pyridin-4-yl)diazene

4.4'-bpy 4,4 -bipyridine
2,2'-bpy 2,2'-bipyridine

Hjadip Adipic acid

5-H,bdc S-nitroisophthalic acid

Im Imidazolate

mim 2-methylimidazolate

bim Benzimidazolate

H,bbta 1H,5H-benzo(1,2-d:4,5-d")bistriazole

H, TCPP 4,4’ 4" 4" -(porphyrin-5,10,15,20-tetrayl)tetrabenzoate
BHT Benzenehexathiol

tht Triphenylene-2,3,6,7,10,11-hexathiolate
HITP 2,3,6,7,10,11-hexaiminotriphenylene
tpy 2,2:6',2"-terpyridine

H,dcbpy 2,2'-bipyridine-5,5 -dicarboxylic acid
H,bpdc 4,4'-biphenyldicarboxylic acid

ade Adenine

TBA Tetrabutylammonium

BPT [1,1'-biphenyl]-3,4',5-tricarboxylate
trim 1,3,5-benzenetricarboxylate

biphen 4,4'-biphenyldicarboxylate

tbapy 1,3,6,8-tetrakis (p-benzoate) pyrene
Ted Triethylene-diamine

PB Phosphate buffer

FTO Fluorine-doped tin oxide

NF Nickel form

NFF NiFe alloy foam

GO Graphene oxide
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GA Graphene aerogel

CNTs Carbon nanotubes

NPs Nanoparticles

NGO Nitrogen-doped graphene oxide
DHT Dihydroxyterephthalate

RDE Rotating-disk electrode

NCNHP N-doped carbon hollow polyhedron
LDH Layered double hydroxide

SURMOF  Surface-mounted metal-organic framework
SURMOFD  Surface-mounted metal-organic frameworks derivative

1 Introduction of Metal-Organic Frameworks (MOFs)

Metal—organic frameworks (MOFs) are constructed through coordination bonds via
highly organized metal nodes and organic linkers, [ 1] which results into the formation
of highly-order crystalline frameworks with ultrahigh porosity, large surface areas,
unique host-guest dynamics, thermal stability and mechanical flexibility, etc. [2].
Owing to these structural and functional properties, MOFs have been widely used for
many applications such as storage and separation, water purification, optoelectron-
ics, proton conduction, dielectrics, drug delivery, chemical sensors and biomedical
applications [3, 4]. Beside these traditional applications, there is a huge scope for uti-
lization of MOFs into wider industrial applications. Generally, MOFs are constructed
through self-assembly of metal nodes/clusters and organic ligands in certain solvents
as shown in Fig. 1 [5], forming one-, two- and three-dimensional periodic frame-
works with permanent porosity. The structural geometry of MOFs depends upon the
coordination numbers and orientation of binding sites of metal and the organic lig-
ands as demonstrated in Fig. 2 [6, 7]. For example, a hexagonal diamondoid network
will be formed from linear bifunctional ligands via coordination with metal nodes
of tetrahedral geometry. Similarly, a octahedral network will be generated from the
metal nodes with octahedral geometry [8].

With their ultrahigh surface areas of more than even 10,000 m? g~! and pore sizes
of greater than 10 nm, MOFs are regarded as superior materials than the commercially
available porous materials like activated carbon [8—10]. For instance, the isoreticular
series of MOF-74, which are constructed with numbers of phenylene rings (I) as
linkers, have the pore apertures of up to 98 angstroms (IRMOF74-XI) [11]. There is
substantial research on the synthesis of novel MOFs and more than 30,000 MOFs have
been reported with a variety of shapes, structures and applications. Some examples
of porous MOFs are shown here in Fig. 3 [12].

MOFs possess high surface areas and abundant active sites, which recently
expands their applications towards electrochemistry. However, the low charge trans-
ferin MOFs is a big hurdle to use them in electrical energy related applications. MOFs
generally have very low conductivity less than 1071 S/cm [13]. The low electrical
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Fig. 1 a Generic scheme for the preparation of 1D, 2D and 3D MOFs. b Preparation scheme for
MOF-5 via hydrothermal process

conductivity of MOFs is due to maximum use of carboxylic linkers in their synthe-
sis [14]. The electronegativity of the oxygen atom is higher, which requires higher
voltage to pass the electrons through the linker. Poor overlap of oxygen with the
metal d-orbitals is also responsible for the low charge transfer in MOFs. In addition
to their key structural features such as high surface areas, good stability, abundant
active sites, it is important to understand charge transfer in MOFs, which will help
to expand the applications of MOFs towards electrochemistry. The recent progress
of electrically conductive MOFs that can enable the great enhancement in the con-
ductivity for their application in the field of electrocatalysis. Given that the electrical
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Fig.2 Coordination geometries of some representative MOFs from metal nodes and organic linkers
[6]. Reprinted with permission from Ref. [6]. Copyright @2014 Royal Society of Chemistry

properties of the MOFs can be regulated by the structural tunability, post-synthesis
modifications, host and guest chemistry within the frameworks, the solvent molecules
and their interactions, and the cooperation of conducting molecules/particles, MOFs
will offer a promising opportunity for being used as industrially vital energy stor-
age/generation materials. The abundant functionality, high surface areas, ease of
tunability of crystal structures, and modification on functional groups mark MOFs
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Fig.3 Crystal structures of some famous MOFs with high porosity and surface areas [12]. Reprinted
with permission from Ref. [12]. Copyright@2015 Royal Society of Chemistry

highly useful as compared with other inorganic and organic materials for design-
ing efficient electrocatalysts. However, the study of the charge transfer behaviors
of MOFs is still in its preliminary stage and additional studies will be needed [15,
16]. Scientists have reported on developing MOFs that show intrinsic conductivity.
High conductivity was investigated for thin films composed of [Ni3(2,3,6,7,10,11-
hexaiminotriphenylene), ], which can be utilized as electrocatalysts for ORR [17-20].
Recently, a highly conductive Cu-based MOF [Cu,(6-Hmna)(6-mn)-NH,],, (Hmna
= mercaptonicotinic acid, 6-mn = 6-mercaptonicotinate) has been reported, which
consists of a 2D (Cu-S),, plane and shows conductivity of 10.96 S cm™! for its single
crystal measurements [21]. Metal centres with the higher charge density (Cu and Fe
etc.), electron enriched organic linkers and charge transfer mechanisms could be the
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Fig. 4 Proposed mechanisms for bandgap engineering for MOF-5 with bandgap of 3.4 eV
to improve electrical conductivity [16, 22]. Reprinted with permission from Ref. [22]. Copy-
right@2016 John Wiley and Sons

factors for increasing the electrical conductivity of these MOFs. Therefore, electri-
cal conductivity of MOFs can be improved by three ways as follows: (i) growing
the conjugation on the organic molecule, (ii) choosing electron-enrich metals and
organic linkers, and (iii) functionalizing organic linkers with nitro, sulfide and amino
groups (Fig. 4) [22].

2 MOFs for Electrocatalysis

With the increasing consciences on climate change and development of renewable
energy sources, the investigation on effectual electrochemistry in electrolytic cells,
batteries, supercapacitors, and fuel cells have been accelerated in modern times
[23]. Electrochemical devices comprise of various type of electrochemical reactions,
including HER, ORR, OER, carbon CO,RR, metal ions redox reactions, etc. [24].
However, improving the efficiency and performance of electrochemical devices is a
challenging task. Most of devices involving these half reactions need extra poten-
tials to operate due to the slow reaction kinetics of these mechanisms. In efforts to
improve the rate of electrochemical reactions, highly efficient and selective cata-
lysts are required and their electrochemical performance is dependent on the sample
amount. To meet the requirement of high catalytic activity and selectivity, MOFs with
their ultrahigh surface areas and a number of active centers are among the promising
candidates for the future of electrocatalysis.
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Based on current progress, MOFs can be helpful as electrocatalysts in the process
of energy generation with high activity and multi-dimensional designing. Some pris-
tine MOFs have been used as electrocatalysts for different electrocatalytic reactions.
However, the electrocatalytic performances of pristine MOFs are sometime limited
by their insufficient conductivity. In order to overcome the low charge transfer in
porous MOFs, several methods have been adopted such as compositing with inor-
ganic/organic materials, carbonization of MOFs, etc. (Fig. 5) [4, 25, 26]. Particularly,
pyrolysis of MOFs to form MOF-derived carbon materials is one of the most suc-
cessful strategies, where the organic linkers are decomposed to give graphitic carbon
materials while metal nodes generate active metal sites in different forms [27]. In this
technique, MOFs are regarded as precursors for designing various nanostructures to
achieve desired functionality. In this regard, the MOFs with different metals such as
Co, Zn and Fe and amino-functionalized ligands are widely used as they can produce
heteroatom/metal-doped carbons, which are suitable for catalytic activity [28-30].

Porous MOFs, their composites and MOF-derived materials provide an opportu-
nity for electrochemical applications to improve diverse electrochemical reactions.
Recent progresses in exploring MOFs and MOF-based materials as electrocatalysts
for HER, ORR, OER, and so on, are discussed in detail in this chapter. Research arti-
cles appeared on electrocatalytic MOFs are significantly increasing with every pass-
ing years (Chart 1). This chapter provides a literature summary of recent progresses
on (i) pristine MOFs as electrocatalysts, (ii)) MOF composites as electrocatalysts and
(iii)) MOF-derived materials as electrocatalysts (Fig. 5).
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Fig. 5 MOFs as electrocatalysts are divided into three categories. (i) Pristine MOFs, (ii) MOFs
composites, and (iii) MOFs derivatives
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2.1 Pristine MOFs as Electrocatalysts

MOFs have been regarded as alternative materials for traditional inorganic 2D and 3D
materials for many applications [31]. MOF materials possess heterogeneous nature,
better carrier mobility, high stability, and good surface/volume ratio, which allow to
use them for electrocatalysis and batteries. With a mass of active metal sites, porous
MOFs have been investigated for their electrocatalytic performance for HER, OER,
ORR, and other electrochemical reactions. MOF-5, [ZnsO(BDC)3], which is one of
the most commonly known MOFs, also called IRMOF-1, was synthesized in ionic
liquid system and used as catalyst for HER in 2014 by Liang et al. [32]. Carbon paste
electrodes modified with MOF-5(IL) for CV measurements in 1 M dm~3 H,SO,
solution indicated that MOF-5(IL) is suitable to catalyze HER. Co-based MOFs,
2D [Co4L,(4,4'-bpy)(H,0)6]-3.5 H,0 and 3D [Co,(dcpa)(azene)(H,0);]-DMF con-
structed with multicarboxylate ligands have also been studied for water splitting,
which showed high catalytic performance for the generation of H, as well as O,
from H,O with high current density and low overpotentials [33]. Two Co-based
MOFs, [Co(L)g 5(adip)] and [Co,(L)2(5-bdc),(H,0),-H,O] were founded to exhibit
electrocatalytic activities for OER. These MOFs were designed using two ligand sys-
tem, where the second ligands was 1,4-bis(3-pyridylaminomethyl)benzene (L) [34].
When the MOF-modified electrodes were utilized, a quasi-reversible redox peak with
a less potential (n = 0.46 V; +1.05 V vs. SCE) was detected for [Co(L)y 5(adip)], as
compared with the water-containing [Co,(L),(5-bdc),(H,0),-H,O] (n = +0.81 V;
+1.4 V vs. SCE). Two Co-based MOFs having different coordination bonding of
water molecules in the structures were compared based on their HER performance
and found that the coordination of solvent molecules in MOF is highly significant to
tune the electrocatalytic properties [35].

ZIF series of porous MOFs are well-known for their structural tunability, easy
synthesis, and large surface areas, which have structural anatomy similar to Si—~O-Si
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with angle of 6 = 145°, leading to the bridges in the form of M-Im—M framework
(M =Znor Co) [36]. High chemical and thermal stability of ZIFs and their structural
tunability have potential to produce large number of structures and morphologies to
get desired functionality or properties. Post-modifications such as plasma etching on
(Co)ZIF-67 can also generate more coordinately unsaturated metal sites in ZIF-67,
which improved its electrocatalytic performance [37]. Wang and co-workers have
investigated Co-ZIF-9 [Co(bim),] for its OER catalytic activity in a various pH
solutions [38]. The theoretical investigation have also been performed using DFT,
which revealed that the water was adsorbed firstly at catalyst [Co-ZIF-9], directing H
to Catom (C-H=2.11 A), and the longer distance of H-O was observed at tradition
state while the C—H bond distance was decreased. The DFT study on Co-ZIF-9
revealed that not only active metal site but also the ligands (benzimidazole) played
a significant role as proton acceptors during the proton-coupled electron transfer
process during OER.

Effect of different metal sites of MOFs on electrocatalytic activity have also
been investigated by Wang et al. [39]. A series of isostructural compounds, i.e., a
Ni MOF [Ni3(btc),(H,0)3], a Fe MOF [Fes(btc),(H,0)3] and a mixed metal MOF
[Feo23Niy 77(btc),(H20)3], have been synthesized using different metal clusters and
their OER performance and alkaline stability were compared (Fig. 6). The thin films
of these MOFs have been deposited on Ni foams via electrochemical deposition
and it was found that the mix metal compound [Feg »3Ni; 77(btc),(H,0)3] exhibited
outstanding OER performance with less overpotential of ;9o = 270 mV and higher
current density, as compared with other mononuclear counterparts in their study.
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Fig. 6 a electrochemical setup with two electrodes having MOF deposited on nikal foam and Pt.
b Synthetic scheme and crystal structures of [M(btc)] (M = Fes, Niz and Feg 3Niz 77). ¢ Opti-
cal and (d, e) SEM images of Fe/Ni-BTC@NF. f Linear sweep voltammetry data and g Tafel
plots for [M(btc);] measured at 1 mV s~!. Reprinted with permission from Ref. [39]. Copyright
2016@ American Chemical Society
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Su and coworkers have also reported the crystal engineering of a Fe and Co con-
taining electrocatalytic MOF to achieve excellent OER activity [40]. Strong binding
interactions among the catalyst and adsorbate in the bimetallic MOFs as compared
with monometallic MOFs resulted in the better catalytic performance of the bimetal-
lic MOFs. Series of bimetallic MOFs have been reported, which exhibited much
better electrocatalytic performance over the isostructural monometallic MOFs [41,
42]. Beside bimetallic electrocatalytic MOFs, there are also trimetallic MOFs (e.g.,
Fe/Ni/Co(Mn)-MIL-53), which exhibited excellent OER activity at an optimized
composition of metals [43].

Chen and coworkers reported a Co-based MOF, [Co,(.-OH), (bbta)] (MAF-X27-
OH), which exhibited excellent performance as inorganic OER catalysts with an
overpotential ;9 = 292 mV in basic solution (Fig. 7) [44]. In addition, MAF-X27-
Cl showed excellent chemical stability in 0.001 M HCl as well as 1.0 M KOH solution
for a period of 7 days. It was found that the active metal sites and hydroxide ligands
in the MOF played significant role in creating low-energy intraframework coupling
pathways.
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Fig. 7 a Crystal structure of a 3D MAF-X27-OH. b Solid-liquid and Intraframework coupling
pathways. ¢ Linear sweep voltammetry curves in neutral solution. d Linear sweep voltammetry
plots for different samples and their comparison at pH = 10. Reprinted with permission from Ref.
[44]. Copyright 2016 @ American Chemical Society
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Mao and coworkers have designed Cu-BTC and Cu-bipy-BTC, and reported their
electrocatalytic properties [45]. This study indicated that these Cu-based MOFs were
useful in catalyzing ORR via four-electron reduction pathways. Cu-MOF-modified
glassy carbon (GC) electrodes have been designed and their cyclic voltammetry (CV)
data were recorded in 0.10 M phosphate buffer solution. Redox reactions of Cull/l
in these MOF resulted in electrochemical activity with well-defined redox peaks at a
potential of —0.10 V versus Ag/AgCl. The electrocatalytic behavior of Cu-bipy-BTC
modified electrode for ORR was much stable as compared with Cu-BTC modified
one. Considering the stability issue, a highly robust heterogeneous catalyst PCN223-
Fe was designed via reaction of Zr6 oxo clusters and Fe(Ill) porphyrin ligand and
the resulted product was grown on a conductive FTO substrate, which was further
utilized as working electrode for ORR in 0.1 M LiClO4/DMF [46]. A bifunctional
catalytic Fe-based MOF has also been prepared by Yin and coworkers, which not only
showed excellent ORR but also displayed remarkable activity for OER in an alkaline
solution [47]. The catalytic process adopted a two electron pathway at potentials
from —0.30 to —0.50 V versus Ag/AgCl and then shifted to four-electron pathway
from —0.50 to —0.95 V versus Ag/AgCl.

Due to the conducting nature of Cu ions, Cu-based MOFs have also been
widely reported for electrocatalytic HER, OER and ORR. In addition, there are
some MOFs that are reported for electrocatalytic CO,RR. [Cus(btc),(H,0)3] and
[Cu,(ade),((CH3),COO0),] have been studied as effective catalysts for CO,RR to
MeOH and EtOH in bicarbonates [48]. A porphyrin-based MOF [Al,(OH),Co-
TCPP] has also shown outstanding catalytic properties for CO, reduction to CO in
aqueous electrolytes with CO selectivity of 76%, TON of 1400 and stable electrolysis
for 7 h [49].

Most of the MOFs reported for high porosity possess 3D crystal structures. How-
ever, 2D MOFs have the following advantages over traditional electrocatalysts and
3D MOF electrocatalysts. (i) They possess uniform arrangement of the active sites
in hexagonal networks; (ii) catalytically active centers can be more exposed in 2D
MOFs; (iii) these catalytic active sites can remain active in aqueous solutions due
their immobilization with solid-state materials. In order to utilize 2D MOFs for the
reduction of water, Marinescu and coworkers have reported on the formation of
2D cobalt dithiolene films (MOS-1 and MOS-2) using bht, a trinucleating conju-
gated ligand, and cobalt(II) salt via a liquid-liquid interfacial method [50]. MOS-1
[H; (COgH(bht)z)] and MOS-2 [H; (Cogn(tht)z)] showed excellent HER performance
with maximum conductivity (c = 107® S cm™") for MOS-1 (Fig. 8). Square pla-
nar coordination geometry of 2-connected metal nodes and 3-connected organic
linkers results into the formation of honeycomb-like 2D sheets with a thickness of
360 nm. When the pH value of the buffer solution decreased, the current intensity
tended to increase. Under aqueous conditions with a very low value of pH = 1.3, the
MOS-1 and MOS-2 electrodes showed the overpotentials of 19 = 0.34 and 0.53 V,
respectively (Fig. 8e, f). Similarly, 2D supramolecular nickel bis(dithiolene) com-
plexes in the form of layered sheets (0.7-0.9 nm) has also been reported for their
outstanding electrocatalytic activities for HER with 19 of 333 mV and Tafel slope
of 80.5 mV dec™! [51]. [Niz(HITP),] is a well-known conducting MOF, which is
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Fig. 8 a A schematic design of the honeycomb-like net of cobalt dithiolene framworks. b Polar-
ization data of MOS-1, MOS-2 and the blank samples in HSO4 solution (pH = 1.3) at scan rate
of 100 mV s~!. Reprinted with permission from Ref. [51]. Copyright@2015 John Wiley and Sons.
¢ TEM and d SEM images of layered-sheets of nickel bis(dithiolene) compounds. e Linear sweep
voltammetry curves of nickel bis(dithiolene)-coated electrodes and blank GC-RDE in 0.5 M H,SO4
solution (Tafel plot (80.5 mV dec™1) is shown in inset). f Polarization curves in different concen-
tration of acidic and basic solutions (H,SO4 and KOH) at 10 mV~! scan rate. Reprinted with
permission from Ref. [50]. Copyright@2015 American Chemical Society

among the highest electrical conductive MOFs. Owing to a number of the highly
active square planar Ni—Ny sites, it has been recently reported for its functions as a
tunable electrocatalyst for ORR in alkaline solution, with a 1o of 0.18 V and good
stability [20].

In short, the exposed electrocatalytic active sites and high active site density endow
2D and 3D MOFs with efficient activities for electrocatalysis. Recently reported
pristine MOFs as electrocatalysts for HER, OER and ORR are listed in Table 1.

2.2 MOF Composites as Electrocatalysts

2.2.1 Molecular Catalyst@MOF Composites

With advantage of the highly porous structures of MOFs, catalytically active
molecules could be integrated into the pores of MOFs to form novel catalysts,
which possess the properties of heterogeneous MOFs and the catalytic properties
of the guest molecules. The high exposure of active sites owing to the large surface
areas of MOFs could lead to high catalytic activity and stability. A MOF composite
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(MoS;),/Ui0-66-NH, (y = 1-6) has been reported where the HER activity of molyb-
denum polysulfide (MoSx) combined high chemical stability of UiO-66-NHj; resulted
in novel HER catalysts [64]. MOF composite with MoS, exhibited excellent HER
activity with E gy = 125 mV, Tafel slope = 59 mV dec™!, n19 = 200 mV and TOF
= 1.28 s~!. It was highly stable even after 5000 cycles of CV. Dong and coworkers
have synthesized a series of 2D MOFs and furthermore the metal dithiolene-diamine
(MS;N5), metal bis(dithiolene) (MS,4), and metal bis(diamine) (MN4) complexes
were integrated into the hexagonal networks of these 2D MOFs [52]. These highly
active molecular sites in the 2D MOFs are suitable for electrocatalytic H, production.
It can be seen that the catalytic activities of the complexes followed by the order of
CoS,N; > NiS;N, > CoS, and the protonation step took place at the M—N sites of
the MS,N, based compounds. Hence, highly order arrangement of the active sites is
highly important to deliver the electrocatalytic performance.

Integration of electrocatalytic metal-containing molecules into the pores of the
MOFs is a quite successful technique, which can balance the charge in the MOFs
via redox hopping and support to get desired catalytic properties. Combining the
catalytic activity of metal complexes with advantageous properties of MOFs can
be useful for high performance electrocatalysis. A molecular water oxidation cata-
lyst, [Ru(tpy)(dcbpy)(OH,)](ClOy),, has been integrated into the well-known porous
MOF, [ZrsO4(OH)4(bpdc)s] (UiO-67), grown on the surface of FTO, by post-
synthetic ligand exchange (Fig. 9) [65]. The resulting UiO-67-[RuOH,]@FTO as
anew OER electrocatalyst can oxide water at 1.5 V versus Ag/AgCl with a current
density of 11.5 A cm~2. It was found that the intrinsic UiO-67 show poor OER
activity (n = 766 mV at a current density of 0.05 mA cm~2, pH = 8.4); however,
after integration of the Ru-complex into this MOF, the current density was enhanced
to 0.5 mA cm~2 at n = 766 mV (Fig. 9). This study also indicates that the MOF sup-
ports are able to stabilize the structure of Ru-based catalysts. Then, a similar result
was reported in 2016, where Ru(tpy)(dcbpy)OH,]** has been integrated to thin films
of UiO-67 to form the Ru-UiO-67 electrocatalyst, which oxidized H,O with a TOF
of 0.2+ 0.1 s7! at 1.71 V versus NHE in solution of pH =7 [66].

MOF-based composite [Cr;F(H,0),O(BTC),]-[Co(salen)] (Cr-MIL-100-Co-
salen) has also been reported for its excellent ORR performance. The composite
consist of highly porous Cr-MIL-100 and a Co(II) complex [63]. The 3D Cr-MIL-
100, with the pore window diameters of 4.8 x 5.8 A% and 8.6 x 8.6 A? and incredibly
large internal pores (25 and 29 A), can incorporate Co-salen (15.3 x 9.2 x 5.0 A3)
inside its pores via the synthetic approach called “ship in a bottle”. GC electrode
modified Co-salen@Cr-MIL-100 has been investigated for the ORR performance in
PB electrolyte of pH = 6.84. The results of CV indicated sharp peak at potential of
0.39 V versus RHE, which was assigned to O, reduction. The composite had good
reproducibility of CV data for 50 cycles and was stable for 24 h in a buffer solution
of pH=17.
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Fig. 9 a Representation of Ru-UiO-67 deposited on FTO electrode and its symmetric unit. b SEM
image of Ru-UiO-67. CV plots of UiO-67 and Ru-UiO-67@FTO in ¢ pH = 8.4 and d pH = 6.2.
Region of the Rulll/II coupling is shown in inset of ¢, d. Reprinted with permission from Ref. [65].
Copyright@2017 Royal Society of Chemistry

2.2.2 POM@MOF Composites

Anionic metal-oxide clusters of metals from d-block, called polyoxometalates
(POMs) are emerged as novel multifunctional materials with advantageous electro-
catalytic properties [67]. Incorporation of POMs into highly porous MOFs with high
surface areas can greatly increase the dispersion of POMs. In addition, high thermal
stability, recyclability and easy structural tunability are the significant advantages
of POM-based MOF materials as heterogeneous catalysts with enriched catalytic
properties. Three different types of POM@MOF composite materials can be pre-
pared which includes (i) POMs as nodes directly connecting with organic linkers,
(ii)) POMs inside the pores of MOFs and (iii) porous POM-pillared coordination
polymers (Fig. 10a).

There are several reports on POM-based MOFs for the electrochemical applica-
tions particularly for HER [51, 52, 68, 69]. Dolbecq and coworkers presented that
MOFs constituted using POMs could inherits catalytic properties of POMs and will
be useful for electrochemical reactions [68]. They reported the designing of a POM-
based MOF using e-Keggin Zn building blocks. It was found that the POM-based
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Fig. 10 a Possible construction of different types of POM @MOF composites. b Crystal structure
of (b) NENU-500 and (c) NENU-501. ¢ Comparison of linear sweep voltammetry plots of different
materials. d Tafel plots for NENU-500, NENU-501 and related compounds after coating on elec-
trodes in acidic solution. Reprinted with permission from Ref. [53]. Copyright@2015 American
Chemical Society

materials displayed excellent catalytic behavior for HER with a high TOF (6.7 s~)
at 1 =200 mV in aqueous solution. CPE measurements at E = —0.2 V versus RHE
indicated 95% higher FE and a large TOF (6.7 s~!). Bonding the redox activity of
POMs and porous MOFs, Lan, Zhou and coworkers have also reported the POM-
based MOFs, NENU-500 ([TBA]s[e-PMog Moy O36(OH)4Zn4][BTB]4/3-xGuest)
and NENU-501 ([TBA];[e-PMoy Mo} '037(OH);Zn4][BPT], as efficient electrocat-
alysts for HER (Fig. 10b—e) [53]. NENU-500 exhibited outstanding performance for
HER in acidic solution (Fig. 10d, ). Owing to its high stability, large porosity, and
abundant active sites, NENU-500 is recognized for its best electrocatalytic perfor-
mance for HER performance among all MOFs. The current studies on POM-based
MOFs demonstrate that with high porosity and stability, these materials have a lot
of opportunities as hydrogen-evolving electrocatalysts with outstanding activity.

Mixed-valent [8-PM0§M0X104OZn4] (¢Zn) Keggin units have also been reported
for their HER catalytic performance [70]. The POM-based MOFs were designed
using metallic cations [M(bpy)3]** (M = Co, Ru) and tritopic/ditopic organic linkers.
Their electrocatalytic HER performance was measured in 0.1 M H,SO4 (pH = 1.0)
aqueous solution. Reduction of protons was found to be responsible for this catalytic
activity at potentials below —0.6 V versus Ag/AgCl. From this study, it can be
concluded that the existence of monovalent cations such as TBA* or PPh} in POM-
based MOFs resulted in better catalytic properties of these compounds as compared
with the bigger divalent counterions like [M(bpy)3]>* (M = Ru, Co). However, the
dimension of crystal structure and the nature of POM unit did not affect much on
electrocatalytic properties.
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2.2.3 Graphene/Carbon@MOF Composites

MOFs are known as low conducting materials; hence, to overcome this disadvantage
of MOFs, researcher have designed their composite with highly conducting mate-
rials such as graphene, which can improve the conductivity of MOFs and further
expand their applications as electrocatalysts. In efforts to enhance the conductiv-
ity of pristine MOFs, a Cu-MOF composite with GO, (GO X wt%) Cu-MOF, was
reported as catalyst for HER, OER and ORR. The catalytic activity of the composite
materials with various GO weight% in the MOF was investigated [71]. The Cu-MOF
composite with 8 wt% GO exhibited excellent catalytic performance for different
electrochemical reactions and better stability in acid media as compare to intrinsic
MOF.

Nitrogen doped graphene and other carbon materials with their high electrical
conductivity are well-known for non-Pt-based ORR catalysts [72]. Combining their
high conductivity feature with porosity of MOFs is quite successful for improving
electrocatalytic properties. Hence, the ZIF-67/N-doped carbon composites in differ-
ent ratios have been investigated for ORR performance in 0.1 M KOH with n value
of ~4 (0.55 V vs. RHE). CPE indicated that the ZIF-67/N-doped carbon with 2:1
ratio have good stability for more than 10,000 s [57].

2.24 Metal-Based NP@MOF Composites

MOFs with a large number of nanopores can also be used as templates for hosting
metal-based NPs [73, 74], which could be used as efficient electrocatalysts [75].
Hupp and coworkers presented NU-1000 ([Zrs(3-OH)g(OH)g(tbapy),]) as scaf-
folds for designing Ni—S rods with higher surface area, which exhibited improved
electrocatalytic activity for HER in comparison to MOF-free Ni—S [76]. NU-1000
thin films were synthesized on FTO using hydrothermal process, and Ni-S were
then fabricated at the end terminals of the NU-1000 nanorods via electrodeposition,
leading to the NU-1000/Ni—S composite on electrode surface. By integrating with
MOFs, the active surface area of the metal-sulfide based catalyst was enhanced,
which improved the catalytic activity. Suh and coworkers have designed CuS NPs
within HKUST-1 ([Cu3(BTC),-(H,0)3]), which showed the excellent ORR activity
in an alkaline solution (Fig. 11) [62]. With the increase of Cu—S content in the MOF,
the conductivity was found to be enhanced significantly. This new composite mate-
rial that consists of 28 wt% Cu—S NPs in MOF template showed the onset potential
of 0.91 V versus RHE via four electron transfer pathways (Fig. 11b, c). Metal oxide
NPs can also be embedded in the MOFs, which can prevent them to aggregate dur-
ing the chemical processing and hence improve their catalytic activities as well as
stability in the framework. Yin and coworkers have prepared a e-MnO, @Fe-MOF
composite, in which nanorod particles of e-MnO, were embedded separately on the
surface of a Fe-MOF template [77]. With improved structural morphology, this -
MnO, @Fe-MOF composite showed remarkable ORR electrocatalytic activity and
good stability in an alkaline solution as compare to the intrinsic e-MnO,.
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Fig. 11 a Synthetic scheme of nanosized-CuS(x wt%)@Cu-BTC and nano-CuS(99 wt%). b Linear
sweep voltammetry curves for composites I-VIII in 0.1 M KOH at scan rate of 10 mV s~!. ¢ Kinetic
current density measured at 0.40 and 0.55 V versus RHE. I = Cu-BTC, II = (1.4 wt%)nano-
CuS@Cu-BTC, III = (5.3 wt%)nano-CuS @Cu-BTC, IV = (8.8 wt%)nano-CuS@Cu-BTC, V =
(28 wt%)nano-CuS @Cu-BTC, VI = (56 wt%) @nano-CuSCu-BTC, VII = (99 wt%) nano-CuSand
VIII = Pt/C. Reprinted with permission from Ref. [62]. Copyright 2016 John Wiley and Sons

2.2.5 MOF Grown on Substrates

Integration of catalytic functional materials into MOFs have been extensively
reported with improved catalytic performances. However, for practical applications
of MOFs and their composites as electrodes, it is needed to fabricate them in the
form of uniform membranes. Uniform growth of MOFs into a thin film can not
only improve the charger transfer but also expose more active metal sites, and hence
MOFs in form of thin films or sheet could exhibit the better catalytic activity. In this
regard, there are few examples, where MOFs have been grown either on a particular
substrate or utilized as the self-supported electrode materials for electrocatalysis. In
2016, Tang and coworkers have reported ultrathin nanosheets of NiCo-based bimetal-
lic MOF on the surface of copper foam, which showed improved OER activity due to
high conductive nature of copper form as compared to glassy carbon electrodes [78].
Zhao and coworkers have also reported ultrathin MOFs array grown on different
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substrates (e.g., nickel form (NF), glassy carbon (GC), etc.) which displayed good
catalytic activities for both the OER and HER [79]. The electrical conductivity of
ultrathin MOF nansheets grown on the surface of NF was investigated, which was sig-
nificantly higher than bulk MOF material and was the main contributor towards high
catalytic performance of the ultrathin MOFs array. Recently, Fischer and coworkers
have reported the growth of surface-mounted MOF (SURMOF) thin films directly on
electrode via layer-by-layer deposition [80]. These SURMOF films and their deriva-
tives (SURMOFD) showed an excellent mass activity of 2.5 mA jg~! atn =300 mV
for OER with high stability (100 h). The catalytic performance of SURMOFD was
found to be highly reliant on thickness and shape of the MOF films. Approach to
control the thickness and morphology of self-supported MOF composite electrodes
was also reported, where a NiFe alloy foam (NFF) has been used as a substrate as
well as metal source (Fig. 12a) [81]. Ni(Fe)-MOF nanosheets with ultralow thickness
of ~1.5 nm have been constructed on the surface of NFF as self-supported NiFe-NFF
electrode, which showed outstanding OER properties with current densities of 10
and 100 mA cm~?2 at overpotentials of 227 and 253 mV, respectively (Fig. 12b, c).

(b)=* (c) ™ .
——RuO @NFF EZZ2 @10 mA cm
q 2
i ] —FNF > 152 E=S5 @100 mA em
—— Ni-NF g q
"-‘E —— Fe-FF
S 300 —— NiFe@NFF
< —— NiFe/NFF £
£ —— NiFe-NFF T 278
= 200 1.483V o \\
100 mA cm™ 250}
- NN\ / ]
a4 N 2
. . . . W
1.2 1.3 1.4 15 16 RuO2@NFF NiFe@NFF NiFe/NFF  NiFe-NFF

Potential/ V vs RHE

Fig. 12 a Illustration for the preparation of the free-standing NiFe-NFF electrode. b LSV plots
and c the overpotentials and current density relation for the electrodes. Reprinted with permission
from Ref. [81]. Copyright 2016 John Wiley and Sons
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Outstanding electrocatalytic performance of the NiFe-NFF electrodes was due to the
nanoarchitecture of MOF composite, which provided additional active metal sites,
Ni and Fe interactions and improved conductivity.

Lu and coworkers have reported a bimetallic MOF, which displayed superior
catalytic activity for water splitting after its fabrication on the surface of NF [82].
MIL-53(FeNi) grown on NF have also showed excellent catalytic activity for OER in
1 M KOH with the current density of 50 mA cm~2 at n =233 mV and Tafel slope =
31.3mV dec™! [83]. The 3D NF is one of the suitable materials for electrocatalysis
due to its high porosity, high conductivity and mechanical strength. The growth of
MOFs on NF is a quite successful technique to develop binder-free 3D electrodes,
which not only increases the charge transfer in MOF/NF, but also improves mechani-
cal stability. Besides, NF provides extra Ni metal center, which increases the number
of active metal cites on bimetallic MOFs [83].

In short, the integration of MOFs and other functional materials could combine
the characteristics and advantages of them, providing great potential for electrocat-
alytic applications. A list of different MOF composites for HER, OER and ORR
applications is given in Table 2.

2.3 MOF-Derived Materials as Electrocatalysts

Although intrinsic MOFs exhibit excellent electrocatalytic activities; however,
their low electrical conductivity and poor stability in acidic/basic media prompt
researchers to search for alternative routes to use MOFs. Hence, since the first study
in the synthesis of porous carbons from MOFs reported by Xu et al. [88], the pyrolysis
of MOFs at high temperature provides an effective way to obtain MOF-derived mate-
rials for efficient electrocatalytic applications. Generally, two kinds of carbon-based
materials, i.e., pure porous carbons and carbon composite materials, can be derived
from MOFs depending on pyrolysis conditions. Carbon-based materials derived from
MOFs usually have the advantageous features of high porosity and surface areas,
appropriate doping of nitrogen and/or metal-based components, more catalytically
active sites and efficient electron transfer paths. Numerous MOF-derived materi-
als have been reported for their excellent catalytic performance as electrocatalysts
(Table 3). The electrocatalytic properties of MOF-derived materials are highly depen-
dent on the pyrolysis conditions, including heating temperature, holding time, and
gas flow etc.

Pyrolysis of ZIF-8, a MOF known for its high thermal stability and surface area,
produced a high N-doped carbon material with N of 8.4%, while not compromis-
ing on surface area and porosity [89]. Pyrolyzed ZIF-8 showed an excellent HER
activity at cathodic polarization treatment for 6 h in 0.5 M H,SOy, solution. Nano-
sized FeCo alloy embedded in N-doped graphene derived from a Co-Fe containing
MOF as stable HER catalyst were reported by Chen and coworkers in 2015 [90].
Electrochemical study revealed that this MOF-derived hybrid material displayed
the excellent HER activity with an overpotential of ;9 = —0.262 V versus RHE
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Table 3 Examples of MOF-derived materials as electrocatalysts for HER, OER and ORR
MOF derivatives | Short names Electrochemical | n10 TS References
reactions (mV) (mV dec™ 1)
(electrolyte) versus
RHE
CoSe, ZIF-67 HER (1M 95 52 [117]
nanoparticles KOH)
anchored on
carbon fibers
Hollow CoS> ZIF-L(Co) HER (1M 193 88 [118]
nanotube arrays KOH)
Ni—Co bimetal MOF-74 HER (1 M 129 52 [119]
phosphide KOH)
nanotubes
RuCo@N-doped | Co3[Co(CN)s]» HER (1M 28 31 [120]
C Prussian blue KOH)
analogue
N-Doped ZIF-8@ZIF67 OER (0.1 M 410 91 [121]
C@Co-N-doped KOH)
C core—shell
nanocages
Hollow C0304 ZIF-L(Co) OER (1M 352 N/A [122]
nanospheres in KOH)
N-doped C
Ni—Co bimetal MOF-74 OER (1M 245 61 [119]
phosphide KOH)
nanotubes
Hollow CoS» ZIF-L(Co) OER (1M 276 81 [118]
nanotube arrays KOH)
CoSe, ZIF-67 OER (1M 297 41 [117]
nanoparticles KOH)
anchored on
carbon fibers
N-Doped C ZIF-67 OER (0.1 M 370 93 [123]
nanotube KOH)
frameworks
N-Doped C ZIF-67 ORR (0.1 M N/A 64 [123]
nanotube KOH)
frameworks
Hollow Co0304 ZIF-L(Co) ORR (I M N/A 51 [122]
nanospheres in KOH)
N-doped C
Co single atoms | Bimetallic ORR (0.1 M N/A 75 [124]
on N-doped C Zn/Co-MOF KOH)
(ZIF-8/67)

(continued)
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Table 3 (continued)

MOF derivatives | Short names Electrochemical | n10 TS References
reactions (mV) (mV dec™ 1)
(electrolyte) versus
RHE
Honeycomb-like | CoAlI-LDH@ZIF-67 | ORR (0.1 M N/A 63 [125]
carbon-based KOH)
framework
N-Doped ZIF-8@ZIF67 ORR (0.1 M N/A 51 [121]
C@Co-N-doped KOH)
C core—shell
nanocages

and high stability even for more than 10000 cycles. Benefited from the high ther-
mal stability, Co-based ZIF-67 is also one of the most commonly used MOFs for
preparing various electrocatalysts. Xia and coworkers have also reported the HER
catalytic activity of cobalt NPs inserted in a nitrogen-doped carbon material, attained
by low-temperature pyrolysis of ZIF-67, with ;9 = 0.339 V versus RHE and Tafel
slope = 119 mV dec™! [91]. Careful control of the pyrolysis of MOFs can even get
the desired catalytic materials with intriguing morphologies. Chen and coworkers
reported the carbonization-oxidation-selenylation process of ZIF-67 to design CoSe,
nanoparticles integrated in defect carbon nanotubes (CoSe, @DC), which displayed
outstanding HER catalytic performance (Fig. 13) [92].

The pyrolysis of ZIF-67, PEG-2000, urea and boric acid, followed by phosphida-
tion resulted in the formation of CoP@BCN-1 nanotubes, which exhibited excellent
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Fig. 13 a Designing methods for the metal compound @ carbon via oxidation. b Systematic prepa-
ration of CoSe; @DC. ¢ Tafel plots of inorganic materials and derived materials. d Nyquist plots
of the various compounds coated on electrodes (Circuit diagram and Nyquist plots of CoSe, @ DC-
modified electrodes is shown in inset). e Capacitive current versus scan rate. f Chronoamperometric
behavior (polarization curves in inset) for CoSe, @DC. Reprinted with permission from Ref. [92].
Copyright@2016 Elsevier
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electrocatalytic activity for HER in 1 M KOH (alkaline; pH = 13.9), 0.5 M H,SOq4
(acidic; pH = 0.3) and 1 M phosphate (neutral; pH = 7) solutions [93]. With more
active sites in CoOP@BCN-1 nanotubes, ZIF-derived electrocatalysts showed lower
overpotentials of 87, 215, and 122 mV in acidic, basic and neutral buffer solutions,
respectively. Cobalt-nitrogen-doped graphene aerogel (Co-N—-GA) electrocatalyst
was also investigated by the pyrolysis of the MOFs@GA composite, which was syn-
thesized by the reaction of Co(ii) ions on graphene oxide (GO) sheets and 5-amino-
1H-tetrazol [94]. Co-N—-GA inherited the highly ordered porosity from MOF, which
led to its superior electrocatalytic performance as compared to other non-noble metal
HER catalysts.

ZIFs have been extensively utilized for the derivation of carbon-based materials.
However, many carboxylate linker-based MOFs have also been pyrolyzed to form
metal-doped carbon-based materials. Lee and coworkers have reported the pyroly-
sis of a 2D sheet structured Co-based MOF and hexamethylenetetramine at 650 °C
in argon atmosphere, which resulted in the development of 2D layers of Co/N-
carbon [95]. This composite showed quite good HER catalytic performance with a
low overpotential of 1j9 = 103 mV versus RHE, high-cycle durability and stabil-
ity. Beside Co-based MOF, Wang and coworkers have investigated a Ni-containing
MOF, [Niy(BDC),Ted], to derive carbon materials, which can show electrocatalytic
activity for HER [96]. Nanoparticles of Ni with surface nitridation on the carbon
sheets derived from the Ni-based MOF were mainly responsible for improving the
HER catalytic performance. In a two-step process, N-doped graphene oxide/nickel
sulfide (NGO/Ni7Sg) composite nanosheets resulted from the pyrolysis of Ni-MOF-
74 possessed highly order porosity, nitrogen contents, accessible nickel active sites,
good mass transfer, and high stability against corrosion, showing excellent HER
performance [97].

In Sect. 2.2.3, it has been reported that the combination of MOFs and graphene is
useful to improve the overall electrical conductivity for prompting their electrocat-
alytic performance. Alternatively, graphitic carbon with uniform metallic nanopar-
ticles can be obtained upon the pyrolysis of a MOF in an inert atmosphere, which
could be used as efficient electrocatalysts [98]. Jiang and coworkers have reported the
Ni@graphene derived from a Ni-based MOF, which exhibited tremendous catalytic
activity in a 1.0 M KOH solution [99]. This MOF derived Ni-based electrocata-
lysts with excellent HER as well as ORR performance represents an ideal material
to be used for water splitting. ZIF-8 nanocrystals fabricated on GO (ZIF-8@GO)
were treated at 900 °C to design N-doped porous carbon@graphene (N-PC@G)
with high porosity (1094.3 m? g~!), micro- and mesopores, appropriate N content,
and high degree of graphitization [100]. This N-PC@G-0.02 exhibited tremendous
electrocatalytic activity for ORR and high stability.

The conditions of pyrolysis or thermal treatment are significantly important for
the final state of the metals in the derived materials and their morphologies. For
instance, nanoporous carbon—cobalt oxide hybrids have been reported, which were
obtained by the pyrolysis of a cobalt-based ZIF-9 in two-step process as shown in
Fig. 14 [101]. The transformation of cobalt to cobalt oxide was highly dependent on
the conditions of thermal treatment. Despite the lower surface area, the Z9-800-250
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Fig. 14 a Schematic illustrations for the preparation of carbon—cobalt oxide composites via 2-step
thermal processing of ZIF-9. b Polarization plot for ORR of different electrodes modified with Z9-
900-250, Z9-800-250, Z9-700-250 and Pt/CB at 2000 rpm and 5 mV s~!. Reprinted with permission
from Ref. [101]. Copyright@2014 John Wiley and Sons

sample exhibited improved electrocatalytic performance for ORR as compared to the
79-900-250 sample, which is due to better conversion rate of metallic cobalt to cobalt
oxide for Z9-800-250. Shape and size of the parental MOFs are also important to
get the derived porous materials with desired nanoscale morphologies and optimized
functionality. Co NP-contained nitrogen-doped carbon polyhedrons were prepared
from ZIF-67, where the derived materials preserved the size and morphology of the
parental MOF [102]. The nano-sized MOF derived materials exhibited improved
performance towards ORR in acidic solution as compared with those derived from
large-sized MOF precursors.

Bimetallic MOFs are also good candidates for the design of high-performance
ORR electrocatalysts. The pyrolysis of the Zn—Co bimetallic MOF afforded the Co—
N—C electrocatalyst with high porosity (~500 m? g~ "), orderly-distributed Co NPs
(~9.5 nm), and appropriate N contents (8.5%) [103]. The catalytic properties of
this porous Co—N-C polyhedron electrocatalysts have been tested in different buffer
solutions and found that it exhibited good catalytic activity and stability, comparable
to the well-known commercial ORR catalytic Pt/C, as shown in Fig. 15. MOF-derived
Co,N-doped carbons have also been synthesized via a mesoporous silica (mSiO;)-
protected calcination method [104]. Zn—Co bimetallic ZIF NPs were coated with
mSiO, and treated at 900 °C. Outer coating of mesoporous silica prevented the
aggregation of Co,N-doped carbon material particles and the mSiO, was finally
removed by chemical wet etching. This MOF-derived material exhibited excellent
catalytic activity for ORR in alkaline solution.

Beside metal/metal oxide NP-embedded carbon materials, there are also many
reports on the preparation and electrocatalytic properties of MOF-derived metal
phosphides, sulfides, and so on. Zhu et al. have constructed the N and S dual-
doped honeycomb-like porous carbons immobilizing cobalt sulfide nanoparticles
(CoySg@CNST) from a MOF, which exhibited excellent catalytic performance for
ORR (Fig. 16) [105]. The unique structural and doping properties with increased
accessible active sites with synergetic interactions and enhanced mass transport of
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Fig. 15 Schematic preparation of Co-N-C via carbonization without any post-treatment. MOF-
derived Co—N-C exhibited excellent ORR activity that is comparable and much stable than Pt/C
in different electrolytes. Reproduced with permission from Ref. [103]. Copyright@2015 American
Chemical Society

oxygen and electrolyte in this open nanostructure led to notably superior ORR cat-
alytic activity and long-term stability under alkaline conditions. The pyrolysis of
core—shell ZIF-§ @ZIF-67 material resulted in the generation of CNTs on the top
of a polyhedron, which was further treated by oxidation—phosphidation process to
form CoP NPs integrated in N-doped carbon hollow polyhedra (NCNHP) [106].
The resulting CoP/NCNHP was used for water splitting, with excellent bifunctional
catalytic properties. Ni-Co—P/C nanoboxes were derived from ZIF-67 following
several steps [107]. The reaction of ZIF-67 nanocubes prepared by a surfactant-
supported method with Ni(NO3), resulted in the formation of Ni-Co LDH on the
surface of ZIF-67 nanocubes (ZIF-67 @ LDH nanoboxes), which were subsequently
treated with NaH,PO, to form Ni—Co P/C catalyst. This bimetallic phosphide cat-
alyst exhibited excellent OER activity. With the advantage of higher contact area
on electrode, the nanobox like hollow architectures of bimetallic phosphide derived
from MOFs afforded better OER performance as compared with the bulk counter-
part. Similarly, mix-metal nanocages (Ni—Co based Prussian blue analogue) have
also been derived from MOFs, which possessed huge electrolyte/electrode contact
area and hence showed good OER activity [108].

Pyrolysis of MOFs can result in the formation of the derivates in the form of
either single metal atom doped or metal derivative doped carbon materials. Recently,
single-atom catalysts have been widely used due to the fine dispersion of single
metal active sites. There are several methods to achieve such dispersed single atom
active sites on the support materials, such as metals trapped on N-doped carbon
materials [109]. Metal nodes and organic linkers are periodically arranged in the
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Fig. 16 a Illustration of the honeycomb-like porous structure of CogSg @CNST catalysts; b SEM
and ¢ TEM images of CogSg @ CNS900; d ORR catalytic properties of CogSg @ CNS900 and com-
mercial 20 wt% Pt/C catalyst. Reproduced with permission from Ref. [105]. Copyright@2016 John
Wiley and Sons

MOFs, which provides an opportunity to further treat them in order to design such a
catalyst, where the active sites are single atomically distributed (called a single metal
atom-doped carbon) [110]. Pyrolysis of MOFs can form a single metal atom-doped
carbon materials (M—N-C) as excellent catalytic properties [111]. Li and coworkers
have synthesized a N-doped single-atom carbon catalyst for ORR, from a bimetallic
Zn/Co-based MOF [112]. Addition of Zn ions in precursor resulted in the formation of
long-distance dispersion of Co ions, stabilized by N (derived after pyrolysis of MOF).
Similarly, a N-doped Fe-single-atom porous catalyst, derived from a MOF composite
has also been reported with a unique hierarchical structure having macro-, messo-
and microspores [113]. This Fe/N-GPC electrocatalyst was prepared by the pyrolysis
of FeD@MIL-101-NH, composite and showed outstanding catalytic performance
for ORR in alkaline solution, owing to the more accessible active sites and the mass
diffusion (Fig. 17). A similar ORR catalyst (Fe/N-GPC) was also designed by the
pyrolysis of core-shell Fe(acac); @ZIF-8. Pyrolysis at 800 °C provided the N-doped
carbon, while single Fe atoms dispersed on N was achieved from Fe(acac); [114]. A
mixed metals based carbon catalyst [CoFe @C], prepared by the one-step pyrolysis of
dual metal-doped Zn-MOF, exhibited excellent ORR performance due to periodically
dispersion of Co and Fe on porous carbon [115, 116]. Recent studies showed that
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Fig. 17 a Illustration of the hierarchical porous Fe/N-GPC catalysts with atomic Fe and N doping;
b TEM images of Fe/N-GPC; ¢ ORR catalytic properties of Fe/N-GPC, comparative samples and
20 wt% Pt/C catalyst. Reproduced with permission from Ref. [113]. Copyright@2017 American
Chemical Society

the single metal atom-doped carbon materials derived from MOFs have significant
superior performance as catalysts over traditional metals.

3 Conclusion

In this chapter, we have discussed various MOFs, their composites and MOF-derived
materials as catalysts various electrochemical reactions, including HER, OER, ORR
and other redox reactions. MOFs with their advantageous features such as ultrahigh
porosity, large surface areas and structural tunability have significant applications
in redox chemistry. However, their low stability and conductivity are the negative
factors, which should be controlled in order to improve their electrocatalytic prop-
erties. In order to improve the catalytic behaviors, MOFs are composited with con-
ducting materials like graphene, metal NPs, metal oxides/sulfides and so on, which
not only enhances their electrical conductivity but also gives additional electrocat-
alytic features. The unique morphologies and ultrahigh surface areas of MOFs fur-
ther prompted researchers to pyrolyze them to drive carbon-based materials, which
can inherit MOFs’ high surface areas and morphologies and perform better elec-
trocatalytic activity and stability than the original MOFs. A series of MOFs, their
composites, and MOF-derived materials are discussed here for their electrocatalytic
applications. Nonetheless, further investigations are still essential in the field of MOF
electrocatalysts. Crystal design and structural morphologies, theoretical simulations,
and computational studies should be further performed, which could help to optimize
and evaluate their electrochemical properties.
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