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aState Key Laboratory of Heavy Oil Processing, College of New Energy and Materials, China University of Petroleum
Beijing, No. 18 Fuxue Rd., Beijing 102249, People’s Republic of China.
b Department of Chemistry, University of California, Riverside, California 92521, United States.

¢ Department of Chemistry and Biochemistry, California State University Long Beach, Long Beach, CA 90840 (USA).

Abstract Oxygen evolution reaction (OER) is a critical electrochemical reaction in water-splitting and
rechargeable metal-air batteries. It plays a pivotal role in achieving high-efficiency clean-energy
production and energy storage in these devices. Transition metal-based bimetallic MOFs (TMB MOFs)
with two different metal ions possess specific synergistic effect, which could exhibit OER performance
and stability superior to corresponding monometallic MOFs for water oxidation. Benefitting from the
diversity of chemical composition and structural type, TMB MOFs can also serve as precursor and
template to obtain alloy-particle decorated carbon materials with high surface area, or metal compounds
such as bimetallic sulfides, phosphides, and hydroxides with atomic-level mixing of heterometallic
elements. These materials with high-density active sites exhibit much improved catalytic activity in water
oxidation reaction. This article aims to review the recent progress of TMB MOFs and their derivatives in
relation to applications as electrocatalysts in OER, including analysis of mechanism of the OER process

with assistance of DFT calculations and in situ or operando techniques.
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1. Introduction
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Fig. 1. Schematic illustration of electrocatalytic reactions in water splitting electrolyzer.! Copyright © 2018

FElsevier Ltd.

In recent decades, it is extremely urgent to
develop clean and sustainable energy on account of
the increasing demand for clean energy as well as the
solving the worsening environmental problems.?
Water-splitting electrocatalysis is among the most
effective and sustainable avenue for generating clean
and green energy.’ As shown in Fig. 1, ! water
splitting (HbLO — H, + 1/20,) is an important
electrochemical reaction, and it encompasses two
half electrode reactions: hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER). The
four-electron-transfer process involved in the OER
both in acidic electrolyte and basic electrolyte leads
to sluggish reaction kinetics and larger overpotential
and it is the bottleneck of the water-splitting
reaction.*>

Many potentially high-efficient electrocatalysts

have been studied for OER with lower energy
barriers. At present, noble-metal oxides such as IrO,
and RuO, are state-of-the-art electrocatalysts for
OER and show excellent electrocatalytic activity and
stability. Nevertheless, the problems such as
prohibitive cost, limited durability, natural scarcity,
as well as poor resistance to poisoning have
restricted their large-scale commercial applications.®
7 Although a plethora of efforts have been made to
develop cost-effective OER catalysts, current
electrocatalysts still do not satisfy the industrial
requirements. The development of efficient
electrocatalysts for OER, especially the use of non-
noble metal electrocatalysts for OER with high
catalytic activity and stability, remains challenging.
Among different non-noble-metal electrocatalysts,
the first-row transition metals, such as Ni, Co, and

Fe, have shown great promise for -efficient

Page 2 of 61



Page 3 of 61

electrocatalytic activity toward OER and have
therefore attracted great attention in recent years. % °

In the search for efficient electrocatalytic
materials for OER, large specific surface area, high
porosity, optimized active site (often defined as the
intrinsic activity of the catalyst) distribution, and
high charge transfer capability are all important
factors. 1012 These factors play important roles in
maximizing electron transfer and promoting the
mass transport of reactants.!> Among various
emerging candidates, metal-organic frameworks
(MOFs) show great promising. MOFs are a family of
coordination polymers

porous constructed by

organic ligands and metal centers through

coordination bonds. MOFs are considered as
promising electrocatalytic materials 315 due to their
tunable porosity, large surface area and flexibility to
be functionalized with various ligands and metal
centers.!® The high porosity and accessible surface
area of MOFs can greatly reduce the diffusion
distance of charge carriers to the reactants in the
process of electrocatalysis.!¢ Considering the highly
accessible metal-ligand junctions, the interfacial
electronic coupling interaction in MOFs has been
recognized as one of the important factors for the
improvement of efficiency of the redox reaction in
water splitting process.!> Herein, the rational
combination of specific redox active metal nodes and

organic ligands could furnish a pathway to connect

electro-active components and provide the MOFs
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with desirable electrocatalytic functionality.

Because of these advantages, MOFs have
aroused enthusiastic interest and have been studied
as electrocatalytic materials. !7- ¥ Some of the most
important strategies to design catalysts from MOFs
are illustrated as follows (Scheme 1) : (1) increasing
the exposure of electrochemical catalytic active sites
by engineering the morphology of MOF materials;
(2) in-situ growth of MOFs on the substrate with a
high surface area or reducing the size of particles to
increase the surface area; !°?! and (3) adopting
bimetallic or multivariate MOFs.??

Compared with monometallic MOFs, most of
bimetallic MOFs, such as NiFe-MOFs, 23-25 NiCo-
MOFs, ¥ FeCo-MOFs, 260 27 exhibit better
electrocatalytic oxygen evolution reaction activity
which can be ascribed to the synergistic effect
between different metals and the adjustable metal
node engineering. Metal substitution on the metal
nodes in MOFs can have advantages in tuning the
materials electronic

stability, flexibility, and

structures. The formed bimetallic MOFs can
strengthen the valence state of metal sites and
optimize the e, orbitals, which plays an important
role in improving the catalytic performance. %2° For
example, Tang’s group reported ultrathin NiCo-
MOFs nanosheets as electrocatalyst toward OER in
alkaline conditions.’® The valence electronic
configuration of Co?" in NiCo-MOFs is 3d” with

high-spin state. Theoretically, Co*" has unpaired
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electrons in m-symmetry (#,,) d-orbitals, which could
interact with the bridging O, via n-donation. While,
the 1,, orbitals of Ni?" are fully occupied, so the e/
¢! repulsion is the main interaction between O% and
Ni?*. When coupling Ni*>* and Co?" together, the -
donation through Co-O can be enhanced by the /-
e! repulsion between O? and Ni** in NiCo-MOF
ultrathin nanosheets, which results in partial charge
transfer from Ni?' to Co?". In addition, the PDOS
(partial density of states) of the unfilled 3d ez
orbitals for bimetallic NiCo-MOFs are also changed,
which indicates that the electron density of the
unoccupied e, states increases. So the coupling of Ni
and Co induces the change of e, and further improves
the OER activities. Similarly, Zhu and co-workers
verified this synergistic effect between Fe and Co
metal ions in FeCo-MOF nanosheets as well.3! The
synergistic interaction between Co and Fe atoms also
endowed the FeCo-MNS-1.0 with an excellent OER
performance. Verified by DFT calculation and
experimental results, the coupled metal ions led to
efficient orbital hybridization and optimized the
electrocatalytic activities. Lou’s group’? also

revealed the existence of strong synergistic effect of

adjacent Ni and Mn nodes within MCCF/NiMn

MOFs by X-ray absorption structure spectroscopy
and DFT calculations. According to the DFT
calculations, as for mono-metallic Ni-MOFs, there is
no electron density around the Fermi level. After
incorporation of Mn, obvious electron density
around the Fermi level of NiMn-MOFs increases,
which mainly due to the hybrid of Ni 3d and O 2p
orbits, rather than Mn and O. However, the dominant
of 3d orbital band of Mn locates far away from the
Fermi level, which implies Mn sites act as favorable
electron acceptors. In addition, the formation energy
barriers of key *O and *OOH intermediates in NiMn
MOFs all are lower than that in Ni-MOFs, indicating
that the synergistic effect between neighboring Ni
and Mn nodes can accelerate the proton-coupled
electron transfer kinetics so as to improve OER
activities.  Therefore, the introduction of
synergistically active sites in MOFs combines with
rational architectural design can increase active sites,
facilitate the charge transfer, and improve water
oxidation efficiency.

It is known that powdery electrodes can only
work under a small current density (usually <100

mA cm?), and cannot meet the requirement of

practical application that are often operated under
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Scheme 1 An overview of MOF-based materials for oxygen evolution reaction.

high current densities.’? 3* One effective strategy is

to adopt self-supported electrodes in which
catalytically active phase are in-situ grown on the
conductive substrates, such as metal foam (e.g., Ni,
NiFe, Cu foam), metal mesh (e.g., Ti/Cu mesh),
carbon cloth (CC), graphene, metal plates, and
fluorine-doped tin oxide (FTO). By growing MOFs
directly on the conductive substrates, the seamless
contact between MOF catalysts and conductive
substrates could ensure rapid charge transfer and
prevent the shedding of catalysts as well. Wherein

nickel foam has been widely applied as the

conductive and microporous substrate for OER
electrocatalysts for its large surface area, superior
electroconductivity, and excellent mechanical
strength.® In 2020, Xie’s group®® prepared Co/Fe-
imidazole-based ~ bimetal-organic framework
nanosheet arrays using nickel foam as the substrate
to probe its OER activities. Nickel-iron foam (NFF)
is considered as an ideal catalyst supporting material,
it could be activated by acidification method and
then the activated metal ions in NiFe foam can serve
as the metal sources for in situ synthesis of NiFe

bimetal-organic frameworks.?” The experimental
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result suggested that the activated NiFe foam

accelerated charge transport and separation
efficiency, which can be attributed to its high
uniform dispersed metal sites, high porosity, and an
ordered 3D skeleton structure, further benefited in
improving electrochemical properties. Carbon fibers
is a highly conductive carbon-matrix support with
multi-channels, and it is a powerful tool for
addressing poor electroconductivity of MOFs. In
2020, Lou’s group’? developed a transformation
method for in situ growing NiMn-based bimetal-
organic framework nanosheets array on carbon
fibers and supported it as a promising bifunctional
oxygen electrocatalyst. Moreover, a novel material
of graphene-nanoplates-supported (Ni, Fe) metal-
organic frameworks (MOFs) could also be decorated
on the carbon-fiber paper electrodes working for
alkaline water electrolysis, this work also helped in
developing a durable, high-property alkaline anion
exchange membrane for water electrolysis and direct
solar-to-fuels conversion method to replace the
expensive proton-exchange membrane in water
electrolysis that worked with ultra-pure water.3® The
conductive carbon cloth?® 40, carbon nanotubes?*!,
and other carbon materials were also been widely
applied as the substrates to direct growth of MOF
electrocatalysts with high mechanical stability and
conductivity.

In addition to many merits of using pristine

MOF catalysts in electrocatalysis, these MOFs can

also be used as outstanding precursors for the
fabrication of various alloys, metal oxide-carbon
composites, metal phosphides, metal selenides or
pure carbon materials with rich morphological
structures and versatile properties. 4>** The most
dazzling merits of MOF-derived materials is that the
carbon skeleton is an essential factor to boost the
OER process not only due to the high
electroconductivity but also due to the possibility of
stabilizing transition metal atoms on the carbon
substrates leading to single-atom TM-N-C catalysts
(TM = Fe, Co, Ni, efc.).*>46

Recently, remarkable progress has been
achieved in the development of bimetallic MOF-
based catalysts as electrodes for electrocatalytic
oxygen evolution reaction, ranging from pristine
MOFs and MOF-derived porous carbons to
transition metal-based materials. Although there are
a number of reviews summarizing MOFs and their
derivatives in terms of the catalytic performance of
OER, few of them focuses specifically on the
discussion of transitional metal-based bimetallic
(TMB) (Ni, Fe and Co) MOFs and provides detailed
analysis on the use of advanced techniques to
uncover the mechanism toward taking full advantage
of active sites. This review will provide an overview
of recent advances of using TMB MOFs as OER
electrocatalysts, and will mainly focus on their

structures, compositions, and OER performances.

With the assistance of progressive characterization
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techniques and theoretical calculations, mainly
based on density functional theory (DFT) and in situ
or operando technique analysis to illustrate the
actual active sites, heteroatom doping effect and
phase evolution during the process of OER activity
have been elucidated to uncover the reaction
mechanism. Meantime, the current challenges and
obstacles of using TMB MOFs and their derivatives
as electrodes will be highlighted. Finally, the future
outlooks will be proposed for designing more
effective and promising TMB MOF-based materials

toward oxygen evolution reactions.

2. Simple Rationale, Evaluation Parameters and
Influencing Factors of Oxygen Evolution

Reaction.

Before introducing recent progress in the study
of TMB MOFs as electrocatalysts, we will first
illustrate the reaction mechanism and measurement
criteria for OER process, which can provide an in-
depth understanding of OER process and a standard
protocol of measurements. The detailed mechanism
will be discussed in part IV and in combination with

DFT calculation and in situ or operando techniques.

2.1 The Simple Reaction Mechanisms and

Influencing Factors of OER

Oxygen evolution is a result from the oxidation
reaction of hydroxide group in alkaline solution or

water molecule under the acid electrolyte. 3* The
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pathways in acidic and alkaline media including
elementary steps are different according to different
mechanisms. Yet both conditions involve the
adsorption and desorption of intermediates, such as
HO*, O* and HOO*.47
In the research of Rossmeisl et al., the free
energies of adsorption of the OER intermediates at
select electrodes of Pt (111), Au (111), and other
metals were discussed in detail in acidic environment.
The most difficult step in the OER process is the
formation of HOO* by splitting water on an
adsorbed O*. This step is downhill in free energy at
high electrode potentials, however, at the lower
potentials, the OER is triggered only on the oxidized
surface even though the water can dissociate to O*.
This is why this step is slower than that of O*
formation step.3
Electricity is commonly used as energy input to
drive the electrochemical reaction for OER since
OER is an electron-coupled uphill reaction due to
every O, molecule generation requires transfer of
four electrons. This multiple electron transfer
process is not kinetically favorable.*® The
accumulation of energy barriers in each step results
in a sluggish kinetics of OER, and as a result, it needs
to overcome the large overpotential. The standard
potential of OER under the condition of pH=0is 1.23
V vs. NHE, and E is proportional to the pH by

shifting 59 mV for per pH unit increase.

Since OER is the bottleneck reaction of
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electrocatalytic water splitting, unremitting efforts
have been made in order to acquire the lower over-
potential electrocatalysts. So far, the intrinsic
properties affecting OER efficiency often refer to
some extrinsic and intrinsic properties of materials.
The extrinsic properties mainly refer to the
morphology of the catalysts, state of electrolyte and
the choice of the substrates.* In order to achieve the
ideal properties, for example, researchers tend to
construct nano-sized, layered or highly open
structure in order to expose more active sites for
activity improvement.*® Moreover, other methods to
improve the electroconductivity of the catalysts
include dispersion of the catalysts onto high surface
area substrates to enhance the catalytic activity, for
example, in-situ growth of the catalysts on the
conductive and porous substrates such as Ni foam,
carbon cloth, metal plates, and carbon nanotubes %
32, Such approaches can effectively enhance the
stability of the strong bonding between the catalysts
and substrates to accelerate the electron transfer
during reactions.

The intrinsic properties involve the number of
active  sites, transfer

charge capability and

electroconductivity.> 4 However, the intrinsic
properties are usually largely dependent on the
extrinsic properties. The number of active sites can
be increased by constructing high-surface-area

structures, using preparation methods such as

annealing, acid leaching, ball-milling, as well as

plasma etching to fabricate the nanostructured
electrocatalysts. It is also helpful to synthesize 2D
and 3D porous materials to increase and expose more
active sites. 233 Moreover, apart from the extrinsic
properties discussed above, the charge transfer
ability and electronic electroconductivity of
materials are also essential for achieving high
electrocatalytic property for water splitting.
Therefore, the extrinsic and intrinsic properties
should both be considered in the design of the highly

efficient electrocatalysts.

2.2 The Electrocatalytic Kinetics Parameters

for OER

The benchmarking methodologies to evaluate
the OER electrocatalytic activity mainly based on
some specific kinetic parameters, such as:
overpotential (1), Tafel slope (b), exchange current
density (iy), electrochemically active surface area
(ECSA) and so on.’” These parameters play vital
roles in elucidating and understanding the reaction
mechanism to a certain extent. A summary of these
kinetic parameters is provided in the following

subsections.

2.2.1 Overpotential (n)

Overpotential (1) is one of the most important
descriptors to evaluate the OER performance of the
target electrocatalyst under the same test conditions.

It is defined as the potential gap between the
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electrode potential and the equilibrium potential
(1.23 V vs. RHE) of the electrode reaction when the
electrode reaction is out of equilibrium. According
to the Nernst equation in Egn. (2.3), °® where E is the
real applied potential, £’ is the standard electrode
potential, R is gas constant (8.31441J/(mol * K)), T
is the absolute temperature, n is the number of
transferred electrons in a battery reaction, Cp and Cy
stand for the concentrations of the oxidized and
reduced reagents, respectively, the overpotential (1)),
is the gap of £ and equilibrium potential E,,, which
is illustrated in Egn. (2.4). The value of n is a
benchmark to evaluate the performance of the
catalysts under a specified current density, and
commonly, a lower value indicates better
electrocatalytic activity. Universally, the specific
current density is 10 mA cm? (indicated as i),
which is the current density normalized to the
geometric area of the electrode, and the overpotential
value is defined as n;o. The historical origin of 15 is
that the current density expected in solar water-
splitting cells that possess a solar-to-fuel conversion
efficiency of 10% under 1 sun illumination is
approximate to 10 mA c¢cm and it is also considered
as the benchmark for evaluating solar-to-fuel device
performance.>® However, 1o is not considered as an
absolute accurate activity metric of reflecting the
intrinsic  electrocatalytic performance for the

following reasons. First, mjo is predominantly

dependent on the catalysts loading mass. It is widely
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proved that the higher loading mass gives an earlier
onset potential, corresponding to the obtainment of
10 mA cm at a smaller overpotential. Secondly, the
value of 1 is also based on the current density
normalized to the geometric area of electrode.
However, the experimental process usually neglects
that the electrocatalysis reaction is just a surface
process, which means that only surface atoms can
participate in the activity. So it is necessary to
normalize the electrocatalyst loading mass and a
quantified parameter about the catalyst surface. 60-63

o . RT, Co
E=E +ElnC*R (2.3)

n=E—Eg (2.4)

2.2.2 Exchange Current Density (iy)) and
Tafel Slope (b)

The other two substantive indicators for
electrocatalytic kinetics are exchange current density
(ip) and Tafel slope (b). The exchange current density
reflects the intrinsic transfer efficiency of electrons
between electrode and electrolyte.* A specific
electrochemical reaction consists of two-half
reactions, which are cathode and anode reaction,
respectively. In this regard, the overall current () is
composed of anodic (j,) and cathodic (j.) current, the
Eqn (2.5) is presented below.
J=Jat]ec (2.5)

Jjo1s the magnitude of intercepts when the reaction is
at the equilibrium condition, i.e., the value of #=0

and E=E,, (Eqn. 2.4). In this case, the absolute value
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of anodic (j,) and cathodic (j.) current is equal, and
obviously the overall current is zero without net
electrolysis. Normally, the exchange current density
(i) 1s the ratio of the current (j)) to the electrode area
(s), which is presented in Egn. (2.6)
iy = Jo/s (2.6)

The i, cannot be obtained by the electrochemical
method, but it can be calculated by the Tafel
equation as illustrated in Egn. (2.11). Notably, the
higher i) corresponding to the better electrocatalyst.
The Butler-Volmer equation (Egn. 2.7) in the
following shows an in-depth understanding of the
current density and the applied overpotential.

i=ip [exp(T) + exp (“E;;E)]

Where i) is the exchange current density, a, and

2.7)

o. represent the anodic and cathodic current transfer
coefficient, respectively. The parameters of n, F, E,
R, T are the same as those in Egn. 2.3 and 2.4.
Furthermore, the overall current in the high
anodic overpotential is mostly from the anodic
current, and so the cathodic current is approximate
to 0. Logically, Butler-Volmer equation can be
depicted as Egn. 2.8, which is the famous Tafel

equation. %

. . asnkFn
L= lpexp “RT

(2.8)
The Tafel equation in Egn. (2.8) can be
simplified using the logarithmic function, which is

presented as Egn. (2.9) below:

asnFn
=7 10g (e)

logi=logiy+ (2.9)

10

logi=logio+1 (2.10)

Because a, n, F, R, T are constants, 2.303R7/aF
can be simplified as a constant b. The Egn. (2.9) can
be re-written as Eqn. (2.10), and the Egn. (2.10) can
be further converted to another form as Egn. (2.11).

n=a+ blog (i) (2.11)

Where a=2.303RT log iy/aF, b=2.303 RT/aF.
We can clearly see that the b is inversely
proportional to the current (i), and is proportional to
overpotential (#). Logically, when at the same
current density, the smaller value b, corresponds to
the lower overpotential (#), which indicates the
higher electrocatalytic kinetics. 4® What’s more, the
polarization of the electrode reflects the obstruction
of the electrode process, which correlates with the
overpotential and the current density in a logarithmic
manner. Indeed, the Tafel slope is an indicator
implying the rate-determining step especially in the
range of onset overpotential.*® For example, usually
if the first step in OER procedure is the rate-
determining step, the corresponding Tafel slope will
be around 120 mV dec!, which indicates the rate-
controlling step in the electrocatalytic reaction is
decided by one-electron transfer step. And the
second step will be more complicated, if it is the
chemical step, the calculated value of Tafel slope
will be about 60 mV dec™!, while if it is an electron-
proton reaction, the value maybe approximately to
further

40 mV dec!. The condition will be

complicated for the third and the forth step in the
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existing models.

2.2.3 Turnover Frequency (TOF) and
Electrochemically Active Surface Area

(ECSA)

Using Tafel slope (b) only to evaluate the
performance of electrocatalysts would be inaccurate
because the value obtained by calculation from the
plot tends to have non-negligible errors. The
turnover frequency (TOF) represents the intrinsic
catalytic activity of the catalyst, which is defined as
the number of conversions at per unit catalytic active
sites of the reactant molecule. TOF can be calculated

by the Egn. 2.12 for an electrocatalytic reaction:

TOF = J * Na/AnFr (2.12)

Where j is the current, N, is the Avogadro constant
(6.02X 10 " 23), 4 is the geometrical surface of the
electrode, n represents the number of electrons
involved in the reaction, F'is Faraday constant, /" is
the surface concentration. It is necessary to note that
the nature of the active sites of the electrocatalysts
have not been clearly understood especially in solid-
state heterogeneous electrocatalysts. In these cases,
only the metal sites directly involved in the in situ
redox reaction are considered as active sites.5”> 68
Before introduction of electrochemically active
surface area (ESCA), we need to know that the OER
catalysts can act as capacitors at the film/electrolyte
interface.®® Therefore, it is a valid method by

measuring the value of the double-layer capacitances

11
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Cq to obtain the electrochemically active surface
area, which is generally proportional to the Cy of the
electrocatalysts. This method can only be used under
the condition that the catalyst is electrically
conductive with a well-defined solid/electrolyte
interface or when an alternate technique is viable for
confirming the amount of electrochemically active
materials.®® The most prevalent strategy to measure
the Cg is  cyclic voltammogram (CV)
measurements.2* 70 The C4 can be defined as the

following Egn. 2.13:

dQ g
Ca=gg=7

(2.13)
Where v is the scan rate, iy is the double-layer
charging current. Notably, in order to avoid the
Faraday current, it is necessary to choose the voltage
range in which no redox reaction occurs when testing
the cyclic voltammetry. And the obtained CV curve
should be a rectangular shape.”!> 7> The evaluation
method and the result of ECSA often depend on
electrochemical reactions and the materials, so it
cannot be used as an accurate metric to compare
different electrocatalysts under the different
conditions. Instead, it is feasible to use it to evaluate
the performance of a series of similar materials under

the same conditions.

2.2.4 Stability

For the electrocatalysts, besides super activity,
excellent stability is also a significant metric for

evaluating the quality of catalysts.”> Most of the
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reported non-noble-metal-based materials show

solutions.” 75

excellent stability in alkaline
According to literatures, there are about three
common methods to measure the stability of the
electrocatalysts. One is cyclic voltammetry (CV)
cycling (usually over 1000 cycles) 7¢ which (after
rapid CV cycling) compare the shift of the
overpotential at a specific current density over the
linear sweep voltammetry (LSV) curve with the
original one. The other two methods are
chronoamperometry (/- curve at a constant potential)
and chronopotentiometry (E—t curve at a fixed

current density), respectively.

3. Recent Research Progress in TMB-MOF
Based Catalysts for OER

In recent years, MOFs materials have attracted
substantial research attention as OER catalysts
owing to their outstanding features such as tunable
pore sizes, rich morphology structures, high surface
area, diverse chemical compositions and interesting
optical and physical properties. In terms of these
advantages, MOFs materials, especially transition-
metal such as Ni, Co, Fe-based MOFs and MOF-
based composite materials have experienced a fast
growth as electrocatalysts for OER and other
reactions, because they can provide abundant active
sites to accelerate the electrocatalytic activity.?
Nevertheless, the inferior electroconductivity is still

the bottleneck of the monometallic MOF materials

12

in the applications of electrocatalysis. One proven
method of improving its performance is to modify
their metal centers by introducing the secondary
metal, which can also increase the electrochemically
active areas, strengthen the valence state of metal
sites and optimize the e, orbitals, change charge
transfer path, as well as modulate the electronic
structure so as to enhance the catalytic performance
toward OER.>* Moreover, the incorporation of
secondary metal nodes into the structure of MOF can
induce abundant defects, and the synergistic effects
between two different metal indeed enhance
electroactive redox reaction. Besides, bimetallic
MOFs with tunable chemical compositions and
diverse structures can also be used as precursors or
templates for synthesis of a variety of nanostructured
materials. So, burgeoning efforts have been devoted
to synthesizing bimetallic MOFs by engineering
various fabrication methods. To synthesize

bimetallic MOFs, two common strategies, one-step

and the post-treatment method, have been adopted.””

80

3.1 Synthesis strategies of Bimetallic MOFs

For the synthesis of bimetallic MOFs, a
convenient one-pot reaction method, which is the
mixing of different metal salts during the
solvothermal synthesis, has been used to prepare
diverse forms of bimetallic MOFs. The possible

disadvantages of the one-pot method could be the
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unpredictable topologies and functions due to the

uncontrollable random incorporation of the
secondary metal into the MOFs. And this method is
no guarantee for the formations of a solid-solution
bimetallic MOF because of different reaction
kinetics of different metals. So the accurate control
of solubility, reactivity and coordination sphere of
metal ions and pH value of reaction precursors are
all important.3!

Nevertheless a variety of bimetallic MOFs have
been successfully obtained by the one-pot method.
Fan’s group successfully synthesized a series of
functionalized bimetallic MOF catalysts by one-pot
reflux method with various AlI**/Fe** molar ratio.
The obtained bimetallic MOFs were assembled by 2-
amine-1.4-benzenedicarboxylate ligands and
trimeric AI¥*/Fe3" octahedral clusters. Serre and co-
workers first synthesized mixed Fe(IIT)/M(II) (M=Ni,
Co, Mg) polycarboxylate porous MOFs based on the
Secondary Building Unit (SBU) approach. By using
oxo-centered trimeric mixed Fe3*/M?" as building
blocks, various mixed-metal MIL-127 MOFs with
tailored properties were prepared. 32 In addition, in
order to regulate and control the metal stoichiometry,
a series of bimetallic MOFs that used In-M (M= Co,
Mg, V, etc. ) clusters as inorganic building blocks
have also been synthesized, which exhibit different
metal-to-metal ratios, morphologies, and charges.®3

The post-synthesis modification aims to insert a

functional group or make selective exchange of

13
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metal ions in the framework to improve their specific
properties or broaden their application with slightly
change of the lattice structure.?* 8 Bimetallic MOFs
have been fabricated by post-synthetic metal ions
exchange in many cases.?% 37 However, the synthesis
rate of bimetallic MOFs by post-synthesis method is
much lower than that the direct one-pot synthesis
process. Specifically, the mono-metallic MOFs
should be prepared with high crystallinity in advance,
following by the metal exchange procedure. The
bimetallic MOFs are usually obtained by soaking the
synthesized mono-metallic MOFs in the second
metal solution for several days or by disposing the
activated crystalline MOFs solvothermally in the
suitable solution that contains the second metal . Of
course, the metal exchange happening between
different metals must satisfy a condition that two
metal ions have the similar ionic radius and
coordination geometries.?® Nevertheless, the post-
treatment method is difficult to control the molar
ratio of two metals in the materials. What’s more, the
exchange or the direct introduction of another metal
ion would have to overcome the large kinetic barriers,
which could result in uncomplete exchange and
unevenly distribution of the metals. In 2020, Kaskel
and co-workers applied post-synthetic metal
exchange method to exchange the metal centers of
the paddle-wheel to synthesize DUT-49 (M)
frameworks (M=Mn, Fe, Ni, Zn, and Cd).”°

According to the previous reports about synthesizing
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DUT-49 (Cu), it seems there is a great challenge to
direct fabricate DUT-49 framework with other
bivalent metal nodes. Fortunately, DUT-49 (Co)
could be synthesized easily. Authors take DUT-49
(Co) as the starting point, and further synthesize
other DUT-49 (M) by post-synthetic metal exchange
method. After activated cubic crystals of DUT-49
(Co) with NMP, then it is dipped into the solution
that contains the corresponding metal salts. Based on
the kinetics of the exchange, the second metal ions
can be exchanged into the crystal, which can be
verified by the visible color change of crystals.
Liao’s group also synthesized a water-, and alkaline-
[{Fex(u3-O)(bdc)s }4-Coa(na)s(LT),]

crystals after two-step, single-crystal to single

stable MOF

crystal and post-synthetic modification.’! In

principle, the hypothetical metal carboxylate
frameworks (MCFs), such as Fe3(p3-O)(bdc)s (LT);
isomers with 6-connected acs (MIL-88) and mtn-e
(MIL-101) topology possess excellent chemical
stability.”? 2> However, their open metal sites (OMSs)
have the ability to fix the multiple monodentate
guests when properly arrange the clusters of Fes(u;s-
O)(RCOO)g (LT3, so as to facilitate special chemical
reactions or adjust multi-dentate ligand/metallo-
ligands to prepare structurally decorated MOFs.%*
Herein, authors prepared a hybrid MOF [{Fe,(us-
0O)(bdc);}4-Coy(na)4(LT),] by crossing-link the flu-e
type Fes(uz-O)(bde); (LT);

Rationally, due to the high chemical stability of

and Coy(na)y(LT),.
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Fe;(u3-O)(bde); (LT);, Coy(na)y(LT), clusters may
act as the electrocatalytic active sites. Actually,
bimetallic MOFs can also be synthesized by template

synthetic method and seed-induced method as well.

3.2 TMB Pristine MOF materials for OER

Transition metal-based compounds as active
OER catalysts have been exploited since the last
century. The renewed interest has been witnessed in
recent years on developing advanced bimetallic
based materials for the state-of-the-art OER catalysts
especially on TMB-based MOF materials.®
Considering the spatial architectures of MOFs, the
high density of active sites could make it possible for
reactants to easily transfer along the free energy
environment and be converted to the desired
products. The interaction energies between reactant,
catalyst and product are the major factors to affect
the rate of water splitting.!> So a reasonable
combination of redox active metal ions (such as Ni,
Fe and Co) and organic linking agents provides a
convenient pathway to connect the basic electro-
active components into an infinite structure network

with ideal electrochemical functions.

3.2.1 NiFe-based Pristine MOF Materials for
OER

Many studies revealed that introduction of Fe
into the Ni-based MOF materials can not only

increase the electrochemical active sites but also

Page 14 of 61
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regulate the 3d orbital electron density for Ni ions to
accelerate the electron transport, which attributes to
improved OER catalytic activities.>* °® For example,
MIL-53 (NiFe)/NF (nickel foam) can be successfully
synthesized by using the self-template route. As
shown in Fig. 2a, the nickel foam serves as a
substrate as well as nickel source and Fe ions are

added exogenously. Both Fe and Ni ions link with

terephthalic acid (TPA) to form MIL-53
(NiFe)/NF .24
a
P . .
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Fig. 2 a) Schematic illustration of the fabrication
procedure of MIL-53 (NiFe)/NF. b) Polarization
c) d)
overpotential required for j = 50 and 100 mA c¢cm™2,

curves, corresponding  Tafel slopes,
and e) current densities at n = 233 and 252 mV of
MIL 53(FeNi)/NF, MIL-53(Ni)/NF, TPA/NF, and

Ni foam.?* Copyright © 2018 Wiley-VCH.

The as-prepared MIL-53(NiFe) shows excellent

15
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OER performance (Fig. 2 b-e). Compared with the

MIL-53(N1), MIL-53(NiFe) gives a lower
overpotential of 233 mV at the current density of 50
mA cm in alkaline aqueous solution. As shown in
Fig. 3, when integrated to the Fermi level, the density
of 3d electrons in MIL-53 (NiFe) is 7.843, which is
higher than MIL-53 (Ni) (7.838). It has been proved
that the increase in 3d electrons could effectively
benefit the forming of the rate-limiting OOH*
intermediates during the OER process in the alkaline
aqueous solution.”” In addition, the more exposed
carboxyl groups as well as the increased
electrochemical active areas all contributed to the

OER activity of MIL-53(NiFe).

a b c
':"‘ ,":3" WAL

i e ¢ 3 S5
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”1."‘ 8: 3 % i' 8: ié ’ 8:
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: i .
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4 -] 1)
Energy (eV)

Enerzy (V)
Fig. 3 Optimized geometries of a) MIL-53(Ni) and
those of MIL-53(FeNi) with initial penta-
coordinated b) Ni and c) Fe atoms. The penta- or
hexacoordination of a metal atom is depicted and the
metal atoms for foreign atoms’ adsorption are
indicated by arrows. d) Projected 3d density of states
of the penta-coordinated Ni atoms in MIL-53(Ni)

and MIL-53(FeNi) (inserts are the magnified
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pattern), and e) the numbers of 3d states. Fermi level

is set to zero. Copyright © 2018 Wiley-VCH.

The similar phenomenon is also observed in the
water stable NH,-MIL-88B (Fe,Ni) MOF (NFN-
MOF) , which is synthesized by the in situ growth on

the surface of nickel foam (Scheme 2).23

" /%|
HBDCNH L

e er® | NH,-MIL-88B{Fe,Ni}-MOF

Fe;Ni(;-0)(CO0)s(H,0);
Cluster

[(FeNi)O(BDC-NH,}y(H,0);]

Scheme 2 Schematic illustration of synthetic process
for in situ growth of micro-bundles of NH,-MIL-
88B (Fe,Ni)-MOF nanosheets on nickel foam (NF).
Iron and nickel salts, H, BDC-NH, ligand, minor
amount of acetic acid as modulator, and NF are
simply mixed together in DMF solution, and then
heated to 125 ° C for 5 h, yielding uniformly grown
MOF on backbone surfaces of NF.?> Copyright ©
2018 Wiley-VCH.

The macroporous and highly conducting
properties of nickel foam (NF) are favorable for
improving the overall charge transport of electrodes,
mass transport of electrolytes, and mass transport of
the produced bubbles (H, and O;). NH,-MIL-88 (B)
is quite stable in water, which is essential for
electrocatalytic activities. Compared with the

corresponding bulk MOF phases, the nanosheet

16

morphology coupled with the nanopores in NFN-
MOF can provide the vast and readily accessible
metal cluster centers as the highly active sites for
electrocatalytic reactions. In addition, there are three
coordinated water molecules in each Fe,Ni (p3-O)
cluster, which could offer catalytically active
coordinatively unsaturated metal centers after the
water molecules on the clusters are released from an
ongoing process of OER. As a result, the NFN-
MOFs achieved outstanding electrocatalytic
activities at the high current density (500 mA cm2)
and showed distinguished durability. This design
concept could shed light on other electrocatalytic
applications, such as, electrocatalytic reduction CO,
and oxygen reduction.

In general, 2D materials tend to be more
coordinatively unsaturated and are easier accessable
to reactants, which ensure maximum utilization of
electrocatalytic active sites and maximize the
electrocatalytic reaction rates as well. ¢ To further
elucidate the 2D materials, ultrathin MOF
nanosheets (Ni-Fe-MOF NSs) with a thickness of a
few nanometers have been synthesized in large-scale
by a bottom-up solvothermal method.?® As a proof of
concept, the lamellar MOF with the formula of
([Ni3(OH),(1,4-BDC),-(H,0);] = 2H,O was
selected and synthesized by solvothermal method.
The ultra-stable Ni-Fe-MOF NSs can be directly
obtained by replacing one third Ni atoms with Fe

atoms and used as the efficient electrocatalysts
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towards OER reaction, which display remarkable
activities. The optimized Ni-Fe-MOF NSs (in Fig. 4)
yield the highest OER performance with an
overpotential of 221 mV at current density of 10 mA
cm2. Notably, the rational utilization of the mixed
solvents DMA/water with the ratio of 1:1 is crucial
for the successful synthesis of gram-scale ultra-thin
MOF nanosheets.

In addition, vertically inlaying ultrathin
bimetallic NiFe MOF nanosheets grown on the
surface of 3D ordered macroporous hydroxide are

also demonstrated to be an effective method to

explore the OER activity of electrocatalysts.”® As

depicted in Scheme 3, the assembled polystyrene (PS)

spheres act as the soft template, and NiFe hydroxide
is introduced into the void space of 3D ordered PS
by the forced impregnation method, followed by the
removal of PS templates to prepare macro-porous
OM-NFH (macro-porous-NiFe hydroxide). After
that, the NiFe MOF precursors are introduced and
NiFe MOF/OM-NFH composite was synthesized by
a simple solvothermal treatment. The typical
morphology of the as-prepared NiFe MOF/OM-
NFH is shown in Fig. 5, which is the 3D ordered
skeleton structure composed of well-arranged
spherical macropores and the interconnected walls.
With this method, the obtained macro-porous OM-
NFH provides the continuous channels for in-situ

growth of NiFe MOF nanosheets on the external and

internal surfaces. The open hierarchical structure
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immobilized with the NiFe nanosheets provides
abundant actives sites, which is the substantial factor
attributes to enhance the OER activity. This strategy
could offer a new pathway for developing the
nanostructures with controllable morphology and

functionality for electrolysis.
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Fig. 4 a) Linear sweep voltammetry OER curves of
pure GC, commercial Ir/C, Ni-MOF NSs, Fe—-MOF,
and Ni—-Fe-MOF NSs. b) The corresponding
overpotentials and current densities of different
catalysts at 10 mA c¢cm and 1.53 V versus RHE. ¢)
Tafel plots of different catalysts. d) Polarization
curves of Ni-Fe-MOF NSs before and after 1000 CV
cycles. e€) Chronopotentiometry curves of the Ni—
Fe-MOF NSs at 10 mA cm2. **Copyright © 2019
Wiley-VCH.
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PS
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Coprecipitation
Precusor@PS

NFH@PS

Scheme 3 Schematic representation for the
preparation of NiFe MOF/OM-NFH.* Copyright ©

2019 Wiley-VCH.

Fig. 5 a,b) SEM and c¢) TEM images of OM-NFH;
d,e) SEM and f) TEM images of NiFe MOF/OM-
NFH; g) AFM image of NiFe MOF nanosheets
peeled from NiFe MOF/OM-NFH; and h) TEM
image and 1) corresponding EDX mapping images of
NiFe MOF/OM-NFH for C, O, Ni, and Fe elements.
PCopyright © 2019 Wiley-VCH.
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Lattice strain in noble-metal-free MOFs also
plays crucial roles in boosting electrocatalytic
activities.’® As illustrated by Qinghua Liu, et. al, as
to synthesize the lattice-strained NiFe MOF, the
pristine NiFe MOF nanosheets arrays supported on
Ni foam was irradiated under the ultraviolet-light
treatment for a series of times. After various times
ultraviolet irradiation, the fringe lattice parameter of
the NiFe MOF along the [100] direction was
enlarged from 11.6 A to 11.8 A, 12.0 A and 12.1 A,
which corresponded to the different lattice expansion
ratios of 1.7%, 3.6% and 4.3%, respectively. And the
structural characterizations of lattice-strained MOFs
are shown in Fig. 6. The advanced operando SR-
FTIR and XAS techniques revealed that the lattice
strained MOF nanosheets showed excellent 4e
pathway for electrocatalytic OER and ORR activity
compared with the pristine MOFs, which contributed
to the emergence of a key intermediate superoxide

* OOH on the available Ni*" active sites. This new
strategy could serve as a tool for improving and
optimizing the materials’ electrocatalytic activities
while preserving a high performance and stability for
OER. Ji and co-workers also proposed a rational
linker scission method to introduce lattice strain by
partially replacing BDC with monocarboxylic
organic linkers.'  Owing to the infinite periodic

repetition topology properties of MOFs, the
substituted linker could introduce weaker interlayer

interaction and result in interlayer expansion.
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Fig. 6 Structural characterizations of lattice-strained
MOFs. a—-d, HRTEM (top) and SEM (bottom)
images of the pristine (a), 1.7%- (b), 3.6%- (c) and
4.3%- (d) MOFs. Scale bars, 5 nm for HRTEM and
200nm for SEM. *° Copyright © 2019 Springer
Nature. ) Schematic illustration of the synthesis of
NiFe-MOFs and LS-NiFe-MOFs via a room
temperature hydrothermal method. f) TEM and SEM
images g) HRTEM images of the (200) planes of LS-
NiFe-MOFs. h) Corresponding elemental mapping
images of LS-NiFe-MOFs. Scale bars, 100 nm. (i-k)
HRTEM images for NiFe-MOFs, LS-2%-NiFe-
MOFs and LS-6%-NiFe-MOFs, respectively. 1) Top
panel: XRD patterns of NiFe-MOFs and LS-NiFe-
MOFs crystal. Bottom panel: enlarged XRD
patterns.!% Copyright © 2020 American Chemical

Society.

As observed from HRTEM and XRD image in Fig.
6 (i-1), the interlayer spacing of LS-2%-NiFe-MOFs
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and LS-6%-NiFe-MOFs are enlarged to 10.2 A and
10.6 A compared with the pristine NiFe-MOFs (10.0
A), respectively. And XRD pattern in Fig. 61 with
significantly shifted downwards of diffraction after
the introduction of 10% and 20% monocarboxylic
acid could further confirm the existence of lattice
strain. The optimal sample is LS-NiFe-MOFs with 6%
lattice expansion, which exhibits a low overpotential
of 230 mV at 10 mA cm in alkaline solution.
Meanwhile, this study observed the formation of
active species of HOO* intermediate on the high-
valence Ni3"4* by using the cutting-edge operando
X-ray absorption spectroscopy (XAS) and Fourier
transform infrared (SR-FTIR) spectroscopy during
water oxidation process. DFT calculations also
confirm that the rate-determining step is the
formation of HOO* and reveal that the introduced
lattice strain can regulate the electronic structure of
the Ni active sites in MOFs, further adjust the OER
activities of NiFe-MOFs.

3.2.2 NiCo-based Pristine MOF Materials for
OER

In addition to NiFe MOFs, other hetero-metal
units have also been applied in the synthesis of
MOFs materials for OER catalysis study and exhibit
superior OER performance. For example, Tang’s
group reported NiCo bimetallic MOF nanosheets
with high OER activity and further explored the

relationship of structure-performance at the atomic
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level.1%! From then on, numerous of studies on the
bimetallic MOFs used for electrocatalytic OER have
emerged. For instance, Dong’s group %2 have first
prepared the ultrathin CogNi; nanosheets arrays on
the CoNi foam by the universal one-pot building-up
method, then through gradual oxidation-dissociation
of NiCo foam by the polar solvent together with
benzenedicarboxylic acid (BDC), MOF nanosheets
are obtained by in-situ self-assembly of BDC
molecules with the dissociated cations on the surface
of the NiCo substrate. The electrode exhibits
excellent electrocatalytic activity and long-term

stability with the fast 4e- pathway. The electron-

coupling synergistic effects between the metals of Ni,

Co and coordinatively unsaturated atomic actives
sites could have contributed to the excellent

electrocatalytic performance.

® e *

Fig. 7 Synthesis and characterization of CoNi-
MOFNA. (a) Schematic illustration of SDA strategy
for the synthesis of CoNi-MOFNA. The blue, green
and red balls represent the Co?", Ni** and O atoms,

respectively. The silver balls represent the Cog or Ni,
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atoms of CogNi; metal foam substrate. (b, ¢) SEM
images, (d) TEM image, (¢) HRTEM image, (f)
AFM image, (g) EDX elemental mapping images,
and (h) XRD pattern of CONi-MOFNA. 122Copyright
© 2020 Elsevier B.V.

metal ion
l‘jq.e:

Ilgand

Q, : OHE
TED _--"
" MyBDC),TED@CF \

M,(BDC),TED
Scheme 4 The preparation process of the 3-D thin
film of M,-(BDC),TED nanosheet arrays grown on
Cu foam by the liquid-phase epitaxial method. '3
Copyright © 2019 The Royal Society of Chemistry.

Higher porosity and multiple organic
components 3D MOFs with ultrathin nanosheets are
some of the important factors for enhancing
materials’ OER electrocatalytic activities. In
addition, in order to address drawbacks of the poor
electroconductivity and instability of MOFs, in-situ
growth MOFs on metal foam have been proved to be
an effective pathway for high performance OER
materials. This strategy could also play significant

role in preventing catalyst aggregation and shedding,
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exposing more active sites and lessening the
resistance of charge transfer.!% 105 As shown in
Scheme 4, the 3D thin film MOF M,(BDC),TED
(M=Co, Ni Ni/Co;

and BDC=1,4-

benzenedicarboxylate; ~ TED=triethylenediamine)
nanosheets was synthesized on the surface of Cu
foam by a layer-by-layer method with a mixed
organic ligands (BDC/TED) and metal salts.!?3
Notably, by adjusting the thickness and the Ni/Co
ratio, the performance of the OER electrocatalyst
could be optimized. For example, Co/Ni(BDC),TED
after 40 liquid-phase epitaxial cycles with Co/Ni
ratio of 1/1 shows the highest OER activity which
exhibits a low overpotential of 260 mV at 10 mA cm-
2 current density. The DFT calculation result has
verified that the Ni nodes are easier to be triggered
at the beginning of the OER step whilst the Co nodes
are more dynamic in the electron transfer and
desorption processes. Therefore, combining Ni and
Co nodes is an effective way to reduce the energy

barriers and boost the OER performance.

Curment(marem’) @

Fig. 8 Morphological and phase characterization of
NiCo-BDC BMNSs array. SEM images of a) NiCo-
LDH NSs and b) NiCo-BDC BMNSs arrays (the

inset shows the high magnification SEM images). c)
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TEM, d) HRTEM of NiCo-BDC BMNS.
Electrocatalytic properties of NiCo-BDC BMNSs
array for OER. e) Polarization curves, f) the
overpotential comparison at the current density of 10
and 100 mA cm™2, g) the corresponding Tafel plots,
h) Cdl calculations!?® Copyright © 2019 WILEY-

VCH.

Layered double hydroxides (LDHs) are a
promising class of catalysts in the water splitting due
to their flexible chemical compositions.!%: 107 One
way to synthesize ultrathin bimetal-MOF nanosheets
(BMNS) is to start with the as-prepared layered
double hydroxides NSs arrays and through in-situ
transformation process, the released metal ions could
coordinate with the organic ligands to form the MOF
nanosheets until the LDH NSs were consumed
completely. Based on this assumption, Zhang’s
group has prepared ultra-thin MOF nanoribbons by
using the metal hydroxide nanostructures as the
metal source and sacrificial template.'® Apparently,
the synthetic strategy is an excellent option to obtain
the specific morphology MOF materials. Liu’s group
transformed the NiCo layered double hydroxides to
the NiCo MOFs nanosheets to further explore the
OER performance. As shown in Fig. 8, the resultant
product exhibits a hierarchical structure with specific
ultrathin  BMNSs. This unique nanoarray
architecture resulted in the better activity and

durability toward OER performance than that of

other NiCo-based MOFs materials. Moreover, the
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excellent 3D architecture assembled from the
nanosheets also contributed to the fast ion diffusion,
efficient charge transfer with small charge transfer
resistance and more exposed active sites. Such a
general  strategy to  fabricate the MOF
electrocatalysts on the conductive substrates should
be widely used for enhancing the activities in energy
conversion and storage.

Converting the bulk MOF crystals into 2D
nanosheets is another effective way to address low
electroconductivity, small mass permeability and
chemical stability drawbacks, which have limited the
application of MOFs as electrocatalysts in the harsh
conditions.!®-11  Designing the hierarchical
nanostructures at the atomic level could have the
potential to deal with the encounter problems of
intrinsic restacking and low yield resulting from the
synthesis process.

Li’s group '8 fabricated a novel isostructural
transition-metal MOFs [NH,(CHj3),][M3(u3-
OH)(H,0);(BHB)] (M3=Co3;, Co,Ni, CoNi,, Nis;
named CTGU-10al, bl, cl, dl, respectively)
composed of the hexacarboxylic acid 4,4°4”’-
benzene-1,3,5-triyl-hexabenzoic acid (H¢sBHB).
These are highly desirable for their adjustable Co

and Ni ratios and specific nanobelts morphology.
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Fig. 9 SEM images of a) CTGU-10a2, b) CTGU-

10b2, ¢) CTGU-10c2, and d) CTGU-10d2; e),f)
High-resolution TEM images of CTGU-10b2; g), h)
High-resolution TEM images of CTGU-10c2; 1),j)
HAADF-"TEM images and TEM-EDS mapping
images of 1) CTGU-10b2 and j) CTGU-10c2.
k) Metal trimers in CTGU-10al (C: black, O: red, Co:
purple). 1) Polyhedral representation of the trigonal
prismatic geometry. m) Structure of the BHB ligand.
n) Hexatopic BHB ligand. o) Framework of the nia
topology. p) LSV curves and q) Tafel plots of RuO,
and the CTGU electrocatalysts in the OER in 0.1m
KOH. '8 Copyright © 2019 Wiley-VCH.

The hierarchical structure, as shown in Fig. 9, adopts
a M3(u3-OH) cluster as the SBU and each cluster is
composed of three M!! ions and a p3-OH and then
coordinated by six carboxylate groups and three H,O
molecules, which attribute to different morphologies
acquired according to the different Co/Ni ratio.
Notably, the CTGU-10c2 with the Co/Ni molar ratio
about 1:2 shows the superior OER performance with
a lower overpotential of 240 mV at 10 mA cm! in

the 0.1 M KOH electrolyte.
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3.2.3 FeCo-based Pristine MOF Materials the coordination environment of catalytic centers by

e

e T

x:Mf::f u} w

coordinated  with  different  electronegative

[ ——
[(RERNR]

coordination halogen atoms on the OER activity.!!?

Under the theory of the electronegativity, the F

shows the highest electron-withdrawing ability due

to its largest electronegativity, accordingly, it results

Fig. 10 3D framework of a) Fe;-Co,-X», b) the cobalt o . .
in smallest coordination with the Co electron density,

clusters with different halogen atoms, c) the Fes ‘ ‘ .
which has a greater tendence to interact with OH-.

trinuclear cluster, and d) the connection of the Fe; o
The OER performance results in Fig. 10 (h) show

trinuclear cluster and the Co,-X, dinuclear cluster. ‘
that the Fe;-Cos-F; has the smallest overpotential at

Color code: red, O; blue, N; black, C; light blue, Fe; )
a current density of 10 mA cm=2.
pink, Co; yellow, F; green, Cl; brown, Br. SEM
In addition to halogen atoms, other functional
images of e) Fe;-Cos-F,, f) Fe;-Co;-Cl,, g) Fes-Cos- )
groups can also effect the -electrocatalytic

Br,. h) LSV curves of Fe;-Co,-X; for OER in 0.1m ' _ '
performance because it could introduce the strain to

KOH. 1) A comparison of the overpotential at current . ' o
the catalytic active centers and allow optimization of

density of 10 mAcm™. j) Corresponding Tafel plots
the interactions of the reaction intermediates with the

of Fe;-Co,-X; for OER in 0.1m KOH. k) Plots used )
surface of the electrocatalysts to improve the OER

for evaluating the Cdl of F Fe;-Co,-X,.!12 Copyright o ‘ ‘
activity."*  BDC  (terephthalic  acid) and

© 2019 Wiley-VCH.
functionalized BDC are a family of common ligands

used for MOFs synthesis. For example, with NH,-

Pore-space partitioning is an effective strategy to o
BDC as the organic ligand, Zaheer’s group'!> has

construct the stable crystalline porous materials ‘ _ ‘ . ‘
obtained a series of bimetallic metal-organic

(CPMs) with flexible chemical compositional o
frameworks (Co/Fe-MOFs) by adjusting the

including homo- or hetero-metallic clusters and o L
stoichiometric ratio of Fe and Co salts through a one-

diverse organic ligands.'> !'* Based on this premise, . .
pot synthesis method. According to the hard and soft

Lan’s group reported a series of stable MOFs with ' _ _
acid base (HSAB) theory, Fe!'l ions prefer to bind

the formulas of [Fes(us- ) o )
with carboxylate (1 in Fig. 11 a)). Whereas Co"! ions

O)(bdc)3][C02_34(trz)3F2(H20)3.32(OH')0_68] (named . . .

can bind with either carboxylate or -NH, groups (3
Fe;-Cos-F,,  trz=1,2,4-trizole) and  [Fe;(us- o . . . '

in Fig. 11 a). With this strategy, a series of different

0)(bdc);][Coy(trz); X5(H,0)4] (named Fe;-Cosz-Xs,
stoichiometric ratio of Fe/Co MOFs labeled as A to

X=Cl, Br) to systematically investigate the impact of

23
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F (A=1:0,B=1:1,C=1:3,D=1:9, E=1:19, F=0:1) was
synthesized with Fe/Co MOFs A to D taking Fe-

MIL-88B  spindle-shaped  morphology. The

materials were studied as catalytic materials for OER.

It is believed that the synergy between the two metals
in B helped it exhibit smallest overpotential in
comparison with the monometallic catalysts of A and
F at 10 mA cm™? current density. Optimized the
electronic structure of the intrinsic catalytic centers
in MOF catalysts by engineering the metal nodes and
the organic linkers can both help regulating the OER
performance.!'® For example, Su’s group has

reported a heterogeneity metal-organic framework

(A,7B-MOF-FeCo;4) by assembling of metals,

terephthalic (A) and 2-aminoterephthalic ligands (B).

The different components in the A, ;B-MOF-FeCo, 4
have shown great influence on the microstructure of
the material.!'” So tailoring the metal-containing
centers and organic linkers to precisely control the
topology, pore environment, and electron property of
MOFs at the molecular and atomic level is effective
ways to adjust the electroconductivity, pore size and
active centers of catalysts.?” '8 As reported, the
different mixtures of metal (Fe3*, Co?") and ligands
(A, B) can result in different morphologies, A-MOF-
Fe, A-MOF-FeCo,4, B-MOF-FeCo;¢ and A,-B-
MOF-FeCo, ¢ exhibit the rod-like structures, while
the A-MOF-Co is sheet-like shape. As shown in Fig.
11 (e), the optimal heterogeneity bimetallic MOFs
A, 7B-MOF-FeCo, ¢ has the best OER performance
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with a lowest overpotential of 288 mV at 10 mA ¢cm
among these MOF materials, which is contributed to
the improved intrinsic activity of the catalytic centers

by tailoring the electronic structure.
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Fig. 11 a) Top: schematic illustration for the
synthesis of mixed-metal (Fe/Co) MOFs with NH,-
BDC linker. Various possibilities for the existence of
SBUs are shown at the bottom. 1) Individual
trinuclear Fe;(p3-O) cluster. 2) Individual Co;(p3-O)
cluster. 3) Co coordination with the -NH, function of
the linker. Color codes: Co (purple), Fe (orange), O
(red), C (gray). b) OER polarization curve, c) Tafel
plots chronopotentiometry plot for B in comparison
with RuO, and monometallic A and F catalysts. 113
Copyright © 2019 Wiley-VCH. d) The preparation
of heterogeneity MOF for electrocatalytic oxygen
evolution. ) LSV curves toward OER and f) Tafel
plots of A-MOF-Fe, A-MOF-Co, A-MOF-FeCoy g,
B-MOF-FeCo; ¢, A 7B-MOF-FeCo;4.!'® Copyright

© 2018 WILEY-VCH.

Apart from the above mentioned strategy of
applying LDH as the sacrificial template to

synthesize the MOFs with specific morphologies
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MOFs, using 2D oxide sacrificial approach (2dOSA)
has also been demonstrated as an effective way to
facilely obtain the ultrathin MOF-74 and BTC MOF
nanosheets. This strategy was reported by the Zhu’s
group.!? It is well known that BTC MOF nanosheets
cannot be obtained by the common method of
ultrasonication-assisted exfoliation of the bulk
counterparts (top-down) or the solvothermal strategy
(bottom-up) without using organic reagents.!20: 121
So this surfactant-free method (Fig. 12 a)) of using
the amorphous metal oxide nanosheets (M-ONS),
such as the FeCo nanosheets (FeCo-ONS) as the
sacrificial templates to construct the MOF-74
the

confined 2,5-

(H4dobdc)

nanosheets with

dihydroxyterephthalicacid organic

ligands is a positive way to synthesize the 2D MOF

a MM,-ONS Hadobdc Hydobd
i < b it
i i /
1 —_—
. S Hydrothermal o S &
E : ? M;M;-MNS-1.0
i ime i
M, *O ; iHdobde/M M;-ONS:1.0 i

h | (119
l (300) .
i 0-MNS

J A Ni-MNS
k A Cu-MNS

l A FeCo-MNS

J‘. A NiFe-MNS
L

5 10 15
2 theta (degree)

Intensity (a.u.)

CoCu-MNS

20 25

[EZ) Co-ligand C.N. —Ru0:
& Fe-ligand C.N.

20

Current density (mA cm”)
3

°

0.1 MKOH

135 140 145 150

155 160 ° FeCo-MNS-1.0
Potential (V vs. RHE)

FeCo-MB 12 14 16 18 2.0
Potential (V vs. RHE)

Fig. 12 Preparation and morphology characterization
of M-MNS-1.0. a) Schematic illustration of the 2D

oxide sacrifice approach (2dOSA) conversion of M-
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ONS with H4dobdc ligand to form M-MNS. b)-g)
TEM images of Co-MNS, Ni-MNS, Cu-MNS,
FeCo-MNS, NiFe-MNS, and CoCu-MNS. h) XRD
patterns of the synthesized MOF-74 nanosheets. 1)
OER polarization curves of FeCo-ONS, FeCo-MNS-
1.0, FeCo-MB, and Co-MNS in 0.1m KOH. j) The
C.N. for Co-ligand and Fe-ligand of FeCo-MNS-1.0
and FeCo-MB. k) OER curves of FeCo-MNS-1.0,
FeCo-ONS, and RuO, loaded on Ni foam with the
loading amount of 2.0 mg c¢cm™2 in 0.lm KOH.'"

Copyright © 2019 Wiley-VCH.

nanosheets. As it can be observed in Fig. 12 (b-g)
that after metal in metal-ONS reacted with the
Hydobdc, the flat 2D MOF nanosheets can be
obtained by transformation from the amorphous
curly morphology. Compared with the bulk MOF-74
(FeCo MOF-74), the surface area of 2D MOF
nanosheets is drastically reduced, which indicates
that the incorporation of structure defects and
coordinatively unsaturated metal sites result in
maximizing the metal centers exposure to boost the
catalytic activity. As shown in Fig. 12 (i), FeCo-
MNS-1.0 (Hydobdc/FeCo-ONS=1) displays a lower
overpotential (298 mV) than FeCo-MB (FeCo-MOF
bulk) (320 mV) to achieve a current density of 10
mA cm 2. Compared with the bare Co-MNS and Fe-
MNS, the overpotential value of FeCo-MNS-1.0 is
also lower to generate the current density of 10 mA

cm2, which confirms again the synergetic effect of
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heteroatom on the electrocatalytic performance of
MOFs. This work represents another strategy
towards the synthesis of the low-dimensional MOFs
with the desired metal sites and modulating the
electron structure at the atomic level.

A variety of different types of bimetallic MOF-

based electrocatalysts have been reported. These
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include the in-situ growth on the conductive

substrates as well as pristine MOFs as

electrocatalysts with different morphologies. As a
summary, these materials and performance of the

electrocatalytic properties are listed in Table 1.
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Table 1. Summary of select bimetallic MOF-based electrocatalysts for OER activity. NF: nickel foam, CC: carbon cloth.

No.

10.

11.

12.

13.

14.

15.

16.

17.

18

20

21

Electrocatalyst

CoNi-BDC
Feg33Nig.6-MOF
Fe,Ni MOF
MIL-53 (Co-Fe)
CosFe-MOF
2D CoFe-MOF
Fe Ni;-HHTP NWs
NiFe-UNNs
MIL-100(FeNi)
Fey 1 Ni-MOF
FeNi-MOF
FeNi-MOF
FeNi-MOF
CoFe MOF
NiFe-MOF/FeCH
CoNi@HPA-MOF
FeNi(BDC)
FeCo-PBA
Fe Ni,-BDC
FeCo-2D MOF

(Co-Ni) MOF/3DG

Substrate

CC

NF

NF

CC

NF

NF

NF

NF

NF

NF

NF

NF

3.3 TMB MOF-derived Materials

Electrolyte

1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH

1.0 M KOH

A large proportion of MOFs applied as the

electrocatalysts suffer from the chemical stability

27

Overpotential  (mV) Tafel slope Durability Ref.
(mV dec)

251 mV (10 mA cm?) 42 12 h 122
190 mV (10 mA cm2) 57.4 20 h 123
222 mV (10 mA cm?) 42.39 50 h 124
262 mV (100 mA c¢cm) 69 80 h 125
280 mV (10 mA cm2) 38 10h 126
277mV (10 mA cm?) 31 2000 s 127
213mV (10 mA cm?) 96 10h £z
260 mV (10 mA cm2) 30 10000 s 128
243 mV (100 mA c¢cm2) 30.4 / 129
243 mV (50 mA cm2) 69.8 55000 s 130
235 mV (50 mA cm2) 79.5 100 h 2
270 mV (50 mA cm2) 49 12h 131
150 mV (100 mA c¢cm2) 38.7 100 h 132
265 mV (10 mA cm?) 44 40h 13
200 mV (10 mA cm2) 513 50 h 134
320 mV (10 mA cm2) 58 / 135
277 mV (60 mA cm2) 37.4 30 h 136
256 mV (10 mA cm2) 54 36 h 137
256 mV (10 mA cm?) 35 2h 138
274 mV (10 mA cm2) 46.7 / 139
291 mV (20 mA cm2) 66.4 18000 s 140

and poor electroconductivity issues. Owing to the
existence of metal ions and different functional
organic ligands in its framework, MOFs, especially
bimetallic MOFs with controllable compositions in

SBUs can be naturally employed as precursors
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through self-templating to obtain the MOF derived
materials, such as carbon composites (carbon
encapsulated atomically dispersed metal, metal
nanoparticles, alloy), metal compounds (phosphides
and sulfides, and metal hydroxides/oxyhydroxides).
These heteroatom doped transition metal-based
materials derived from MOF materials could be used
as efficient electrocatalysts such as for OER.* In
order to serve as efficient OER catalysts, the
materials need to provide effective channels for
electron and mass transfer. In general, MOF-derived
skeleton with plenty of micropores and mesopores
could provide the transfer pathway. The transition
metal MOFs composite of Ni, Co and Fe that have
partially filled d orbitals, which coordinate with
variety of organic ligands with various coordination
geometries. These properties could provide
possibility to obtain MOF-derived catalysts with

different characteristic properties that could benefit

their electrocatalytic properties.

3.3.1 TMB MOF-derived TMB Particle

decorated Carbon Materials

Common synthesis methods for obtaining carbon
materials usually include the exfoliation of graphite
and graphite-like materials or pyrolysis of carbon
containing materials. The MOF-derived carbon
materials are typically obtained by pyrolyzing the
MOF precursors with well-defined morphology,
surface various chemical

unique chemistry,
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compositions and porosity.!#l> 142 Carbon-based
materials derived from MOFs have some merits. By
selecting MOFs with different morphologies, surface
area and pore sizes, the number of active sites of the
materials could be increased. The rates of transfer of
substances could also be enhanced. In addition, with
MOFs as precursors, the distribution of metal centers
at atomic level could be well distributed in the
obtained materials. However, the non-noble metals
and alloys theoretically need to be stabilized by the
hosts (usually is carbon materials) or saturated with
high electronegativity elements because they are not
stable in the harsh acidic and alkaline conditions.>’
The encapsulating transition metal-based particles
with carbon shells are much more stable in harsh
conditions since the carbon shell can protect the
transition metal-based particles from directly contact
with outside environments. And the high
electroconductivity of the carbon skeleton could also
help the OER kinetics as well. In addition, with
flexible and diverse organic linkers in MOFs, it
makes the incorporation of heteroatoms in the
formed carbon materials easily. These doped carbon
materials could have tunable polarity to further
enhance materials electrocatalytic properties. For
example, doping and co-doping the MOF-derived
metal particles decorated carbon electrocatalytic
materials with different heteroatoms, such as N, S, P

et al., have been shown to improve the performance

of OER.?7->% 143 The difference in electronegativity
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between the carbon atoms and the heteroatoms
induces the charges transfer from neighbor carbon
atoms and therefore accelerating chemisorption of
reactants as well as changing the local density of
states and electronic structure.'** The as-prepared
MOF derived M-N,-C species, through the
synergetic effect between the metal or bimetallic
alloy particles and N-doped graphene shell are in
favor the electron transfer from the metallic core to
the N-doped graphene on the surface of the alloy
particles, especially, when the graphene is single and
few-layers.?”- 145, The above theory was supported by
many reported works. For example, Li’s group
reported that the thermal synthesis of FeNi@N-
doped graphene dispersed on N-doped carbon matrix
can act as the excellent electrocatalysts to boost the
OER performance.'# In this composite, FeNi alloy
nanoparticles were encapsulated by few layers N-
doped graphene and uniformly anchored on the
conducting carbon matrix. The synergetic effect of
the FeNi alloy and fast electron transfer from the
FeNi nanoparticles to the N-doped graphene shells
resulted in the outstanding OER activity, coupling
with the protection of the carbon shells for alloy
nanoparticles, the composite showed superior
structural stability. The metal-N,-based materials is
conductive and metal-N, also acts as the active sites
affording an excellent electrocatalytic

performance.!4’> 14 As depicted in Fig. 13, the

carbon fiber derived from pyrolyzing the supporting
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material polyacrylonitrile (PAN) fibers shows good
electrical conductivity after the high-temperature
carbonization process.'* The co-existence of
pyridine-N and NiCo-N, has been proved to be
active sites, and the pyridine-N theoretically locates
at the edge of graphene matrix, which inclines to
combine with the metal to form the metal-N group
acting as the catalytic active site. In addition, the
carbon nanofiber framework can also boost the
electronic transmission, and the abundant pore
structures facilitate the oxygen and the electrolyte
contact and diffusion. The result is that, in Fig. 13b,
the electrocatalyst of NiCo-0.8@N-CFs-800
presents the lower OER overpotential in 0.1M KOH
medium. Prussian blue analogues (PBA) has an
advantage of obtaining M-N,-C moieties by directly
pyrolyzing the precursor in the inert atmosphere.!>°
However, due to PBA contains fewer carbon and
nitrogen elements and results in the calcined
products also exhibit low C and N content. So, as we
discussed above, the additional C, N-rich carbon
nanofibrous materials PAN can be introduced as
carbon and nitrogen source during the treatment.
And it is the most acceptable method to combine
MOFs and PAN to synthesize high electrocatalytic
performance catalysts for its merits of commercial
viability, high carbon yields, abundant nitrogen
sources, and excellent electroconductivity.!>!: 152 As

shown in Fig. 13c, the Co-Fe PBA@PAN precursor

exhibits a one-dimensional fibrous morphology, and
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after the carbonization process under a high-purity
Ar atmosphere, the obtained FeCo-NCNFs-Ts
(T=700, 800, 900 °C) still kept the web-like fibrous
structure encapsulating cubic protuberances. The
one-dimensional carbon fibers can provide sufficient
contact areas between the electrolyte and reactant,
expose large amounts of active sites, and offer an
electron transfer pathway to boost the OER process
as well. This composite shows fascinating
electrocatalytic performance and results from the

encapsulated M-Ny moieties in the graphitic carbon

DMF

.;': / Calcination /
2 =
i ‘
P

Precursor(Bamboo-like)

@ b —— NiCo-0.8@N-CNFs-700
401 —— NiCo-0.8@N-CNFs-800
de- 35.] = NiCo-0.8@N-CNFs-900
—PUC
3& ~ 30 —Ruo,
(e E 25
<
E 204
=

NiCo@N-CNFs-Ts

layers, which act as active sites. Most importantly,
the FeCo alloy can accelerate and catalyze the
graphitization of carbon to obtain the materials with
high electroconductivity and charge transfer
ability.!> In addition, porosity can provide an
appropriate surface area to promote the diffusion of
O, and electrolytes. The results are comparable with
reported catalysts. The FeCo-NCNFs-800 shows
excellent OER performance and stability in the

alkaline solution.

T T
14 1.6
E/V vs. RHE

—— FeCo-NCNFs-700
= FeCo-NCNFs-800
= FeCo-NCNFs-900
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Fig. 13 a) Schematic preparation process for the NiCo@N-CNFs-7s nanocomposite. b) LSV curves of NiCo-

0.8@N-CNFs-Ts, Pt/C and RuO, in 0.1 M O,-saturated KOH solution at 1600 rpm.'4* Copyright 2020© Royal
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Society of Chemistry. ¢) CoFe PBA@PAN nanofibers. d) FeCo-NCNFs-700. e) FeCo-NCNFs-800. f) FeCo-

NCNFs-900. g) LSV curves of FeCo-NCNFs-Ts, Pt/C and RuO, in 0.1 M O,-saturated KOH solution at 1600

rpm. h) Tafel curves of FeCo-NCNFs and RuO, electrocatalysts. Copyright © 2019 American Chemical

Society.?’

Apart from the single non-metallic element
doping, recently, the co-doping of N and other
heteroatom species, such as: P, S and O, has attracted
substantial research attention as well. The
synergistic effect of co-doping is that adjacent
heteroatoms increase the coordination of reactant
molecules near the active site, or contribute electrons
or withdraw from the charge density of the active
site.!>* Previous works indicated that co-doped N
and S had a tendency of promoting the formation of
pyridine N preferentially, which was able to promote
the HO*, HOO* adsorption, and it was due to the
ability to accept electrons from adjacent carbon
atoms.'> This property plays an important role in
improving OER performance. Xue and co-workers
reported MOF-derived N-doped NiFe-
sulfides/carbon hybrid architectures with different
Ni and Fe molar ratios by carbonization and
sulfurization process of bimetallic NiFe-MOF. The
MOF-derived N, S co-doping material can not only
enhance electroconductivity and accelerate the
electron transformation but also the N doping
derived from MOF ligand can tune the electronic

properties and enhance the interaction between

carbon matrix and active species. Thus, it is no big
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surprise that the co-dopped NiFe/N-S is reported as

an efficient electrocatalysts for OER, with
overpotential 232 mV at a current density of 10 mA
cm2in 1 M KOH aqueous solution. Another type of
co-doping pair is N and P, compared with the single-
doped, this co-doping of N and P led to an increase
in active surface area and the density of active sites,
which are keys for the improved OER activity. With
this strategy, 3D hollow barrel-like FeNiP/C-900 co-
doped with N and P were prepared through high
temperature pyrolysis without the addition of
external phosphorous source.!>®* The BMM-10 MOF
is synthesized by the suitable P-containing ligand
and transition metal salt (Fig. 14a). The asymmetric
unit of the structure is displayed in Fig. 14b, which
consists of 2 Ni(Il) cations, 4/3 TPO?* ligands and
one dabco linker (define dabco), so the structural
formula can be defined as
[Niy(TPO)y;s(dabco)] ¢ Guest. Through Fe3* etching
in the hot ethanol solution, the hollow barrel shape is
obtained and it leads to the big difference in reaction
kinetics between internal and external coordination
bonds within MOFs. After being pyrolyzed at high
temperature, the Fe and Ni are coordinated with P

derived from ligand to form FeNiP, which exhibits

excellent OER catalytic activity reaching a current
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density of 10 mA cm at an overpotential of 229 mV
with a low Tafel slope of 74.5 mV dec’!, it is due to
the synergistic effect of Fe and Ni elements together
with the N-doped carbon materials. In order to
explore the co-doping synergistic effect, Xu and co-
workers prepared a series of N and P co-doped FeCo-
bimetallic MOF derived Fe,Co-P/C catalysts.!5’
The bimetallic FeCo-MOF is synthesized by a
simple sodium hydroxide-mediated method after a
two-step carbonization and P-doping treatment of
these precursors, the mesoporous structure of the
Fe,Coy-P/C is obtained. According to previous
research results, N, P co-doping could decrease the
total free energy for the carbon framework 58 which
could be attributed to the lower reaction barriers in
the process of OER, as a result, the Fe,Co,P/C
exhibited good OER performance. Therefore, N, S
and N, P co-doped MOF-derived electrocatalysts are

efficient methods to improve OER activities.
NiZ*

a © m 4
s B add Fe(NO:): /carbonization
:P + solvothermal EtOH f Ar
@0 ’ '
@c
on HIPO BMM-10
o ?

dabco

Fe-Ni-HNP FeNiP/C

1 (mA cm?)
e 322323 E

3 14 15 16 AEd
Potential vs. RHE (V)

Fig. 14 a) Schematic illustration of the synthesis of

in-situ  MOF-derived  bimetallic ~ phosphide

composite. b) The asymmetric unit of BMM-10. c)
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A microsized cage consists of six [Ni,(COO)4N,]
SBU-1's and six [Ni(COO),(O]P) (N)] SBU-2's. d)
The dimensions of the 3D BMM-10 framework
viewed in the c-axis. €) The photograph of S-BMM-
10 and f) the SEM image of M-BMM-10. g) The
OER polarization curves and h) the corresponding
Tafel plots and h) EIS spectra at n = 300 mV of
FeNiP/C-700, 800, 900, 1000 and Ir/C in 1.0 M KOH
electrolyte.!3¢ Copyright © 2019 Elsevier B.V.

3.3.2 TMB MOF-derived Bimetallic Phosphides
and Sulfides

The of metal compounds (bimetal

type
phosphides and sulfides) can be successfully
prepared by the pyrolysis of bimetallic MOFs and
introducing additional precursors, such as S or P-
containing regents, before or after the pyrolysis
treatment. However, in the respect of solid-state

chemistry, metal sulfides show less

thermodynamically stability than that of metal
oxides, but more than metal phosphides under

oxidizing potentials, especially in the strong

oxidative conditions of OER. Under this

circumstance, metal sulfides and phosphides are
more easily transformed into metal oxides or
hydroxides. However, it is found that the derived
metal oxides/hydroxide usually exhibit apparently
better than the

electrocatalytic ~ performance

corresponding simple metal oxides/hydroxides

synthesized by the common method.!>® 169 The
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doping of heteroatoms in MOF-derived sulfides and
phosphides, such as P and S, efc. play important role
in optimizing the electronic structure because P and
S show lower electronegativity comparing with
oxygen in (oxy)hydroxide. According to the report
by Subbaraman and co-workers ', the OER
performance of 3d transition metal ions, such as Fe?*,
Ni2" and Co?", in the oxide condition tend to be more
active along with the weaken interaction of OH,q-
M?*(M=Fe, Co, Ni Mn). The formation of HOO*
intermediates from the coordinated HO* can be
motivated by the delocalized electrons among the
adsorbed oxygen, metal centers and the doping S and
P atoms.'%? Therefore, this peculiarity accelerates the
oxidation of the HOO* intermediate. It further
affects the adsorption energies of OER intermediates
and finally boosts OER performance.’’ Notably, the
derived crystalline metal oxide/hydroxide layers on
the surface of metal sulfides or phosphides play a
vital role in preventing the metal sulfides or
phosphides core from further oxidation, the obtained
core-shell structure maintains a good stability and
boosts the OER performance. This may provide a
pathway for calculation or using in situ spectroscopic
technique to explore the real catalytically active
species of metal chalcogenides and phosphides.
Transition metal phosphides (TMPs), especially Fe,
Co, Ni-based alloying phosphides exhibit great
potential as OER electrode materials. Several works
demonstrated  that TMPs

own  superior
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electroconductivity for its higher metallic properties,
which was also convinced by the higher intensity of
the electrons near the Fermi level.!63165 [t is
proposed that the real active species of phosphides
are surface oxy/hydroxides in situ evolved from
metal phosphides during the OER process in the
electrochemical oxide micro-environment.!66: 167
Otherwise, when the electronegative P doping with
the nearby active metal species, the localized
negative charges of P3- will prevent the coordination
of the active sites and the hydroxide, which attributes
to the strong 3d-2p repulsion force between d-band
center and p-band center of transition metal and
oxygen, respectively. It is further resulted in the
formation of peroxide intermediate, which is
conductive to the delivery of dioxygen molecule that
caused by the increased 3p-2p repulsion between P
and peroxide.!'> 16! And the electron configurations
and d-band centers of bimetallic MOFs can be
tailored by the mix of different metals in the SBUs,
which offers more opportunities to boost the
electrocatalytic properties. 198 Peng and co-workers
have fabricated Fe-doped Ni,P nanoparticles that
embedded in the carbon nanotubes and the MOF
arrays were in situ grown on the nickel foam as the

structural template.'%®
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Fig. 15 Theoretical prediction and experimental
design. (a) Structure models of Ni(111), Ni,P(111),
and Fe-doped Ni,P(111) used for DFT calculation.
(b) Free energy diagrams of OER intermediates on
the above modeled surfaces. (c) Gibbs free energies
of absorbed hydrogen atom (AGH*) for HER. Inset:
Volcano plot depicting HER overpotentials as a
functional of AGH*. (d) Schematic illustration of
catalyst preparation. Electrocatalytic oxygen
evolution and hydrogen evolution performances. (e)
OER polarization curves of various catalyst samples.

®

chronopotentiometry. (g) EIS spectra of various

OER Tafel plots obtained

by

catalyst samples recorded at a constant potential of
1.53 V.19 Copyright © 2019 American Chemical

Society.
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With the Fe doped Ni(BDC) MOF as precursor

and after two-step of carbonization and

phosphorization, the carbon nanotubes
encapsulating metal phosphides nanoparticles were
obtained (Fig. 15d). In alkaline electrolyte, OER is a
four elementary process as we elucidated in the
Reaction Mechanism section. Theoretically, the
kinetics of every step of OER can be evaluated by
calculating and comparing the free energy value
| A G*.170. 171 Ag depicted in Fig. 15b, the third
elementary step is the rate-limiting step with the
biggest energy barriers. The doping of Fe into Ni,P
changes the electron structures of Ni,P, it is reflected
by the decreasing of the overall adsorption of
reaction intermediates in the optimal binding spot. It
also can be explained by the slight downshift of d-
band center for the Fe-doped Ni,P with OOH*
binding. So, it tunes the micromorphology of the
catalyst, synergistically leading to enhance the OER
activity.!6?

However, the post-electrolysis characterization
of the Fe,@Fe,-Ni,P revealed that Fe/P-doped o-
Ni(OH), were formed during OER process, and after
that it converted into a-NiOOH, which acted as the

real OER active species with high electrochemical

activity and stability.
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Fig. 16 a) Crystal structure of KNi[Fe(CN)s] (PBA). b) Schematic illustration of the synthesis process of Ni-

Fe-P@NC nanotubes (Ksp: solubility product; J: ion transfer rate). OER Performance in 1 M KOH

¢) Linear sweep voltammetry (LSV) and d) Tafel slope of Ni-Fe-P@NC/NF, NiMoO4/NF, NF-P, and NF.!72

Copyright © 2020 Elsevier.

(e) XRD pattern for (Fey1Nigo),P(O)/NF. SEM images of (f) Fej-Nigo-

MOF/NF and (g-h) (Fey1Nip9),P(O)/NF (Note: image c is only toned). (i) High resolution TEM image of

(Fe.1Nigo),P(O)/NF. (j-m) EDX elemental mapping images for Ni, Fe, P and O in (Fe(;Nij),P(O)/NF. (a)

OER polarization curves for Ni,P(O)/NF, (Fey Nig9),P(O)/NF, (Fe(,Nigg),P(O)/NF, NF and IrO,/NF in 1.0

M KOH obtained at 1 mV s. (b) Overpotentials at 100 mA cm? and (c) Tafel plots for Ni,P(O)/NF,

(Feg.1Nig9),P(O)/NF, (Feo,Nig5),P(O)/NF and IrO,/NF.!73 Copyright © 2020 Royal Society of Chemistry.

The hollow structures with high exposed surface
area are desirable optional materials for constructing
electrocatalysts. The 3D hierarchical structure
consists of distributed Ni-Fe-P nanoparticles
embedded in N-doped carbons (Ni-Fe-P@NC/NF) is

prepared by an anion exchange method and a low-
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temperature phosphating of nanotubular PBA, which
is presented in Fig. 16b.172 Apparently, in this
process, the NiMoO, is used as the template, the
Kirkendall effect results in the anion exchange for
the fabrication of hollow KNi[Fe(CN)¢ nanotubes.
The obtained hollow heteroatom-doped carbon

nanotubes (Ni-Fe-P@NC/NF) exhibited the most
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favorable charge transfer ability among all the
controlled electrodes. Notably, although vigorous
gas evolution occurs during OER characterization,
there are no bubbles accumulated on the surface of
electrode for its macro-structure. The synergistic
effect between bimetallic metal and P atom has
endowed Ni-Fe-P@NC/NF superior electrocatalytic
performance, and the active species in Ni-Fe-
P@NC/NF are NiOOH or NiFe oxy/hydroxide,
which guarantee the stability during OER process.!7
Mu’s group!” also reported iron and oxygen co-
doped nickel phosphide (Fey Niy9),P(O) fabricated
by phosphating the MOF derivative sheet array on
the nickel foam. Among the very limited reports on
the synthesis of phosphides by using bimetallic MOF
derivatives as precursors, Mu’s work displays
excellent OER performance at high current density.
Wei’s group used CoFe bimetal-MOF triangular
plate arrays as precursor and ontained Fe-rich
macroporous CoFeP triangular arrays. The obtained
material was used for overall water splitting.!”> The
large interconnected pores in the planes originated
from the operation of selectively etching organic
ligands from CoFe-MOF TPAs/Ni, and the
following by phosphorization process to yield
macroporous CoFeP TPAs/Ni. The catalysts exhibit
excellent OER performance.  For OER current
densities of 10, 100 and 700 mA cm™2, the
overpotentials are only 198, 250 and 335 mV,

respectively. The performance is even better than

36

noble-metal based electrocatalysts at large current

density. So, MOF-based materials could be
promising candidates as alternatives to replace
noble-metal based materials for industrial water
splitting. More works on bimetallic MOF-derived
phosphide are listed in Table 2.

In addition to the TMP, transitional metal sulfide
(TMS) have equally emerged as a prominent
category material for OER, and they have many
similarities. Recent fundamental studies
substantiated that the effects of S on their nearby
active sites toward OER resemble that of P, as
mentioned above.!7¢ In terms of physical-chemical
properties, most of metal sulfides share metal-
metalloid bonds (M-S) with a strong covalent
component, and couple with strong and highly
covalent metalloid-metalloid bonds (S-S), which is
similar with metal phosphides.!”” In addition, TMS
have some unique properties such as: accessible
electronic states, excellent electroconductivity, rich
electrochemical redox sites, all lead to their superior

179 To

OER performance.'’® optimize the
electrocatalytic activities of transition metal sulfides,
Wang'4 and co-workers reported an economical
strategy that applied CoNi-MOF as
precursor/template to synthesize Ni-doped CoS,
nanoparticles grown on the carbon fiber paper (CFP),
which reduced the particle size and improved
electroconductivity as well. Furthermore, profiting

from the synergic effect of Ni doping and the
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conductive CFP substrate, catalytic activities of Ni-
doped CoS,-1/CFP exhibits a very low overpotential
of 270 mV at 10 mA cm2, and great stability in 1M
KOH electrolyte. To explore the secondary metal
doping effect toward OER activity, the reduced
grapheme oxide (rGO) wrapped novel Coy.
«FexSg/Co, Fe-N-C was synthesized through a semi-
vulcanization and calcination pathway of FeCo-ZIF
by Luo’s group.!®® The specific hybrid structure
could not only improve the generation of dual active
sites resulting in highly bifunctional catalytic
activity but also the incorporation of Fe could act as
Lewis acid building up a higher alkaline
environment around CoySg, which is a crucial factor
to accelerate the OER process.!3! In addition, the
adoption of Fe can also increase the
electroconductivity of the active species CoOOH
that generate during OER reaction. As a result,
combining all these advantages into the material
bestows it surprising OER performance and stability
which is comparable to that of the IrO, catalyst.
Compared with common TMDCs, MOFs-
derived TMDCs are extensively studied and used as
catalysts for OER electrocatalysis in recent years,
which is due to the abundance of their raw materials,
environmental-benign features and exceptional

performances.
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3.3.3 TMB MOF-derived metal
hydoxides/oxyhydroxides materials
Currently, structure-engineered metal

hydroxides and LDH of 3d transition metals
electrocatalysts have attracted great attention in
water oxidation applications.'®? The materials with
excellent catalytic performance was identified by

183 Since then various

Dai’s group in 2013
combinations of divalent and trivalent type LDH
materials, i.e., NiFe-LDH '8 FeCo-LDH '®, and
NiCo-LDH 8¢ are reported. In these LDH materials,
the transition metals in the layers undergo the redox
reactions that further enhances the charge transport
in the range of applied potential. However, it is still
a big challenge to facilely obtain ultrathin metal
oxyhydroxides  nanosheets  with  excellent
crystallinity and inerratic morphologies. Actually,
MOFs can provide us an opportunity to obtain
ultrathin metal-hydroxides for enhancing OER
property. For example, Hong and co-workers applied
electric-field assisted in-situ hydrolysis and
transformed the MOF bulk into ultrathin metal
oxyhydroxide nanosheets, these nanosheets were
used as efficient OER electrocatalyts.!3” As exhibit
in Fig. 17 a-f, FJI-H25FeCo were synthesized by the
reaction of H,BTTA ((2, 5-di(1H-1, 2, 4-triazol-1-yl)
terephthalic acid )) with Fe and Co clusters. After
two key processes, i.¢., the first one is that metastable
FeCo-MOF bulk transformed into hydrolysis

products (FeCo-MOF-H) after alkali hydrolysis,
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applying electric-field driven

reconfiguration FeCo-MOF-H bulk to ultrafast

next one is

transform into FeCo-MOF-EH ultrathin metal
oxyhydroxide nanosheets. The obtained nanosheets
significantly enlarge the exposure of active sites,
meanwhile, it also highly boosts the mass and
charges transfer efficiency as well. It is noteworthy
that the in-sifu obtained FeCo-MOF-EH nanosheets
on Ni foam possess excellent OER performance,

which displays a low overpotential of 231 mV at the

current density of 10 mA cm™2. It is a mild, fast,
efficient and low cost way to synthesize metal-
hydroxides nanosheets without producing any
impurities. As we aforementioned above that the
final product and the active species for the majority
of MOFs and other electrocatalysts are the
corresponding metal hydroxides. Wu and co-
workers proposed an efficient strategy to synthesize
bimetallic FeCo-PBA nanosheet arrays in the

presence of nickel foam.!3” The optimized PBA
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Fig. 17 (a) Structure of the selected metal cluster [Fe;M(p3-O)(CH3;COO)¢]. (b) Structure of the selected

H,BTTA ligand. (c) Trinuclear and mononuclear SBUs of Fe-MOF (FJI-H25Fe). (d) The linking modes of

quadridentate and bidentate BTTA? ligand in Fe-MOF (FJI-H25F¢). (¢) The framework of Fe-MOF (FJI-

H25Fe). (f) The (3, 4, 6)-connected topology of Fe-MOF (FJIH25F¢). Morphology characterizations. (g, h, i,

1) SEM, (k) TEM and (1) HRTEM images of FeCo-MOF-EH. Inset of g: SEM images of pure CFP. OER

electrocatalytic performance. (m) LSV curves and (n) Corresponding Tafel plots of Fe-MOF-EH, FeCo-MOF-

EH, Fe-MOF-H, FeCo-MOF-H and IrO,. (o) Plots used for evaluating the Cdl and (p) Nyquist plots of

Fe-MOF-EH, FeCo-MOF-EH, Fe-MOF-H and FeCo-MOF-H. Inset: the enlargement of the orange box region

shown in Fig. 4d. (q) Galvanostatic measurements of FeCo-MOF-EH and IrO, at a constant current density

of 10 mA c¢cm™2. (r) LSV curves of FeCo-MOF-EH on nickel foam and bare nickel foam. 7 Copyright © 2020
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Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

nanosheet arrays only require 256 mV overpotential
to reach 10 mA cm current density for OER in 1.0
M KOH solution. Combination of experimental
result and theoretical calculation analysis unraveled
that the favorable energy for OER can be largely due
to the transformation to the high active Co/Fe-based
electrolysis, in

(oxy)hydroxides during water

addition, the ultrathin nanosheet morphology,
porous surface structure, coordinately unsaturated
metal centers, and abundant active sites also play a

vital role in accelerating OER activity. Bu’s group

also obtained NiFe-LDH by mixed Ni-MOF and Fe-

Energy & Environmental Science

MOF in an optimal ratio (2:1) and then ultrasound in
alkaline solution '® During OER process, the ligand
more likely to exchange with hydroxyl ions, so result
in the formation of NiFe-LDH and without
morphology change. Actually, the derived NiFe-
LDH from NiFe-MOFs possesses  better
electroconductivity and OER performance than the
single Ni or Fe hydroxides. MOFs-derived metal
hydroxides maybe provide a pathway of maximize
the advantages of MOFs and metal-hydroxides
materials as OER catalyst. More profoundly, they
also supply the basic understanding of the reaction

mechanism for MOFs as catalyst for water oxidation.

Table 2 Summary of some typical TMB MOF-derived electrocatalysts for OER activity

No. Electrocatalyst Substrate Electrolyte
1 NiFe alloy/N-CNT N-CNT 0.1 M KOH
2 Co0304/Co-Fe / 1 M KOH
3 CoFeP / 1 M KOH
4 (Feo.1Nigo)P(O)/NF NF 1 M KOH
5 Coyg7Feo;P/C / 1 M KOH
6 C-(Fe-Ni)P@PC/(Ni- / 1 M KOH
Co)P@CC.

7 CoFeP NF 1 M KOH
8 NiFeP / 1 M KOH
9 FeCoP NF 1 M KOH
10 N-NiFe-S/C@CC CC 1 M KOH
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Overpotential Tafel slope
Durability ~ Ref.
(mV) (mV dec!)
290 mV (10 mA cm2) 79 10h 189
297 mV (10 mA cm2) 61 10h 190
235mV (10 mA cm?) 34 12h 191
240 mV (100 mA cm2) 72 35h 192
270 mV (10 mA cm?) 27 / 193
251 mV (10 mA cm2) 56 24 h 194
198 mV (10 mA cm?) 42 100 17
271 mV (10 mA cm?) 53 10h 195
190 mV (10 mA cm2) 36 30 h 196
232 mV (10 mA cm?) 58 20 h 197
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11 NiCo,S; cc 1 MKOH
12 NiCoS/TisC,Ty TizC, Ty 1 M KOH
13 NiFe-OH NS/NF NF 1 MKOH
14 NiCoS-NS / 1 M KOH

4. Mechanism Elucidated by DFT and in-situ

Experiments for OER

As for most electrocatalysts, a great attention of
the OER research has been focused on structural
regulation, catalytic performance optimization and
morphology characterization. Despite having the
detailed crystallographic information data of MOFs,
it is hard to envisage the interplay of charges
transport and mass transport (pore system), it is also
difficult to define the reaction centers, actual active
intermediates and electrochemical

phases or,

behaviors in OER process.!? Therefore, to
understand the reaction mechanism of the OER
process is of great importance to direct the design of
catalysts. Evidently, the first-principles kinetic
model is an essential tool to describe overpotential
with thermodynamics of elementary steps, and well
explain experimental trends.?01-203 Such efforts built
on the existing calculating models give a deeper
insight into fine-tune catalysts performance in an
optimal manner and provide a reasonable way to
explore the mechanism of catalysts. Moreover, in

situ experiments (operando) are gaining an
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370 mV (100 mA c¢cm2) 95.76 20 h 178
365 mV (10 mA cm?) 58.2 20000 s 198
292 mV (500 mA cm2) 46.7 30h e
280 mV (10 mA cm2) 85 40000 s 200

increasing interest as judicious tools in tracking the
reconstruction of electrocatalysts, verifying real
active sites, and labeling reaction intermediates
during OER process.?** Therefore, the mutual
support between theoretical calculations and in-situ
techniques could provide a powerful guide for the

interpretation of OER mechanism.

4.1 DFT calculations and mechanism

The following formula is the basis for calculating
the adsorption Gibbs free energy of adsorbents ( A
G.is), and it 1s a key descriptor to estimate whether
the reaction could be trigger spontaneously. 203
AGy4s = AE 445 +AE zpp —TAS 4.1)
Where Ezpg is zero energy calculated from the

vibrational frequencies, A S is entropy change, 7' is

the system temperature. The free energy differences

of these various oxygenated species can be
calculated by the following formula:
AEoy- =Eoy+ + 12 Ey,—Ex—Eyo (4.2)
AEO*=E0*+ EHZ_E*_EHZO (43)

AEOOH* = EOOH* + 3/2 EH2 —E *— 2EH20(44)
AE02=E02+2EH2 _E*_ZEHZO (45)

All of the proposed mechanisms begin with an
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essential elementary step of hydroxide coordinated
to the active sites under alkaline environment 2% and
based on the four-electron step as we discussed in the
part 2.1. The four elemental steps with reaction free
energies of 1.23 eV represents the ideal situation that
only takes thermodynamic hindrance into account,
and the kinetic hindrance has been omitted. So the
adsorption energies of intermediate species that
involved in four-electron step should be higher in the
real situation. At the standard conditions (pH=0,
U=0), the Gibbs free energies difference of every

step can be calculated as:

AGy = AGoy- — AG * (4.6)
AG; = AGo- —AGro . 4.7)
AG3 = AGooy+ —AGy (4.8)
AGy =492 — AGoop- (4.9)

Here, the highest onset potential of the
elementary step is denoted as a potential determining
step, which is a decisive descriptor to predict the
theoretical overpotential of a specific catalyst.27
However, it is different from the rate-determining
step in terms of thermodynamic, while the potential
determining step is more tend to describe the binding
energy of reaction intermediates, which also can be
deduced to estimate which step suffers the most
sluggish process during the electrochemical process,
and rate-determining step is directly related to
experimental kinetics.?%% 208 The catalytic activity is
decided by the maximum difference of Gibbs

chemical binding energy between subsequent
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absorbed intermediates (A G;, A G, AG; AG)).
So the largest A G can be depicted as:
Gogr = max {AGy,AG,,AG3,AG,}  (4.10)
As illustrated in Fig. 18 b, DFT calculation can
elucidate the effect of metal coupling on the catalytic
activities of the composite of FeNi-Tan. °® For Ni-
Tan, in the standard condition, the free energies of
each step are -0.06 eV, 2.09 eV, 0.76 eV, and 2.13
eV, respectively. Evidently, the energy of step 4 is
the largest among four steps, so it is the rate-
determining step. However, when active sites change
to Fe atom in (FeNi)-Tan, the Gibbs free energies of
every step are 0.51, 1.55, 1.26, and 1.60 eV,
respectively. Although the free energy of step 4 is
reduced from 2.13 eV to 1.6 €V, it still is the rate-
determining step. Therefore, Fe as active sites is
favorable for OER activity. This is also supported by
OER

spin-polarized DFT calculations on the

activities of several bimetallic MOFs

electrocatalysts.?® In order to systematically
compare the free energies of every step for a specific
Fe,M cluster, they first used the computational
hydrogen electrode (CHE) model to explore the
adsorption free energies of O*, OH* and OOH*
intermediate species and used Fe; cluster as the
benchmark. As depicted in Fig. 18 e, the rate-
determining step is the second step that means the
intermediate conversion on the surface of Fe;M

cluster is from OH* to O*, which is determined by

the weaker adsorption of O* intermediate on Fe site.
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Therefore, it could be a meaningful hypothesis to
reduce overpotential by strengthening the adsorption
energy of O*. It could be helpful to examine the OER
effect of the second metal incorporation (Co, Ni, and
Zn) in bimetallic MOFs. As for the bare Fe; cluster,
the Gibbs free energy of O* is 3.16 eV, while after
introducing the second metal, the A Gg+ of Fe,Co,
Fe,Ni and Fe,Zn are reduced to 2.15, 2.45, and 2.49
eV, respectively. Notably, as shown in Fig. 18 f, the
incorporated Co, Ni and Zn have changed the
electron structure of Fes cluster, for which the d-band
center of Fe,Co, Fe,Ni, and Fe,Zn are closer to the
Fermi level. According to the d-band center theory,
it can result in stronger M-O adsorption energy
between catalyst and adsorbates, so as to achieve the
higher OER performance.??” Meanwhile, it has
changed the rate-determining step from O* to OOH*
on the Fe site with the OER overpotential of Fe,Co
(0.41 eV), Fe;Ni (0.42 eV) and FeyZn (0.59 eV). It
also verified that the bimetallic clusters exhibit
pronouncedly improved OER activities comparing
with the corresponding mono-metallic MOFs. The
similar fact is also reported from Luo’s study, they
applied DFT calculation to verify whether the
catalytic  reaction of FeNi  MOF s

thermodynamically feasible.!3?> As depicted in Fig.

18 g and h, compare with Fe-MOF and Ni-MOF, the

largest barrier (formation energy of OOH* is 1.55 eV)

of bimetallic NiFe-MOF is the lowest, which means

that the potential at approximately 1.55 V all OER

four-step elementary reactions can be triggered. This
result is consistent with the Tafel slope result, where
the Tafel slope of FeNi-MOF/NF is 39.8 mV dec’!.
The value is closer to 40 mV dec’!, which is also
verified that the third reaction step is the rate-

determining step.2!°
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Fig. 18 DFT simulations for understanding the OER
catalytic mechanism. (a) Reaction steps involved the
adsorption atomic structures during the OER process
for (FeNi)-Tan molecules on the Fe site. (b)
Reaction free energy diagram of OER at zero
electrode potential on Fe and/or Ni sites of the

(FeNi)—Tan and Ni—Tan surfaces with the maximum
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free energy change highlighted, and the free energies
are relative to the starting

reactants* and H,O (1). (¢) Corresponding free
energy change of the reaction-determining step.%¢
Copyright© 2019 American Chemical Society. d)
Initial structure of the Fe,M cluster, followed by the
adsorption of OH*, O*, and OOH* intermediates on
the Fe site. The active site is marked by a dashed
circle. e) The free energy profile for the OER
pathway and f) projected density of states of Fe,M-
cluster.Red arrows denoted the d-band center.?%
Copyright © 2018 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. (g, h) Free energy for OER on
FeNi-MOF structure at different electrode potential
U for OER, all water splitting reaction steps become
exothermic at potentials above 1.55 V.132 Copyright
© 2019 Elsevier B.V.
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Fig. 19 DFT calculations and current density
distribution simulations. a) The crystal structure of
Co,P,0,; and b) Co,«NiP401, by substituting one
Co site by N.2!! Copyright © 2020WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

Apart from the pristine bimetallic MOFs, the

synergistic effect between two metals of MOF-
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derived electrocatalysts also can be observed by the
DFT calculation. As shown in Fig. 19 a and b, the
structure of Co-MOF derived Co,P40,, and CoNi-
MOF derived Co,4Ni,P,O;, has a little difference,
where a portion of Co sites in the former one is
substituted by Ni atoms. Apparently, as for Co,P40,,
the rate-determining step with an energy barrier of
2.22 eV is to form OOH*. However, once Co acts as
the active sites in Co,Ni,P401,, the energy barrier
(2.24 eV) is higher compare with Co,P4Oy;.
Meantime, for Ni site of Co, \Ni,P,O1; (red line), the
adsorptions of OH*, O*, and OH* intermediates are
remarkably weakened and the rate-determining step
also has changed from the formation of OOH* to
OH*. Due to the weaker O affinity to Ni, the barrier
on Ni site is 1.82 eV, which is lower than Co site.
Therefore, Ni plays a crucial role in improving OER
activity by lowering adsorption energy of
intermediate. From what we discussed above, A G
and A Gy rarely act as the rate-determining step in
majority OER systems, the difference between A

Go+ and A Gooy+ is usually applied as a universal

descriptor to predict the OER activity.?!?
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Fig. 20 a) Adsorption energy of HOO* plotted
against the adsorption energy of HO* on perovskites,
rutiles, anatase, Mn,Oy, Co0304, and NiO oxides
( perovskites (o), rutiles (2), Mn,Oy (0), anatase (0),
C0304 (+), NiO). 213 Copyright©2011 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. b) Volcano
plot for metal oxides. The volcano itself corresponds
to A Goon* = A Goyrt3.2 V.24 Copyright © 2017
American Association for the Advancement of
Science

In aforementioned, in the ideal circumstance,
no overpotential is needed for OER to occur ( 4
G;=AG,=AG;3= A4G,=1.23 eV). While in the real
condition, the theoretical overpotential, when it is
independent of pH, the value can be given by

formula (4.11)

n=max {AGy1, AG2,AG3, AGaY/e —1.23V (4.11)

Besides, the values of experiments and
theoretical calculation have the large difference, as
for the experimental result, the Tafel slope is the
most reliable evidence to identify the rate-
determining step.2!3

In fact, the scaling relationship of A Goopx=A

Gop++3.2 £ 0.2 eV (Fig. 20a) was found to apply
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universally to many four-electron-step
electrocatalyst such as metals or oxide surface.?!3:216
Based on this scaling relationship, the value of A
Goon* and A Ggp+ can be obtained if one of them
has been calculated out. In addition, because the real
difference between A Goop+ and A Ggp+ must be
larger than the ideal model (2.46 eV: 2 X 1.23 eV),
the minimum value of overpotential is 0.37 eV,
which can be utilized as a rule to construct an activity
volcano plot based on the binding strength between
catalyst and O*. 213 As we can see from Fig. 20b, the
catalysts near the summit of the volcano plot show
the smallest overpotential, and the values of A G, is
equal to A G3( A Go,= A G3=1.6 e¢V). The sample in
the left part of the plot, such as PtO,, LaCrOs, et al.
possess the stronger binding strength of O* and it is
difficult to form OOH*. While the samples in the
right part is prone opposite to the left part, which
exhibit the weaker O* binding strength compare with
OOH*( A G, > A G3). Therefore, as per the Sabatier
principle, the adsorption strength of an optimal

catalyst for the key intermediate is neither too strong

nor too weak.

4.2 In-situ experiments and mechanism

It has been widely acknowledged that the
majority of electrocatalysts would undergo a
necessary reconstruction process during the four-
step reaction of OER. As we mentioned above,

understanding and identifying the active sites and
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structural information are of vital importance to
illustrate the catalytic reaction mechanism. However,
the calculation techniques and ex  situ
characterization are not sufficient enough to deduce
the accurate results. The main reason is that the ex
situ 1s incompetent to detect the progressive changes
in reaction kinetics and the existence of instant
reactants intermediates during every step of OER
reaction. Contrariwise, the in situ or operando
measurements including, as summary in Fig. 21, X-
ray diffraction, X-ray photoelectron spectroscopy?!’,
transmission electron microscopy, Fourier-transform
infrared spectroscopy and Mossbauer spectroscopy
et alP* are very powerful tools to track the
reconstruction of electrocatalysts by integrating
electrochemical measurement systems  with
spectrometer devices to collect operando spectra for
phase, morphology, oxidation states as well as
electronic structures in the realistic reaction process,
which could be feasible to provide us a preliminary
understanding of the pre-catalyst and real active
siteg 218220

In a representative work conducted by Zhang et
al.,**' in situ X-ray absorption near edge structure
(XANES) technique was utilized to identify the
information about the electronic/oxidation states of
the in situ generated active sites. It was performed on
the Ni K-edge of NiFe-PBA, NiO and Ni(OH),, as
depicted in Fig. 22a, it could be clearly seen that the

structure of NF-PBA-A is the same with Ni(OH),,
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yet is quite different with NiO, which indicate that it
has an analogous structure of Ni(OH),. The O K-
edge XAS of NF-PBA-A is showed in Fig. 22d, there
is a distinct peak at 533.5 eV, which is corresponding
to a characteristic feature of —OH species supporting
the above result. While the EXAFS part of the

spectrum is more likely to

Solid Interface Ligquid

Fig. 21 In situ probing map of various representative
in situ techniques. 2% Copyright © 2020 American
Chemical Society.

reveal the neighboring environment and
coordination geometry of target atoms, as well as
probe the nature about short-range order, bond
length, and coordination numbers for the nearest
neighbors.?%* According to the result of FT-EXAFS
in Fig. 22e, the coordination number and bond

distance of Ni-O are 6.0 and 2.04 A, yet as for Ni-Ni
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are 4.6 and 3.08 A, respectively. It can be concluded
that NF-PBA was totally transformed into Ni(OH),
after OER reaction. In order to further understand the
mechanism of OER, this work also carried out by
operando Ni K-edge XAS to track the detailed
changes of geometric and electronic structures with
the changes of the applied potential during the
oxygen evolution process. As shown in Fig. 22b and
c, the adsorption energy edge gradually shifts
upwards with the increase of applied potential,
which means the oxidation state of Ni** ions is
transforming into the higher valence states and
exhibiting more reactivity. It is highly desirable to
explore the local structure, i.e. the bond length of Ni
during OER process with the technique of FT-
EXAFS, as reported by previous studies that the
bond distance of the first metal-oxygen shell is
characteristic of the oxidation state of the metal
ions.??? In Fig. 22 f, the bond length of Ni-O in the
initial NiFe-PBA is 2.04 A, the valence state of Ni
1ons is +2 oxidation state, which is the same with the
Ni ions in Ni(OH),. After a low potential of 1.46 V
was applied, the bond distance of Ni-O is decreased
to 1.99 A, which means that the oxidation state of Ni
ions both has +2 and +3 valence states. As a
consequence, with further increase of the potential,
the bond length shrank to 1.89 A, which confirmed
the existence of mix valence state of Ni*" and Ni #*.
The coordination number of the first Ni-O shell

remains as a constant throughout the reaction process
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that is consistent with the peak characteristic of

octahedral units.
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XAS spectra of NF-PBA-A under different
potentials. b) XANES of NF-PBA-A as well as
references. Inset shows the shift of Ni K-edge
position. ¢) FT-EXAFS of NF-PBA-A. d) The O K-
edge XAS of NF-PBA-A. ) FT-EXAFS fitting of Ni
K-edge in NF-PBA-A as well as references. f) FT-
EXAFS fitting of operando Ni K-edge in NF-PBA-
A.22l Copyright © 2018 American Chemical

Society.

As illustrated above, both in situ FT-EXANS
and FT-EXAFS techniques can be used to probe the

underlying mechanism for MOF materials and it
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shows that the high oxidation valence metal is
formed during OER process and exhibits the
excellent OER activity. Tang and co-worker also
investigated the active sites and mechanism details
with the assistance of X-ray absorption spectra
technique.'! The existence of coordinatively
unsaturated metal sites on NiCo-UMOFNs surface
characterized by EXAFS analysis and XANES
simulation are the dominating active centers for the
electrocatalytic OER. After applied a given potential,
the peaks of Ni as well as Co sites are more readily
shifted to higher energy, indicating that the metal
sites are prone to be oxidized to its oxy-hydroxide,
which are responsible for the improved OER
performance. In fact, the majority of non-oxide
electrocatalysts are likely to convert pristine
catalysts into the corresponding (oxy)hydroxides
that plays a vital role as catalytically active sites in
boosting the OER process. Besides, Huang et al.
utilized in situ XAS to identify the OER active sites
of coordinatively unsaturated metal nodes and
revealed the structure evolution of CoNi-MOFNA
during OER process.?” The result of EXAFS
provides information that the coordination number
of Co and Ni is approximately to be 5.8, less than 6,
which means that the pseudo MOg¢ octahedron with
coordinatively unsaturated metal nodes has
connected with the carboxylate from BDC. The

plenty of coordinatively unsaturated metals (CoOs

and NiOs) on the surface of ultrathin MOFs
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nanosheet can be identified as the intrinsic active
sites.3? During the OER process, the pre-edge peak
intensity of Co and Ni in XANS spectroscopy has
shifted toward higher energy along with an increase
of CV cycles. Simultaneously, a new peak has
emerged in the FT-EXAFS spectra of Ni K-edge, and
the intensity of this peak increases relative to Co K-
edge. Just like we discussed above, this characteristic
means that part of Ni nodes has transformed into
nickel oxyhydroxide and nickel hydroxide,
consequently, the coordination environment has
changed as well as the electron density has decreased
during the electrocatalytic process. The amorphous
CoNi-MOF nanosheets integrate with hybrid
MOOH contributed to stabilize the spatial structure

and provide lots of active sites, which play a decisive

role in facilitating water oxidation.
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Fig.23 Operando XAS characterization of Nij 5Co s-
MOF-74. a) and b), Ni K-edge XANES spectra and
Fourier-transformed k3-weighted EXAFS signals
recorded at different potentials in 1 M KOH. c¢),

Comparison of Ni K-edge EXAFS WTs recorded for
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the pristine sample, standard references and catalytic
materials at 1.1, 1.3 and 1.5 V, with an optimum
resolution at 3.0 A. The vertical dashed linesare
drawn to guide the eye. a denotes the phase shift. d),
Change in the Ni and Co valence states and OER
current as a function of applied potential. e),
Changes of bond length and coordination number for
Ni-O and Ni-M shells.??4

the coordination

Copyright © 2020 Springer Nature.

Interestingly, Tang’s group selected NiCo-
MOF-74 crystals as the prototypical catalysts and
detected the structural transformation process during
and after OER reactions by operando X-ray
analysis and high-

absorption  spectroscopy

resolution  transmission electron  microscopy
imaging. 2** As depicted in Fig. 23 (a) and (b), the
arising potential revolution process can be divided
into three sections: stage I is the resting period from
1.1 Vto 1.2 V, the stage II is the pre-catalytic state
from 1.2 V to 1.35 V, and the last stage (stage III) is
the catalytic period from 1.35 V to 1.5 V, of course,
the OER current up to the applied potential of 1.35
V could be neglected, which can be detected in the
spectrum  of  synchronous  electrocatalytic
measurements in Fig. 23 d. After applied a series of
potential on the sample, NiCo-MOF-74 has
underwent a dynamical two-step reconstruction
process during water oxidation, that is from NiCo-
MOF-74 to the corresponding metal hydroxide and

then to oxyhydroxide analogue. Both the Ni and Co
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valence states and OER current display a remarkable
increase, this result also indicates that the structure
of NiCo-MOF-74 has been transformed into
oxyhydroxide analogue during electrocatalysis,
which can be attributed to the in situ-generated
oxygen vacancies. The abundant oxygen vacancies
and high resolution states of the final product
oxyhydroxide (Vo -Nig5sCos00H, 75) 1S
responsible for its excellent OER performance.
Notably, a conversion from oxyhydroxide to
hydroxide and then to NiCo-MOF-74 can be
observed after the potential is removed and transfer
the sample to the air. These findings provides a new
pathway to understand the relationship between
structure conversion and OER activity during

electrocatalytic experiments, as such, it also shed a

light on developing composite catalysts.
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Verlag GmbH & Co. KGaA, Weinheim. Mossbauer

spectra for Fe,M clusters (left) and the
corresponding MOFs (right).2% Copyright © 2018
WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

Mossbauer spectroscopy is a powerful tool to
clarify the chemical state in some specific elements,
such as Fe, Au, Ru, and Ir, efc. Zhu and co-workers
investigated the electronic states of NiFe-MOF that
was in-situ grown on nickel foam (NiFe-NFF) by
using 3’Fe Mossbauer spectroscopy.??® In Fig. 23a, a
double peak at lower velocity could correspond to
the Fe ions with +3 oxidation state,?2¢ while a weaker
peak around 2.5 8/ mm s-! means the existence of the
lower valence state Fe ions.??’ Coupled with the ex
situ XPS characterization result, which convinces
that oxidation valence of Fe ions is the mixture of
+2/+3, the introduction of Fe into Ni-based MOF
electrocatalysts could modulate the electronic
structure of 3d orbital with a form of tailoring the
orbital electron density and e,-orbital filling of Ni
sites. As a consequence, which has accelerated the
formation of OOH* intermediate, meantime,
endowed the NiFe-NFF catalyst superior OER
performance. Lan et al once applied Mossbauer
spectroscopy to confirm the composition of Fe,M
cluster, which still preserves after the formation of
Fe,M-BPTC MOFs, and the d-band center is closer
to the Fermi level than that of Fe; cluster, i.e., there

is a stronger binding interaction between the
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adsorbates and catalyst, and further contributes to
boost the OER activities.2? In addition, because in
situ Fourier-transform infrared spectroscopy (FTIR)
can dynamically detect function groups of the
chemisorbed species on catalysts, it can
conveniently be used to observe the formation of
crucial intermediates.’?® To study the catalytic
mechanism of lattice-stained NiFe-MOF, Liu and
co-workers  performed  operando  SR-FTIR
characterization using D,O as the solvent.’° Notably,
a new adsorption peak located at 1048 cm! emerged
in the spectroscopy of lattice-strained MOF during
OER process, which can be assigned to the surface
intermediate  superoxide = OOH*  species.??’
Meanwhile, isotope-labeling operando SR-FTIR
experiment results further confirmed this hypothesis.
The XAS measurement results show the existence of
Ni** species, which could coordinate with the
adsorbed H,O* and generate the superoxide OOH*
intermediate. These could contribute positively
toward excellent OER performance of the strain-

latticed MOF materials.

5. Summary and Future Perspective

As summarized in this review, transition metal
bimetallic MOF-based materials can be rationally
fabricated into various electrocatalytic materials to
achieve the enhanced OER properties. Meanwhile,
the elucidation of oxygen evolution reaction

mechanism in alkaline solution could deepen our
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understanding of the reaction process when using
MOFs or MOF-derived materials as electrocatalysts.
As for bimetallic MOFs, the most popular category
used as electrocatalysts is the solid solution one, in
which two metal ions are delocalized or uniformly
distributed in the entire MOF structure. However,
especially those on 2D layer

many reports,

morphology MOFs, usually lack detailed
characterizations to identify the accurate structure
information and topology of frameworks, i.e.,
sometimes there is a lack of information of either two
metals mixing in one SBUs or separating in different
SBUs. Consequently, a thorough understanding of
the water oxidation reaction mechanism may suffer
some obstacles because the accurate identification of
the metal distribution in bimetallic MOFs is
important to adjust the electronic structures.

Although most bimetallic MOFs exhibit

superior  stability than the corresponding
monometallic MOFs, the long-term stability still
needs to be enhanced, especially in strong alkaline
and acidic conditions. The crystals of bimetallic
MOFs may disintegrate into discrete complexes in
the electrolyte media and eventually change into the
corresponding amorphous oxy/hydroxide, making
elucidation of the reaction mechanism of MOF
catalysts difficult. Thus, exploring stable and highly
active MOF-based electrocatalysts for OER in
electrolyte with a wide pH range will substantially

facilitate the progress of batteries and other catalytic
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reactions. It 1is necessary to systematically
investigate the principles of synthesizing chemically
and thermally stable MOFs beyond the familiar
Hard-Soft-Acid-Base (HSAB) concept or coating of
protective layers, which can provide guidance for
synthesizing stable bimetallic MOFs.

Both pristine bimetallic MOFs and their
derivatives can present good electroconductivity,
however, in general, materials under study are still
inadequate in terms of the requirements of practical
industrial application. The good electroconductivity
of electrocatalysts can accelerate the transfer of
electrons, so it is urgent to exploit more conductive
MOFs. Actually, the charge transport in MOFs
depends on the spatial and energetic overlap between
orbitals, which means enhancing the orbital overlap
can effectively enhance the charge transfer ability
within MOFs.230 In addition, researchers are
focusing on several strategies to improve the
electroconductivity of MOFs. The first is the in-situ
growth on the conductive substrates, such as nickel
foam, carbon cloth, and metal mesh. This method
overcomes the limitation of intrinsic poor
electroconductivity and the introduction of binder,
for example, Nafion. The next is to design intrinsic
electronically conductive MOFs, such as modulating
n-n stacking within 3D MOF crystals, introducing
redox-active organic ligands or mixed-valence-state
metal centers, and constructing 2D m-conjugated
MOFs electrons.?3?

with delocalized Lastly,
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designing nanostructured MOF materials with
highly exposed active sites, ultrathin structures, and
the enhanced electroconductivity from abundant
coordinatively unsaturated sites is necessary to
obtain highly active electrocatalysts.

Moreover, bimetallic MOFs are promising
precursors or templates that have been used to
fabricate MOF-derived materials, including carbon
composites, metal compounds and so on. The merits
of MOF derivatives include the following: 1) easily
controlling the distribution of metal ions and doping
and

atoms specific tuning of structures

by
composites. ii) The MOF-derived skeleton with
plenty of micropores and mesopores provides the
transfer pathway for electrons, which is crucially
important for electrocatalytic reactions. However,
the structural collapse and shrinkage of MOFs
during pyrolysis, calcination and other post-
treatment, such as phosphorization and sulfuration
usually result in the sharp decrease of surface area
and pore volume. Therefore, investigating the stable
matrix with resistance of various post-treatment is
urgent, which will significantly improve the mass
transport during OER process. For example, the use
of eutectic salts as hard templates duing the MOF
carbonization can help prevent or reduce the pore
collapse of MOF precursors.

A deeper understanding of the OER mechanism
of bimetallic MOFs still needs to be pursued. For
bimetallic MOF-based

most reported
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electrocatalysts, the active sites are usually prone to
be oxidized or reduced under OER potential. Thus,
the in situ or operando techniques are necessary
means to track dynamic reactions during the
electrocatalytic process. However, usually, most of
the studies applied a single in situ approach, which
may result in a less accurate understanding of
reaction mechanism because each in situ operation
has a specific probing mechanism and application
range. Clearly, the integration of multiple advanced
detection technologies, such as in situ TEM and
XAFS are helpful in providing more information
about morphological evolution and electronic
structure/chemical state of the catalyst, in situ FTIR
and Raman spectroscopy can be used to track the
structural evolution of electrocatalysts during the
water oxidation reaction.

It is necessary to point out that in some cases
the synthesis of MOFs requires expensive organic
ligands. Although the cost of ligands can sometimes
be relatively high, the high cost is mainly due to the
currently low market demand for such ligands, and
the cost can be dramatically reduced if a large scale
application can be developed. The composites of
ligand are mainly C, H, O, N, and other non-
metallic elements, these elements are in general
affordable and readily available. So, with the
popularization and application of MOFs and
maturity of synthesis technology of ligands, the

price of the ligands could be much lower in the near
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future. What’s more, the advantages of MOF-
derived materials make MOFs worth investigating
for the development of new functional
electrocatalytic materials. In addition, continuous
efforts have been made to lower the cost of MOFs
and facilitate their large-scale applications. As for
noble metal, such as Pt, Ir, the resources of these
metals on the earth are scarce and cannot be
regenerated in a short period of time, which leads to
a relatively high cost of precious metals. Although
precious metals are currently the first choice as
industrial catalysts, in the long run, it is still
necessary to develop and explore catalysts that are
abundant in nature with excellent performance and
low cost.

Although many challenges remain, the
continued research efforts on bimetallic MOFs and
their derivatives for the applications in
electrocatalysis and the more profound
understanding of reaction mechanism will provide
an increasing amount of information to guide
researchers to better design MOF-related
electrocatalytic materials that will hopefully lead to

their large scale industry applications.
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