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2D Metal-Organic Frameworks as Competent

Electrocatalysts for Water Splitting

Chao-Peng Wang, Yu-Xuan Lin, Lei Cui, Jian Zhu,* and Xian-He Bu*

Hydrogen, a clean and flexible energy carrier, can be efficiently produced by
electrocatalytic water splitting. To accelerate the sluggish hydrogen evolution
reaction and oxygen evolution reaction kinetics in the splitting process, highly
active electrocatalysts are essential for lowering the energy barriers, thereby
improving the efficiency of overall water splitting. Combining the distinctive
advantages of metal-organic frameworks (MOFs) with the physicochemical
properties of 2D materials such as large surface area, tunable structure,
accessible active sites, and enhanced conductivity, 2D MOFs have attracted
intensive attention in the field of electrocatalysis. Different strategies, such

as improving the conductivities of MOFs, reducing the thicknesses of MOF

water splitting (2H,0 — 2H, + O,) com-
prises two half-reactions: hydrogen evolu-
tion reaction (HER) and oxygen evolution
reaction (OER). Theoretically, the decom-
position voltage of water splitting is
1.23 V. Nevertheless, the actual voltage
is greater than the theoretical voltage of
water dissociation due to the large activa-
tion energy.’l To accelerate the sluggish
HER and OER kinetics, efficient electro-
catalysts are required to reduce kinetic
energy barriers. Currently, the most effi-

nanosheets, and integrating MOFs with conductive particles or substrates,
are developed to promote the catalytic performances of pristine MOFs. This
review summarizes the recent advances of pristine 2D MOF-based electrocat-
alysts for water electrolysis. In particular, their intrinsic electrocatalytic prop-
erties are detailly analyzed to reveal important roles of inherent MOF active
centers, or other in situ generated active phases from MOFs responsible for
the catalytic reactions. Finally, the challenges and development prospects

of pristine 2D MOFs for the future applications in overall water splitting are

discussed.

1. Introduction

The continuous rise of energy demand and the rapid deple-
tion of fossil fuels calls for the search of renewable energy
resources to meet the growing needs.” Among the various
energy alternatives, hydrogen has been considered as a promi-
sing renewable fuel owing to its high gravimetric energy den-
sity and clean combustion product.’l Driven by the abundance
and availability of water resources on the earth, it is sustain-
able to produce hydrogen by water electrolysis. Electrochemical
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cient electrocatalysts toward water split-
ting are precious metal-based catalysts
such as Pt/C for HER and RuO, or IrO,
for OER.I®l Unfortunately, the large-scale
application is hindered by the high price
and scarcity of noble metals. Therefore, it
is urgent to seek highly active and inex-
pensive electrocatalysts.

Metal-organic  frameworks (MOFs)
are an emerging class of porous crystal-
line materials constructed by metal ions
or clusters and organic ligands.”% Due
to their unique merits of large porosities,
diversified structures, and designable compositions, MOFs
have gained extensive attention in various applications, such
as chemical sensors,% gas absorption,™ and energy conver-
sion/storage."1%] From an electrochemical perspective, MOFs
can be perceived as a spatial architecture, where discrete func-
tional units can be designed to lie in close proximity to facilitate
bond breaking/forming reactions.l”! Generally, active sites and
conductivity are considered as the key factors affecting the elec-
trochemical performance of HER and OER catalysts. Despite
abundant intrinsic molecular metal sites, large size and poor
conductivity (107 S cm™) of bulk MOFs restrict the full use
of their distinct advantages and lead to poor electrochemical
performance.'® To improve electrocatalytic activity of MOFs,
they can be used as sacrificial precursors or templates to fab-
ricate various conductive carbides, oxides/hydroxides,?’!
phosphides,?!l chalcogenides,*?l single-atom catalysts!?®l or
pure carbon materials with rich morphologies and sizes.?*%’]
However, the high temperatures calcination inevitably leads to
the loss of intrinsic active sites and long-range orders in MOFs.
Therefore, improving the catalytic properties of pristine MOFs
for highly efficient electrocatalysts is quite appealing.

Compared with bulk MOFs, 2D MOFs emerge as a category
of promising electrocatalysts toward HER or OER due to their
unique characteristics, including enlarged surface areas, rapid
mass transport, and enhanced conductivities (Figure 1).20-%]

(1 of 46) © 2023 Wiley-VCH GmbH
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Figure 1. Modulation strategies and intrinsic active sites of pristine 2D MOF-based catalysts for electrochemical water splitting.

2D MOFs constructed from single or a few layers of atoms,
allowing the formation of lamellar materials with 2D mor-
phologies and high lateral to thickness aspect ratios. Since the
electrocatalytic process occurs on the surface/interface,*®! the
presence of defects or coordinatively unsaturated sites on the
2D MOFs can promote catalytic activity. Moreover, the distinct
periodicity in the surface structures provide an ideal platform
to explore the precise structure—performance relationships
for rational catalyst design at the atomic level.?%] To enhance
the electrocatalytic activity of the original 2D MOFs, various
strategies have been proposed: 1) improving conductivities of
2D MOFs by enabling orbital overlap from building blocks
for efficient electron/hole charge hopping;*¥ 2) reducing the
thicknesses of 2D MOF nanosheets for easily accessible elec-
trochemically active sites;*! 3) compositing 2D MOFs with
other nanomaterials for synergistic enhancements of activity;*2
4) growing 2D MOF arrays on conductive substrates for better
electron and ion transfer.>*l

The 2D MOFs for electrochemical water splitting are cur-
rently at a stage of rapid development. Figure 2 displays the
timeline and main progress of pristine 2D MOF-based elec-
trocatalysts in water electrolysis. In 2014, 2D conductive
cobalt dithiolene MOFs were used as efficient HER electro-
catalysts, showing remarkable stability in an acidic solution.*l
Subsequently, different 2D conductive MOFs based on spe-
cific m-conjugated or redox-active organic ligands have been
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proposed, such as single-layer 2D conductive nickel dithiolene
MOF nanosheets (0.7-0.9 nm).*! Recently, enormous efforts
have been devoted to the design and preparation of intrinsically
insulating yet electrochemically active 2D MOF nanosheets by
reducing the thicknesses to one or several monolayers. Encour-
agingly, ultrathin NiCo bimetal-organic framework nanosheets
(3.1 nm) were first fabricated by Tang’s group, and displayed
remarkable intrinsic OER performance.®® After that, various
strategies, such as regulating metal ions and ligands of MOF
nanosheets, or integrating MOFs with conductive particles or
substrates, have been explored to optimize the catalytic per-
formances of pristine MOFs. For example, Prussian blue ana-
logues nanosheet (5 nm) arrays were employed as outstanding
self-supporting bifunctional electrocatalyst.””] Very recently, Su
and co-workers proposed a single-atom strategy to fabricate
NiRug13-BDC nanosheet arrays with remarkable HER activi-
ties by introducing atomically dispersed Ru.l¥l Recent progress
also investigates the structural stability of 2D MOFs under
the specific conditions of HER and OER, as well as illustrates
the distinct mechanism in the catalytic process of 2D MOFs.
Although a number of reviews related to water-splitting applica-
tions of MOF-based materials have been published,?**! few of
them give a full analysis on the approaches toward active sites
engineering, as well as the corresponding intrinsic catalytic
performance of 2D MOFs. Therefore, a comprehensive review
concerning the design strategies for high-performance 2D

© 2023 Wiley-VCH GmbH
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Figure 2. Timelines and main progress of the pristine 2D MOF-based electrocatalysts for water electrolysis.

MOFs electrocatalysts, specially concentrating on their intrinsic
activity toward water dissociation, is highly demanded.

In this review, we summarize and analyze the recently
reported 2D MOF-based electrocatalysts with high activities
for water electrolysis. The introduction of overall water split-
ting mechanism and electrochemical stability of MOFs will be
introduced in the first part. Then, different synthetic strategies
of directly utilizing 2D MOFs as HER and OER electrocatalysts
are included. Particularly, the intrinsic electrocatalysis proper-
ties are detailly presented to illustrate the roles of active sites in
the catalytic reactions. Finally, we conclude the current states
and provide development prospects of pristine 2D MOFs for
the future applications in overall water splitting.

2. General Mechanism of Water Electrolysis

Electrochemical water splitting comprises cathodic HER and
anodic OER two half reactions, which can be carried out in
acidic or alkaline electrolyte (Figure 3a). The water electrolysis
process is a thermodynamically uphill reaction, which requires
about 2372 kJ mol™ thermodynamics Gibbs free energy corre-
sponding to an equilibrium cell voltage of 1.23 V at 25 °C.H04
Nevertheless, the pH of electrolyte could affect the equilibrium
voltage of cathode and anode. In acidic solution (pH = 0), the
cathode potential for HER (2H* + 2e- — H,) can be 0 V, while
the anode potential for OER (H,0 — 1/20, + 2H* + 2¢7) can
be 1.23 V. According to Nernst equation, =59 mV of reaction
potential can be shifted for each pH unit.*! In alkaline solu-
tion (pH = 14), the cathode potential for HER (2H,0 + 2~ —
H, +20H") can be —0.83 V, while the anode potential for OER
(20H™ — 1/20, + H;0 +2¢7) can be 0.40 V. In practice, the
water-splitting electrolyzers require an input voltage in excess
of 1.23 V due to the high overpotential of HER and OER. The
overpotential is generally considered a kinetic phenomenon
and splits into various contributions such as ohmic voltage loss
or mass-transport limitations during the flow of charge. In the
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context of electrocatalysis, overpotential relates to a kinetic hin-
drance of individual elementary reaction steps because of the
activation barriers.

2.1. Hydrogen Evolution Reaction

Whether in acidic or alkaline electrolyte, it is generally believed
that HER is a two-electron transfer process involving multiple
steps. The mechanisms of HER reaction are listed as follows
(Equations (1)—(6)), and * and H* represent catalytic sites and
the adsorbed hydrogen on the catalyst surface.[*]

In an acidic medium

Volmer :H' +*+e” > H* )
Heyrovsky :H*+H"+e” > H, +* (2)
Tafel:H*+H* >H, +2* (3)

In an alkaline or neutral medium

Volmer :H,0+*+e” - H*+OH" (4)
Heyrovsky :H*+H,0+e” - *+OH +H, )
Tafel:H*+H* > H, +2* (6)

Considering the aforementioned elementary steps, there
are two different reaction processes leading to HER, namely,
the Volmer-Heyrovsky or Volmer—Tafel mechanisms. In both
cases, a proton or water molecule is first adsorbed on catalytic
sites to generate the intermediates of adsorbed hydrogen atoms.
Subsequently, in alkaline or neutral electrolyte, H* would
incline to couple with a water molecule and an electron to pro-
duce H, via Heyrovsky steps in the case of low coverage of H*
on the electrocatalyst surface. When the H* coverage is high,

© 2023 Wiley-VCH GmbH

85UBD 17 SUOWWOD BAeR1D) 3|edl|dde au Aq paueA0B 88 S3[OILe YO ‘88N JO S9N 404 Akeiq1 T 8UIUO /|1 UO (SUORIPUOD-PUR-SLLLBY WD A3 | IMAfe.q)1BU1|UO//SARL) SUORIPUOD PUe SWS L 8U3 89S *[£202/T0/20] U0 ARiqiTaulluo A8 |IM ‘AISRAIUN BYUEN Aq 2v€£02202" |ILS/Z00T OT/I0P/W00" A3 | 1M Afelq 1 puI|UO//SONY WO14 Papeo|uMoQ ‘0 ‘6289ETIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

OOH,,, O,+aH* +aer| 114G

+3H* + 3e”

+H* + e~ AG3
2H,0

AG;

AG, I_l—

Real catalyst
Ideal catalyst

H,0 + O(aq) E,-E%=p<0
oozt o
H,0 + OH(gq)

E,<E%=p<0

L--=1 EE%=p<0

www.small-journal.com

b -2
44

N:
£
(]
< -6
_O
k=)
o
-l

®Nb
-84
: @ Polycrystalline
O (111) surface
-10+4= T T T
-0.6 -0.3 0.0 0.3 0.6

AG (eV)

AG’

AG’

o+

Figure 3. a) Schematic illustration of a water-splitting electrolyzer. b) HER volcano plot between exchange current density and hydrogen adsorption
free energy at U= 0V for various metals. The open circles and filled circles represent experimental (111) single-crystal and polycrystalline surfaces data,
respectively. Reproduced with permission.®3 Copyright 2019, Wiley-VCH. c) Plot of Gibbs free energy of reactive species and intermediates (horizontal
lines) of OER versus the reaction coordinate for ideal (red lines) and actual (blue lines) catalysts. Dashed lines indicate the energetics at the electrode
potential where all the thermochemical barriers disappear. Reproduced with permission.l®% Copyright 2010, Wiley-VCH. d) The volcano plot for OER of
theoretical overpotential against the standard free energy of AGo O*-AGo HO*. Reproduced with permission.l®l Copyright 2011, Wiley-VCH.

two adjacent H* atoms would bind to form H, through Tafel
routes. Analogously, under acidic condition, HER reactions
undergo the similar pathways. HER activities for most catalysts
in nonacidic medium are two orders of magnitude lower than
in acid solutions due to the sluggish Volmer step.*)! According
to the Sabatier principle, the optimal catalytic activity can be
achieved on a catalyst surface with the appropriate binding
strength for reactive intermediates.”® With respect to the
elementary steps of HER, H* appears to be the only reaction
intermediate, whose adsorption strength has long been estab-
lished as the controlling factor.’l The hydrogen adsorption free
energy (AGys) is used to quantitatively describe the interac-
tion strength of H* intermediates with the catalysts surface.’?
Too weak AGy+ would lead to a slow Volmer step (adsorption
process) and restrict the whole reaction rates. Conversely, too
strong AGy» makes Volmer step easy, while limits the subse-
quent Tafel or Heyrovsky steps (desorption process). Thus, reg-
ulating the value of AGyx« for controlling the reaction rates of
HER is essential. As shown in Figure 3b, the AGy values and
the experimentally obtained exchange current densities have a
volcano relationship for some representative metal catalysts >3]
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To achieve an ideal catalytic performance, the optimal AGy«
should be close to zero.>l

2.2. Oxygen Evolution Reaction

Compared with HER mechanisms, OER is more kinetically
sluggish. OER involves the difficult O—H bond cleavage and
O—O0 bond formation steps, which are associated with com-
plex multistep four-electron transfer processes, and these steps
greatly hinder the efficiency of water electrolysis.’>! The well-
accepted mechanisms of OER could be varied depending on
the pH of solutions, as displayed in Equations (7)—(16), where
* stands for the catalytic site on the electrocatalyst surface.>>’]
In an acidic solution

H,0+*—>HO*+H" +e” ()
HO* — O *+H' +e~ ®)
O*+0% -0, +2* ©)

© 2023 Wiley-VCH GmbH
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0%*+H,0>HOO*+H" +e" (10)

HOO* = *+H"'+e +0, (11)

In an alkaline solution

OH +* 5 HO*+e” (12)
HO*+OH — O*+H,0+e (13)
O*+0% — 0, +2%* (14)
O*+0H —HOO*+e (15)
HOO*+OH™ —»*+H,0+e +0, (16)

In an acidic or alkaline solution, an absorbed water molecule
or hydroxyl ion is gradually transformed into the intermediates
of HO*, O*, and HOO* via proton-coupled electron-transfer
steps.’®l It is noted that O* intermediates may experience two
different pathways to generate oxygen.®” One route is through
the direct combination of two O* to form oxygen, and the
other one involves the formation of HOO* species which sub-
sequently transition into oxygen. Regardless of which route,
the overall OER involves the adsorption interactions between
the surfaces of electrocatalysts and the intermediates of HO*,
O*, and HOO¥*. An ideal OER catalyst requires all the four ele-
mental steps with the reaction free energies of the same magni-
tude (Figure 3c), but this ideal situation is almost impossible to
achieve because of the linearly correlated adsorption energies of
these oxygen-containing intermediates.®”) The corresponding
rate-determining step is known as the reaction pathway with
the highest free energy, which determines the catalytic perfor-
mance. To further precisely reflect the nature of the reaction
mechanism, a new descriptor of AG.—AGo« Was proposed by
Rossmeisl and co-workers.[!l The relationship between theoret-
ical overpotential and AG3.~AGYo. was calculated and plotted in
Figure 3d, indicating the OER activity of catalysts also comply
with the Sabatier principle. The adsorption strength of the reac-
tion intermediates to the catalytic sites must not be too strong
(the left side of the volcano) or too weak (the right side of the
volcano) to guarantee a delicate balance between the adsorption
and desorption processes. The binding energy for various inter-
mediates is highly correlated with the electronic and geometric
structure of catalysts surface, which can guide us to effectively
seek and predict effective MOF-based OER catalysts.

3. Factors Affecting the Performance of MOFs for
Water Electrolysis

The performance of water electrolysis is related to many fac-
tors, such as catalyst morphology, surface structure, and inter-
face effect. These factors affect the number of active sites,
coordination environment, and electronic structure of MOF
electrocatalysts.
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MOFs can be classified into 0D (e.g., nanoparticles), 1D (e.g.,
nanowires), 2D (e.g., nanoflakes), and 3D (e.g., nanocubes)
according to their specific geometrical dimensions.*! Although
0D nanostructures provide large surface areas for water split-
ting, they suffer from poor conductivities due to the shortened
depletion width and numerous grain boundaries where holes
and electrons get recombined easily.®” In general, 1D, 2D or
3D nanocatalysts display better catalytic performance than 0D
nanostructures. 1D nanomaterials are usually featured with
homogeneous structural formation and unidirectional flow of
electrons.[®® For example, the OER activities of 1D CoNi-ZIF
nanofibers were superior to the annealed samples, which tend
to destroy the 1D morphology during thermal annealing pro-
cesses.® 2D catalysts possess large surface-to-volume ratio,
hierarchical porosity, and high exposure of active sites, which
are conducive to enhancing catalytic performance.*® ZIF-
67-derived 2D nanosheets displayed high electrochemical active
areas and open channels to release bubble during HER/OER
processes.%] Despite decreased surface areas, 3D nanostruc-
tures can effectively hinder aggregation and offer superior path-
ways for electron transfer.[°!

Since water electrolysis occurs on the surface of catalysts, the
surface state would significantly affect the interaction between
catalyst and reactants/intermediates, which then determines
the catalytic performance. Therefore, the appropriate surface
regulation is pivotal for the design of electrocatalysts. Generally,
materials with smooth surfaces exhibit poor catalytic activity
as compared to rough surfaces due to the exposure of lim-
ited active centers as well as the weak electronic effect.[”] For
instance, Yamauchi and co-workers constructed 2D mesoporous
nanosheets with a high surface area and thermal stability, dis-
playing excellent OER performance.l®! Other than creating
a porous surface, enhancing the length/diameter ratio of 1D
nanostructures and lowering the thickness of 2D nanostruc-
tures are also effective strategies for the improvement of elec-
trochemical activity. In addition, rationally adjusting the surface
valence states of metal center is another effective method to
regulate the electrocatalytic performance. For example, Wang'’s
group demonstrated that various metal valences in MOFs
play a significant role in tuning their intrinsic electronic con-
figuration.®] The low valence (Fe?") state of Fe-MOF-74 exhib-
ited better OER activity due to the improved conductivity and
adsorption ability.

Apart from the structural design and surface regulation,
interface engineering also has been an advanced strategy to
promote the intrinsic catalytic activity and stability of electro-
catalysts.”’l Compared to single phase counterpart, heterostruc-
tures with high-quality interfaces possess higher activity due to
the unique interaction effect between two various components.
The superior electrochemical performance for overall water
splitting can be achieved by fabricating a heterostructure with
one part active for HER and the other for OER. For instance,
Li and co-workers reported that NiFe-metal sulfide (MS)/MOF
could act as a highly efficient bifunctional electrocatalyst for
overall water splitting.”!l The significant improvement in cata-
lytic performance was ascribed to the strong electronic inter-
action, which could effectively boost electron transfer and opti-
mize the adsorption energy of reaction intermediates.

© 2023 Wiley-VCH GmbH
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4, Characteristics of MOFs

MOFs are a class of porous materials formed by interconnected
single-metal nodes (e.g., Zn** in ZIF-8) or polynuclear clusters
(known commonly as secondary building units (SBUs), e.g.,
Zrs04(OH), in UiO-66) with organic ligands.’” Compared to
single-metal nodes, the SBUs are thermodynamically stabilized
via strong bonds, and further impart architectural and mechan-
ical stability. By judiciously assembling suitable metal nodes
and various linkers, MOFs with uniformly distributed active
centers can be tailor-made as matrixes with controlled pore
sizes, morphologies and functionalities. For example, Yaghi
and co-workers illustrated that the pore size of MOFs could be
readily regulated by using elongated organic ligands.”? This
allowed the synthesis of various isoreticular MOFs, in which
the functionalities could be tuned and the pore size could be
varied.

The network connectivity of building blocks largely deter-
mines the topologies and properties of MOFs."¥l For instance,
a Co?* ion can have either four (tetrahedral) or six (octahedral)
coordination number and geometry, which may rely on the
bulkiness of the binding linkers.”®! Furthermore, the coordina-
tion geometry of building blocks is an important parameters
in controlling the dimensionality of MOFs.’®l For 1D struc-
tures, the bonding between the building blocks is spread over
the structure along one direction, thereby leading to the chain
structures. For 2D structures, the building blocks are bonded
along horizontal and vertical directions, which result in a lay-
ered structure. These layers can stack each other via weak inter-
actions, consequently generating a multilayer structure. The 3D
structure can be obtained by engaging the building blocks that
bond in all directions.

Compared with traditional bulk MOFs, 2D MOFs exhibit
considerable merits for overall water splitting due to the spe-
cific features. First, the increased surface area and the rich
accessible unsaturated metal sites can promote the interaction
with the reactive substrates.””l Second, the nanometer thick-
ness enables to shorten diffusion distance and facilitates mass
transfer during electrocatalytic process, thus increasing the
reaction rates.”® Third, bulk MOFs generally suffer from poor
conductivity, which severely hinders their potential application
in electrochemical areas. In comparison, 2D MOF allows for the
formation of vacancies, which act as shallow donors to increase
the carrier concentration in 2D MOF, resulting in enhanced
charge transfer.”! Lastly, some defects may be achieved during
the preparation of 2D MOFs, which are conducive to enhancing
the intrinsic catalytic performance.

5. Electrochemical Stability and Active Centers of
2D MOFs

The variety of organic linkers and metallic building blocks in
MOFs offers tailorable spaces for the design of proper electro-
catalysts. Before we dive into the discussion of electrochemical
properties of MOFs, we will first deliberate the chemical sta-
bility of MOFs, which is a fundamental parameter to reveal
the intrinsic catalytic sites of MOFs with respect to the electro-
chemical reactions. Here, the chemical stability of MOFs has
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been defined as the resistance of MOF structure to the degrada-
tion upon exposures to the operating environment.*’l

The metal-ligand coordination bond strength affects the
chemical stability of MOFs under various test conditions. In
acids, the degradation of MOFs is mainly caused by the com-
petition of protons and metal ions for the ligands. In bases,
the chemical attack of hydroxide ions on the ligands leads
to the decomposition of MOFs. Thus, the direct means to
improve MOF stability is to enhance the robustness of coordi-
nation bonds. Since it is not always easy to quantify the bond
strength, the chemical stability of MOF can be roughly evalu-
ated according to the Pearson’s hard/soft acid/base principle.l!
On the one hand, carboxylate-based ligands can be regarded as
hard bases, which form stable MOFs when they are combined
with high-valency metal ions, such as MIL-53 and MIL-101. On
the other hand, stable MOFs, such as zeolitic imidazole frame-
works (ZIFs), can also be assembled by soft azolate ligands and
soft low valence metal ions. Besides, the high connectivity of
metal nodes and ligands, the hydrophobic properties of MOF
surfaces, and the rigidity of linkers are also the crucial factors
for the construction of robust MOFs.[82] The prominent linkers
for stable MOFs in the literature are usually carboxylate-based,
and these MOFs can directly be used as highly active electrocat-
alysts for HER and OER, such as Fe-, Co-, and Ni-based MOFs
constructed from terephthalic acid (H,BDC) or functionalized
H,BDC organic ligands.B384 Therefore, it is significant to
rationally select metal and ligand species for stable active sites
capable of driving desired electrocatalytic reactions.[®>-%7]

HERs or OERs often occur in severe acidic or basic condi-
tions. Therefore, MOF surfaces are either negatively (HER) or
positively (OER) charged, and can therefore attract ions of the
opposite charges when a voltage bias is applied, which may lead
to the complete or partial destruction of MOF structures.%35
In addition, metal sites would be reduced or oxidized when a
specific potential is reached. Such changes of metal valence
can influence the hardness and coordination conditions of
metal nodes. Thus, the structural integrity and the actual active
sites of MOF electrocatalysts during the reaction are worthy of
consideration to better understand the catalytic mechanism or
develop more effective catalysts. In electrochemical operating
conditions for water splitting, MOFs can maintain the struc-
tural integrity, partially transform into new active phases, or
undergo full degradation.

5.1. Intact MOFs

Some MOFs are highly stable in the water splitting conditions,
and can retain the same crystal structures, components, and
morphologies before and after catalytic reactions. Therefore,
the metal sites in these 2D MOFs are usually regarded as active
centers. Wang and co-workers reported highly efficient and
robust NiRu-MOF nanosheet arrays toward electrochemical
HER based on H,BDC ligands.” After this MOFs nanoarray
being used in 1.0 M KOH electrolyte at =30 mA cm2 for 24 h,
the retention of surface composition and electronic configu-
ration of this NiRu-MOF array were confirmed by scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), high-angle annular dark-field scanning transmission
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electron microscopy (HAADF-STEM), and X-ray photoelectron
spectroscopy (XPS) analysis (Figure 4a—c). The active centers
were confirmed to be Ni and Ru cations.

The ligands of H,BDC and its derivatives with various func-
tional groups (e.g., —OH, —NH,) have been introduced to
create 2D MOFs that are stable in the basic OER conditions.
For instance, 2,5-dihydroxyterephthalic acid (H,dobdc) was
selected to convert 2D bimetallic FeCo oxides into ultrathin
MOF-74 nanosheets (Figure 4d).°!) After stability test for
10 000 s at the overpotential of 300 mV in 0.1 m KOH, its crystal
structure and morphology could be maintained, as revealed by
TEM (Figure 4e) and X-ray diffraction (XRD) (Figure 4f). The

www.small-journal.com

mechanism research clarified that the excellent OER activity
was attributed to the abundant coordinatively unsaturated Fe
and Co sites. Recently, 2-aminoterephthalic acid (NH,-BDC)
was chosen as the organic ligand to construct water-stable
2D NH,-MIL-88B(Fe,Ni) MOF nanosheets, which exhibited
highly efficient performance for overall water splitting with
ultrastability.?? XPS spectra, SEM images, and XRD patterns
(Figure 4g) jointly identified the structural integrity of MOFs
after 30 h continuous operations at high current densities of
500 mA cm™ in 1.0 m KOH. Fe,Ni(u;-O) and M/MOy clusters
in NH,-MIL-88B(Fe,Ni) acted as the main active centers for
OER and HER, respectively.
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Figure 4. a) Survey XPS spectra for pristine and post-HER NiRu-MOF samples. High-resolution XPS spectra of b) Ni 2p and c) Ru 3p for NiRu-MOF
before and after HER operations. a—c) Reproduced with permission.l®” Copyright 2020, American Chemical Society. d) The model of secondary building
units for MOF-74 nanosheets. ) TEM image and f) XRD pattern of FeCo MOF-74 after OER stability test. d—f) Reproduced with permission.°"l Copy-
right 2019, Wiley-VCH. g) XRD patterns of NH,-MIL-88B(Fe,Ni) before and after chronoamperometric test toward water electrolysis at 500 mA cm™2
for 30 h. g) Reproduced with permission.ll Copyright 2018, Wiley-VCH. h) The crystal structure of 2D ZIF-67. h) Reproduced with permission.’l
Copyright 2019, Elsevier.
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ZIFs are another significant subgroup of chemically robust
MOFs, especially in alkaline environment, which can be directly
used as OER electrocatalysts.?] The high affinity of nitrogen
in 2-methylimidazole to the transition metal ions may greatly
promote the interfacial electron transfer.* Li and co-workers
developed a facile route for integrating 2D ZIF-67 (Figure 4h)
nanosheet arrays on the surface of CoNiAl-layered double
hydroxide (LDH) nanoplatelets by an in situ crystallization—dis-
solution—recrystallization mechanism.! The synthesized 3D
hierarchical ZIF-67/CoNiAl-LDH showed highly efficient cata-
Iytic activity toward OER in 1.0 m KOH. SEM characterization
of ZIF-67/CoNiAl-LDH after durability test at 50 mA cm™ dis-
played no conspicuous changes in structures or surface mor-
phologies, confirming the structural stability. Based on the
same ligand, Wang’'s team successfully synthesized ordered
trimetallic ZIF nanosheets (0.6 nm) by one-step hydrothermal
reaction for the first time.’ This ultrathin 2D MOF structure
afforded more active sites and better ion transfer pathway,
while the addition of Fe and Co ions regulated the electronic
configuration of Ni centers. When NiFe,,Coq3-ZIF electrode
was tested at a constant current for 20 h in 1.0 m KOH, the
sheet morphology was well preserved. Furthermore, XRD and
XPS results displayed that the structure or chemical composi-
tion were consistent with the original ones. The exposed unsat-
urated active metal centers were responsible for the enhanced
OER performance.

5.2. Partially Transformed

Other than maintaining intact crystal structure, 2D MOFs may
go through significant changes of physicochemical properties
under harsh operating conditions in water splitting, thereby
leading to the formation of reconstructed surfaces or struc-
tures, which would contribute to the real mechanisms of OER
and HER.”I A thorough analysis of the surfaces or structures
of 2D MOFs in the reaction have revealed the proper structure—
performance relationship. Diverse analytic strategies including
electrochemical methods, microstructure, and spectroscopy
characterizations can be conducted before and after electrocata-
lytic reactions to understand this reconstruction phenomenon,
and identify the actual active species.’l

2D MOFs may be partially converted to other active phases
whereas their overall structure can be retained. For example,
Zhao and co-workers showed that NiO; units inside ultrathin
NiFe-MOF (Figure 5a) nanosheets using 2,6-naphthalenedicar-
boxylic acid dipotassium as organic linkers were partially oxi-
dized into NiO4/NiOOH species during OER, and were partially
reduced to form Ni/NiOy interface during HER.® The dura-
bility of the NiFe-MOF structure after water electrolysis tests at
1.5 Vin 0.1 m KOH for 20 h was further supported using XRD
(Figure 5b) and SEM analysis. Liu and co-workers also found
that NiFc-MOF (Fc: ferrocene) crystalline structure was partially
converted to Fe,0,CO; and Ni(OH),/NiOOH phase after 40 h
OER stability operation in 1.0 m KOH, which was demonstrated
by XRD, XPS, and in situ Raman spectra.'®l Apart from the
postmortem analysis, comprehensive operando measurements
were employed to probe the structural transformation occurring
at the metal nodes of MOF. Tang’s group thoroughly studied the

Small 2023, 2207342

2207342 (8 of 46)

www.small-journal.com

OER catalytic mechanisms of 2D NiCo-MOF-74 (Figure 5¢) in
O,-saturated 1.0 KOH solution."™ As uncovered by HRTEM
and in situ X-ray absorption spectra (XAS), NiCo-MOF-74
underwent a dynamical two-step reconstruction process with
the corresponding metal hydroxide and oxyhydroxide species
generating at relatively low (1.2-1.35 V) and high (1.35-1.5 V)
applied potentials (Figure 5d,e). Despite drastic local structural
changes during OER, NiCo-MOF-74 retained the original crystal
structure (Figure 5f), displaying robustness and reversibility.
The in situ formed Ni0.5C00.500H0.75 with affluent oxygen
vacancies and high metal oxidation states were responsible
for the extraordinary OER performance. These recent studies
indicated that the surfaces of MOFs may be transformed into
new species in electrocatalysis, thereby the analysis of catalytic
mechanism for MOFs should always consider whether such
reconstruction exists during test conditions.

Partial valence transformation of 2D MOFs in the electrocat-
alytic process can also lead to the performance enhancement.
Our group introduced a type of structurally stable 2D FeNi-
MOF (ligand: thiophenedicarboxylate acid) nanobelt arrays
with the tunable Fe/Ni ratios (Figure 5g).19 Interestingly, this
FeNi-MOF exhibited a dynamic self-optimized phenomenon,
while maintained a stable crystal structure during OER for a
long period of time, as verified via XRD, selected area electron
diffraction (SAED), Raman (Figure 5h), and Fourier-transform
infrared (FT-IR) spectra. Systematic postmortem investigations
conjectured that the gradual valence increments of Fe ions in
bimetallic FeNi-MOF triggered the continuous activity improve-
ment before reaching an optimal steady state (Figure 5i). This
FeNi-MOF at stable conditions exhibited superb catalytic per-
formance with a low overpotential of 308 mV at 200 mA cm~2,
a high turnover frequency (TOF) value of 0.261 s! at an over-
potential of 270 mV as well as outstanding long-term durability
with large current tolerance. Theoretical calculations further
revealed that Fe atoms were more active for OER and the trans-
formation of Fe?" to Fe*" could accelerate the proton—electron
transfers.

5.3. Fully Transformed

Different from the reaction mechanism in the abovementioned
research, some pristine MOFs can be completely transformed
into new oxides or (oxy)hydroxides, serving as the veritable
active phases for water electrolysis. The reconstructed species
can inherit the unique characteristics of original MOFs, accom-
panied by abundant vacancies, defects or coordination unsatu-
rated metal sites, which are favorable for reaction processes.

As reported by Dou’s group, 2D Ni-MOF@Fe-MOF (ligand:
H,BDC) (Figure 6a) hybrid nanosheets displayed a dramatic
enhancement of the catalytic activity toward water oxidation,
and the post-OER catalysts were characterized with a series of
techniques.l'3l Despite the morphologies of nanosheets could
still be maintained, the complete transformation of Ni-MOF@
Fe-MOF into Ni-Fe oxides nanoparticles after 50 cycles in
1.0 m KOH were demonstrated by HRTEM, XPS, and Raman
spectroscopy (Figure 6b,c). In situ generated Ni-Fe oxides
were regarded as the real active species of the hybrid catalysts
during OER. Similarly, 2D bimetal MOF-Fe/Co nanosheets
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Figure 5. a) Crystal structure of NiFe-MOF. b) XRD profiles of NiFe-MOF after water electrolysis tests in 0.1 m KOH electrolyte. a,b) Reproduced with
permission.®?l Copyright 2017, Springer Nature. c) Crystal structure of Niy5Coys-MOF-74. d) The change of valence states and OER current for Ni

and Co along with the applied potential. ) The change of bond length and

coordination number for Ni-O and Ni-M. f) The EDS elemental mapping

images of NigsCoos-MOF-74 after OER process. c—f) Reproduced with permission.['! Copyright 2020, Springer Nature. g) Crystal structure of FeNi-
MOF nanobelt. h) XRD patterns and i) high-resolution Fe 2p XPS spectra of FeNi-MOF after different CV cycles. g—i) Reproduced with permission.?2

Copyright 2021, American Chemical Society.

using H,BDC ligands were entirely transformed into CoO and
FeO after 30 cyclic voltammetry (CV) cycles for OER in 1.0 M
KOH.[' Based on the experimental and theoretical results, the
2D morphology and codoping of Fe/Co contributed to the supe-
rior OER performance. As to trimetallic 2D MOFs, the same
reconstitution phenomenon occurs for water oxidation in alka-
line condition. For instance, Zhang and co-workers observed the
disappearance of characteristic structure of NiCoFe-based trime-
tallic MOFs (ligand: H,BDC) (Figure 6d) along with CV cycles in
1.0 M KOH.[%] By means of XRD, XPS, Raman, FT-IR, and X-ray
absorption near edge structure (XANES) spectra (Figure 6e,f),
it was confirmed that the metal hydroxide and oxyhydroxide
evolved from pristine MOF acted as the real active species.

Small 2023, 2207342 2207342

Recently, we designed and synthesized an ultralong quasi-2D
Co-MOF (ligand: thiophenedicarboxylate acid) nanoarray that
achieved superior electrocatalytic activity toward OER in 1.0 m
KOH.['% Combing the pieces of evidence from SEM, HRTEM,
XRD, and UV-vis reflectance spectra, the morphologies and
structures of the Co-MOF after 30 h of OER at 20 mA cm™
were changed. It was revealed that the higher performance was
deciphered to stem from the hierarchical porous structure com-
prising in situ formed CoOOH nanosheets. In addition to these
carboxylate-based ligands mentioned above, Prussian blue ana-
logues (PBAs) linkers have been adopted to build 2D MOFs.
For example, Wu and co-workers synthesized Co—Fe bimetallic
PBA (Figure 6g) nanosheet arrays, which could effectively

(9 of 46) © 2023 Wiley-VCH GmbH
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Figure 6. a) Crystal structure of Ni-MOF@Fe-MOF hybrid. b) HRTEM image and c) Raman spectra of Ni-MOF@Fe-MOF hybrid after OER testing.
a—c) Reproduced with permission.[%%l Copyright 2018, Wiley-VCH. d) Crystal model of NiCoFe-MOF. e) FT-IR spectra and f) XANES of Fe L3,2-edge for
(Ni;C01)0.025F€0.075-MOF after various CV test. d—f) Reproduced with permission.%] Copyright 2019, Wiley-VCH. g) Crystal structure of CoFe-PBA. SAED
patterns of CoFe-PBA nanosheets after long-term stability test for h) OER and i) HER. g—i) Reproduced with permission.l’] Copyright 2020, Elsevier.

catalyze both OER and HER in 1.0 m KOH.) With the help of
XRD, FT-IR, XPS, Raman, TEM, and SAED characterizations
(Figure 6h), it was identified that crystalline CoFe-PBA was
decomposed to amorphous or low crystallinity metal oxyhydrox-
ides during OER cycle for 24 h at 100 mA cm™2. Nevertheless,
SEM images suggested that the nanosheet morphology could
be well inherited after cycling. Similar to the OER case, the in
situ formed Co/Fe hydroxides function as active species for
HER (Figure 6i).

6. Enhancing Intrinsic Electrocatalytic Properties
of 2D MOFs

6.1. Intrinsically Conductive 2D MOFs

The poor charge transport of conventional MOFs, typi-
cally insulating, often restrains their effectiveness as direct
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electrocatalysts for water splitting. Alternatively, intrinsically
conductive 2D MOFs are considered to be the promising elec-
troactive materials to facilitate the charge transport in water
electrolysis. Conductive 2D MOFs usually have narrow band-
gaps to promote effective charge transport.

For electrochemical applications, the linkers for fabricating
conductive 2D MOFs usually have highly planar and conjugated
structures containing orthosubstituted functional groups (e.g.,
OH, —NH,, —SH), while the chelating metal centers are transi-
tion metals (e.g., Fe, Co, Ni) possessing unpaired electrons.'"’]
According to hard—soft acid-base theory, the linkers with harder
atoms such as O atom coordinating to comparatively soft metal
ions generate large energy gaps or trapped valence states that
impede conductivity.'®®l Incorporating softer atoms (e.g., N,
S) result in more covalent binding, which can enhance MOFs
conductivity, and thus promoting charge transfer during elec-
trocatalytic process. In addition, the ligands size can affect the
structural features of conductive MOFs, such as layer distance
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and porous structure, and further influence the inherent cata-
lytic properties.”! For example, Huang et al. showed that the
larger linker endowed the conductive MOF with a favorable
in-plane mesoporous structure for mass transport.'% Besides,
they demonstrated that bidentate metal sites (M1-N,) displayed
higher activity for HER than M-N, linkage. The precise regu-
lation of pore sizes and coordination environment of active
centers affect the catalytic ability of conductive MOFs toward
water splitting. On the other hand, the stability in acidic and
alkaline solutions to avoid framework collapse needs to be con-
sidered when selecting ligands for the synthesis of conductive
2D MOFs.

Various preparation approaches may have a great impact on
the morphology and functionality, and further influence the
catalytic properties of conductive MOFs. For instance, Cu-BHT
thin films were obtained via a liquid-liquid interface reaction,
while Cu-BHT nanocrystals and amorphous Cu-BHT nanopar-
ticles were synthesized through the homogeneous reactions.!!!
Although these three conductive MOFs prepared by different
strategies possessed similar composition and electric conduc-
tivity (10° S cm™), Cu-BHT nanoparticles with small size exhib-
ited the best HER activities due to the large specific surface
area and abundant exposed active sites. Therefore, by selecting
the suitable conjugated organic ligands to reduce the size or
thickness of conductive 2D MOFs can enhance their intrinsic
electrochemical performance. The ligand structures and elec-
trocatalytic HER and OER performance of representative con-
ductive 2D MOFs are summarized in Table 1.

6.1.1. Design and Synthesis Strategies of Conductive 2D MOFs

The conduction mechanisms of intrinsically conductive MOFs
are consistent with those of organic and inorganic semicon-
ductors.M2113] From chemical perspectives, the possible charge
transport in conductive MOFs can be through bonds or through
space. The through-bond conduction relies on the charge trans-
port via continuous coordination or covalent bonds, which are
strongly influenced by the orbital symmetry, and energy level
matching between metal moieties and organic ligands."3l The
through-space conduction depends on the transport of charge
carriers between the donor and acceptor units. For example, 7—7
interactions can provide spatial and orbital overlaps for charge
transport through space.'"”} In conductive 2D MOFs, both metal
centers and organic ligands can serve as the source of charge
carriers.'™ Based on the two conduction mechanisms, there
are generally two strategies for the design of conductive MOFs.
One pathway is to realize efficient charge transfer in MOF via
the continuous coordination/covalent linkages, such as uti-
lizing sulfur or nitrogen atoms coordinating to metal ions.!l
For example, Dinca and co-workers proved the electrical con-
ductivity of Mn,(DSBDC) (DSBDC: 2,5-disulthydrylbenzene-
1,4-dicarboxylic acid) was about one order of magnitude higher
than that of Mn,(DOBDC) (DOBDC: 2,5-dihydroxybenzene-
1,4-dicarboxylic acid), indicating that Mn-S chains were more
effective than Mn-O in terms of charge transfer.'l Another
means for constructing conductive MOF is to take advantage
of the high propensity of planar conjugated organic ligands
to form frameworks containing 7 stacking.'"”! For instance,
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Park et al. fabricated a series of isostructural M,(TTFTB) (M:
Mn, Co, Zn, and Cd) based on tetrathiafulvalene tetrabenzoate
(H,ITFTB) ligand, which contained 77 stacked helical TTF
and displayed high electrical conductivities range from 107
to 107* S cmL.M8 Owing to the unique construction features,
pristine 2D conductive MOFs have been explored directly as
electrocatalysts.[1

At present, several strategies have been developed to con-
struct 2D conductive MOFs by selecting appropriate metal ions
and organic linkers. Hydro/solvothermal reaction and interface-
assisted synthesis are the most commonly employed methods.
Hydro/solvothermal synthesis is a liquid-phase chemical reac-
tion in a sealed pressure vessel with water or other solvents
under certain conditions.’? Controlling the reaction condi-
tions, such as the solvent, temperature, and volume, can adjust
the morphology and crystal structure of conductive MOFs.
Interface-assisted synthetic routes, including liquid-liquid,
liquid-solid, and gas-liquid interfacial approaches.'?!l' Com-
pared with hydro/solvothermal reaction, interface-assisted
method is suitable for constructing single-layer or multilayer
2D MOFs and the thickness can be precisely controlled. In
addition, the ball-milling method?? and electrochemical syn-
thesis!!?%l are also used to prepare conductive 2D MOFs.

6.1.2. Conductive 2D MOFs for HER

High electronic conductivity of metal dithiolene-based coor-
dination frameworks makes them attractive candidates for
electrocatalysis. Marinescu and co-workers successfully syn-
thesized 2D conductive cobalt dithiolene MOFs of Co-BHT
(BHT: benzenehexathiol) (Figure 7a) and Co-THT (THT: tri-
phenylene-2,3,6,7,10,11-hexathiolate) with intrinsic electrocata-
lytic activity for HER.4 In acidic solution (pH = 1.3), Co-BHT
and Co-THT showed low overpotentials of 340 and 530 mV
at 10 mA cm~2 and moderate durability for HER (Figure 7b).
After the reaction, XPS displayed similar Co, Na, and S peaks
with those observed before electrolysis, and inductively couple
plasma mass spectrometry analysis of the resultant electrolysis
solutions revealed no solubilized cobalt. These results indi-
cated that the integration of cobalt dithiolene catalytic units
into MOFs could afford high stability under reductive and
acidic conditions. Overall, this intrinsic electrocatalytic perfor-
mance was ascribed to the stable MOF structure and efficient
cobalt dithiolene active species involving protonation of the
sulfur sites on the dithiolene ligands after the initial reduc-
tion of Co*"/Co?*. In order to improve the HER performance
of 2D MOFs, an ultrathin 2D Ni-THT single-layer nanosheet
with a thickness of 0.7-0.9 nm was prepared by Langmuir—
Blodgett method (Figure 7c).>*) When used as HER electro-
catalysts, these MOF nanosheets exhibited an overpotential of
333 mV at 10 mA cm™2 (Figure 7d), much lower than that in a
previous report where the same organic ligand was used.3 In
addition, these Ni-THT nanosheets can function as HER cata-
lysts over a wide pH range due to the robust coupling of THT
monomers. The enhanced electrocatalytic performance of 2D
Ni-THT nanosheets is attributed to their ultrathin monolayer
feature, which facilitates the exposure of well-positioned active
sites.

© 2023 Wiley-VCH GmbH
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Table 1. Electrocatalytic HER and OER performance of electrically conducting 2D MOFs.

Ligands Catalysts Electrolyte Overpotential [mV]  Tafel slope [mV dec™| Active sites Refs.
HER
SH Co-BHT pH=13 Tho: 340 108 CoS, 34
HS SH Co-THT H,SO, Tho: 530 161
HS SH
SH
Hs_ s Ni-THT 0.5 M H,S0, Tho 333 80.5 NiS; [35]
atas
HS SH
HS s Co-BHT pH=13 Thot 185 88 FeS, [125]
S Ni-BHT H,S0, The: 331 67
Fe-BHT : 19
e e e
HS SH
SH Ni3(Ni;-HAHATN), 0.1 m KOH o 115 45.6 Unsaturated Ni-N, sites [10]
HS SH Nis(HITP), Tho: 176 94.2
HS SH
SH
" Co-THTA 0.5 M H,SO, Tho: 332 87 CoS,N, molecular [126]
o
Ne ) /N]@NHZ
N7 Sn NH,
e
NH,
HaNy - NH2 NiAT pH=13 he: 370 128 Ni complex unit n27
& Hz50,
aten
HoN NH,
OER
HSH NiPc-MOF 1.0 M KOH Nonset: 250 74 NiN, [128]
HSSH
HS SH
N NH2 Cos(HHTP), 0.1 m KOH Tho: 490 83 Co atoms 129]

The versatile metal atoms act as an essential part in chem-
ical properties of MOFs and have been verified to be the active
centers in many catalytic processes. Due to the distinct elec-
tron configurations and d-band centers, various metal ions can
influence the electrochemical behavior of 2D MOFs, which was
confirmed by density functional theory (DFT) calculations.!?4
The effect of different coordinated metal ions of conductive
BHT-based 2D MOFs on HER has been assessed by Marinescu
and co-workers (Figure 8a).”’! As illustrated in Figure 8b,
Co-BHT films with a thickness of 244 nm exhibited the lowest
overpotential of 185 mV at 10 mA cm™ in comparison to that
of Ni-BHT (331 mV) and Fe-BHT (405 mV) in acidic environ-
ment (pH = 1.3). The superior HER activity of Co-BHT was
related to a higher electrochemically accessible surface area
and lower charge transfer resistance compared to Ni-BHT and
Fe-BHT. Recently, Chen and co-workers confirmed that the
high unsaturation degree of metal atoms resulted in a stronger
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ability to donate electrons for enhanced catalytic activity. The
unsaturated metal sites could serve as highly active centers
to improve the performance of traditional conductive MOFs
toward electrocatalysis."% In this work, hexaiminohexaazatri-
naphthalene (HAHATN) was employed as a conjugated ligand
to construct bimetallic sited conductive M2;(M1;- HAHATN),
MOF nanosheets (1.6 nm) with in-plane mesoporous structures
(Figure 8c). Compared with Ni;(HITP), (HITP: hexaiminotri-
phenylene), Ni;(Ni;- HAHATN), contained extra unsaturated
Ni-N, moieties in addition to the same Ni-N, structures, and
they also have high electrical conductivity (2 S cm™) in favor
of rapid electron transfer during electrocatalytic reaction. In
0.1 m KOH solution, linear sweep voltammetry (LSV) curves
displayed that the optimal Ni;(Ni;- HAHATN), has an overpo-
tential of 115 mV at 10 mA cm™2 for HER, much smaller than
that of Ni3(HITP), (176 mV) (Figure 8d). The experimental
results demonstrated that the Ni-N, moieties with higher

© 2023 Wiley-VCH GmbH
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Figure 7. a) Fabrication of Co-BHT and Co-THT via a liquid-liquid interfacial approach. b) LSV of Co-BHT (MOS-1) and Co-THT (MOS-2) in H,SO,
solution (pH = 1.3). a,b) Reproduced with permission.?¥ Copyright 2015, American Chemical Society. c) Synthesis of 2D single-layer nanosheets of
Ni-THT by using the Langmuir-Blodgett method. d) HER polarization plots of 2D Ni-THT MOFs and the blank glassy carbon electrode. Inset: the
corresponding Tafel plot. c,d) Reproduced with permission.l Copyright 2015, Wiley-VCH.

unsaturation degree have better HER activity than that of Ni-N,
linkage. By regulating metal species, various HER activities of
M2;(M1;- HAHATN), (M1:Co or Cu, M2:Ni or Cu) further con-
firmed that the unsaturated M1-N, site served as highly active
center. DFT calculations revealed that Ni-N, moieties have
stronger absorption and bonding capacity for proton, and there-
fore also reflected that the major catalytic active site was unsat-
urated M1-N, moiety rather than M2-N, linkage (Figure 8ef).
After electrochemical test, different characterizations proved
the stability of initial MOF structures. Both experimental and
theoretical results indicated the outstanding intrinsic catalytic
activity of 2D Ni;(Ni;- HAHATN), nanosheets for HER.

Other than inherently metal active sites, organic linkers com-
posed of N, O, and S atom in 2D conductive MOFs also play
an important role for electrocatalytic HER process. Feng and
co-workers compared the HER activity of 2D conductive MOFs
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synthesized from THT, THA (2,3,6,7,10,11-triphenylenehex-
amine) or their mixture ligands (THTA), and different metals
(Figure 9a).1?6l The HER performances of these 2D MOFs with
catalytic active centers of CoS,N,, CoS,, and CoN, were evalu-
ated in N,-saturated 0.5 m H,SO, solution. The optimized 2D
Co-THTA MOF powders (single-layer Co-THTA: 0.87 nm) dem-
onstrated an overpotential of 332 mV at 10 mA cm™2, smaller
than that of THT-Co (495 mV) and THA-Co (382 mV), indi-
cating the order of catalytic activity follows CoS,N, > CoN, >
CoS, (Figure 9b). The definite active sites and the respective
roles of Co, S, and N were uncovered by DFT calculations
(Figure 9¢,d), which suggested that Co—N units were the pref-
erential sites for protonation in comparison with other pos-
sible active sites (N-N, N-S, —Co, Co-S, and S-S), while the
coordination with S improved the hydrogen adsorption ability
of atomic Co, resulting in an enhanced HER catalytic activity

© 2023 Wiley-VCH GmbH
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Figure 8. a) Structure of Co-BHT, Ni-BHT, and Fe-BHT coordination frameworks. b) LSV of HER for Co-BHT, Ni-BHT, and Fe-BHT. a,b) Reproduced with
permission.25 Copyright 2018, American Chemical Society. c) Synthetic diagram of conductive Nis(Ni;-HAHATN), MOFs with optimal HER activity.
d) HER polarization curves of Niz(HITP), and Ni3(Ni;-HAHATN), samples. e) Free-energy profiles toward HER at various electrocatalytic sites. f) PDOS
of Ni atom in Ni-N, and Ni-N, of the optimal Niz(Niz-HAHATN),. c—f) Reproduced with permission."® Copyright 2020, Wiley-VCH.

of CoS,N, than CoN, and CoS,. Nishihara and co-workers
synthesized an active NiN,S, moieties-containing single layer
(0.6 nm) bis(aminothiolato)nickel (NiAT) nanosheets from Ni
ion and 1,3,5-triaminobenzene-2,4,6-trithiol ligand.'?”} NiAT
underwent a reversible interconversion to the electrocon-
ductive Dbis(iminothiolato)nickel (NiIT) nanosheets through
2H*-2e™ reaction, causing large changes in band structures
with a drastic enhancement of electrical conductivity (from
3% 10°to1x 107! S cm™). As a result, NiAT could serve as
an efficient HER electrocatalyst with an operating overpoten-
tial of =370 mV at 10 mA cm™2 and strong durability in acids.
The complete exposure of effective molecular catalytic sites
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and excellent stability are responsible for their outstanding
activity.

6.1.3. Conductive 2D MOFs for OER

In addition to HER, 2D conductive MOFs have been success-
fully designed for OER, which can be realized by selecting
appropriate active metal nodes and linkers. In 2018, Du
and co-workers first prepared a novel large 7-conjugated 2D
conductive nickel phthalocyanine-based MOF (NiPc-MOF)
(Figure 10a) with high electrical conductivity of 0.2 S cm™ via

© 2023 Wiley-VCH GmbH
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Figure 9. a) Synthesis and structure of 2D M-THAT (M: Co or Ni) MOFs. b) HER polarization plots of three types of 2D MOF powders. c) The adsorp-
tion energy of one H and two H radicals bonding to the proposed active sites on the surface of 2D MOFs. d) Free energy diagram of HER at equilibrium
potential for possible active sites in 2D Co-THTA MOFs. a—d) Reproduced with permission.['?¢l Copyright 2017, Wiley-VCH.

a bottom-up approach.l?®l The NiPc motif not only acted as
the connecting unit but also served as an electrocatalytically
active site for catalysis. Under alkaline conditions, NiPc-MOF
films (300 nm) deposited on FTO has an ultralow onset over-
potential (250 mV), high TOF values (2.5 s7), and excellent
catalytic durability for OER (Figure 10b). Control experiments
using organic monomers displayed current onset for OER
at 420 mV, which was much more positive than that of NiPc-
MOF. The superior OER performance of NiPc-MOF resulted
from the unique conductive 7-conjugated 2D MOF structure,
which favored good conductivity and easy accessibility. After
electrochemical measurements, the morphology and struc-
ture of the NiPc-MOF did not exhibit significant difference, as
proved by the comparison of SEM images and Raman spectra.
However, XPS showed that the shift of binding energy after
OER resulted in a minor structural rearrangement, which
was important to produce the key reaction intermediates and
thereafter enhance OER activity. In the same year, Cao and co-
workers also reported a fewer-layer 7-conjugated conductive 2D
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MOF based on 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP)
and Co?' ions (Figure 10¢).' In 0.1 M KOH solution, the
4-layer [Co3(HHTP),], nanosheets (2.85 nm) with the best per-
formance produced ultrahigh mass activity of 64.63 A mg™
under 1.7 V (vs RHE) and demonstrated long-term stability
(Figure 10d). Furthermore, DFT calculation exhibited that the
elementary reaction energy from OH~ to OH* was consistent
with the experimental results, confirming that Co atoms were
the main active sites.

6.2. Ultrathin 2D MOF Nanosheets

Although intrinsically conductive 2D MOFs display out-
standing electrocatalytic performance for HER and OER, their
linker types are usually limited. In recent years, intrinsically
insulating yet electrochemically active 2D MOF nanosheets
have shown improved catalytic performance when their thick-
nesses are reduced to one or several monolayers. In this way,

© 2023 Wiley-VCH GmbH
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Figure 10. a) Chemical structure of NiPc-MOF. b) LSV curves of NiPc-MOF
Copyright 2018, Royal Society of Chemistry. c) Packing model of 7-conjugate
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high-density accessible active sites are exposed. Table 2 shows
a summary of various nonconducting 2D MOF nanosheets
that have been reported as OER and HER electrocatalysts.
The metal sites in these 2D MOF nanosheets usually have
a relatively high oxidation state, and often display signifi-
cant catalytic activities in electrochemical oxidization reac-
tions.3% Additionally, the ultrathin nature of these 2D MOF
nanosheets not only enables the rapid mass transport of
reactants and products, but also allows for the formation of
vacancies, which act as shallow donors to increase the car-
rier concentration in 2D MOF, resulting in enhanced charge
transfer.”>]

The approaches to the fabrication of 2D MOF nanosheets are
mainly classified into two categories, including top-down (e.g.,
exfoliation by sonication) and bottom-up (e.g., direct solvo-
thermal synthesis) methods.'*%132 Top-down methods involve
the exfoliation of bulk layered MOFs by breaking weak inter-
planar interactions, such as van der Waals forces and hydrogen
bonding, into nanosheets. These nanosheets may be aggregated
unless they have suitable mechanical and chemical stability.['33]
In comparison, the bottom-up approaches aim to directly pre-
pare 2D MOF nanosheets from metal ions and organic ligands
under appropriate synthesis conditions, in which the growth
directions of MOF are limited.**13%] In comparison with the
top-down means, the bottom-up methods can form sheet-like
structures from nonlayered MOFs with uniform morphologies
and thicknesses.[”7:136137]

Small 2023, 2207342 2207342

6.2.1. Ultrathin Monometallic MOF Nanosheets for OER

The activities of pristine 2D MOFs nanosheets for water elec-
trolysis mainly originate from their open metal nodes.[3813
The exposure degree and the accessibility of these active sites
affect catalytic efficiency of 2D MOFs.

In recent years, carboxylate-based 2D MOFs are constructed
for electrocatalysis and demonstrate superb intrinsic cata-
Iytic performance. For example, Pang and co-workers synthe-
sized ultrathin 2D Co-MOF nanosheets (=2 nm) via a simple
surfactant-assisted hydrothermal method using a mixed
solution of Co?* and H,BDC.¥ On the surface of Co-MOF
nanosheets, the unsaturated tetragonal pyramidal metal centers
were formed on account of the edge growth constraints. The
ultrathin 2D Co-MOF electrode delivered a low overpotential
of 263 mV at 10 mA cm ™ and a Tafel slope of 74 mV dec in
alkaline electrolyte. Interestingly, the ultrathin 2D Co-MOF
nanosheets structure remained intact after short time (12 000
s) stability test, but completely collapsed to form amorphous
materials after 20 h, indicating the electrocatalytic OER activity
derived from their intrinsic framework structure. The supe-
rior electrocatalytic performance was ascribed to the exposed
unsaturated metal active sites and the partial oxidization of Co!
to a higher valence state. Using the same ligand, Liu’s group
prepared Co-MOF nanosheets with a thickness of about 1 nm
by the top-down strategy. The more preponderant exposed
(110) and (31-1) lattice planes after ultrasound treatment could

(16 of 46) © 2023 Wiley-VCH GmbH
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Table 2. Recent achievements of pristine ultrathin 2D MOFs for OER.
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Ligands Catalysts Electrolyte Overpotential [mV]  Tafel slope (mV dec™) Active sites Refs.
H,N SH Co-MOF 1.0 m KOH Tho: 263 74 Unsaturated Co sites [140]
HS NH,
H,N SH
NiCo-MOF 1.0 M KOH ho: 250 42 Unsaturated Ni and Co centers [36]
NiFe-UMNs 1.0 m KOH Tho: 260 30 Open Ni and Co sites [144]
Ni-Fe-MOF 1.0 m KOH Tho: 221 56 Fe atoms [145]
HE-MOF-RT 1.0 M KOH Tho: 245 54 Mn, Fe, Co, Ni, and Cu ions [149]
CoFe MOFs 1.0 m KOH Tho: 274 46.7 Co and Fe sites [157]
NiFe-MOFs 1.0 M KOH The: 230 86.6 Ni**/* sites [156]
Ni-MOF @Fe-MOF 1.0 M KOH Tho: 265 82 Ni-Fe oxides [103]
MOF-Fe/Co 1.0 m KOH Tho: 238 52 Co-0 and Fe-O species [104]
N e CoNi,-MOF 0.1 m KOH Tho: 240 58 Co sites, hierarchical architecture  [146]
HoN NH,
N/ :N( \N
i N N="
HoN NH,
HoN NH,
HO ~ OH FeCo MOF-74 0.1 m KOH Tho: 298 21.6 Unsaturated Co and Fe atoms o1
o 5L Yo
HO OH
FeCo,Ni-MOF-74 0.1 m KOH Tho: 254 214 Fe, Ni, and Co sites, oxygen [157]
vacancies
Nig sCog s-MOF-74 1.0 m KOH Tho: 198 49 Nig sCog sOOH 75, oxygen [107]
vacancies
HO O Co-ZIF-9 1.0 M KOH Tho: 380 55 N,CoOOH 041
O~ OH
Q Q 2D-Co-NS 0.1 m KOH Tho: 310 N/A Exposed Co sites [154]
HO O OH
o O o
SRR,
HO™ "0 0~ "OH
2D-CoNi 0.2 m PBS m: 344 7 Open Co and Ni sites [155]

provide plentiful active sites and promote ions transport. As
a result, the optimized Co-MOF afforded 10 mA cm~ with a
low overpotential of 309 mV accompanied by small Tafel slope
of 75.71 mV dec’l. SEM and XPS analysis verified that the
nanosheets structure, surface composition, and valence states
of Co-MOF were the same as those of the original sample.
The inherent 2D porous structure and abundant accessible Co
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active centers were responsible for the enhanced electrocatalytic
activities.

Because of the exceptional flexibility in structural/morpho-
logical engineering and composition control, ultrathin ZIFs
also have been explored for water splitting.’®) Fischer and
co-workers obtained 2D Co-ZIF-9 (ligand: benzimidazole)
nanosheets with thicknesses of 2-4 nm by liquid exfoliation of
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the corresponding bulk phase.!*l The 2D nanosheets required
an overpotential of 380 mV to drive 10 mA cm™2, smaller than
that of bulk Co-ZIF-9. The surface species of catalysts during
OER process were probed by operando Raman spectroscopy,
revealing the formation of molecular N,CoOOH under the
influence of the applied potential. However, various oxygen
species coordinated to the Co**/** sites could not significantly
alter the intrinsic and the overall crystallographic features of
Co-ZIF-9. Post-OER characterizations further confirmed that
the structure of catalyst remained intact after electrocatalytic
measurements. Therefore, the exposed high-density active
sites, the regulated electronic properties of Co sites by the coor-
dinated N atoms together with fast mass transport lead to the
exceptionally high OER activity.

6.2.2. Ultrathin Heterometallic MOF Nanosheets for OER

Due to the similar coordination mode between organic ligand
and several metal nodes in the same MOF structure, metal
centers can be readily substituted by various metal ions.!*?
Therefore, it is an effective way to attain heterometallic MOFs
with well-preserved initial topology via the partial replacement
of metal atoms. Compared to monometallic MOF, the control-
lable introduction of multiple metal centers enables the crea-
tion of more active sites and the regulation of the electronic
environment of metal ions, which may result in a decrease of
energy barrier to achieve an enhanced electrocatalytic activity.
Furthermore, the coupling effect between various metal centers
will also significantly improve the inherent catalytic activity. In
particular, the inclusion of Ni-Co, Ni-Fe, and Co-Fe atomic
pairs in heterometallic MOFs have displayed performance com-
parable or superior to that of noble metal catalyst.[“>143]
Sonication synthesis method utilizing a mixed solution of
Ni%*, Co?*, and BDC was proposed by Tang’s group to fabricate
ultrathin NiCo bimetal-organic framework nanosheets (NiCo-
UMOFNS) with a thickness of 3.1 nm.1®l The crystal structure
of NiCo-UMOFNs in Figure 11a showed that each Co or Ni atom
was octahedrally coordinated by six O atoms, and these pseudo-
octahedra were further edge/corner connected with each other
to generate 2D bimetal layers, separated by BDC molecules.
Coordinatively unsaturated metal sites were formed on the
exposed surface of 2D MOF nanosheets due to the partial termi-
nation of BDC ligands, which was further verified by XAS anal-
ysis and DFT calculations. In 1.0 M KOH solution, 2D ultrathin
NiCo-UMOFNs exhibited excellent OER performance with an
overpotential of 250 mV at 10 mA cm~2, much smaller than that
of Ni-UMOFNs (321 mV), Co-UMOEFNs (371 mV), bulk NiCo-
MOFs (317 mV), and commercial RuO, (279 mV) (Figure 11b).
Importantly, post-OER characterizations confirmed the integrity
of structure and morphology after a long-term durability test
(Figure 11c). The theoretical results revealed that the unfilled
e, states of unsaturated metals were much less than those of
fully-coordinated metals and a partial electron was transferred
from Ni* to Co?" through the O atom of ligands (Figure 11d),
both of which were conducive to the improvement of OER elec-
trocatalytic performance. Besides, Ni atoms had fewer unfilled
3d e, states compared with Co, suggesting that Ni sites were
more active in interacting with OER intermediates. Collectively,
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the experimental and theoretical analysis clearly demonstrated
that the coordinatively unsaturated metal atoms were the domi-
nating active centers, and the coupling effect between Ni and
Co could enhance OER activity. Similarly, NiFe bimetal 2D
ultrathin MOF nanosheets (NiFe-UMNs) with a uniform thick-
ness of =10 nm were fabricated, which were isostructural to
NiCo-UMOFNs reported by Tang’s groups (Figure 11e,f). As
used as OER electrocatalysts, NiFe-UMNs possessed a lower
overpotential of 260 mV at 10 mA cm™2 compared to other
comparative materials (Figure 11g). Meanwhile, the Tafel slope
(30 mV dec™!) of NiFe-UMNSs was the lowest for OER reported
to date, further demonstrating the outstanding reaction
kinetics (Figure 11h). The morphology and matrix after dura-
bility test did not show noticeable changes with respect to the
original NiFe-UMNs nanosheets, substantiating the excellent
robustness. XPS spectra indicated that the addition of Fe can
enhance Ni valence, and the higher valence Ni ions could accel-
erate OER process. DFT calculations also proved the bimetal
coupling effect would significantly reduce the energy barrier,
boosting OER activity (Figure 11i). Compared to CoFe-UMNS,
the much higher activity of NiFe-UMNs should be assigned to
the inherent preferable performance of Ni centers. Therefore,
the surface exposed coordinatively unsaturated active metal
sites and the positive synergistic interactions between Ni and
Fe in NiFe-UMNs were responsible for the superior intrinsic
performance.

Bottom-up solvothermal method has been proved as an
effective method for the large-scale synthesis of a series of
ultrathin 2D Ni-M-MOF (M: Fe, Al, Co, Mn, Zn, and Cd. ligand:
H,BDC) nanosheets with a thickness of several atomic layers
(1.67-2.58 nm) (Figure 12a).'’! In the preparation process,
water molecule could limit the growth of coordination poly-
mers by occupying metal coordination sites on the surface of
each layer and acted as a good stripping agent at high tempera-
ture solvothermal reaction to form 2D nanosheets. As shown in
Figure 12b, the edges of Ni-Fe-MOF tend to spontaneously curl
due to their ultrathin nature. The HRTEM and SAED analysis
further identified that the Ni-Fe-MOF nanosheets were highly
crystalline (Figure 12c). The optimized Ni-Fe-MOF nanosheets
exhibited remarkable OER performance with an overpoten-
tial of 221 mV at 10 mA cm™2, far less than that of Ni-MOF
(386 mV) and commercial Ir/C (311 mV). The morphology of
Ni-Fe-MOF nanosheets was retained after 1000 CV cycles. From
a structural point of view, these MOF nanosheets with coordi-
nated H,O and bridging p-OH ligands might directly partici-
pate in the OER and improve the inherent activity. On the basis
of characterization analysis and DFT calculations, it was con-
cluded that there existed a strong interaction between two types
of metal sites, in which Fe atoms acted as the main active sites
for the outstanding catalytic activity.

By controlling the molar ratio of metal ions in solvothermal
synthesis (ligand: hexacarboxylic acid 4,4',4”-benzene-1,3,5-
triyl-hexabenzoic acid), Bu's group constructed the novel
isostructural 2D MOFs with hierarchical nanostructure (CTGU-
10a2-d2) based on the corresponding single crystals (CTGU-
10al-d1) (Figure 12d).®l In particular, these unique bimetallic
MOFs displayed excellent stability in alkaline conditions. At a
Co/Ni molar ratio of 1:2, CTGU-10c2 formed hierarchical nano-
belts constructed from nanosheets (Figure 12e) with a thickness
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Figure 11. a) Crystal structure of NiCo-UMOFNs. b) OER polarization curves of NiCo-UMOFNSs, Ni-UMOFNs, Co-UMOFNs, commercial RuO,, and
bulk NiCo-MOFs performed in 1.0 m KOH solution. c) PXRD patterns of NiCo-UMOFNs before and after OER reaction. d) Schematic representation
of the electronic coupling between Co and Ni in NiCo-UMOFNs. a-d) Reproduced with permission.®l Copyright 2016, Springer Nature. e) Crystal
structure and f) SEM image of NiFe-UMNSs. g) LSV curves toward OER and h) the corresponding Tafel plots of NiFe-UMNs, CoFe-UMNSs, bulk NiFe-
MOFs, commercial RuO; and IrO, in 1.0 m KOH solution. i) Primitive steps and standard free energy diagram of OER process on NiFe-UMNs and
CoFe-UMNSs surfaces. e-i) Reproduced with permission." Copyright 2018, Elsevier.

of =1.03 nm. As exhibited in Figure 12f, CTGU-10c2 possessed
the lowest OER onset potential of 140 mV, distinctly better than
that of other as-prepared materials. Furthermore, a higher TOF
value (0.05378 s7!) of CTGU-10c2 than other hierarchical 2D
MOFs, indicating the superior intrinsic activity. After OER test,
XPS results proved the existence of electron transfer between
Co?" and Ni?* through the oxygen of ligands. According to
DFT calculations, Co atom was still the active center in case of
the CoNi, structure, but the incorporated Ni atom would lead
to distortion, thus improving the catalytic activity of the Co
center. Both experiments and DFT simulation indicated that
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the outstanding OER performance derived from the presence
of unsaturated metal sites, a unique hierarchical architecture
and the bimetal coupling effect.

High entropy materials involves the introduction of five
or more metal elements into single-phase crystal structures,
thereby tuning the adsorption energy of reacting species on
the catalyst surface.*8l Recently, Mu and co-workers intro-
duced the concept of high entropy into MOFs (Figure 13a).1]
They synthesized an ultrathin high entropy MOF (HE-MOF-
RT) with a thickness range of 3.5-4.0 nm from a mixed solu-
tion of five metal species (Mn?*, Fe3*, Co?*, Ni?*, and Cu?*) and
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BDC ligands by a solution phase method under ambient tem-
perature. This solution phase strategy could hold better mass
transfer and homogeneous thermal distribution compared to
solvothermal reaction, thereby producing the 2D nanosheet on
a large scale. In the resulting HE-MOF-RT, five metal elements
were near-equimolar uniformly distribution. HE-MOF-RT
showed the efficient OER performance with an overpotential of
245 mV at 10 mA cm™2, much lower than those of HE-MOF-ST
(293 mV) and commercial RuO, (346 mV) in alkaline systems
(Figure 13b). As shown in Figure 13c-e, the crystal structure
and sheet-like morphology of HE-MOF-RT were completely
maintained after 48 h electrolysis, manifesting the excellently
stability. Despite the electrochemical formation of metal oxides
and (oxy)hydroxides during OER, the chemical environment
of Ni/Co-based active centers barely changed owing to the
remained bonded to six O atoms in NiO/CoO. Compared with
HE-MOE-ST (ST: solvothermal reaction), the higher intrinsic
activity of HE-MOF-RT may originated from the ultrathin struc-
ture, the large surface area and the synergistic effect of five
metal ions.

Ultrathin heterometallic MOF nanosheets can also be syn-
thesized by a template method to attain large specific surface
area and more coordinatively unsaturated metal sites, greatly
improving the electrocatalytic properties.®® For instance, Zhu
and co-workers used the amorphous metal oxide nanosheets
(M-ONS) as sacrifice templates to form MOF-74 nanosheets
(M-MNS) by confined 2,5-dihydroxyterephthalic acid coordi-
nation (Figure 14a).’ As presented in Figure 14b, FeCo-MNS
exhibited an ultrathin nanosheet morphology with the thick-
ness of merely 2.6 nm, which could not be obtained through the
delamination of their bulk counterparts or the traditional solvo-
thermal method. This strategy could avoid the structure damage
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via top-down ultrasonication or active site blockage by alien
compounds during the bottom-up synthesis. The controllable
leaching of metal ions from M-ONS by acidic ligand solutions
leads to the enrichment of metal ions neighboring to M-ONS
surface, further resulting in the confined growth of MOFs
into 2D nanostructure. The successful preparation of BTC
(trimesic acid) MOF nanosheets with the thickness of 1.5 nm
also confirmed the generality of this approach. In 0.1 m KOH
electrolyte, the optimized FeCo-MNS-1.0 has the lowest OER
overpotential of 298 mV at 10 mA cm™ (Figure 14c), outper-
forming the state-of-the-art NiCo-BDC nanosheets. After OER
operation, the similar diffraction peaks and morphology veri-
fied the stable structure, whereas the decreased XRD peak
intensity indicated the partial transformation of FeCo-MNS-1.0
into amorphous species. Compared to bulk MOF-74, the coor-
dination numbers of Co-ligand and Fe-ligand in FeCo-MNS-1.0
decreased to 4.5 and 4.0, indicative of the creation of extra coor-
dinatively unsaturated metal sites (Figure 14d). The EXAFS con-
clusions confirmed that the plentiful coordinatively unsaturated
metal sites of FeCo-MNS-1.0 contributed to its superior OER
activity than FeCo-MB. In addition, DFT calculations verified
that the heteroatom synergy between Co and Fe can success-
fully tune the OH* adsorption energy barrier to an appropriate
value, leading to the enhanced OER performance.

Using the similar synthetic strategy, Li's group devel-
oped ultrathin 2D CoFe MOF (ligand: H,BDC) nanosheet
(4.84-739 nm) derived from 2D LDHs (Figure 14e).U This
ligand-assisted transformation underwent an obvious crystal
dissociation, recrystallization, and irregular growth process. As
displayed in Figure 14f,g, Co, Fe, and O elements were uniform
distribution throughout the obtained 2D MOF nanosheets.
Interestingly, weakly crystallinity 2D CoFe MOFs has an
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overpotential of 274 mV at 10 mA cm™2, lower than that of CoFe
MOFs (300 mV) with better crystallinity and high specific sur-
face. XANES spectra demonstrated that the more unsaturated
metal sites and local structural distortion on weakly crystallinity
2D CoFe MOFs surfaces lead to the accelerated OER process.
After the continuous 70 h measurement, the morphology and
structure of 2D MOF were consistent with the observation
before prereaction. In general, although the coupling effect
between Co and Fe could promote OER activity, the superior
catalytic capability mainly originated from the unique 2D char-
acteristics, which enabled more exposed active sites and facili-
tated electron transfer and ion diffusion.

2D MOF heterometallic nanosheets with high yield and
uniform thickness can also be produced by a wet chemistry
method to eliminate regulators or surfactants. A facile synthetic
approach was provided to construct bimetal MOF-Fe/Co (ligand:
H,BDC) nanosheets (2.2 nm) at a large scale via simple stirring
(Figure 15a).1'%4 During the preparation process, H,0 and TEA
stabilized the edges of 2D MOF layers and prevented 3D aggre-
gation. The MOF-Fe/Co (1:2) delivered a small overpotential of
238 mV at 10 mA cm2, which was much lower than that of
bulk MOF-Fe/Co (427 mV) and 3D MOF-Fe/Co (1:2) (311 mV).
Based on XPS and Raman spectra (Figure 15b), MOF-Fe/Co
completely transformed into Co-O and Fe-O structures in
electrocatalysis immediately and these Co—O and Fe-O spe-
cies exhibited superior stability. Theoretical analysis indicated
that the introduction of Fe atoms could modify the electronic
state of Co centers, which regulated the adsorption energy of
rate-determining step, thereby promoting the OER catalytic
activity. Zhang and co-workers put forward a mild ambient
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temperature solution phase strategy to prepare the hierarchical
NiCoFe-based trimetallic MOFs (ligand: H,BDC) (Figure 15c¢),
which delivered a low OER overpotential of 257 mV to produce
10 mA cm? and a negligible stability attenuation.!'%l To deci-
pher the possible origins of the remarkable OER performance,
the structural, chemical, and electronic evolution processes
of intermediates after various CV cycles were investigated. As
reflected by XRD, FT-IR, XPS, and Raman spectra, MOFs struc-
ture completely disappeared, forming the pure hydroxide and
oxyhydroxide species after 100 CV cycles. Importantly, the com-
positions, electronic structure, and morphology of the interme-
diates after 1000, 2000, and 3000 cycles remained consistent,
indicating that the metal hydroxide and oxyhydroxide evolved
from the pristine MOFs were the real active species.

6.2.3. Defect Engineering of Ultrathin MOF Nanosheets for OER

Most of the pillared-layer type MOFs are stable enough under
various reaction conditions.”?) Unfortunately, in most cases,
the metal centers of MOFs are almost fully occupied by organic
linkers, consequently leading to weak catalytic activity. Defect
engineering has been evidenced as a highly effective approach,
which can result in a missing occupation of linkers at metal
nodes, thus greatly enhancing the catalytic activity of inactive
MOFs.3 Nevertheless, selective breaking of coordination
bonds between the layers to create more unsaturated metal
sites or defect remain to be solved.

Recently, the electrochemically/chemically oxidative strategy
was employed to exfoliate the pillared-layer MOFs by Zhang
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and co-workers (Figure 16a).>¥ They used redox active pillar
ligand to construct 3D pillared-layer MOFs, in which the back-
bone could be oxidized to lower their coordination ability and
subsequently be selectively removed, while the ultrathin 2D
MOF nanosheets layers maintained intact and exposed more
open metal sites as catalytically active centers. In detail, they
first synthesized 3D-Co MOFs by treating the cobalt acetate
tetrahydrate and 2,3-dihydroxy-1,4-benzenedicarboxylic acid
(H4dhbdc) mixed solution at 140 °C. Then, the electrochemical
exfoliation in the process of OER removed the pillar ligands in
3D-Co MOFs and in situ obtained the 2D nanosheets (2D-Co-
NS) with a thickness of 2 nm. Figure 16b—d displayed the corre-
sponding morphology evolution from the 3D-Co to 2D-Co-NS.
This conversion process was also achieved slowly by immersing
3D-Co in an O, saturated electrolyte and ultrasonic treatment.
As shown in Figure 16e, with the generation of 2D-Co-NS

during the electrochemical exfoliation process, the overpotential
of OER at 10 mA cm™ was gradually reduced from the initial
429 mV and finally stabilized at 310 mV. Compared with 3D-Co,
the ultrathin 2D-Co-NS possessed exceptionally high activity
due to their unique defect structure. In addition, the highly
crystalline 3D-Co was transformed to an amorphous phase
rather than CoO, after the stabilization of OER performance.
Similarly, Huang and co-workers proposed a novel method for
the preparation of single layer metal-organic nanosheets from
3D pillared-layer MOFs (ligand: 1,4-benzenedicarboxylic acid
and 1,4-diazabicyclo-[2.2.2]octane)) based on the anisotropy
of coordination bonds (Figure 16f).** They used rectangular
pillared-layer 3D-Zn MOF (Figure 16g) as the precursor in
which the pillars could be completely eliminated by substitu-
tion with terminal capping solvent molecules, thus affording
isostructural layered 2D-Zn MOFs (Figure 16h). Meanwhile, the
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temperature. c¢) Reproduced with permission.['*] Copyright 2019, Wiley-VCH.

synchronously external forces prevented the reaggregation of
the generated layer-like nanosheets, resulting in the single layer
2D-Zn MOF nanosheets (Figure 16i) with ultrathin thicknesses
(=0.9 nm). As demonstrated in Figure 16j, single-layer 2D MOF
nanosheets composed of redox-active metals (Co, Ni) exhibited
superior electrocatalytic OER performance in 0.2 M phosphate
buffered saline (PBS) solution. Notably, 2D-CoNi-single-layer
has the lowest overpotential of 344 mV at 1 mA cm™ owing to
the synergistic effect of active metal sites. After OER, the results
of TEM and Raman spectra indicated that the morphology and
composition remained constant, manifesting good electro-
chemical stability of 2D single-layer MOF nanosheets.

Strain regulation is a powerful approach to alter the inherent
interatomic distance in MOFs, and thus the geometrical and
electronic structure around metal centers could be modified to
optimize the electrocatalytic performance. Yan and co-workers
reported a rational linker scission strategy to induce lattice
strain in 2D NiFe-MOFs by partially replacing BDC linkers
with monocarboxylic acid ligands.'>®! After the introduction
of nonbridging linkers, interlayer spacing was enlarged and
the diffraction peak shifted significantly. The overpotential
of lattice strained NiFe-MOFs with 6% lattice expansion was
reduced to 230 mV from 320 mV for the pristine NiFe-MOFs
at 10 mA cm™2. According to XAS, XPS spectra, and theoret-
ical calculations, Ni**/*" sites were the active centers, and the
improved OER activity was ascribed to the optimized Ni 3d
eg-orbital, thus facilitating the rate-determining step to form
*OOH intermediates. After 20 000 s of operation, the metal
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atom arrangement and the chemical states kept unchanged,
indicating the excellent structural stability of the strained
NiFe-MOFs.

The creation of oxygen vacancies in MOF catalysts is an
efficient strategy to expose more active sites and regulate the
charge density for accelerating catalytic process. Recently,
Mu et al. constructed the ultrathin 2D FeCoNi-MOF (ligand:
2,5-dihydroxyterephthalic acid) nanosheets with 1.5 nm thick-
ness and abundant oxygen vacancies.™ In 0.1 M KOH, the
formed defect-rich FeCo,Ni-MOF-74 displayed a low overpoten-
tial of 254 mV at 10 mA cm~2 and outstanding stability for over
100 h. After a long-term OER test, the shape, atom arrange-
ment, and XRD pattern were well maintained, indicating a
stable structure of MOF-74. The electrochemical results sug-
gested that Fe doping and oxygen vacancies can substantially
improve the electron-transfer efficiency. DFT calculations fur-
ther demonstrated that the coupling effect between Fe, Ni, and
Co, as well as the addition of oxygen vacancies could move
down the Fermi level and reduce the adsorption energy of inter-
mediates, thus facilitating OER kinetics.

7. 2D MOF-Based Composites for Electrocatalytic
Water Splitting

Integrating pristine MOF with other active species or conduc-
tive materials to form composites is regarded as a promising
strategy to enhance their intrinsic electrocatalytic performance.
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Figure 16. a) Illustration of the synthesis of 2D MOF nanosheets by using the electrochemical/chemical exfoliation method. SEM images of b) 3D-Co,
c) 2D-Co, and d) 2D-Co-NS. e) Consecutive LSV of 3D-Co for OER in 0.1 M KOH solution. a—e) Reproduced with permission.[™ Copyright 2018, Wiley-
VCH. f) Schematic of the proposed mechanisms for the transformation of 3D pillared-layer MOFS to ultrathin 2D MOF nanosheets. SEM images of g)
3D-Zn, h) 2D-Zn-few-layer. i) TEM image of the 2D-Zn-single-layer. j) LSV polarization curves of 2D Zn/Co/Ni/CoNi-single-layer and blank CCin 0.2 m
PB electrolyte. f~j) Reproduced with permission.[”%l Copyright 2020, Royal Society of Chemistry.

2D MOF-based hybrid materials not only take advantages
of individual components, but also possess unique syner-
gistic effects to accelerate catalytic processes.>8 According to
the dimension of extrinsic functional materials, the powdery
2D MOF composites can be mainly divided into three types,
including 2D MOF/0D, 2D MOF/1D, and 2D MOF/2D. 0D
materials, such as nanoparticles with small sizes and high sur-
face energy, possess unique merits of stability and chemical
activity.® Combining the superiority of 0D nanomaterials
and 2D MOF can improve the inherent functionality of hybrid
materials. Integration of 2D MOF with 1D conductive mate-
rials, such as carbon nanotubes, to form multiphase compos-
ites, allows for efficient charge transfer across the interfaces
due to the intimate contact, which is conducive to the enhance-
ment of OER/HER activity.'®! 2D materials, such as LDHs
and transition metal carbides and nitrides (MXenes) have been
investigated to build 2D MOF composites, owing to their large
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specific surface areas, electrical conductivity, and confinement
effects. The prominent properties of 2D MOF/2D composites,
such as favorable mass transport and more exposed active
sites, enable them to exhibit remarkable electrocatalytic perfor-
mance.[’® The performance of representative 2D MOF com-
posites for water splitting are summarized in Table 3.

7.1. 2D MOF/0D Composites

Noble metal nanomaterials are generally believed to possess
outstanding catalytic activities for many reactions.!®!l In order
to precisely control over their sizes and shapes, conventional
wet chemistry methods usually rely on the use of surface cap-
ping agents, whose removal requires subsequent heat treat-
ments to expose the active sites of metal nanomaterials.[162163]
Motivated by the unique characteristics of 2D MOFs, it is highly
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Table 3. Electrocatalytic OER and HER performance of 2D MOF-based composites.

Ligand structure Catalysts Electrolyte OER HER Active sites Refs.
Overpotential Tafel slope Overpotential  Tafel slope
[mV] [mV dec™] [mV] [mV dec™]
H Ni-MOF@Pt 0.5 m H,SO, - - Thot 43 30 Pt-O species [166]
N 1.0 M KOH Tho: 102 88
?
N
Pt-NC/Ni-MOF 1.0 m KOH Tho: 292 N/A Tho: 25 421 Ni-O-Pt interfacial [130]
Ag@Co-MOF 1.0 m KOH Tho: 344 N/A - - Co sites [167]
Fe;0,4/Ni-BDC 1.0 m KOH Tho: 295 47.8 - - Fe species [169]
FeNis—Fe;0,/ 1.0 m KOH Tho: 234 37 Tho: 108 96.75 Ni centers, FeNis, and Fe;0, n7
MOF-CNT
Ti;C,T,~CoBDC 0.1 m KOH Tho: 410 43.2 - - Co-based species N179]
GMOF 0.5 M H,S0, - - Thot 530 68 MOF and GO [176]
Co-BDC/MoS, 1.0 m KOH - - The: 248 86 Co sites, 1T-MoS, [184]
Ni-BDC/Ni(OH), 1.0 M KOH Tho: 320 Y - - High valence Ni [186]
NiFe-LDHs/CLs 1.0 m KOH 10.2:364 89 - - High valence Ni species [193]
0} CoFeO,-Co-MOF 1.0 m KOH Tho: 232 32 - - High-valent Co sites [168]
HO
OH
HO
OH O
ZIF-9(lll)/Co LDH 1.0 m KOH Tho: 297 65 - - Co sites [192]
[0} : OH  CoCu-ZIF@GDY 1.0 m KOH Tho: 250 57 ho: 446.5 88 Co and Cu species n70]
HO 0]
N MCCF/ 1.0 m KOH Tho: 280 86 - - Ni centers [172]
[[ ] NiMn-MOFs
N
HO O NiFe-BTC-GNPs 1.0 m KOH ho: 220 51 - - Fe and Ni sites N175]
O~ OH
Fe(OH);@ 1.0 m KOH Tho: 292 44 - - Fe and Ni centers [187]
Co-MOF-74

oy,

z

CNT: carbon nanotube; GDY: graphdiyne; MCCF: multichannel carbon fibers; GO: graphene oxide ZIF: zeolitic imidazolate frameworks; GNPs: graphene-nanoplatelets;
LDH: layered double hydroxide; BTC: 1,3,5-benzenetricarboxylic acid; BDC: 1,4-benzenedicarboxylic acid.

desired to hybridize noble metals and 2D MOFs into hetero-
structures to optimize the coordination environment and elec-
tronic structures for improved electrocatalysts. In addition,
high dispersion of noble metals in MOFs would improve their
utilization efficiency.

Pt is a benchmark electrocatalyst for HER under both acidic
and base conditions. However, Pt has a sluggish kinetic of
water dissociation in alkaline media due to its inherent weak
OH* adsorption ability, thereby leading to relatively poor HER
performance.l'#1%] Recently, Sun’s group reported an efficient
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in situ reduction strategy to boost HER activity by constructing
noble metal/2D MOF heterostructures (Figure 17a).%¢) The
abundant O atoms on the surface of Ni-MOF (ligand: H,BDC)
provide uniformly distributed anchoring sites. As exhibited in
Figure 17b, Pt nanoparticles with a diameter of 3 nm are evenly
embedded on the surface of Ni-MOF nanosheets via in situ
reduction of chloroplatinic acid in ethanol. According to XPS
and XAFS characterizations, the coordination environment of
Pt was regulated by neighboring O atoms, sequentially opti-
mizing hydrogen adsorption energy. When Ni-MOF@Pt hybrid
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Figure 17. a) Schematic illustration of 2D MOF@Pt heterostructure for HER. b) TEM image of 2D MOF@Pt hybrid. Polarization curves of Ni-MOF@
Pt, Ni-MOF-Pt, Ni-MOF nanosheets, Pt nanoparticles, and commercial 10% Pt/C for HER c) in 0.5 m H,SO,, and d) in 1.0 m KOH. a—d) Reproduced
with permission.'®®l Copyright 2019, American Chemical Society. €) TEM image of Pt-NC/Ni-MOF. The OH* adsorption and charge-difference on
f) the individual Ni-MOF structure, and g) the Ni-MOF side of the heterostructure structure. h) H* adsorption energy, and i) OH* adsorption energy
comparison of Ni-MOF and Pt-NC/Ni-MOF. j) Mass activity of the as-prepared materials for HER in 1.0 m KOH. k) LSV curves of Pt-NC/Ni-MOF,
Ni-MOF, and Pt-NC toward OER in 1.0 M KOH. Inset: a local enlargement of OER curve. e—k) Reproduced with permission.['*% Copyright 2019, Elsevier.

materials were directly used as HER electrocatalyst in 0.5 M
H,SO,, they showed a low overpotential of 43 mV to drive a
current density of 10 mA cm™2 (Figure 17c). More importantly,
Ni-MOF@Pt also possessed high catalytic activity in 1.0 v KOH,
with an overpotential of 102 mV at 10 mA cm™ (Figure 17d),
which was superior to that of commercial Pt/C (172 mV). The
significantly enhanced performance was mainly attributed to
the optimized electronic configuration of Pt atoms through the
Pt/MOF interfaces. Meanwhile, the affluent Pt—O bonding, the
improved electron density and mobility at the interfaces, and
the maximal exposure of active sites also contributed to the
improvement of HER activity.

Qiao and co-workers used a mechanical mixing strategy
to incorporate Pt nanocrystals (Pt-NC) in Ni-MOFs (Pt-NC/
Ni-MOF) (ligand: H,BDC), which simultaneously accelerated
HER and OER.BY After hybridization, Pt-NCs were homo-
geneously dispersed on the surface of Ni-MOF nanosheets

Small 2023, 2207342

2207342 (26 of 46)

(4.3 nm) (Figure 17e). Theoretical calculations predicted that
both H* and OH* adsorption strength could be regulated due
to the charge relocation on the newly formed Ni—O—Pt bonds
(Figure 17f,g). As shown in Figure 17h,i, H* adsorption energy
on the Pt side of the heterostructure was slightly weaker than
that for Pt-NC, while the adsorption interaction of OH* inter-
mediates on the alternative Ni-MOF side at the interface was
strengthened compared to standalone Ni-MOF, which was con-
ducive to the thermodynamics of HER and OER. The forma-
tion of a unique interface could promote electron transfer from
Ni to Pt through Ni—O—Pt bonds, resulting in the increased
electron density for Pt and a higher oxidation state for Ni spe-
cies. The underpotential deposition of hydrogen of Pt-NC/
Ni-MOF indicated weaker H* interaction with Pt-NC/Ni-MOF
than Pt-NC, which agreed well with DFT calculations. Mean-
while, the measurement of OH* adsorption using CO striping
suggested a stronger OH* adsorption for Pt-NC/Ni-MOF over
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Pt-NC. Therefore, weaker H* adsorption to Pt-NC/Ni-MOF
heterostructure promoted hydrogen generation, while stronger
OH* adsorption accelerated water dissociation. Notably, Pt-NC/
Ni-MOF delivered a significantly mass activity of 792 mA pg™
Pt at an overpotential of 70 mV (Figure 17j). In addition to the
high HER activity, the hybrid also exhibited superior OER per-
formance with an overpotential of 292 mV at 10 mA cm™, less
than that of Ni-MOF without Pt-NC (360 mV) (Figure 17k). The
rational combination of noble metals and 2D MOFs can opti-
mize H* and OH* adsorption for accelerated electrocatalysis.

Nobel metals of Ag have also been composited with 2D
MOFs for better catalytic performance. Ag quantum dots
(QDs) embedded in the ultrathin 2D Co-MOF (ligand: H,BDC)
nanosheets with a thickness of 0.72 nm were realized through
in situ reduction of Ag* ions under ultraviolet radiation.'*’l As
suggested by XPS, XAS, and DFT investigations, electrons were
transferred from Co sites of MOF to Ag atoms. The modifica-
tion of Ag QDs mediated the redox potentials of Co sites, thus
decreasing the OER overpotential. Ag@Co-MOF exhibited a
high TOF of 5.4 s™! at an overpotential of 0.35 V, which was =77
times higher than that of Co-MOF (0.07 s7%). Based on Pourbaix
analysis, the decorated Ag QDs would regulate the coupling
process between Co sites and OH™ ions, which may be respon-
sible for the enhanced OER performance. The postmortem
investigations indicated that Ag@Co-MOF was converted to
hexagonal structured Co(OH),, while the strong Ag—Co bonds
were maintained throughout the OER process.

Apart from precious metals, other ultrafine oxide nanopar-
ticles have also been embedded in 2D MOFs to attain highly
active interfaces. For instance, CoFeO, nanoparticles were dis-
persed on the surface of monolayered Co-MOF (ligand: benzi-
midazole) nanosheets (M-PCBN) through hydrothermal reac-
tions to tune the electronic configuration of the interfacial Co
catalytic sites, thereby prominently enhancing electrocatalytic
OER performance.l'®l TEM and PXRD analysis demonstrated
that the ultrafine nanoparticles were embedded in the lattice of
the monolayered CoN,-based MOF nanosheets (=1 nm). XAS
confirmed that the metal oxide nanoparticles included both Fe
and Co elements, which were expressed as CoFeO, containing
saturated FeOy center, unsaturated FeOs/CoOs5 edge and inter-
facial CoO,N,. It was worth noting that Co atoms connected
metal oxide and MOF matrix to form CoFeO,/MOF hetero-
structures through Co—O bonds with the metal oxide and
Co—N bonds with the MOF matrix. DFT calculations verified
that Co atoms in CoN,O, substructure had a higher valence
state than the pristine Co in CoN, due to the existence of inter-
faces, as well as the optimal adsorption energy for intermedi-
ates, thus facilitating the entire OER pathway. However, Fe
moieties of the metal oxide were inactive to OER and pristine
CoN, sites had poor catalytic activity. In 1.0 m KOH, M-PCBN
exhibited a low overpotential of 232 mV at 10 mA cm™2, better
than that of other as-prepared samples. After 1000 CV cycles,
the initial morphology and crystal structure were maintained,
indicating the excellent stability under electrochemical test con-
dition. Co and Fe valence states in M-PCBN kept unchanged
after the reaction, further manifesting the good stability. Com-
bining theoretical and experimental results, the high valence Co
active sites and the modified 3d electronic configurations of the
interfacial metal oxide, along with ultrathin MOF nanosheets
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with fast reaction kinetics, resulted in the enhanced electrocata-
lytic activities. Recently, the similar study have been reported
by Melhave’s group.'®! They immobilized functionalized ultr-
asmall Fe;O0, nanoparticles homogeneously on 2D Ni-based
MOF nanosheets (Ni-BDC) with thicknesses of 5 £ 1 nm by
the sonication process to improve the catalytic robustness and
modulate the electronic structure. The optimal Fe;04/Ni-BDC
achieved the best OER performance with an overpotential of
295 mV at 10 mA cm~2, a Tafel slope of 478 mV dec’, and
excellent durability. DFT calculations identified that the active
sites were mainly contributed by Fe species with a higher oxida-
tion state.

7.2. 2D MOF/1D Composites

To improve the catalytic ability of 2D MOFs, numerous MOF/
carbon-based functional materials have been successfully
assembled. 2D MOFs are well dispersed in the composites with
enhanced electrical conductivity and stability. For instance,
Fang’s group reported a hierarchical 2D/1D nanostructure com-
prising ultrathin CoCu-ZIF nanosheets with a thickness of 2 nm
and graphdiyne nanowires (CoCu-ZIF@GDY) (Figure 18a).7%
These hybrids inherited the merits of high conductivity and
large number of exposed active sites, thus the reaction kinetics
were improved. The composites delivered a low overpotential
of 290 mV at 10 mA cm~ with long-term stability for water
splitting (Figure 18D). After the water electrolysis, the chemical
structures of CoCu-ZIF@GDY were well retained with some
pores or cracks appearing on the surface. Therefore, the intrin-
sically superior activity, the porous structure and the synergistic
interaction between Co and Cu species endowed the composite
with outstanding electrocatalytic performance.

Lately, Yang and co-workers uniformly loaded FeNi;—Fe;0,
heterogeneous nanoparticles onto MOF (ligand: H,BDC)
nanosheets and carbon nanotubes matrices (FeNiz—Fe;0,/
MOF-CNT) via a simple hydrothermal reaction.”! The hetero-
geneous interfaces would regulate the electronic properties
and avoid the aggregation of active sites. In addition, Fe;O
rich CNT support could transfer electrons to metallic FeNi; to
improve stability. The obtained FeNi;—Fe;O,/MOF-CNT dis-
played superior performance in overall water splitting with an
overpotential of 360 mV to reach 10 mA cm™, far surpassing
counterparts without CNT matrix. After 20 h of durability test,
FeNi;—Fe;0,/MOF-CNT showed an almost similar nanosheet
morphology to that before the electrolysis, signifying the robust
structure. The remarkable HER activity was ascribed to the
decoration of FeNi; and Fe;0, heterogeneous particles on the
CNT network. During OER process, Ni centers were consid-
ered as the active species, and the presence of Fe;O, particles
altered the electronic states of Ni metal, thereby making it more
electrophilic to attract intermediates. In the same year, Lou’s
group synthesized hierarchical NiMn-MOF (ligand: 2,6-naph-
thalenedicarboxylic acid) nanosheets on multichannel carbon
fiber (MCCF/NiMn-MOFs) through a simple hydrothermal
and subsequent ligand exchange approach (Figure 18¢).72 As
can be seen from Figure 18d-f, NiMn-MOF nanosheets with a
thickness of 40 nm densely stand on the surface of MCCF. The
highly conductive MCCF support and NiMn-MOF nanosheets
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Figure 18. a) Fabrication Process of CoCu-ZIF@GDY for overall water splitting. b) Polarization curves of CoCu-ZIF, GDY, and CoCu-ZIF@GDY as
both the cathode and the anode in two-electrode electrolyzers. a,b) Reproduced with permission.[7% Copyright 2020, Elsevier. c) Schematic diagram of
the preparation of MCCF/NiMnMOFs. d,e) SEM and f) TEM images of MCCF/NiMn-MOFs. g) Polarization curves of MCCF/NiMn-MOFs and other

contrast catalysts. c-g) Reproduced with permission.[72 Copyright 2020,

ensured fast charge transport and robust stability. Meanwhile,
the strong interaction between Ni and Mn nodes was iden-
tified by XAFS and XPS characterizations. As presented in
Figure 18g, MCCF/NiMn-MOFs exhibited a low overpotential
of 280 mV at 10 mA cm~2 for OER, much superior to MCCF/
Ni-MOFs (430 mV), NiMn-MOFs + MCCF (320 mV), and RuO,
(410 mV). According to DFT calculations, Ni centers served as
the real active sites and the synergetic effect of neighboring Ni
and Mn atoms could promote the thermodynamic generation
of key *O and *OOH intermediates during OER reaction.

7.3. 2D MOF/2D Composites

Combining 2D MOF with various 2D components, such as
graphene oxide (GO), LDH, and MXene, is anticipated to accel-
erate the electrocatalytic activities.'?] The formation of het-
erostructures through interface engineering can provide the
enhanced density of active centers and promote charge transfer.
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Wiley-VCH.

Graphene is a nanosheet composed of hexagonal carbon
atomic rings with good flexibility and ultrahigh intrinsic car-
rier mobility, and has been widely exploited in the realm of
energy conversion and storage.#7 Particularly, their sat-
isfactory tolerance to harsh environment and adjustable
surface physicochemical properties has by far ignited the
interest to construct MOF/GO composites as high efficient
electrocatalyst. As an example, Sun and co-workers devel-
oped an epitaxial growth strategy to grow an insulating 2D
Cug(CsH,0.)6(H,0)s - H3[P(W;3050),] MOF (ligand: H,BDC) on
the surface of pristine GO surface (Figure 19a).7% The epitaxial
grown 2D single-crystal MOF possessed highly oriented and
large aspect ratios (=1500). Importantly, this epitaxial method
could also be applied to other 2D substrates. The strong elec-
trical coupling between MOF and GO resulted in significantly
enhanced HER catalytic activity with a low overpotential of
0.53 V at 30 mA cm™2. After a 4 h endurance test, the MOF
maintained the initial crystalline characteristics. This electro-
chemical performance enhancement arose from the integrated
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Templated growth

ZIF-9(1) ZIF-9(m)/Co LDH

Figure 19. a) Epitaxial growth of pristine-graphene-templated MOF (GMOF). a) Reproduced with permission.[7l Copyright 2019, American Chemical
Society. b) Schematic of the synthesis process for Co-BDC/MoS, composite. b) Reproduced with permission.3 Copyright 2019, Wiley-VCH. c) The
fabrication routes of ZIF-9(111)/Co LDH and used as OER catalysts. c) Reproduced with permission.['*2l Copyright 2021, Elsevier.

MOF-based architecture, rather than the molecular fragments.
In 2020, NiFe bimetallic MOFs on the support of graphene-
nanoplatelets (NiFe-BTC-GNPs) were prepared by Kim’s
group.”’l NiFe-BTC-GNPs displayed excellent OER activity
with a low overpotential of 220 mV at 10 mA cm™ and a high
TOF of 1.22 st in 1.0 m KOH. Besides, it also possessed supe-
rior intrinsic activity and durability. The high electrical con-
ductivity of GNPs and the favorable interfaces facilitated fast
electron transfer and gas bubble dissipation, thus leading to
the improved performance. The structural characterizations
after stability test confirmed the integrity of structure and mor-
phology. DFT calculations further indicated the theoretical over-
potential of NiFe-BTC was 239 mV at Fe site, which was lower
than that of Ni site.

MXenes are an emerging group of 2D materials with high
electrical conductivity (6000-8000 S cm™), surface hydrophi-
licity, and good stability.””! Due to the low work function and
electronegative surface, MXenes can serve as conductive sup-
ports to tune the electrophilicity of catalytic site in multicom-
ponent electrocatalyst.”®l In the work reported by Huang and
co-workers, in situ hybridized 2D CoBDC MOF with Ti;C,T,
nanosheets via an interdiffusion reaction-assisted process.””]
Through this approach, CoBDC could be seamlessly coated
on the surfaces of Ti;C,T, nanosheets. The composite showed
superior OER catalytic activity with a potential of 1.64 V at
10 mA cm™ in 0.1 v KOH. Importantly, Ti;C,T,—CoBDC cata-
lyst also demonstrated more favorable reaction kinetics, which
was verified by the smaller Tafel slope (48.2 mV dec™!) compared
with CoBDC (48.8 mV dec™!) and Ti;C,T, (1871 mV dec™!). This
phenomenon was attributed to the synergistic coupling effects,
allowing for the fast charge and ion transfer. The 2D porous
CoBDC with large specific surface area provided active species,
as well as the hydrophilic Ti;C,T, prevents the aggregation of
CoBDC layers and promoted the contact between the electrolyte
and the catalyst surface.
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Except for conductive materials, some electrocatalytically
active materials, such as metal sulfides and transition metal
hydroxide, are widely used to fabricate MOF-based compos-
ites.80181 The synergistic interaction between the additional
species and 2D MOF may lead to further enhancement of
catalytic properties. The poor HER performances of MoS, in
basic environment stem from the improper hydroxyl adsorp-
tion.®2] Introducing water dissociation promoters is regarded
as an efficient approach to accelerate the alkaline HER pro-
cess of MoS,.'®3 For instance, Qiao and co-workers designed
a novel 2D Co-BDC/MoS, hybrid nanocomposite by a facile
sonication-assisted solution method (Figure 19b), which was
used as efficient HER electrocatalyst.’® The introduction of
Co-BDC induced the partial transformation of MoS, from the
semiconducting 2H phase to the metallic 1T phase. 1T-MoS,
could activate the inert basal plane to offer more reaction sites,
thereby significantly increasing HER efficiency. Importantly,
the constructed Co-BDC/MoS, interface was vital for alkaline
HER, whereby Co-BDC could facilitate the sluggish water dis-
sociation, and the modified MoS, acted as catalytic centers for
the generation and desorption of H,. Co-BDC/MoS, delivered
an overpotential of 248 mV at 10 mA cm?, lower than those
of Co-BDC (529 mV) and MoS, (349 mV). The Tafel slope of
Co-BDC and MoS, was 111 and 109 mV dec”!, while that of
Co-BDC/MoS, was decreased to 86 mV dec. After the cycling
test, nanosheet morphology and XRD pattern of Co-BDC/MoS,
were well maintained, substantiating the stable structure.

Transition metal hydroxides have abundant octahedral MOg
structure and high stability, which are in favor of water oxida-
tion.'®% Qiao’s group synthesized a 2D Ni-BDC/Ni(OH), hybrid
system, restricting the aggregation of MOF nanosheets.!'8¢ Of
note, the strong interfacial effect between Ni atom in Ni(OH),
and neighboring BDC?~ in Ni-BDC could reduce the electron
density around the Ni atom, resulting in the formation of Ni
cations with higher oxidation states. In addition, the distinct
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nanosheet possessed more coordinatively unsaturated metal
atoms and rapid mass transport ability, which greatly contrib-
uted to increase the intrinsic OER activity. Specifically, the cur-
rent density of Ni-BDC/Ni(OH), at 1.6 V is 82.5 mA cm~2, much
higher than those of Ni-BDC (5.5 times), Ni(OH), (20.6 times),
and Ir/C (3.0 times). The morphology of hybrid nanosheet was
not destroyed after endurance test, demonstrating the excellent
stability. The strategy of this work can be readily adapted for
the preparation of other 2D MOF-based hybrid catalysts. Luo
and co-workers reported a stable Fe(OH);@Co-MOF-74 (ligand:
2,5-dihydroxyterephthalic acid) heterostructure fabricated by
fast “phenol-Fe” MOF surface reaction.'®”] The introduction of
Fe(OH); nanosheet on Co-MOF-74 surface regulated the elec-
tronic state of Co center, and thus generating strong electronic
interaction between Co and Fe, which was beneficial to speed
up the OER reaction. The mass activity (7894.4 A g™!) and TOF
value (1.209 s7!) of Fe(OH);@Co-MOF-74 were more than 25
times higher than those of Co-MOF-74. The chronoampero-
metric curves measured at the constant overpotential of 331 mV
displayed 9.2% current density loss during 20 h, indicating the
ameliorated stability after the decoration of Fe(OH);. SEM,
XRD, and XPS characterizations indicated that the morphology,
crystalline phase, and valence state remained unchanged after a
long-term test.

Layered double-metal hydroxides (LDHs) possess a flex-
ible brucite-like layered structure, tunable compositions, and
advanced physicochemical properties, which have also attracted
intensive interest in the realms of electrocatalysis.['®® Notably,
the reciprocal transformation between MOF and LDH is
regarded as a feasible method to fabricate MOF/hydroxide or
oxyhydroxide hybrid materials. The formation of heterostruc-
tures can create a highly active surface/interface between two
different phases, thereby regulating the chemical environment
around the metal centers. The 3d electronic structure adjust-
ment of metal atom can optimize the intermediate energy and
enhance the intrinsic electrochemical activity.'®#*11 Therefore,
the precisely controlled semitransformation between MOF
and LDH is critical for the construction of MOF/LDH com-
posites. In this regard, Cai and co-workers proposed a control-
lable phase transition approach to fabricate 2D ZIF-9(III)/Co
LDH (ligand: benzimidazole) nanocomposites (Figure 19c).l%2]
During the chemical transformation process, the volume ratio
of water/ethanol played an imperative role in controlling the
components of the final products. Beneficial from the rich redox
reaction sites, the improved structure stability, and reaction
kinetics, ZIF-9(I11I)/Co LDH-15 nanosheet (3.4 nm) displayed
high efficiency OER performance with a low overpotential of
297 mV at 10 mA cm2, a low Tafel slope (65 mV dec™!), and
superior electrochemical stability. The contribution of the inter-
face in composite was also explained by DFT calculations, the
rate-limiting step free energy of ZIF-9 (III)/Co LDH (2.19 eV)
was obviously lower than that of ZIF-9(III) (3.3 eV) and Co
LDH (2.56 eV). After OER test, ZIF-9(III)/Co LDH-15 partly
maintained the framework structure. Recently, Li's group elu-
cidated the extraordinary role of surface-adsorbed H,BDC
carboxylate ligands (CLs) on LDHs/MOFs by measuring the
OER catalytic performance of LDH with and without CLs.['%3]
Compared with NiFe-LDHs (423 mV), NiFe-LDHs/CLs show
a smaller overpotential of 364 mV at 0.2 mA cm™. Similarly,
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other various bimetallic LDHs also exhibited obvious improve-
ment of catalytic activity and reaction kinetics after adding CLs
to the alkaline electrolyte. DFT calculations revealed that the
enhanced electrocatalytic performance originated from the elec-
tron redistribution at the interface of LDH/CLs, thereby opti-
mizing the binding strength of intermediates. The results of
XPS and XAS further validated that the local coordinated CLs
could regulate the electronic configuration and facilitate the for-
mation of partially distorted structure.

In recent years, as another typical porous materials, covalent-
organic frameworks (COFs) have been arousing increasing
attention due to the unique 7-conjugation structures and out-
standing functionalities.™ Combining various types of MOFs
and COFs can efficiently unify the advantages of each compo-
nent, affording the generated MOF/COF heterostructures wide
applications in diverse fields.® Therefore, 2D MOF/COF
hybrids with favorable structure and high active site density dis-
play great potential applications when employed as electrocata-
lysts in the fields of water splitting.

8. Self-Supported 2D MOF for Electrocatalytic
Water Splitting

Although remarkable accomplishment has been achieved in the
water electrolysis using powdery 2D MOFs, the usage of poly-
meric binders in the working electrodes not only impedes the
charge transfer and blocks active sites, but also brings up the
problem of the catalyst easily being peeled off from the sub-
strate during long-term or large current density test.'”! Instead
of using binders, 2D MOF can be directly grown on conduc-
tive substrates, such as metal (Ni, NiFe, Cu) foams, metal (Ti/
Cu) foils, and carbon fiber cloth or paper. Compared with the
conventional powdered electrode, the rational design of self-sup-
ported electrode is able to enhance HER and OER performance
based on the following advantages. i) The seamless catalyst-sub-
strate interfacial contact promotes the rapid charge transport
and prevents the catalyst delamination."”] ii) Nanoarray archi-
tectures are beneficial to the exposure of active sites and the
improvement of atom utilization efficiency.®®! iii) MOF/support
composites with complex hierarchical structures can expedite
the release of accumulated gas bubbles and enhance the catalytic
performance and durability for practical high current density
electrolysis.® The summary of recent 2D MOF/support elec-
trocatalysts from the aspects of different organic ligands, electro-
catalytic performance, and active sites are listed in Table 4.

So far, the controlled growth of MOFs on different substrate
surfaces, especially chemically inert surfaces, remains a chal-
lenge because there are limited number of nucleation sites.[2°
During the synthesis, surface defects, selected organic func-
tional groups or metal layers on the surfaces provide accessible
sites to allow the nucleation and conformal growth of MOFs. In
a previous work, we have systematically investigated the growth
of MOF nanoarrays on various substrates, such as Ni foam, Si
or glass slides.'% It was found that the growth of MOF nanoar-
rays was successful on Ni foam, but not on Si or glass slides.
When the Si or glass surface was modified with —COOH or
—NH), functional groups using silane chemistry, MOF growth
did not occur either. When a thermally evaporated metal (e.g.,
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Table 4. Summary of 2D MOF nanoarrays for OER and HER.

Ligand structure Catalysts Substrates Electrolyte Overpotential ~ Tafel slope Active sites Refs.
[mV] [mV dec™]
OER
H NiFe-MOF NF 0.1 M KOH T00: 210 68 Ni* species [206]
N
W
N
I MIL-53(Co-Fe) NF 1.0 M KOH Thoo: 262 69 Fe cations [207]
=z N
MIL-53(FeNi) NF 1.0 m KOH Mso: 233 31.3 Fe and Ni centers, exposed carboxylate group [208]
FeCoNi-MOF NF 1.0 m KOH Thoo: 225 29.5 Unsaturated Fe, Co, and Ni sites [209]
Co/Ni(BDC),TED CcF 1.0 M KOH Nso: 287 76.24 Co and Ni atoms [210]
CoNi-MOF CoNi alloy foam 1.0 m KOH o: 215 51.6 Initial: CoOs and NiOs units after OER: [212]
oxyhydroxide with oxygen vacancy
NiCo-BDC NF 1.0 m KOH Tho: 230 61 (Oxy)hydroxide [213]
FeNi-BDC NF 1.0 M KOH Nso: 243 69.8 (Oxy)hydroxide [214]
MIL-53(NiFe) NiFe alloy foam 1.0 M KOH The: 227 38.9 Oxides or (oxy)hydroxides [215]
NiFe-MOF NF 1.0 M KOH The: 200 513 Fe and Ni(OH), species [216]
CoBDC-Fc NF 1.0 m KOH Tho: 178 51 Unsaturated Co?* centers [218]
NiFeCP NF 1.0 m KOH Tho: 188 29 High valence Fe and Ni, uncoordinated [219]
carboxylate group
NiCoFe-MOF GP 1.0 M KOH Tho: 257 413 Metal hydroxide and oxyhydroxide [105]
Ce-NiBDC oG 1.0 m KOH Tho: 265 46 Ce-NiOOH [220]
Q FeNi-MOF NF 1.0 m KOH Ms0: 239 52.4 Fe and Ni sites [102]
OH
Neen
e}
Co-MOF NF 1.0 M KOH The: 270 75 CoOOH [106]
)OK%;/(‘L ZIF-67/CoNiAl-LDH NF 1.0 m KOH Tho: 303 88 Ni** and Co®* active interfaces [95]
HO' OH
o OH
NiFeCo-ZIF NF 1.0 m KOH Thoo: 216 23.25 Ni centers [96]
9 o NiFc-MOF NF 1.0 M KOH Tho: 195 44 Ni sites [100]
HO'
o
HER
Q NiRu-MOF NF 1.0 M KOH Thoo: 156 90 Ni and Ru atoms [90]
OH
Neeg
o
NiRug13-BDC NF 1.0 m KOH Tho: 34 32 Ni and Ru sites [38]
1.0 m PBS ho: 36 32
Water splitting
HO (@] NH,-MIL-88B (Fe,Ni) NF 1.0 M KOH OER: 19: 240 58.8 Unsaturated Fe and Ni centers; [92]
HER: 130: 87 35.2 M/MOq clusters and —NH, groups
O~ OH
MFN-MOFs NF 1.0 m KOH OER: 750: 235 55.4 Fe and Ni atoms; [222]
HER: m30: 79 30.1 Fe and Ni atoms, —NH, groups
o NiCo-9AC-AD NF TOMKOH  OER: 10 350 513 Co and Ni sites [223]
o]
HO)KESH HER: 7710 143 37.1
7" “oH
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Ligand structure Catalysts Substrates Electrolyte Overpotential ~ Tafel slope Active sites Refs.
[mV] [mV dec™]
H D-Ni-MOF Ni foil 1.0 m KOH OER: my0: 219 48.2 O vacancies and high valence Ni [224]
N HER: 70: 101 50.9
W
N
NiFe-MS/MOF NF 1.0 m KOH OER: 150: 230 32 Oxyhydroxides; metal hydroxide 71
HER: 7750: 156 82
Hooc/@ NiFe-MOF NF 01MKOH  OER: ;: 240 34 NiOg/NiOOH; Ni/NiOg interface [99]
Fo HER: myo: 134 N/A
& CooH
HO O CoFe-PBA NF 1.0 m KOH OER: 159: 256 54 Metal (oxy)hydroxides; Co/Fe hydroxides [37]
HER: 71o: 48 66
o} OH

NF: Ni foam; MIL: Materials Institute Lavoisier; CF: Cu foam; OG: graphite foil; GP: graphite paper.

Ni, Co, Ag) layers were deposited on Si or glass slides, MOFs
could finally grow on their surfaces. These observations suggest
that weak interaction is present between MOFs and bare sur-
faces of Si or glass slides, while the deposited metal layers pro-
vide accessible sites to nucleate and grow MOFs due to strong
coordination interactions. Therefore, suitable coating on the
desired substrates with enriched nucleation sites are beneficial
for the uniform growth of MOFs and the enhancement of the
binding forces between MOFs and substrates, which affect the
mechanical stability of MOF nanoarrays.

The general method for constructing self-supported MOF
materials consists of directly growing on the substrates or on
an additional seeding layer on the substrates.'%! Direct in situ
growth of MOFs on conductive carrier is a simple yet efficient
approach. The organic linkers or metal ions have strong interac-
tions with the substrate surfaces, which template the growth of
firmly rooted MOFs. In this case, the surface coatings derived
from native substrates act as the natural seeding layer for MOF
attachment. Alternatively, foreign seeding layer is employed to
mediate the oriented growth if the native substrate has poor
interaction with MOFs. For instance, transition metal oxides/
hydroxides, alkylthiols or polyaniline coatings have promoted
the growth of the respective MOF arrays with appropriate pre-
cursors—surfaces interactions.201-203]

The most commonly used organic ligands in recently
reported 2D MOF arrays for electrocatalysis are carboxylate
ligands.'®) From the morphological and structural point of
view, carboxyl functional group possesses flexible coordination
modes and strong coordination ability to form metal carboxy-
late clusters or bridged linkages, which can increase the sta-
bility and rigidity of MOF skeleton.® In addition, carboxylate-
coordinated metal atoms display the favorable electronic con-
figurations toward electrocatalytic reaction, including abundant
unsaturated metal centers, oxidized octahedral MOy structure,
as well as the enhanced hydrophilicity and the accessibility of
hydroxyl ions due to the exposed carboxyl groups.2%4

Small 2023, 2207342 2207342

8.1. Self-Supported 2D MOFs for HER

It is important yet challenging to design and prepare effective
MOF electrocatalysts toward HER. Noble metal ions substitu-
tion can regulate the electronic structure of the active sites in a
certain MOF and optimize the adsorption free energy for reac-
tion intermediates. Recently, NiRu-based binary MOF (ligand:
H,BDC) nanosheets (10 nm) were constructed on NF by direct
Ru cation doping strategy.’” Ni-MOF retained the pristine
morphology and crystal structure after the incorporation of
the low content Ru, while the electron transport ability and
water stability were improved. The NiRu-MOF/NF with a Ru/
Ni molar ratio of 6/94 required a low overpotential of 51 mV
at =10 mA cm™2, which was lower than those of Ni-MOF/NF
(246 mV) and NF (434 mV). Additionally, NiRu-MOF/NF com-
posite was highly stable in 1.0 M KOH solution, as revealed by
SEM, TEM, and XPS results. The authors attributed the effi-
cient HER performance to the modified electronic interaction
between Ni and Ru atoms, the increased active surface areas,
the proper hydrophilic and aerophobic properties.

Due to the conspicuous activity and the maximum atom uti-
lization rates, single-atom catalyst has intrigued new interests
in electrocatalysis.[?®! Su and co-workers reported a single-atom
approach to alter HER performance of MOF via introducing
atomically dispersed Ru atoms (Figure 20a).%% Through ion-
exchange strategy, Ru single-atom replaced part of Ni atoms in
Ni-BDC nanosheet array growing on Ni foam. A series of MOF
materials with various Ru loading were obtained by changing
the amount of Ru*" ions. The optimal NiRu, ;5-BDC displayed
prominent HER activity in all pH, especially with the small
overpotential of 36 and 34 mV at 10 mA cm2 in 1.0 m PBS and
KOH solution, respectively (Figure 20b,c). The crystal struc-
ture and chemical environment showed limited changes after
the continuous 10 h operation, manifesting the good stability
of NiRu,3-BDC. XPS, EXAFS, and XANES characterizations
confirmed the strong electron interaction between Ni and Ru

(32 of 46) © 2023 Wiley-VCH GmbH
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Figure 20. a) Schematic illustration for the synthesis of NiRug;3-BDC arrays. LSV curves toward HER of various catalysts in b) 1.0 m PBS and ¢) 1.0 m
KOH. d) Simulated DOS of Ni atom in Ni-BDC and NiRug;3-BDC. €) The calculated adsorption free energy of H* on Ni-BDC and NiRug13-BDC.

a-e) Reproduced with permission.l8 Copyright 2021, Springer Nature.

atoms. Furthermore, DFT calculations were conducted to clarify
the inherent relationship between the electronic configuration
and the improved performance of NiRug3-BDC. As shown in
Figure 20d,e, the introduced Ru single-atom could optimize the
electronic structure and d-band center of metal sites, resulting
in the appropriate adsorption strength for H,0 and H”, thus
contributing to the improved activity.

8.2. Self-Supported 2D MOFs for OER

Because of the large surface area, high electrical conductivity,
and mechanical strength, metal foam has been widely applied
microporous support for the growth of MOF arrays.®!32 2D
MOF/substrate composites could be prepared via a one-pot
hydrothermal/solvothermal process, during which the metal
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ions and organic linkers self assemble on the surface of metal
skeleton. For example, Liu and co-workers fabricated NiFe-
MOF (ligand: 2,6-naphthalenedicarboxylate acid) nanosheets
(=20 nm) arrays on Ni foam (NF) through a hydrothermal
method and then introduced the lattice strain in the nanosheets
by ultraviolet-light treatment.?%! After ultraviolet irradiation
for various times, the lattice fringe spacing of NiFe-MOF was
enlarged, while the nanosheet morphology was well retained
(Figure 21a). Lattice-strained NiFe-MOFs showed great mass
activity (2000A g, ... ")) at an overpotential of 0.30V for OER,
which was two orders of magnitude higher than that of pris-
tine NiFe-MOF. The operando synchrotron radiation Fourier
transform infrared spectroscopy and XAS techniques demon-
strated that the lattice-strained MOF underwent an ideal 4e~
pathway during OER process compared to the pristine MOF
and the generated high-valence Ni*" species adsorbing the
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Figure 21. a) HRTEM (top) and SEM (bottom) images of NiFe-MOF after various ultraviolet-treatment times. b) OER catalytic mechanisms for the
lattice-strained NiFe-MOFs. a,b) Reproduced with permission.2% Copyright 2019, Springer Nature. c) The formation procedure of MIL-53(FeNi)/NF by
a solvothermal method. c) Reproduced with permission.[2% Copyright 2018, Wiley-VCH. d) Illustration of the preparation for M,-(BDC),TED nanosheet
arrays on Cu foam by liquid-phase epitaxial approach. ) XRD and f) IR of Co/Ni(BDC),TED@CF before and after OER testing. d—f) Reproduced with

permission.2'% Copyright 2019, Royal Society of Chemistry.

key superoxide *OOH intermediate was the actual active sites
(Figure 21b). The postelectrolysis structural characterization
results confirmed the integrity of lattice-strained NiFe-MOF
crystal structure and morphology. This work provided a direct
evidence for the key reaction intermediates and catalytic sites
of NiFe-MOF during OER process. Zeng and co-workers also
prepared MIL-53(Co-Fe) (ligand: H,BDC) nanosheet arrays on
NF through a facile solvothermal process.?”) MIL-53(Co-Fe)/
NF displayed remarkable OER activity with the ultralow overpo-
tential of 262 mV to afford a current density of 100 mA cm™.
The morphology and chemical state were unchanged after elec-
trochemical test, indicating the exceptional stability of MIL-53
(Co—Fe)/NF. The authors proposed that Fe cations were active
sites and Co cations assisted the formation of OER active sites
in bimetal Co-Fe MOFs.

Apart from serving as the only supporting materials, NF
can also function as a self-sacrificing template to provide metal
ions in MOF growth process. Lin and co-workers reported the
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preparation of NiFe-based MOF (ligand: H,BDC) nanosheets
(32 nm) on NF (MIL-53(FeNi)/NF) via a one-step solvothermal
route (Figure 21c).?%! During this procedure, the released Ni**
ions from NF together with the exogenously added Fe?* coor-
dinate with H,BDC ligands. The as-prepared MIL-53(FeNi)/
NF displayed superior OER performance compared with MIL-
53(Ni)/NF. The enhanced OER activity was relevant to the
introduction of Fe ions into MIL-53(Ni), which increased the
reaction sites and accelerated electron transport capability.
Besides, the authors suggested that the exposed carboxylate
groups were beneficial to improve the hydrophilicity and avail-
ability of OH™. According to DFT simulations, MIL-53(FeNi)
was more favorable to adsorb foreign atom and increase 3d
orbital electron density, thereby boosting intrinsic activity.
Importantly, XRD, XPS, and SEM after OER measurement
indicated that the MOFs are not transformed into other phases.
Recently, Lu’s group proposed a maximized-entropy concept to
synthesize trimetallic MOF on the skeleton surfaces of NF.[2%]
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FeCoNi-MOF/NF (ligand: H,BDC) with an equimolar metal
component possessed maximum synergistic effect toward OER,
exhibiting remarkable catalytic activity with an ultralow overpo-
tential of 196 mV at 10 mA cm™2, as well as excellent stability at
the industrially relevant large current density of 1000 mA cm™2.
It was noteworthy that the crystalline structure and the thin
nanoslab shape were well-maintained after OER test. Further-
more, the maximized-entropy approach was verified through in
situ Raman spectroscopy and DFT calculations. The superior
intrinsic activities are ascribed to the uniformly dispersed metal
centers, rich coordinatively unsaturated sites, and the close con-
tact between MOF and NF.

Other than Ni foam, Cu foam has also been used as the
platform for the growth of MOF nanoarrays by liquid-phase
epitaxial layer-by-layer strategy. In the work reported by Zhang
and co-workers, bimetallic MOF nanosheet (3—4 nm) arrays
with preferential [001] orientation were mounted on Cu foam
(Figure 21d).2'% The OER performance of surface-mounted MOF
nanosheet arrays could be optimized by adjusting the prepara-
tion cycles and metallic content. Especially, Co/Ni(BDC),TED@
CF (TED: triethylenediamine) after 40 cycles with an equal ratio
of Co/Ni exhibited the highest OER catalytic activity, possessing
a small overpotential of 287 mV at 50 mA cm™ and long-term
stability. Almost unchanged XRD pattern (Figure 21e) and FT-IR
spectra (Figure 21f) further indicated the high stability of MOF
arrays. However, a few (oxy)hydroxides may be formed on MOF
surface, which acted as a protective layer for the interior Co/
Ni(BDC),TED during long-term measurement. The theoretical
computation results demonstrated that Ni sites were much
easier to activate at the start of OER, while Co centers were
more favorable to the electron transfer and the desorption pro-
cess. Experiments combined with DFT simulations revealed
that the high activity is attributed to the bimetallic synergistic
effect and abundant metal nodes.

Despite the array structure of 2D MOFs can improve the
electrochemical stability, the applied voltage bias and testing
environment (e.g., pH, electrolyte ions) may also induce the
partial topological changes of MOFs in terms of roughness,
porosity, or components.?!l The partial structural reconstruc-
tion is accompanied with the regulation of intrinsic electro-
catalytic properties of MOFs, such as adsorption, activation,
and desorption of intermediates, which in turn reflect the
corresponding HER or OER performance.®® In 2019, Dong’s
group developed a universal self-dissociation-assembly strategy
to prepare ultrathin bimetal CoNi-MOF nanosheet (8.2 nm)
arrays on CoNi alloy foam.??) During the hydrothermal reac-
tion, CoNi alloy foam was tardily oxidized and dissociated into
Co?" and Ni?* ions, which simultaneously coordinated and
assembled with BDC. Each Co/Ni atom was octahedrally coor-
dinated by six O atoms, coming from carboxylate linkers and
hydroxyls. CogNi;-MOF possessed an extremely low overpoten-
tial of 215 mV at 10 mA cm™2, and maintained more than 300 h
of continuous OER operation. With the assistance of multiple
spectroscopic technologies and DFT calculations, the structural
evolution of CogNi;-MOF during OER process was revealed.
These characteristics demonstrated that the coordinatively
unsaturated CoO5 and NiOs units together with the synergistic
effect endowed CooNi;-MOF with superior inherent activity at
the initial stage of electrochemical OER, while Ni atoms were
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more active sites (Figure 22a). After long-term cycling, the par-
tially dissolved linkers and the potential oxidation resulted in
the formation of ultrafine oxyhydroxide with oxygen vacancy,
which uniformly separated and confined by the amorphous
MOF nanosheets (Figure 22b,c).

Another successful strategy of constructing NiCo-MOF
arrays was to utilize NiCo LDH array as sacrifice template to
supply metal ions in the subsequent MOF growth.?"3] This gen-
eral method was suitable to other MOFs with various organic
linkers and metal ions on different substrates. The ultrathin
NiCo-BDC nanosheets (5 nm) array displayed an excellent OER
performance with an overpotential of only 230 mV to reach
10 mA cm™ in 1.0 m KOH. Ex situ XRD characterizations of
durability test demonstrated that the peaks assigned to MOF
gradually decreased within 2 h, and NiOOH broad peaks were
formed after 12 h. Following the same method, Yao’s group
synthesized highly oriented FeNi-BDC nanoarray by adjusting
metal centers (Figure 22d).2* The optimal Fey;-Ni-MOF/NF
could be maintained its remarkable activity for at least 20 h at
150 mA cm™2, as well as possessed high TOF values of 0.018
and 0.086 O, s! at overpotentials of 250 and 300 mV. SEM
images indicated that the morphology still retained after OER
test, whereas nearly no obvious diffraction peaks were observed
in XRD pattern. Furthermore, XPS results verified that the real
active species were the amorphous (oxy)hydroxide transformed
from crystalline FeNi-MOF.

Zhu and co-workers used NiFe alloy foam as a semisacrifi-
cial template to realize the control over the thickness and archi-
tecture of MIL-53(NiFe) nanocomposite array at the molecular
level.2] The ultrathin Ni-rich MOF nanosheets (1.56 nm)
were decorated by ultrasmall Fe-rich MOF clusters (2-5 nm)
(Figure 22e). XPS and Mdssbauer spectrum measurements
unraveled that the partial electron transfer from Ni** to Fe*
leaded to the modification of the local electronic configuration
of Ni sites (Figure 22f), which accelerated the reaction pro-
cess. The self-supporting electrode showed the impressive OER
activity with the overpotentials of 227 and 253 mV to achieve 10
and 100 mA cm~2 (Figure 22g). When coupled with a Pt mesh,
it only required 1.537 V to obtain 10 mA cm™ for water elec-
trolysis. SEM and HRTEM images displayed no prominent
change in morphology after stable operation, while probably
in situ generating oxides or (oxy)hydroxides as the actual active
species, verified by XRD and XPS characterizations. The unique
nanostructure and the synergistic effect between Ni and Fe
centers should also be responsible for the excellent catalytic per-
formance. Similarly, NiFe-MOF nanoplates (200-300 nm) were
fabricated on NF with iron carbonate hydroxide nanosheets
(FeCH NSs) as a template.?!l In this way, the porous FeCH NSs
not only served as the iron source, but also slowed down the
leaching of Ni ions from NF, thus regulating the shape of NiFe-
MOF with reduced thickness and sizes. Based on SEM measure-
ments, the pristine MOF morphology was essentially preserved
after long-term electrolysis. Raman and TEM results of activated
NiFe-MOF at 1.45 V for 5 min jointly pointed to the generated
Ni(OH), may be as the real active species for OER. Besides, the
strong coupling interaction between Fe and Ni(OH), confirmed
by XPS also contributed to the high OER activity.

Ligand engineering has been demonstrated as effective
method for improving the performance of self-supported 2D
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Figure 22. a) Atomic structures of coordinatively unsaturated and saturated Co or Ni sites in CoNi-MOF. b) The FT-EXAFS spectra of Ni K-edge
recorded during the advance of CV cycles. ) HRTEM image of CoNi-MOF after OER stability test. a—c) Reproduced with permission.?'? Copyright
2020, Elsevier. d) The fabrication process of Fey;-Ni-MOF arrays on 3D nickel foam. (d) Reproduced with permission.?"l Copyright 2019, Royal Society
of Chemistry. e) SEM image of NiFe-NFF. f) ¥Fe Mé&ssbauer spectra of NiFe-NFF. g) OER polarization curves of the as-prepared electrocatalysts.

e—g) Reproduced with permission.?¥ Copyright 2018, Wiley-VCH.

MOFs. Ferrocene (Fc) possesses excellent chemical stability as
well as outstanding redox properties due to the aromaticity of
two cyclopentadienyl rings.?”] Recently, Liu and co-workers
synthesized 2D MOF nanosheets with an average thickness
of 30 nm on NF using Fc dicarboxylic acids as organic linkers
(Figure 23a).1% Electrochemical measurements and DFT calcu-
lations indicated that the Fc unit served as an efficient electron
transfer mediator, thereby leading to a conductor-like electronic
structure of NiFc-MOF. The NiFc-MOF/NF exhibited an over-
potential of 195 mV at 10 mA cm™? and OER durability up to
40 h without obvious morphological changes (Figure 23b). After
stability operation, partial NiFc-MOF crystalline structure was
converted to Fe,0,CO; and Ni(OH),/NiOOH phase, which was
confirmed by XRD, XPS, and in situ Raman spectroscopy. Com-
bining with DFT results, authors considered that Ni sites were
involved in the reaction and the introduction of Fc improved Ni
centers catalytic ability. In addition, introducing nonbridging
linkers into MOF can optimize the intrinsic activity through
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modifying the electronic configuration of metal nodes. As an
example, Li's group reported a missing-linker strategy to tune
the coordination environment of CoOBDC MOF to enhance OER
properties.?!® As illustrated in Figure 23c, nonbridging linkers
of Fc were introduced into CoBDC to partially substitute multico-
ordinating BDC ligands, thus generating a more conductive elec-
tronic structure. After incorporating missing linkers, CoBDC-Fc
exhibited the same diffraction patterns and nanosheet shapes
as CoBDC. As can be seen in Figure 23d, CoBDC-Fc-NF only
required a low overpotential of 178 mV to reach 10 mA cm™, far
surpassing that of pristine CoBDC-NF (252 mV) and commer-
cial RuO, (235 mV). Theoretical results further demonstrated
that the introduced defect site optimized the adsorption capa-
bility for OER intermediates, validating the experimental data.
XRD and XPS evidenced that a small amount of amorphous
CoOOH was observed after 10 h stability test, while MOFs were
the primary component. The unsaturated Co?* centers generated
by missing linkers acted as the main active sites.
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Figure 23. a) Synthetic process of NiFc-MOF nanosheet arrays on Ni foam. b) Chronopotentiometry curves of NiFc-MOF/NF at 10 mA cm™2in 1.0 M
KOH. Inset: SEM image of NiFc-MOF/NF after 40 h of continuous test. a,b) Reproduced with permission.% Copyright 2021, Wiley-VCH. c) Framework
structure and bandgap before and after missing linkers introduction in MOFs. d) Comparison of OER polarization curves for CoBDC-NF, CoBDC-Fc-NF,
and RuO,-NF toward OER. c,d) Reproduced with permission.2'8l Copyright 2019, Springer Nature. e) Schematic illustration of the synthesis procedure
of NiFeCP/NF. e) Reproduced with permission.[?') Copyright 2019, Springer Nature.

Sun and co-workers prepared a Fe/Ni terephthalate coor-
dination polymer on NF (NiFeCP/NF) via electrodeposited
method (Figure 23e), and elucidated the role of coordinated
and uncoordinated BDC ligands in water oxidation process.(*"]
NiFeCP/NF displayed excellent OER performance with a low
overpotential of 188 mV at 10 mA cm™, a small Tafel slope
(29 mV dec), and outstanding durability. XRD, XPS, FT-IR,
and micro-Raman spectra suggested that the partial coordi-
nated carboxylate groups would dissociated from metal nodes,
generating additional free uncoordinated carboxylate sites
and metal hydroxide species during OER. Deuterium kinetic
isotope effects, proton inventory, and atom proton transfer
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measurements demonstrated that the coordinated carboxy-
lates stabilized the high metal valence states, while the unco-
ordinated carboxylates could participate in catalytic reaction by
serving as proton transfer relays nearby the meal sites.

The dissolution of organic ligand in some MOFs can cause
the completely reconstruction phenomenon, together with
aggregation of metal nodes to form hydroxides or oxyhydrox-
ides, which are responsible for the outstanding catalytic per-
formance. Our group reported an ultralong quasi-2D Co-MOF
nanoarray with the assistance of the deposited metal layer
(Figure 24a).'% This interfacial engineering method allowed
preferred chelation of linkers with the reactive metal layer,
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Figure 24. a) Schematic of the growth of Co-MOF nanoarrays on substrates with the evaporated metal layer. b) LSV of Co-MOF/NF, Co-MOF powder/
NF, RuO,/NF, and bare NF. c) SEM image of Co-MOF nanoarrays after OER. d) Current—voltage curves of individual Co-MOF nanobelt after OER
operation. Inset: SEM image of Co-MOF nanobelt after OER test sitting across a channel separated by two gold electrodes. a—d) Reproduced with per-
mission.[% Copyright 2019, Wiley-VCH. e) In situ Raman spectra of Ce-NiBDC/OG under different applied potentials. f) In situ phase transformation
of Ce-NiBDC/OG to Ce-NiOOH during OER process. g) Simulated free-energy diagrams and theoretical overpotentials of NIOOH and Ce-NiOOH for
OER. e—g) Reproduced with permission.[?2%l Copyright 2021, Royal Society of Chemistry.

thereby fabricating MOF nanobelts (=102 nm) on arbitrary
substrates. The MOF nanoarrays grown on NF demonstrated
high electrocatalytic capability for OER, showing a minimum
overpotential of 270 mV at 10 mA cm™ (Figure 24b) and superb
long-term stability. The structural reorganization of Co-MOF
during OER process was confirmed by XRD, XPS, and HRTEM
test. As displayed in Figure 24c,d, the enhanced activity
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originated from the interconnected CoOOOH nanosheets, facili-
tating the ion and electron transport in the hierarchical porous
framework. In addition, the CoOOH directly derived from
Co-MOF during the fast oxidation and substitution reaction
in the CV scans has a more disordered architecture, thus pos-
sessing the better activities than other reported Co-based elec-
trocatalysts. Recently, Hou and co-workers explored the phase
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transformation behavior of Ni-based MOF in electrocatalysis
using in situ Raman spectroscopy and operando microscopy.
They fabricated a highly aligned Ce-doped Ni-MOF nanosheet
arrays with a thickness of 12 nm on oxygen-functionalized
graphite foil (Ce-NiBDC/OG) by a hydrothermal method.l??"!
The Ce doping resulted in a superhydrophilic and superaero-
phobic surface of Ce-NiBDC/OG, which facilitated the absorp-
tion of OH™ ions and the release of O, bubbles toward OER.
Based on XANES, EXAFS, and XPS analyses, Ni or substi-
tuted Ce atoms were coordinated with six O stem from BDC
ligands and OH~, as well as the existence of electron transfer
from Ce to Ni atom. In 1.0 m KOH solution, Ce-NiBDC/OG
exhibited a small overpotential of 265 mV at 10 mA cm™ and
a low Tafel slope of 46 mV dec™. Postreaction XRD, XPS, and
in situ Raman characterizations (Figure 24e) demonstrated
that Ce-NiBDC were first dissociated to miss BDC ligands with
the electric-field assisted in situ hydrolysis and further trans-
formed into Ce-NiOOH, eventually giving the real active spe-
cies (Figure 24f). Theoretical calculations further identified that
the doped Ce species in NiOOH could strengthen the adsorp-
tion of *OH intermediate and decreased the energy barriers of
the rate-determining step (Figure 24g).

8.3. Self-Supported 2D MOFs as Bifunctional Catalysts

Up to date, a few pristine self-supported 2D MOFs have been
successfully designed for overall water splitting, which can be
realized by choosing the suitable metal centers and organic
ligands. Yang et al. demonstrated that the introduction of func-
tional groups such as —OH and —NH, into H,BDC could
adjust the electron affinities.??!l Low electron affinities of
linkers would increase the unoccupied states density of tran-
sition metals, thus enhancing MOF intrinsic catalytic per-
formance. For instance, Lu’s group utilized NH,-BDC as the
organic linker to design a water-stable NH,-MIL-88B(Fe,Ni)
MOF nanosheet (15 nm) arrays on the surface of 3D macropo-
rous NF (NFN-MOF/NF) applied as the high active and durable
bifunctional electrocatalyst (Figure 25a).°2) NFN-MOF/NF
displayed outstanding OER performance with an ultralow
overpotential of 240 mV at 10 mA cm2 and extraordinary sta-
bility at high current densities of 250 and 500 mA ¢cm~2. For
anodic OER, the coordinated water molecules in Fe,Ni(u;-O)
cluster could be readily released to create the coordinatively
unsaturated active metal centers. In the meantime, the high
utilization of catalyst, the improved mass and charge transport
capacity were responsible for the distinguished OER activities.
When used as HER electrode, NFN-MOF/NF also possessed
the smallest overpotential of 87 mV at 10 mA cm™ and Tafel
slope of 35.2 mV dec”!, which were lower than those of the
most reported transition metal based electrocatalysts. For HER,
partial Fe** and Ni?* ions were reduced into the corresponding
metallic state to form M/MOg clusters. The metal centers in
M/MOg clusters promoted the adsorption of H atom, while the
MOjg units were beneficial to attract OH™ ions, both accelerating
the rate-limiting Volmer step. —NH, groups as an electron
donor facilitated the water molecules reduction during Volmer
process. The water electrolysis performance of NFN-MOF/NF
was superior to commercial noble metals. More importantly,
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the durability was also exceptional, displaying a minor chronop-
otentiometric decay of 7.9% at practically favorable large current
density of 500 mA cm™2 after 30 h. The similar XPS spectra,
SEM images, and XRD patterns before and after test further
identified the excellent stability of NFN-MOF/NF.

In another study, Lu’s group prepared uniformly well-mixed
and dispersed Fe- and Ni-MOF nanosheet spheres on NF based
on the same ligands.???l They demonstrated the concept of the
intermolecular synergistic interaction of direct MOF catalysts
for the first time. This strong intermolecular synergistic effect
between Fe- and Ni-MOF not only promoted the redox reactions
but also enhanced the utilization degree of the active metal
centers. MFN-MOF/NF composite exhibited remarkable overall
water splitting activities with an ultralow cell voltage of 1.80 V
at 500 mA cm~2 and the ultrastability over 100 h at high current
densities, as well as nearly 100% Faraday efficiency. After the
continuous operation, the electronic structures and composi-
tion were well-maintained. The authors proposed that metallic
Ni atom and Ni** in MFN-MOFs would facilitate the adsorption
of H atom and OH~ ions, whereas metal cluster in Fe-MOF
and —NH, accelerated the reduction of water molecules, thus
improving the HER performances. Moreover, Ni?* was much
more active than Fe* site in MFN-MOFs toward OER, while
the coordinatively unsaturated Fe*" centers assisted to improve
the activity of Ni atom.

Yan and co-workers recently developed a new cocrystallized
strategy to construct Co/Ni-based 2D metal-organic nanosheet
array (NiCo-9AC-AD, 9-AC = 9-anthroic acid, HAD = protonated
acridine) (Figure 25b) on NF.22%l The mixing of Co/Ni could
adjust the morphology of NiCo-9AC-AD nanosheets and the
electronic structure of Ni center, thereby boosting the inherent
catalytic activity. The optimized Nij3Coy7-9AC-AD/NF deliv-
ered low overpotentials of 350 mV for OER at 100 mA cm™
and 143 mV for HER at 10 mA cm™2, respectively. In addition,
it required merely 1.56 V to obtain 10 mA cm™ as an integrated
overall water splitting electrocatalyst. XRD and TEM analysis
disclosed no significant change in material structure and shape
after durability test. The high activities were attributed to the
following factors. i) Ni?* ions facilitated the spin—orbit coupling
and improve the charge transfer efficiency, while Ni coordi-
nated with H,0 was conducive to the adsorption of water mole-
cules in the solution. ii) The thin and small nanosheet arrays
exposed more available active sites and reduced the ion trans-
port distance. iii) The synergistic interaction between Co and
Ni increased the intrinsic catalytic capacity. iv) The existence
of 7 stacking effect in NiCo-9AC-AD accelerated the catalytic
kinetics.

In the work of Li's group, the defect-rich ultrathin Ni(II)-
MOF (ligand: H,BDC) nanosheet (5.1 nm) array as an effi-
cient electrocatalyst toward water splitting was fabricated
by a simply alkali-etched strategy (Figure 25c).?2Yl The orig-
inal MOF topology structure was well maintained after the
etching treatment. However, the intrusion of KOH resulted
in the partial breaking of Ni—O bonds in Ni-MOF, accom-
panied with the generation of oxygen vacancies and more
open Ni sites with high valence state, thereby decreasing the
rate-determining energy barrier for OER and HER. Addi-
tionally, the introduced K* ions acted as conduction ions
were favorable for charge transfer, ultimately boosting the
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Figure 25. a) Structure and morphology of NH,-MIL-88B(Fe;Ni)-MOF nanosheets. a) Reproduced with permission.l Copyright 2018, Wiley-VCH.
b) The coordination mode of Ni-9AC-AD. b) Reproduced with permission.[?2] Copyright 2019, American Chemical Society. c) Schematic of preparing
D-Ni-MOF for overall water splitting. d) LSV plots of different materials in the two-electrode toward overall water splitting in 1.0 m KOH. Inset: the
production of H, and O, gas bubbles on the electrode surface. e) The tested and theoretical amounts of produced gas against time of D-Ni-MOF and

commercial catalyst. c—e) Reproduced with permission.[224l Copyright 2020, Wiley-VCH.

reaction kinetics. As a result, the two-electrode cell assem-
bled by defect-Ni-MOF delivered a low voltage of 1.50 V at
10 mA cm™ in 1.0 m KOH for overall water splitting, outper-
forming that of the benchmark precious catalysts (1.56 V) and
showing a high Faradic efficiency (Figure 25d,e). HRTEM and
PXRD confirmed the good chemical stability of MOF during
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electrocatalytic process, although some NiOOH active species
were formed.

As to the bifunctional catalysts, several 2D MOFs under-
went partially or completely evolution into different active
species to catalyze HER and OER. Zhao and co-workers
reported the construction of 2D wultrathin NiFe-MOF
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(ligand:  2,6-naphthalenedicarboxylic ~ acid  dipotassium)
nanosheets (=3.5 nm) on the surface of NF with a dissolution—
crystallization method for overall water splitting.*”! Metal ions
coordinated to two monodentate carboxylates and four H,0
molecules, while each naphthalene dicarboxylate bridged two
metal atoms. The unique hierarchical porous structure and
the highly exposed metal sites were beneficial to electrocata-
lytic reaction. Importantly, the ultrathin NiFe-MOF nanosheets
had intrinsic high electrical conductivity (1 £ 0.2 x 107> S m™),
which significantly facilitated the charge transport. Conse-
quently, NiFe-MOF nanoarrays demonstrated the remarkable
catalytic performance, the favorable kinetics and the high sta-
bility toward OER, HER, and overall water splitting. During
OER process, NiOg units inside MOF were oxidized into NiOg/
NiOOH species as active sites, which accelerated the oxida-
tion of OH™. For HER pathway, NiOg was partially reduced
to form Ni/NiOg interface. At this interface, the generated
OH™ species by H,O splitting attached to the locally positively
charged Ni?* ions, while the nearby Ni site would promote
H adsorption.

Recently, Li's group embedded unique MS clusters on the
surface of ultrathin Fe/Ni-MOF (ligand: H,BDC) nanosheets
(20-30 nm) to boost the electrocatalytic performance.”” The
impregnated MS clusters not only provided high electric con-
ductivity, but also regulated the electronic configuration of
active centers to an electron-rich state. The composite dis-
played remarkable catalytic activity, requiring the overpo-
tentials of 230 and 156 mV to drive 50 mA cm™ for OER
and HER, respectively. It only needed low cell voltages of
1.61 and 1.74 V to afford the electrolytic current density of 10
and 50 mA cm™ for water splitting. After OER testing, MOF
crystalline structure transformed to disordered oxyhydrox-
ides, which were responsible for the high catalytic perfor-
mance. A similar phenomenon was observed during HER,
the MOg units in Fe/Ni-MOF were partially reduced to disor-
dered M/MOy interface and in situ formed hydroxide active
material.

PBAs have often been explored as an efficient OER electrocat-
alyst, and have recently been studied for promoting HER pro-
cess. By taking advantage of self-assembly, Wu and co-workers
reported CoFe-PBA nanosheet (5 nm) arrays with ultrathin fea-
ture and open metal sites as outstanding bifunctional electro-
catalysts.’”] Remarkably, the optimized CoFe-PBA arrays only
needed 256 and 48 mV overpotentials to reach 10 mA cm™ for
OER and HER in 1.0 M KOH. Meanwhile, it required 1.545 V
cell voltage to drive water electrolysis at 10 mA cm™, outper-
forming that of commercial catalysts (1.608 V). Based on XRD,
TEM, and XPS characterizations after OER test, it was identi-
fied that there existed a phase transition from single structure
to amorphous or low crystallinity metal (oxy)hydroxides. Fur-
thermore, EIS spectra showed an enhanced charge transfer
ability after OER cycling. Similar to the OER case, the in situ
generated Co/Fe hydroxides function as the active phase to
catalyze HER, while the morphology and chemical states kept
unchanged. According to DFT calculations, authors illustrated
that the presence of unsaturated Fe/Co centers were favorable
for adsorbing OH", thereby promoting the formation of high
active phase.
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9. Conclusions and Perspectives

High-efficiency electrocatalysts for OER and HER can greatly
expedite the development of sustainable energy conver-
sion technology. The primitive 2D MOFs are competent and
cost-effective candidates, owing to their unique character-
istics of high specific surface areas, abundant open active
sites, improved electrical conductivity, rapid mass transfer
capability, and structural tunability. This review systemically
outlines the research progress in pristine 2D MOFs as elec-
trocatalysts for efficient electrochemical water splitting. The
preparation of 2D MOFs and strategies for the performance
enhancement are detailly summarized, with particular focus
on the elucidation of catalytic mechanism and the actual active
sites.

Despite the fruitful achievements in the development of
pristine 2D MOFs for efficient water splitting, some associated
challenges toward the fundamental understanding and prac-
tical applications of 2D MOFs still exist.

1. Structural design and analysis. Stable 2D MOFs with strong
coordination bonds and structures are still required to limit
the degradation of MOFs under rigorous electrochemical
conditions, therefore the unique features of 2D MOFs can
be fully exploited to prepare durable and efficient water
electrolysis catalysts. In order to enhance the performance,
heterogeneous metal ions can be incorporated into 2D
MOFs to regulate the binding strength of reaction inter-
mediates. In these multimetallic MOFs, metal ions are
randomly distributed throughout MOF matrices. Detailed
characterizations with advanced methods are necessary to
confirm the accurate structural and topological information
of the heterogenous framework, namely, whether metal cat-
ions are mixed in the same or different secondary building
units.

2. Conductivity. Suitable conductivities in MOFs benefit the
charge transfer during the electrocatalysis. Conductive 2D
MOFs usually possess the fully 7-conjugated structures via
M-X, (X = N, S, and O) linkages. The currently reported
2D conductive MOFs are limited to specific organic ligands
with poor scalability. Considering the hard—soft acid-base
theory, the hard-hard interactions between metal nodes and
chelating atoms tend to form ionic bonds, whereas soft—soft
combination leads to covalent interactions. Soft atoms such
as N, S coordinating to soft metal ions may produce more
covalent bonds, which are favorable for the optimization of
conductive pathways through 7—d conjugation. Introducing
comparatively harder O atoms result in energy gaps and
trapped valence states that restrict conductivity. Therefore,
optimizing the hardness and softness of metal ions and coor-
dination atoms will continue to improve the conductivities of
2D MOFs.

3. Practical applications. At present, most of the reported
2D-MOF based electrocatalysts are evaluated at low current
densities (<100 mA c¢m™2), which are not high enough for
commercial applications. Measurements of overpotential
and durability at practically meaningful high current densi-
ties (e.g., 500 mA cm™2) can better reflect the real advantages
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of electrocatalysts for practical operation. In addition, effi-
cient bifunctional electrocatalysts are to be developed. While
many 2D MOF materials have displayed comparable or even
better performance than the benchmarked noble metal cata-
lysts toward OER, relatively very few of them are employed
to catalyze HER. Thus, it is necessary to find reliable ways
to construct the efficient bifunctional electrocatalysts. For
instance, active sites in MOFs can be tailored by doping var-
ious metal atoms with intrinsic electrocatalytic water split-
ting ability. Furthermore, adding other active species (e.g.,
metal nanoparticles, active compounds) into frameworks or
modifying ligands may synergistically facilitate the catalytic
reactions.

4. Identification of catalytic mechanism. During HER or OER
process, phase transformation may occur on the surfaces
of 2D MOFs to generate the real active sites. The methods
of evaluating MOFs stability are crucial to envisage its
intrinsic catalytic performance. PXRD technique is the pri-
mary means for characterizing MOFs structural features.
Nonetheless, the exposure of MOFs to HER and OER
operating conditions may introduce defects or new species
with a thickness of a few nanometers and does not destroy
the overall structure, thus making them undetectable by
PXRD alone. In this regard, MOF structures after electro-
catalysis need to be detailly analyzed by precise characteri-
zations in combination with ex situ or in situ technologies.
For example, the reconstructive low concentration phase
may be identified by HRTEM, while the coordination envi-
ronment changes of metal ions can be explored through
XAS. These practices are benefiting to the illustration of
the real catalytic mechanism of pristine 2D MOFs. In addi-
tion, the correlation between reconstruction degree (partial
or complete reconstruction) and activity should be system-
atically studied, which will offer guidance for future elec-
trocatalyst design. Although DFT calculations can provide
insight into the catalytic mechanism and the reveal active
species, it is imperative to verify whether the established
theoretical model is based on precatalyst or reconstructed
phases.
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