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Two-Dimensional Metal-Organic Frameworks-Based
Electrocatalysts for Oxygen Evolution and Oxygen

Reduction Reactions

Qianglong Qi, Jue Hu,* Yingjie Zhang, Wei Li, Bolong Huang,* and Chengxu Zhang*

Due to unique intrinsic properties and flexible structure modulations, 2D
metal-organic frameworks (MOFs)-based materials have become the most
promising candidates in the electrocatalysts of energy-conversion systems such
as oxygen evolution reaction (OER) and oxygen reduction reaction (ORR). Herein,
the background of fundamental 2D MOFs is first introduced and 2D MOF-based
electrocatalysts are classified based on OER and ORR. Meanwhile, the recent
advances in the 2D MOF-based OER and ORR electrocatalysts are emphasized
and discussed including the subtle synthesis strategy, novel structures, unique
morphologies, superior electrocatalytic performances, and the underlying
reaction mechanism. Finally, the challenges and future perspectives for the
developments and research of 2D MOFs-based OER and ORR electrocatalysts

are proposed.

1. Introduction

In recent years, 2D materials have become the research focus due
to their broad applications that originated from their modulable
physical and chemical properties.!! A variety of 2D materials,
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including graphene,” graphdiyne,”! gra-
phene oxide,* metal chalcogenides,” car-
bon nitride,) metal oxide,”! Dboron
nitride,®! polyphthalocyanine,” and por-
phyrin-based nanomaterials,'” have been
investigated. In particular, the synthesis
of 2D metal-organic frameworks (MOFs)
has received intense attention due to sev-
eral advantages including the high surface
area, regular pores, and unsaturated open
sites.'Y) The 2D MOFs have the properties
of other 2D materials, such as ductility, per-
meability, and conductivity, and have been
extensively studied for potential applica-
tions in gas storage/separations, sensing,
and catalysis."? The tunable ligand fields
around the isolated metal-ion (or cluster)
centers in MOFs mean that the catalytic
active sites can be well defined as in homogeneous molecular
catalysts (albeit with possible crystalline defects), yet the high
active site density and durability could be like those of heteroge-
neous catalysts.!*

It is worth pointing out that MOFs can form not only a 2D
layered structure but also a 3D structure. However, the most
reported MOF derivatives were obtained by the pyrolysis treat-
ment of bulk or so-called 3D MOFs at high temperatures.
These materials show high potential to form the aggregation,
leading to the loss of exposed active sites and the hindering of
mass transfer in electrocatalysis."”) Compared with 3D MOFs,
2D MOFs are better than 3D MOFs in electrocatalysis in terms
of active sites, mass transfer, and electron transport. In addition,
the adequately exfoliated single layers of 2D MOFs will make each
active site on its surface available to substrates and reagents.[''?
Compared with inorganic 2D nanomaterials such as graphene,
2D MOFs materials not only have the properties of inorganic
2D materials but also have mild synthesis conditions. Their
chemical and electronic structures can be easily adjusted through
the design of the monomer structure, and they are more flexible
in structure design and property regulation. Moreover, there are a
variety of organic ligands, which result in the unique physical and
chemical properties of 2D MOFs. Therefore, the preparation and
application of 2D MOFs have become a research hotspot.

Oxygen evolution reaction (OER) and oxygen reduction reac-
tion (ORR) are the two essential reactions in energy-converting
and storage systems such as fuel cells, metal-air batteries, and
electrochemical water splitting."®! Currently, noble metal-based
catalysts are considered to be the benchmark catalysts, for
instance, IrO, or RuO, for OER and Pt-based catalysts for
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ORR, but their high cost, easy poisoning, and limited
abundance hinder their wide application.!'® The development
of efficient and stable non-noble metal electrocatalysts is
crucial for the commercialization of fuel cells.!'”) Because most
2D MOFs are synthesized by inexpensive first-row transition
metals (Fe, Co, Ni, etc.) with organic ligands, which display
high surface areas and tunable structures, 2D MOFs and
their derivatives have become promising electrocatalyst
candidates.

2. 2D MOFs for OER

The OER process involves a four-electron transfer process, which
usually requires a large overpotential to deliver the desired cur-
rent. In the acidic and alkaline environment, the reaction mech-
anisms are different, which are related to the binding strength of
H* and OH, respectively. However, in general, the conversion
from O* to *OOH has been reported as the rate-determining step
(RDS) to determine the OER efficiency.
For the acidic solution

2H,0 — OH* + H' 4+ H,0 + e~ (1)
OH* + H* + e~ + H,0 — O* 4+ 2H" + H,0 + 2e~ 2)
O* + 2H* + 2¢~ + H,0 — OOH* + 3H* + 3e~ 3)
OOH* + 3H* + 3e~ — O, + 4H* + 4e~ 4)

For the alkaline solution
40H- — OH* + 30H™ + e~ (5)
OH* + 30H™ + e~ — O* + 20H" + H,0 + 2e~ (©6)
O0* 4+ 20H™ + H;0 + 2~ — OOH* + H,0+ OH™ +3e™ (7)
OOH* + H,0 + OH™ + 3e™ — O, 4+ 2H,0 + 4e~ (8)

Therefore, to construct the high-efficiency and reliable
OER electrocatalysts, there are many strategies that have been
proposed including the optimized structure and morphologies.
In general, a large surface area and pore volume are highly
needed for an efficient electrocatalyst to expose more active
sites for electrocatalysis. Meanwhile, they can also guarantee
the fast electron/mass transfer and provide sufficient interfa-
cial regions to promote the reactions. In addition, the easy
fabrication and low cost of the electrocatalysts are also signifi-
cant for future practical applications in green and sustainable
energy systems. In addition, the easy fabrication and low cost
of the electrocatalysts are also significant for future practical
applications in green and sustainable energy systems.!®!

It was found that MOFs with 2D layered structures have a vari-
ety of advantages. The nanometer thickness facilitated the mass
transfer and rapid electron transfer, resulting in high reaction
rates.l') Moreover, the increased surface area of the accessible
surface-active metal sites and the surface coordination of unsat-
urated metal sites promoted the interaction with the reactive sub-
strates.’” Therefore, 2D MOF nanomaterials exhibit excellent
performance in OER, ORR, and other catalysis reactions.
Although 2D MOFs can be directly used as OER electrocatalysts,
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there are few reports of MOFs as direct electrocatalysts.2%+>21] 1t

is always difficult to reach satisfying levels of robust electrocatalytic
water splitting, because of the sluggish kinetics of the OER.*? To
achieve electrocatalysts with high efficiency and low overpotential,
the researchers investigated the expected results by combining dif-
ferent organic ligands, metals, heteroatom-doped, substrate, syn-
thesis methods, and other strategies. Table 1 shows a summary of
the various 2D MOFs that have been reported as electrocatalysts
for OER along with their activity. In recent years, there have been
more researches on the electrocatalysis of 2D MOFs, and the syn-
thesis methods of 2D MOFs are also varied. (These methods can
be divided into two categories: top-down and bottom-up meth-
ods.) "2 The activity of an electrocatalyst is usually dependent
on factors such as accessibility of active centers, electrical conduc-
tivity, and electrode geometry.”**! Each parameter needs to be opti-
mized to improve the catalytic efficiency. The organic ligand is also
a key parameter in MOF electrocatalytic materials. The main
organic ligands used in the synthesis of MOFs are carboxylate
ligands and other negatively charged ligands.* Here, we have
classified the recently used organic ligands of 2D MOFs for
OER into benzene dicarboxylate (BDC), BDC modified with
functional groups, naphthalene-based dicarboxylate, dual ligands,
N- and S-heterocyclic ligands, and phthalocyanine and porphyrin-
based ligands. The 2D MOF materials and their OER character-
istics are summarized and described in each section.

2.1. Benzene Dicarboxylate

The most widely applied organic ligands are mainly nitrogen-
containing heterocyclic ligands (e.g., 2-methylimidazole and
4,4'-bipyridine) and carboxyl-containing organic ligands (e.g.,
2,6-naphthalene dicarboxylate acid and terephthalic acid). In
recent years, most 2D MOFs synthesized used compounds con-
taining two or more carboxyl groups as ligands. First of all, the
carboxyl group has a larger negative charge density and stronger
coordination with metal. Moreover, the carboxyl group and metal
ion have various coordination ways, which can form metal car-
boxylate clusters or bridged linkages. This structure can increase
the stability and rigidity of the MOF skeleton. The adjacent car-
boxyl groups at special angles (e.g., 60°, 120°, 180°) can connect
metal ions in special directions, thus obtaining a unique
extended network.”®! The 2D MOFs can be directly used as
OER electrocatalysts, but there are few reports of MOFs as direct
electrocatalysts. The most commonly used ligand in the recently
reported 2D MOF materials for OER electrocatalysis was 1,4-ben-
zene dicarboxylic acid (BDC). BDC was a binary aromatic carbox-
ylic acid composed of two carboxylic groups connected to two
carbon atoms in the benzene ring. It dissolves in most organic
solvents and is cheap. So far, the synthesis methods of 2D MOFs
with BDC as the organic ligand mainly include sonication syn-
thesis, solvothermal synthesis, and three-layer synthesis. As BDC
has been widely studied as an organic ligand, this part is classi-
fied according to the synthesis method of the 2D MOFs.

2.1.1. Sonication Synthesis

The sonication synthesis as an energy-efficient, fast, and environ-
mentally friendly bottom-up synthetic method is the most
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common way to prepare 2D MOFs.[11e12%] More importantly, the
method can be applied to the direct synthesis of 2D ultrathin
MOF nanosheets (UMNs).2°*"! Taking the synthesis of NiCo—
bimetal ultrathin metal-organic framework nanosheets (NiCo-
UMOFNs) as an example, metal ions and organic ligands
(BDC) were first dissolved in the mixture solvent system that con-
sisted of N,N-dimethylformamide (DMF), H,0O, and ethanol and
then trimethylamine is also added. After stirring to form a col-
loidal suspension, NiCo-UMOFNSs were prepared by continuous
ultrasound for 8 h (40 kHz) under air-tight conditions.** It has
been identified that the metal sites are linked in the (200) plane,
which forms 2D bimetal layers. With separation by the BDC
ligands, the crystal structure of MOFs is formed. The overpoten-
tial for NiCo-UMOFNSs on glassy carbon electrodes (GCE) was
only 250 mV at the current density of 10mAcm2. NiCo-
UMOFNs exhibit the small Tafel slope of 42mVdec™.
Density functional theory (DFT) calculations indicated that the
unsaturated environment of the local metal atoms play as the
active centers, in which the strong coupling effect between Ni
and Co metals becomes the key factor to modulate the electro-
catalytic activity.

Following the same strategy, 2D bimetals (CoFe and NiFe)
UMNs were achieved through the introduction of BDC as the
ligand.?°*! All the structure characterization methods confirmed
the 2D wultrathin morphology of the obtained NiFe-UMNs
(Figure 1a,b). Due to the coordinative contribution of more
unsaturated active metal sites on the surface, the catalytic activity
improves. This is attributed to the nanometer thickness and the
unique bonding environment induced by BDC ligands.!'*-20%2¢]
In comparison, the bulk 3D NiFe-MOFs was synthesized by a
hydrothermal method. The performance of NiFe-UMNSs exhibits
superior performance to the bulk NiFe-MOFs and CoFe-UMNs
with a 260 mV overpotential to reach the current density of
10 mA cm™? and a small Tafel slope of 30 mV dec™". The perfor-
mance difference is determined by the structural advantage of
the 2D layered structure and the intrinsical electroactivity of
Ni.””) DFT calculations were carried out to investigate the reac-
tion mechanism,*® which has carefully considered the OER pro-
cess (Figure 1c,d), including the initial adsorption of reactants,
the intermediates transformation, and final desorption of formed
O,. For the key intermediates OH*, NiFe-UMNSs showed a much
lower energy cost for stable adsorption, supporting an energeti-
cally preferred process (Figure 1d). The Gibbs free energy of the
initial adsorption was inversely proportional to the adsorption
strength of OH ™. For the OER process, the conversion between
O* to *OOH in step iii is usually considered as the RDS to deter-
mine electroactivity. Among different active sites, it is noted that
Ni sites in NiFe-UMNs show the lowest value of AG3, of 1.20 eV,
supporting the highest electroactivity. The Fe sites in NiFe-
UMNs show a slightly higher AG;. However, the NiFe-UMNs
support a higher electroactivity than CoFe-UMNs due to the
lower energy barrier of the RDS. X-ray photoelectron spectros-
copy (XPS) showed that the addition of Fe could generate a
higher valence state in Ni, which possessed a stronger ability
to accept electrons and accelerated the charge transfer.2°>2°!
Therefore, the combination of Fe and Ni could significantly
reduce the energy barrier and provide better OER activity.

With the appropriate modulation of the intermediates in elec-
trocatalysis, the electrocatalytic performance will be significantly
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optimized. Both hydrogen evolution reaction (HER) and OER
involve intermediates of OH* and H*.*® Recently, Qiao and
coworkers®Y successfully modulated the intermediates of OER
through the interfacial bonding approach on the Pt-NC/Ni-
MOF structure. The optimized Pt-NC/Ni-MOF demonstrates
three layers of sandwiched slab structures, which consist of Pt
atoms and newly formed Ni—O—Pt bonds and Ni-MOFs
(Figure 1e). Charge difference analysis indicated electron reloca-
tion due to the formation of a heterostructure, which confirmed a
charge transfer between the Ni-MOFs and the Pt-NC side at the
heterostructure interface. The charge accumulation is mainly
located near the Ni—O—Pt bond. Both OH* adsorption (on
the Ni-MOF surface) and H* adsorption (on the Pt surface)
are correspondingly modified at the heterostructure due to the
inhomogeneous electronic distribution (Figure 1f,g). On the
Ni-MOF side, OH* adsorption becomes stronger, with an
adsorption energy of —0.61 eV. Meanwhile, the theoretical calcu-
lation revealed the charge distribution on the Ni—O—Pt bond.
This modulated electronic structure shows the stronger H*
adsorption strength whereas the adsorption of OH* becomes
weaker (Figure 1h,i). The simultaneous optimization of inter-
mediates binding is attributed to the electron density increase
and the modulated Ni 3d orbitals.

Through the similar ultrasonic method, Zhu et al.B? further
synthesized novel 2D Ni-BDC/Ni(OH), hybrid nanosheets (NSs)
from the mixture of Ni*", Ni(OH), NSs, and BDC, which dem-
onstrates the high surface area from Ni-BDC. Importantly, the
electronic structure of Ni sites in the Ni(OH), component has
been modified after coupling, which induces the high valence
states of Ni. Such electronic structures are desirable for the
OER, supporting the excellent OER performances of this hybrid
NS. The overpotential for Ni-BDC/Ni(OH),, 320 My, at the cur-
rent density of 10 mA cm™2, surpasses all the comparison sam-
ples, with Ni-BDC of 358 mV, Ni(OH), NSs of 395 mV, and Ir/C
of 332 mV. Moreover, Ni-BDC/Ni(OH), showed the lowest Tafel
slope of 41 mV dec™". Wei et al.?*! reported another type of 2D
ultrathin MOF, NiFeZn-MNs/Ni foam (NF) NSs, containing a
few metal oxide nanoparticles (NPs). This material has been fab-
ricated by the sonication-assisted solution method and grown on
the Ni foam, which can augment the electrode—electrolyte inter-
face and minimize ohmic loss. Compared with other MOF-based
electrocatalysts, the NiFeZn—-MNs/NF catalyst shows remarkable
electrocatalytic performance. Even at the high current density of
50mAcm™?, the overpotential of NiFeZn-MNs/NF is only
350 mV. After 120 h of the stability test, such a superior electro-
catalytic performance is still well preserved with only 5% drop at
the current density.

The catalytic activity can be significantly improved by anchor-
ing Fe-MOF NPs with poor electroactivity on the electroactive
UMNSs. 2D Ni-MOF@Fe-MOF NS hybrid materials were fabri-
cated by stepwise synthesis at room temperature
(Figure 2a).*" Based on the liquid exfoliation approach, the
2D Ni-MOF NSs were prepared with the ultrasonic approach.
The thickness of the Ni-MOF NSs was confirmed by the atomic
force microscopy (AFM), which is equal to about ~5-6 layers of
the coordination structures. In the mixed DMF/H,0/ethanol sol-
vent system, the prepared Ni-MOF NSs were anchored with Fe-
MOF NPs through an in situ surface-anchoring of Fe (III) and
BDC ligand (Figure 2b). Without the Ni-MOF NSs, Fe-MOF NPs
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Figure 1. a) The crystal structure of NiFe-UMNs; b) atomic arrangements of NiFe-UMNSs; c) reaction steps of the OER processes; d) Gibbs free energy
diagrams for CoFe-UMNs and NiFe-UMNs during the OER processes. (a—d) Reproduced with permission.?®® Copyright 2018, Elsevier. €) Atomic model
of Pt-NC/Ni-MOF heterostructure. f,g) Dissociative OH* adsorption and charge difference analysis on the stand-alone Ni-MOF structure (f) and on the
Ni-MOF side of the Pt-NC/Ni-MOF structure (g); h) H* adsorption energy; i) OH* adsorption energy. (ei) Reproduced with permission.*" Copyright
2019, Elsevier.

display evident agglomeration X-ray diffraction (XRD) that (—201), and (400) planes of a monoclinic structure. The Ni/Fe
revealed that Ni-MOF@Fe-MOF and pristine Ni-MOF exhibit  atomic ratio measured by inductively coupled plasma optical
identical crystal phases, where the peaks are assigned to (200), emission spectrometer (ICP-OES) analysis was 3.5/1. XPS
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Figure 2. a) Synthesis of Ni-MOF@Fe-MOF hybrid NSs; b) transmission electron microscope (TEM) images of the Ni-MOF@ Fe-MOF hybrid; c) linear

sweep voltammetry (LSV) curves toward OER in Op-saturated 1.0 M KOH with a scan rate of 5mVs™

2018, Wiley-VCH Verlag GmbH & Co. KGaA.

confirmed the existence of Ni*" in the Ni-MOF @ Fe-MOF hybrid
NSs. The Ni-MOF @Fe-MOF hybrid NSs show high OER electro-
activity, and the NSs were not treated by annealing. The lowest
overpotential of Ni-MOF@Fe-MOF was 265 mV at a current den-
sity of 10 mA cm™? that is lower than that of the state-of-the-art
OER catalyst IrO, (365 mV). The pristine Ni-MOF shows poor
electroactivity to the water oxidation reaction. However, the
hybridization with Fe-MOF enables the significant decrease in
overpotential for Ni-MOF (370 mV) by ~100 mV (Figure 2c).
Furthermore, the reaction mechanism has been studied through
the rotating ring-disk electrode (RRDE) technique, with the fixed-
ring electrode potential achieving the oxidization of the surface
peroxide intermediates. Compared with the disk, the ring current
density is three orders of magnitude lower, indicating the
absence of hydrogen peroxide, which guarantees an efficient
four-electron pathway for water oxidation.

2.1.2. Solvothermal Synthesis

The solvothermal method is a common and effective method for
the synthesis of 2D MOFs. The solvothermal process was com-
pleted by chemical transmission.* Usually, the metal salt and
organic ligand were dissolved in the solvent, and the mixed solu-
tion reacted in the reaction vessel at a certain temperature and
autogenic pressure to obtain the target product. The organic sol-
vent plays a key role in controlling the formation of 2D MOFs.
Commonly used solvents include ethanol, methanol, DMF, etc.
MOFs with excellent performance can be synthesized by control-
ling the ratio of reactants, pH value of the system, temperature,
and other factors. The main features of this method are easy
operation, low cost and the ability to synthesize nanomaterials
with special morphology and excellent performance. The
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', (a—c) Reproduced with permission.**! Copyright

solvothermal method is more efficient in terms of yield com-
pared with the sonication synthesis method.*®!

The scale synthesis of 2D UMNs with uniform morphologies
and the integrated structures is still challenging. Recently, Li
et al. reported that the bottom-up solvothermal method could
be used for large-scale preparation of 2D UMNSs with a thickness
of only several atomic layers (Figure 3a).*® Based on the appro-
priate mixture of N,N-dimethylacetamide and water solvents, the
Ni-Fe-MOF NSs are successfully synthesized. With water as the
only solvent, we notice the formation of the amorphous nano-
flowers with the NPs. In comparison, the porous flowers are
formed when the solvent becomes N,N-dimethylacetamide.
Only the organic solvent with good solubility for organic ligands
is able to facilitate the synthesis of Ni-Fe-MOF NSs. The AFM
image determined that the thickness of the NSs ranged from 1.67
to 2.58 nm with an interlayer distance of 0.928 nm. The Ni-Fe-
MOF NSs exhibited excellent OER performance with an overpo-
tential of 221 mV at the current density of 10 mA cm ™%, much
smaller than that of the monometallic Ni-MOF NSs (386 mV)
and Ir/C (311 mV). It also showed a smaller Tafel slope of
56.0mVdec”' than that of monometallic Ni-MOF NSs
(106.1mVdec™) and Ir/C (59.2mV dec™!). DFT calculations
of the energy barriers for OER at different metal sites confirmed
that Fe was the active site for OER in the Ni-Fe-MOF NSs.
According to the DFT calculations, possible mechanisms for
OER in different metal locations were proposed (Figure 3b).
For the Fe@Nil-MOF (020) surface, two protons are detached
from the two p-OH ligands to connect the Ni and Fe sites.
Then two coordinated H,O molecules also are deprotonated
and form two adsorbed OH ligands, producing electroactive
HOOH species to facilitate the formation of O,. Thus, the Fe site
in Fe@Nil-MOF shows a remarkable electrochemical perfor-
mance (Figure 3c,d).
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Figure 3. a) Synthesis of 2D UMNs and their utilization for the OER; b) the most probable OER reaction mechanisms; c) The kinetic energy barrier
distribution of products and intermediates on Fe@Ni1-MOF (Ni*), Fe@Ni1-MOF (Fe*), and Ni-MOF (Ni*); d) energy barrier comparison for the RDS on
Fe@Ni1-MOF(Ni*), Fe@Ni1-MOF(Fe*), and Ni-MOF(Ni*). (a-d) Reproduced with permission.*® Copyright 2019, Wiley-VCH Verlag GmbH & Co.
KGaA. €) In situ growth of 2D Ni-MOF NSs on the substrate by a microwave-assisted solvothermal method; f) TEM image of 2D Ni-MOF-250.
(e,f) Reproduced with permission.B”) Copyright 2020, Royal Society of Chemistry.

The ultrathin 2D Ni-MOF NSs can be fabricated quickly and
easily (e.g., 1 h) by the microwave-assisted solvothermal method
under surfactant-free conditions. The thickness of the NSs is
around 2nm, which were grown in situ on Ni foams at
100°C (Figure 3e).’”) The microwave can modulate growth
kinetics during nucleation, which is the key factor to facilitate
the formation of specific nanostructures (e.g., NSs).*® Based
on the strong resonance, microwave radiation promotes the
interaction with reactants and speeds up the solvothermal proce-
dure for the growth.*® Subsequently, the ultrafine nickel oxide
(NiO) NP was formed on the Ni-MOF NSs. The controllable cal-
cination at 250 °C will not influence the 2D morphology of Ni-
MOF whereas the ultrafine NiO NPs have been formed
(Figure 3f). However, the direct high-temperature calcination
at 400 °C will cause the sharp collapse of the ultrathin 2D struc-
ture rather than the NSs, which results in the formation of huge
NiO aggregates. The overpotential of 2D Ni-MOF-250 was
250mV at a current density of 50 mA cm™?, which is much
smaller than those samples calcined at 250 and 400 °C. More
importantly, such a material also demonstrates over 20 h stability
at the current density of 110 mA cm™2. The charge transfer resis-
tance results supported the much smaller resistance of 2D Ni-
MOF-250 than other comparison samples. In addition, the dou-
ble-layer capacitance (Cq) value of 2D Ni-MOF-250 was
11.5mF cm ™2, which was larger than those of 2D Ni-MOF
(7.8 mF cm™?%) and 2D Ni-MOF-400 (6.9 mF cm ™). These results
indicated that the controllable calculations at 250 °C preserved
the 2D structure, which provided additional active sites for OER.
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Transition metal oxides have become the most widely studied
OER electrocatalysts. However, the slow mass transfer, low elec-
trical conductivity, and inadequate active sites still limit their
electroactivity. Zhou et al. constructed metal oxide/carbon
(MO,,/C, M = Co, Ni, and Cu) NS arrays using 2D MOFs as tem-
plates by the solvothermal method.*” The layered 2D MOF
structures usually possess abundant hierarchical pores, which
guarantee more exposed active sites and improved conductivity.
1,3,5-benzenetricarboxylic acid (BTC), BDC, and 2,5-dihydroxy-
terephthalic acid (DHTP) combine with Co*" to form Co-
BTC, Co-BDC, and Co-DHTP arrays, respectively. The 1D
CO3O4/CBTc, 2D CO304/CBDC: and 3D C0304/CDHTP arrays were
prepared by the pyrolysis treatment of Co-BTC, Co-BDC, and Co-
DHTP arrays at 600°C for 2h under high-purity N, gas flow,
respectively. The OER performance of 2D Co0304/Cgpc was bet-
ter than that of 1D Co30,/Cgrc and 3D Co30,4/Cpyrp With the
overpotential of 208 mV at the current density of 10 mA cm™>
and Tafel slope of 50.1 mV dec ™.

The (U+S)-CoFe-MOF (U =ultrasound synthesized,
S = solvothermal prepared) was synthesized by a two-step syn-
thesis method.*" First, 2D MOFs were synthesized by ultra-
sonic-assisted synthesis, and then the unstable MOF domain
was removed by solvothermal treatment, which creates continu-
ous mesopores on the 2D MOFs with abundant boundaries.
Significantly, more active sites were generated due to the metal
ions transforming from M—OOH into M—O/M—OH (M = Co
or Fe) after the second solvothermal step. Through ultrasonic
synthesis, the 2D CoFe-MOF is synthesized with a thickness
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of 1.3 nm. With solvothermal etching, hierarchical porosity on
the MOF is achieved without loss of the NSs morphology. In con-
trast, the MOFs prepared by only ultrasound show limited poros-
ity and the MOFs prepared from the direct solvothermal method
display a much larger thickness. The hierarchical 2D CoFe-
MOFs yield an overpotential of 277 mV at the current density
of 10 mA cm ™2 and Tafel slope of 31 mV dec™!, which are better
than the MOFs prepared by only wultrasonic (300mV,
40mVdec!) and  solvothermal methods  (310mV,
57 mV dec ). Pang and coworkers!*! have used the simple sur-
factant-assisted hydrothermal method to realize the ultrathin Co-
MOF NSs with BDC as the organic ligand. Such a material shows
good catalytic activity for the OER. Polyvinylpyrrolidone (PVP), as
the anionic surfactant, significantly improves the growth of
MOFs in the vertical direction. AFM showed that the ultrathin
Co-MOFs had a thickness of 1.941 nm. On the ultrathin Co-
MOF NS surface, part of the Co centers shows the coordination
number 5 due to the limitation of edge growth. At these sites, the
bindings of solvent/reactant molecules are reversible. For com-
parison, bulk Co-MOFs and micro-nano Co-MOFs were pre-
pared. The double-layer capacitance (Cg) value of ultrathin 2D
Co-MOF NSs was 20.36 mF cm ™2, which was superior to the
larger-size comparison samples of micro-nano Co-MOFs and
bulk Co-MOFs. The larger Cq value usually indicates the greater
roughness of the corresponding electrode as well as more active
sites. The overpotential for ultrathin Co-MOFs on GCEs was
~263 mV at the current density of 10 mA cm™2 Ultrathin Co-
MOFs exhibit the small Tafel slope of 74 mV dec™" with electro-
chemical stability for over 5h. The excellent OER performance
was mainly attributed to the porous structure of ultrathin 2D

(a) SRS, —

en Access)

www.advenergysustres.com

NSs, the cooperation of unsaturated active sites, and rapid ion
transport.

2.1.3. Three-Layer Synthesis

Three-layer synthesis is also a widely used bottom-up method.
The layering technique can control the crystal growth by slowing
the diffusion and growth rate.[**! This method uses two different
densities of miscible solvents. The lower-density solvent on top
and a higher-density solvent at the bottom, in which a buffer
zone is located in the middle, lead to the construction of the
three-layer structure. For instance, the three-layer synthesis
method has been reported to fabricate 2D Ti;C,T,—CoBDC
NSs using a mixture of acetonitrile (CH3CN)/DMF solvents with
different ratios.!** Higher-density DMF is located at the bottom,
whereas the lower-density CH3CN shows a higher concentration
in the top layer, and the middle layer contains a mixture of
CH;3CN and DMF as the buffer. With different densities of sol-
vents, metal ions and the organic ligands (BDC) are dissolved in
the top and bottom layers, respectively. The middle buffer layer
aims to slow down the diffusion and growth rate. The diffusions
of metal ions and organic ligands to the middle layer results in
the dilution of the precursors, which prefers the formation of
thin 2D MOF NSs under the static condition.

The three-layer synthesis method is an important method for
the synthesis of 2D MOF NSs. The MXene/MOF hybrid
(Ti3C,T,—~CoBDC) was successfully synthesized by this surfac-
tant-free method (Figure 4a).*" The metallike Ti;C,T, (the
MXene phase, T, represents surface groups) NSs were used
as the template to realize the in situ deposition of the 2D

‘ Ti,C,T,
S e Etching G g Exfoliation nanosheets
B .
° DB D 0
4 N °
Ti,AlC, Ti,C,T,

Inter-
diffusion
reaction

Figure 4. a) The preparation process of Ti;C,T,~CoBDC hybrid for OER; b) photograph of a test tube taken during the preparation of Ti;C,T,~CoBDC via
an interdiffusion reaction; c) scanning electron microscope (SEM) image; d) TEM image of the Ti;C,T,~CoBDC hybrid NSs; e) cross-sectional view of a
stacked Ti;C,T,~CoBDC hybrid. (a—e) Reproduced with permission.**l Copyright 2019, American Chemical Society.
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CoBDC via an interdiffusion reaction. The reaction was con-
ducted in a test tube with the mixture DMF and acetonitrile
(CH;CN) solvent, where we noticed the formation of a three-lay-
ered solution. The DMF/CH;3CN volume ratios vary in different
layers, which demonstrate the ratios of 2:1, 1:1, and 1:2 from the
top to the bottom layer (Figure 4b). The Co*" ions with the
Ti3C,T, NSs and BDC were dissolved into the top and bottom
layers of the solution, respectively. In the top layer, the functional
groups such as the Ti;C,T, NS surface are able to adsorb Co*"
ions due to the electrostatic interaction. Under gravity, the NSs in
the top layer migrate to the middle layer of the solution. The Co*"
adsorbed on the surface facilitates the diffusion of the formed
coordinated molecules from the bottom to the middle layer,
which promotes the formation of Ti;C,T,—~CoBDC mixture.
Such a mixture gradually sinks due to gravity force. The
Ti3C,T,—~CoBDC hybrid material showed a similar morphology
to the NS (Figure 4c,d), but the CoBDC surface was rough due to
surface deposition. CoBDC was tightly covered on the surface of
the Ti3C,T, NS (Figure 4e). XPS confirmed that the hybridization
with Ti3C,T, did not induce the change of the oxidation states of
Co species in CoBDC. Notably, the conductive Ti;C,T, NSs play a
key role by altering the OER to a reaction-limited process with
significantly enhanced charge transfer kinetics. The performan-
ces of CoBDC, Ti;C,T,, and IrO, were also compared under the
same conditions. The lowest onset potential of the Ti;C,T,~
CoBDC-modified electrode was 1.51V versus reversible hydro-
gen electrode (RHE). For OER, the hybrid catalyst Ti;C,T,—
CoBDC demonstrated a current density of 10mAcm ™2 at a
potential of 1.64V versus RHE, which surpassed the state-of-
the-art OER catalyst IrO,. It is also one of the best-reported
OER catalysts under the same catalyst loading measurement
conditions.

2.2. BDC Modified with Functional Groups

Many different functional groups (e.g., -Br, -F, -OCH3, -OH,
and —NH,) have been introduced into the BDC to create intrinsic
strain and defects and optimize the binding energies of inter-
mediates to achieve an enhanced OER activity.l**! The generated
strain that optimizes the interaction of reaction intermediates
and the surface of the catalyst further increases the OER activ-
ity.*®! For instance, Li et al.*** experimentally introduced func-
tional groups such as -NH,, —OCHj;, and -Br into organic
ligands (BDC). The calculation of the electron affinities (the abil-
ity of the molecules to get electrons) of BDC-X (X=NH,, H,
OCHj3;, and Br) was carried out to better understand the optimi-
zation of the OER activity by changing the functional groups of
BDC. Low electron affinities of the ligands can increase the den-
sity of the unoccupied states of the transition metals and further
enhance their OER activity.*”) The calculations showed that
BDC-NH,; had the lowest electron affinity (0.18 V), whereas
BDC-Br had the highest electron affinity (0.66 eV). The results
match well with the measured trend, in which NiFe-
BDC(NH,) showed the highest OER activity (the overpotential
was only 210 mV at the current density of 200 mA cm™?) whereas
NiFe-BDC(Br) showed the lowest OER activity in the whole
potential range above 1.45V versus RHE. These functional
groups were divided into electron-donating groups and
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electron-absorbing groups. The main method of synthesis used
for these ligands was the hydrothermal/solvothermal method.

2,5-dihydroxyterephthalic acid (H,dobdc) has been selected as
the organic ligand to assist the 2D oxide sacrifice approach (2D
0SA) to synthesize the 2D ultrathin MOF-74 NSs (M-MNS).*®!
The amorphous metal oxide NSs (M-ONS) are synthesized
through the sodium borohydride reduction method® under
ultrasonication, which were slowly added into the DMF/etha-
nol/water mixed solution containing a suitable amount of
H,dobdc. The 2D MOF NSs were obtained by hydrothermal reac-
tion with acidic Hydobdc solution at 100 °C for 24 h (Figure 5a).
Itis identified that the increase in the metal ions next to the metal
oxide surface will promote the confined growth of 2D MOFs,
which is usually achieved by the leaching of metal ions in M-
ONS by the acidic ligand solution (Figure 5b,c). In addition,
the dosage of the organic ligand significantly affects both the final
morphology and actual crystal structure of MOFs. FeCo-MNS-
2.0, FeCo-MNS-1.0, and FeCo-MNS-0.4 are fabricated based
on the molar ratios of H,dobdc/FeCo-ONS at 2.0, 1.0, and
0.4, respectively. The AFM showed that FeCo-MNS-1.0 had a
thickness of ~2.6 nm (Figure 5d). The shortage and excess of
ligand molecules were not conducive to the conversion of
FeCo-ONS into 2D MOF-74 NSs. The XRD patterns confirmed
that the MOF crystal grows preferentially along the (300) direc-
tion in the beginning of the reaction. The selectivity of the direc-
tional growth towards (110) plane becomes stronger in the later
reaction (Figure 5e). The overpotential for FeCo-MNS-1.0 was
only 298 mV at the current density of 10 mA cm ™2, which is con-
siderably smaller than those for FeCo-MNS (318 mV), FeCo-
MNS-0.4 (309 mV), and FeCo-MNS-2.0 (312 mV). The mecha-
nism studies revealed that the excellent OER activity of FeCo-
MNS-1.0 are due to the heteroatom synergy between Fe and
Co and the abundant coordinatively unsaturated metal sites
(Figure 5f). The extended X-ray absorption fine structure
(EXAFS) data verified that the coordination numbers for Fe
ligand and Co ligand of FeCo bulk MOF-74 (FeCo-MB) were both
5.0, supporting the theoretical coordination numbers of MOF-
74.5% However, the coordination numbers for the Fe ligand
and Co ligand for FeCo-MNS-1.0 were evidently reduced to
4.0 and 4.5, respectively, which indicates the generation of unsat-
urated metal sites.

The major obstacles to the synthesis of 2D materials or ultra-
thin NSs from MOFs are their relatively strong interlayer inter-
actions (e.g., n—=, hydrogen bonds) and relatively weak interlayer
bonding (e.g., coordination bonds).*! Recently, 2D MOF mate-
rials were synthesized by electrochemical/chemical exfoliation,
in which the catechol-functionalized ligand was applied as the
redox-active support to construct a pillared-layer framework
(Figure 6a).>? The solvothermal reaction of Co*" and 2,3-dihy-
droxy-1,4-benzenedicarboxylic acid (H,dhbdc) in the ethanol/
water mixed solvent leads to the rectangle-shaped crystals of a
metal-carboxylate framework 3D Co. The 3D-pillared-layered
MOFs served as electrocatalysts for water oxidation, where the
pillar ligands were removed after oxidation, leaving the well-
maintained ultrathin NSs of the metal-organic layers.
Through controlled experiments under various conditions, it
was found that 3D Co can evolve into the 2D-Co-NS in the satu-
rated electrolyte with O,. The crystalline phase was captured
based on the periodically stacking 2D NSs (2D-Co), which can
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Figure5. a) Schematic of the 2dOSA conversion of M-ONS with Hydobdc to form M-MNS; b) SEM image of FeCo-ONS; c) TEM image of FeCo-MNS-1.0;
d) AFM image of FeCo-MNS-1.0; ) XRD patterns of FeCo-MB, FeCo-MNS-2.0, FeCo-MNS-1.0, and FeCo-MNS-0.4; f) illustration of the confined growth
mechanism of FeCo-MNS adjacent to the FeCo-ONS. (a—f) Reproduced with permission.!*¥ Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA.

further transform to 2D-Co-NS as the intermediate phase iden-
tified by the in situ characterizations. The electrochemical exfo-
liation mechanism of the electrolyte solution and the acid-
dissociation catalyst was studied by mass spectrum. After elec-
trolysis, mass spectrometry showed that the catalyst still con-
tained only organic ligands (m/z (M—H) =197), whereas new
structures were founded in the electrolyte (m/z (M + H) =185
and 169). The ligand H,dhbdc dissolved in the electrolyte solu-
tion. After O, was introduced into the solution, mass spectrome-
try identified a peak at m/z =169 whereas another peak was
found 1day later at m/z=185.""" Compared with the
H,dhbdc ligands, the oxidation products possess a bent angle
for the bridging ligand (Figure 6b). The electron-absorbing car-
bonyl group was applied to replace the electron-donating
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hydroxyl groups. The smaller the bridging angle, the weaker
the coordination ability, leading to the preferred escape of oxi-
dized pillars from the layers. AFM showed that 2D-Co-NS had
a thickness of ~2 nm. Through electrolysis, 3D-Co@Ni formed
Dby the direct growth of 3D-Co on the NF and further transformed
into 2D-Co-NS@Ni. Further, an electrode modified by Fe-doped
2D-Co-NS (Fe:2D-Co-NS@Ni) was able to fabricate based on the
immersion of 3D-Co@Ni, which shows a low overpotential of
211mV (10mA cm™? with a Tafel slope of 46 mV dec ™.
Recently, 2-aminoterephthalic acid (NH,-BDC) was selected as
the organic ligand to synthesize 2D bimetal MOF (Co,Fe-MOF)
NSs, which satisfied the criteria for OER and nitrogen reduction
reaction (NRR) concurrently.”* By changing the mole ratio of
Co/Fe, the 2D Co,Fe-MOFs were fabricated in the precursor
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Figure 6. a) Schematic of selective pillar removal and exfoliation of a pil-
lared-layer MOFs. b) A possible oxidative transform process from
H,dhbdc to a species with m/z=168. (a,b) Reproduced with permis-
sion.? Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA.

solution via the sonication synthesis method. A current density
of 10 mA cm ™2 was obtained from the Co;Fe-MOF catalyst at an
overpotential of 280 mV and a small Tafel slope of 38 mV dec™"
in the alkaline electrolyte. The excellent OER performance relies
on the abundant active sites, as well as the significant contribu-
tion of metal-ion couplings. XPS results indicated the partial
charge transfer from Fe to the center of Co, resulting in a larger
electron density at the Co center. Co*™ and Fe?" show the elec-
tronic configuration of 3d” and 3d®, respectively, indicating a
high electron filling of the e, orbits in optimizing the electron
fillings and increasing the catalytic activity for OER.P> The intro-
duced Fe ions not only modulate the valence state of Co”" but
also optimize the electron-accepting ability for OER, which fur-
ther influences the coupling effect between metal ions in MOFs.
The synergy effect of bimetals was considered to be the key to
accelerating the OER process.>®!

Moreover, a fluorine-containing organic functional group (-F)
was used in the electrocatalysis of 2D cobalt tetrafluoro-benzene-
dicarboxylate COTFBDC MOFs NS crystals (CoTFBDC).*”! 2D
CoTFBDC MOF crystals were synthesized in a glass test tube
following a bottom-up synthesis method. Moreover, the ultrathin
graphite NS can be ultrasonically exfoliated from the liquid-phase
graphite. Then, based on the codispersion method, scientists
were able to form the heterostructure COTFBDC/EG based on
the combination of MOFs and exfoliated graphite (EG). Such
a process needs to be conducted in the DMF to completely
remove all the solvent from the heterostructure. CoTFBDC/
EG-250 was obtained by heat treatment at 250 °C. The layered
composites were prepared from two different 2D nanomaterials
to promote electroactivity, which is beneficial from the strong
interactions between electroactive F and Co atoms. The
CoTFBDC/EG-250 exhibits the small Tafel slope of
39.8 mV dec™!. When introducing the Co-based MOFs with fluo-
rinated organic ligands, the annealing results in the initial
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decomposition of the structure. This process will stabilize the
tiny CoF, nanocrystals on the support. However, F and Co sepa-
rate at the higher annealing temperature. The double-layer capac-
itance (Cg)) of COTFBDC/EG-250 was 4.68 mF cm ™2, which was
more than sixfold higher than that of the F-free COBDC/EG com-
posite. The electron paramagnetic resonance (EPR) results con-
firm the improved electron mobility in the structure, which leads
to the enlarged electron spin relaxation rates of Co ions. Due to
the effective electronic contact between the conductive EG sup-
port and the MOF nanocrystals, the introduction of F plays a sig-
nificant role in achieving the optimal electron transfer between
the electrolyte and the active metal surface. With such an elec-
tronic structure, excellent OER activity is expected.

2.3. Naphthalene-Based Dicarboxylate

Naphthalene-based dicarboxylate acid is also a common aromatic
carboxylic acid ligand. Two carboxyl groups of 2,6-naphthalene
dicarboxylate (NDC) are located on both sides of the naphthalene
ring and have small steric hindrance. The stability of MOFs
depends on their inherent frameworks, that is, the coordination
metal ions, the hydrophobicity of organic ligands, and the coor-
dination geometry of metal ligands.*® 2,6-naphthalene dicarbox-
ylate ligand with strong C-H- interaction can be used as a rigid
auxiliary ligand to effectively improve the structural stability of the
MOFs.P? Its coordination configuration is similar to that of BDC.

The bimetallic 2D CoNi-MOF nanoplate array with NDC as
the organic ligand was grown directly on a copper foil (Cu sub-
strate) by a simple hydrothermal process.®”! Different propor-
tions of Co and Ni precursors were mixed with NDC to
obtain different combinations of active sites (Co/Ni=2:1, 1:1,
and 1:2). SEM images showed petal-like and cubic structures
for Co-MOFs and the Ni-MOFs. Meanwhile, the bimetallic
MOFs prefer the formation of a 2D nanoplate array. The thinnest
nanoplate array was obtained when the Co/Ni ratio reached 1:1.
As the ratio of Co/Ni ratio varies, the thickness of the formed
nanoplates also changes. CoNi(1:1)-MOFs show an overpotential
of 265 mV and the Tafel slope was 56 mV dec ™" for the OER. The
overpotentials of 301, 309, 341, and 375 mV were required for
CoNi(1:2)-MOFs, CoNi(2:1)-MOFs, Co-MOFs, and Ni-MOFs at
the current density of 10 mA cm ™2, respectively. The excellent
catalytic activity of 2D CoNi-MOFs was associated with the dom-
inant (220) facets, which enhanced conductivity, thereby facilitat-
ing the transfer of electrons from the Cu substrate to the active
catalytic centers. The smallest d-spacing from CoNi(1:1)-MOFs
indicated that the structure has contracted, which induces an
increased overlap contributing to the enhanced MOF conductiv-
ity by accelerating the transfer of electrons to the edge to improve
the OER process at these sites.

Based on the same organic ligand, Duan et al. reported a strat-
egy for growing ultrafine 2D MOFs NS arrays in situ on a variety
of carriers.”?! A one-step chemical bath deposition method has
been proposed for the synthesis, which relies on adding the
organic ligand into the nickel acetate and iron nitrate solutions
in the presence of the Ni foam substrate (Figure 7a). The crystal
structure of the MOFs consisted of the alternating 2,6-naphtha-
lene dicarboxylic group and inorganic metal-oxygen layers (MO
units; M =Fe, Ni or Cu). The NiFe-MOFs grown on Ni foam
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Figure 7. a) Synthetic process of MOF NS array; b) TEM image of NiFe-MOFs e; c) High resolution tunneling electron microscope (HRTEM) image and
SAED pattern of NiFe-MOFs; d) AFM image and corresponding height profile along the marked green line of NiFe-MOFs electrodes. (a—d) Reproduced

with permission.??! Copyright 2017, Nature Publishing Group.

(NiFe-MOFs/NF) were a macroscopic NS array with high flexi-
bility and the sizes of the structure can be easily modulated.
The surface of the thin film was composed of a set of vertically
grown NSs with a distance of tens of nanometers between adja-
cent layers (Figure 7b). These 2D MOF NSs had a well-defined
crystalline structure, as shown by the clear lattice fringes in
Figure 7c. The thickness of NiFe-MOF nanolayers was deter-
mined to be ~3-5nm by AFM (Figure 7d). The electrocatalytic
performance of NiFe-MOFs for OER was tested in 0.1 M KOH
solution in a typical three-electrode system. The overpotential
of NiFe-MOFs was 240 mV at a current density of 10 mA cm™2

2.4. Dual Ligands

The microstructure differences significantly influenced the cata-
lytic activity.[®)] The coordination mode of dual ligands is more
varied. The ratio of the two ligands in the MOFs can be simply
changed to modulate the microstructure and further improve
OER activity.l®” Moreover, dual ligands of various advantages
can be selected to synthesize multifunctional catalysts. For exam-
ple, Li and coworkers used BDC (A) and 2-aminoterephthalic
acid (B) for the synthesis of heterogeneity MOFs (AB-MOF-
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FeCo).’! The OER activity of AB-MOF-FeCo was better than that
of A-MOF-FeCo and B-MOF-FeCo synthesized with a single
ligand. However, the similar catalytic activity between B-MOF-
FeCo and A-MOF-FeCo supports a key factor of the mixed
ligands. Due to the structural engineering regarding the metal
node and ligands, the electronic structure of the intrinsic catalytic
center in MOFs has been optimized, which further results in the
excellent electrocatalytic performance for OER. After adding the
ligand 2-aminoterephthalic acid (B) to bimetallic A-MOF-FeCo,
the double-layer capacitance (Cqj) of AB-MOEF-FeCo significantly
increased, indicating more exposure of electrocatalytic active
sites in AB-MOF-FeCo. The valence band maximum energy of
AB-MOF-FeCo (1.22eV) was lower than that of A-MOF-FeCo
(1.32eV) and B-MOF-FeCo (1.45eV), demonstrating the opti-
mized electronic environment induced by the ligand substitu-
tions to support the faster electron transfer.

Recently, 2D Co-MOFs [Co(BDC),(SPDP),(DMF)(H,0)]
(SPDP = 4,4’-(sulfonylbis (4,1-phenylene))dipyridine) were used
as the single-source precursors to afford the N-, O-, and S-tri-
doped carbon matrix encapsulated with CoqSg nanocomposites
(CooSs@TDC) through direct carbonization (Figure 8a).[**]
CoySs@TDC-600, -700, -800, and -900 were obtained by calcining
the synthesized Co-MOFs at the different temperatures of 600,
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Figure 8. a) Schematic illustration of the preparation procedure of CosSs@TDC as bifunctional electrocatalysts. b) LSV curves of CogSs@TDC nano-
materials for OER in 1.0 M KOH; c) the corresponding Tafel curves. (a—c) Reproduced with permission./*? Copyright 2019, Royal Society of Chemistry.
d) Schematic of the synthesis strategy of 2D N-doped Ni-Ni;S,@carbon nanoplates from the Ni-based MOF precursor; e) LSV curves of Py-1@SNC600,
Py-1.5@SNC600, and RuO,. (d,e) Reproduced with permission.[°®! Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA. f) Schematic for the HXP
preparation; g) Schematic for the pyrolysis process toward HXP@NC800. (f,g) Reproduced with permission.””] Copyright 2020, American Chemical
Society.

700, 800, and 900 °C, respectively. The heteroatom-doped carbon

more defects are formed in the structure under a higher pyrolysis
shell largely enhances the OER and ORR performances due to

temperature. Larger defects were conducive to improving the cat-

the protective effect. CogSg@TDC-900 displayed an overpotential
of 330mV at a current density of 10mAcm™ for OER
(Figure 8b,c). This excellent catalytic activity can be attributed
to the unique structural advantages of the material, in which
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alytic activity in OER and ORR.[*! The measured double-layer
capacitance value of CogSg@TDC-900 was 27.57 mF cm 2.
Therefore, the optimized material structure and electronic envi-
ronment of CooSg@TDC-900 guarantee high performance.
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Using pyridine as an inhibitor, the Ni-based MOF nanoplate
precursors with 2D morphology were obtained through the sol-
vothermal method. Ni*™ and 4,4'-bipyridine were added in the
water/ethanol mixed solvent with different concentrations
(1mL;1.5mL) of pyridine. Then, N-doped Ni-Ni3S,@carbon
nanoplates (Py-1@SNC600; Py-1.5@SNC600) annealed under
inert gas protection (Figure 8d).[°® The Ni*'cations extend to
1D chains via the 4,4’-dipyridine nitrogen connection. With
the infinite chains stacked in parallel, the 2D cross-waved planes
are noticed along the ¢ axis. As the monodentate ligand inhibitor,
the missing pyridine significantly hindered the crystal growth in
the ¢ direction, leading to the formation of 2D nanoplates. By
changing the concentration of pyridine, it is possible to change
the sizes of the nanoplates as well. However, the thickness will
not be evidently changed by the increase in pyridine. The over-
potential for Py-1@SNC600 was 284.7 mV at the current density
of 10mAcm~2 in 1.0 M KOH (Figure 8e). Moreover, Liu and
coworkers used BDC and 1,4-diazabicyclo[2.2.2]octane
(DABCO) for the synthesis of the 2D nickel-based MOF hexago-
nal nanoplate (HXP) (Figure 8f).*”] The HXP was prepared by a
pyridine-assisted bottom-up method, in which a topological net-
work was guided by the inhibition and modulation of pyridine.
Nanorods (HXR) and nanodisks (HXD) were synthesized from
different amounts of pyridine. Ni*™ was coordinated with oxygen
atoms from carboxyl to form a paddlewheel secondary building
unit, which is connected with the DABCO molecules by the ter-
minal nitrogen atoms. In the preparation of N-doped Ni@carbon
nanoplatelets (HXP@NC800), HXP was used as a precursor for
annealing (at 800°C for 2h) with the protection of inert gas
(Figure 8g). The overpotential of HXP@NC800 was 307 mV at
a current density of 10 mA cm™2.

2D Co-based MOF-on-MOF heterojunction nanostructures
with improved OER activity were prepared via the two-step
method, using 4,4’-biphenyldicarboxylate (BPDC) and BDC as
ligands and Co”" ions as the center atoms.[® The 2D Co-
BPDC nanostructures were obtained at room temperature by
mixing Co®" ion and BPDC ligand in the water/dimethyl sulfox-
ide (DMSO) solvent. Subsequently, to obtain Co-BPDC/Co-BDC
heterojunction nanostructures, Co-BDC NSs were grown on the
surface of Co-BPDC. XRD analysis indicated that when the Co-
BPDC/Co-BDC formed, the BDC ligands first coordinated with
Co atoms on the surface of Co-BPDC. Then, the BDC ligands
reacted with Co ions in the solution to form Co-BDC. The over-
potential of 2D Co-BPDC/Co-BDC was 335 mV at a current den-
sity of 10 mA cm™2, which is much smaller than those of Co-
BDC (392mV), Co-BPDC (428 mV), and IrO, (346 mV).

2.5. N- and S-Heterocyclic Ligands

The organic heterocyclic ligands containing nitrogen, sulfur, and
carboxylic acid coordination primitives are also the representative
ligands for the preparation of 2D MOF materials. The research-
ers showed that the heteroatom-doped (especially N-doped) het-
erocyclic ligands can improve the catalytic activity.®!
Heteroatoms can be doped by heterocyclic ligands.
Heteroatoms in different ligands bound to metals have different
electrocatalytic activities due to the different ring structures of
ligands.”” The interfacial electron transfer of electrocatalysts
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can be greatly promoted due to the high affinity of nitrogen to
the transition metal ions.”" Therefore, N-heterocyclic ligands
are the most commonly used.

Recently, a new method was developed for improving OER
performance. 2-methylimidazole (2Melm) was selected as the
organic ligand for the synthesis of Co-based 2D MOF NSs
(Co-MOFs) on the carbon cloth (CC).”? Subsequently, the 2D
Co-MOF mesoporous structure of doped Fe with oxygen vacan-
cies and unsaturated metal-oxygen sites was prepared on the CC
substrate with O,-Ar radio frequency (RF) plasma treatment
(Figure 9a). Further carbonization was conducted to fabricate
the optimum porous Fe/Co—carbon heterostructure (Fe;Cos/
Vo-T, T=700, 800, and 900°C, Fe:Co atomic ratio of 1:3).
The increased electrical conductivity and the uniform distribu-
tion of atoms facilitate the fast electron transfer within the frame-
work. The Fe;Cos/Vo-T shows the porous structure (Figure 9b—
d). Such mesoporous NSs demonstrate a much shorter electron
transfer path with a higher transfer efficiency. The O,-Ar RF
plasma treatment further created oxygen vacancies, which largely
modified the electronic structure of active sites to improve the
OER performance. The excellent OER performance of Fe;Co;/
Vo-800in 1.0 M KOH has been determined with an overpotential
of 260 mV at 10 mA cm ™ * and a Tafel slope of 53 mV dec ™', orig-
inating from the high concentration of vacancies and oxidized
active metal sites. For comparison, the Co-MOF/V-800 catalyst
was also procured without introducing Fe. Compared with Co-
MOF/V5-800, the 3D charge density of Fe;Co;/V-800 displayed
charge accumulation after the introduction of Fe (Figure 9e,f).
Meanwhile, the density of states (DOS) of Fe;Co3/Vo-800 also
confirmed the higher electron density than that of Co-MOEF/
Vo-800 (Figure 9g), supporting a more efficient electron transfer
to participate in the OER process. The adsorption energy of water
has also been investigated to evaluate the electroactivity of cata-
lysts, in which the water adsorption energies on Co-MOF /Vo-800
and Fe;Co3/Vo-800 are 0.62 and 0.81 eV, respectively (Figure 9h,
i). These results showed that filling the oxygen vacancy with Fe
atoms was helpful to modulate the metal active sites on the
MOFs for the optimization of the electronic structure with a high
concentration of active sites of the catalyst.

Based on the same organic ligand (2-methylimidazole), well-
aligned cobalt MOF (Co-MOF) NSs were grown on 3D conduc-
tive Ni foams through a room-temperature solution-phase
method. The nickel foam was added into the aqueous solution
containing metal ions and organic ligands, stirred for 12 h.”*!
Subsequently, the obtained Co-MOFs were converted into
defect-rich ultrathin 2D Co(OH), (D-U-Co(OH),) by an in situ
etching treatment using ethanol solution containing cobalt chlo-
ride hexahydrate (pH = 5-6). The MOF layer did not easily form
on the Ni foam in the first 6 h. So, the bare Ni foam was first
immersed into the 2-methylimidazole aqueous solution over-
night and then immersed into the mixed solution of Co*"
and 2-methylimidazole for 6 h; as a result, a uniform purple layer
was observed on Ni foam. Therefore, it was believed that the 2-
methylimidazole molecules were first adsorbed on the surface of
Ni foam and then formed Co-MOFs by coordination with Co**
ions in the aqueous solution. The overpotential of D-U-Co(OH),
required to reach a current density of 10 mA cm ™2 was 236 mV
before current and ohmic resistance correction and reduces to
223mV after applying 90% current and ohmic resistance
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Figure 9. a) Schematic illustration of the preparation process of porous Fe/Co—carbon with a microstructure inspired by triangular-shaped cheese;
b) SEM image of original Co-MOF@CC; c) SEM image of Co-MOF@CC modified by O,—Ar RF plasma at 180 W; d) SEM image of Fe;Co3/Vo-800;
e) 3D charge distributions of Fe;Cos/Vo-800; f) 3D charge distributions of Co-MOF/V-800; g) the DOS; and water adsorption energies for

h) Fe;Co3/Vo-800 and i) Co-MOF/Vo-800. (a—i) Reproduced with permission.’? Copyright 2019, Royal Society of Chemistry.

correction. In addition, the onset potential of D-U-Co(OH), was
about ~1.39V.

Co-MOF with a unique crystalline structure was synthesized
using 4,5-Imidazoledicarboxylic acid as an organic ligand, in
which the central metal interacted with nitrogen and oxygen
atoms from the H,O molecules and organic ligands.”* After
removing the H,O molecules through the facial method, more
active metal sites are exposed to improve the chemical activity.”!
The results showed that electroactivity significantly increased
sevenfold by the introduction of Fe, attributed to the modulation
bonding strength between the central metal sites and surround-
ing coordinated water molecules. After electrochemical activa-
tion, the 2D amorphous structure of CoFe-MOF-OH is still
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preserved. DFT calculations showed that the electronic structures
of Co sites in CoFe-MOF have been modulated, which changed
the adsorption strength of intermediates. Both CoFe-MOF and
Co-MOF show the metallic feature with the DOS close to the
Fermi level.”®) Moreover, the strategy of bimetal MOF leads
to the formation of a delocalized and an upshifted d-band in
the Fe state toward the Fermi level, indicating that the electro-
activity of CoFe-MOF remarkably improves by Fe incorporation
(Figure 10a).*°“””] The Co atom in CoFe-MOF has slightly lower
3d electrons than Co-MOF, which are both higher than the the-
oretical estimation (Figure 10Db). The free energy diagram of elec-
trocatalysis identified that the RDS of CoFe-MOF and Co-MOF
result from the conversion from *OH to O*. With the introduced
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Figure 10. a) DOS of CoFe-MOF and Co-MOF; b) the Number of 3d electrons of MOF; c) standard free energy diagram of CoFe-MOF and Co-MOF for
the OER process; d) potential limiting step model of OER catalysis. (a—d) Reproduced with permission.”* Copyright 2019, American Chemical Society.
e) Schematic of the growth of Co-MOF nanoarrays on a thermally evaporated metal layer, allowing the patterning of nanoarrays and the independence of
growth on the underlying substrates. f) SEM image of the top view of the Co-MOF nanoarrays grown on the Ni-coated silicon substrate; g) cross-sectional
SEM image of Co-MOF nanoarrays; h) optical images of patterned Ni layers on the Si substrates before (left) and after (right) the growth of the Co-MOF
nanoarrays; i) SEM image of the growth of the Co-MOF nanoarrays on the patterned Ni layers. (e—i) Reproduced with permission.””! Copyright 2019,

Wiley-VCH Verlag GmbH & Co. KGaA.

Fe, the energy barrier of the RDS was obviously lowered
(Figure 10c,d). CoFe-MOF exhibited a lower overpotential
(351 mV) at a current density of 10mA cm 2 with a smaller
Tafel slope (44 mV dec™") than that of Co-MOF, demonstrating
an improved OER efficiency. Furthermore, 2D Co-based bimetal-
lic MOFs (Co-Fe/Ni@HPA-MOF NSs) were synthesized by the
in situ hydrothermal (130 °C for 4 days) synthesis with hypoxan-
thine (HPA) as the organic ligand.”® The electrocatalytic activity
was investigated in 1.0 M KOH solution. Co-Ni@HPA-MOF
shows an overpotential of 320 mV to realize the current density
of 10 mA cm ™2 with a Tafel slope of 58 mV dec™" to support high
kinetics for electrocatalysis.

Recently, Wang et al. have reported the high directional
growth of ultralong quasi-2D MOF nanoarrays through the
delicate utilization of the thermally evaporated metal layer.”")
The growth of Co-MOF nanoarrays has been investigated on
Si or glass, where the substrates were submerged in the mixed
solution under hydrothermal conditions (Figure 10e). To pro-
mote the growth of nanoarrays, Ni coating is needed to realize
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fully covered high-density Co-MOFs nanoarrays, which display
the vertical growth direction of quasi-2D nanobelts. However,
the thickness of Ni coatings did not affect the growth
(Figure 10f,g). The introduction of Ni coatings is highly neces-
sary to facilitate the growth of MOF nanoarrays, where the selec-
tivity applies to control the growth of the localized nanoarrays
(Figure 10h). The growth has been selective on the surface.
Without metal coating, there would be no growth on silicon
or glass slides (Figure 10i). From the SEM and AFM image
characterizations, the thicknesses of nanobelts are estimated
to be ~100 nm. Therefore, Co-MOFs nanoarrays on the Ni foam
(Co-MOEF/NF) show the highest OER performance. This is
attributed to the fast ion and electron conduction efficiency in
the porous conducting substrates. Meanwhile, other metal-
coated substrates can also enhance OER performance. The
Co-MOF/NF exhibited OER activity with an overpotential of
270mV at the current density of 10mAcm % surpassing
most Co-based or MOF-derived electrocatalysts discussed in pre-
vious works.
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The S-doped heteroatom could regulate the adsorption of reac-
tion intermediates and thus improve the catalytic activity.®”! The
preparation of Cu,0O-based composite arrays (2D Cu,0-Crpc)
was also based on H,TDC.*% A series of 2D Cu-based MOF
derivatives were fabricated by the pyrolysis of the 2D Cu-TDC,
Cu-FDC (FDC = 2,5-furandicarboxylate), and Cu-BDC arrays,
respectively. Cu,0/Crpc and Cu,0/Cppc show the normal over-
potentials of 352 and 360 mV, respectively, which are much
lower than the 3D Cu,0/Cgrc, bare Cu,0, and Cu,0/S-Crpc.
The Tafel slope was compared in the order as was Cu,O/S-
Crpc (65.6mV dec™ ') < Cuy0/Cppe (84.7 mV dec™ ') < Cu,0/
Crpc (86.2mV dec™ ') < Cuy0/Cyre (105.4 mV dec ') < Cu,O
(125.1mV dec™ ). Moreover, the 2D Cu,0/S-Crpc arrays show
a much larger specific surface area of 160.4m?g~' than
Cu0/Cgpc and CuyO/Cgpc. The calculated Cq value also
confirmed the results. These results indicate that the potential
formation of the defect matrix and structure change are induced
by S doping, which is highly useful for promoting higher
conductivity.[B#

2.6. Phthalocyanine- and Porphyrin-Based Ligands

Phthalocyanine and porphyrin organic ligands have good stabil-
ity due to their rigid structure. Therefore, phthalocyanine- and
porphyrin-based MOFs materials generally have better stability.
The N atoms in the phthalocyanine ring and porphyrin ring can
combine with different metals to form metallophthalocyanine
and metalloporphyrin, and it has good atomic utilization. DFT
calculations how that the high activity of the material was attrib-
uted to the strong electronegativity of the nitrogen atoms, which
modulated the electron cloud density of adjacent atoms and
formed the active sites to promote the adsorption of the reac-
tants.®? Redox-active N4 macrocyclic materials have abundant
electrochemical activity.®* The large ring can also connect to var-
ious functional groups, which coordinates with metal ions to
form more active sites.®*5°]

Based on the bottom-up strategy, the noble-metal-free
nickel phthalocyanine-based 2D MOF (NiPc-MOF) has been
reported in the experimental synthesis (Figure 11a).* The build-
ing block is 2,3,9,10,16,17,23,24-octaamino-phthalocyaninato
nickel(IT)(NiPc-NH,), which is treated with NiCl, to form
NiPc-NH,. Subsequently, NiPc-NH, monomers were connected
by reacting them with Ni(isq), ligands (bis(o-diiminobenzosemi-
quinonate) nickel(II) to achieve NiPc-MOF as a huge z-conjugated
2D MOF with fourfold symmetry (Figure 11b). Next, different
substrates can supply the growth platform for the NiPc-MOF
material including fluorine-doped tin oxide (FTO), indium tin
oxide (ITO), quartz glass, and silicon wafer. SEM images con-
firmed the thickness of 300nm for the NiPc-MOF film on
FTO with the catalyst loading of ~7.6 pgcm™* based on the
inductively coupled plasma-atomic emission spectrometer
(ICP-AES) results. For water oxidation, NiPc-MOF exhibited
the onset potential at 1.48 V in the alkaline environment, repre-
senting an overpotential of ~250 mV. This performance is supe-
rior to the most reported noble-metal-free OER catalysts.®®!
In sharp contrast, the monomer 2,3,9,10,16,17,23,24-octa-
tosylamido phthalocyaninato nickel(II)(NiPc-NHTs) and the
blank FTO show a much higher onset potential for OER than
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NiPc-MOF. In addition, NiPc-MOF showed a 30-fold higher
mass activity of 883.3 A g~ " in the alkaline environment than that
of the Ru0,.®”]

The cobalt NPs embedded in mesoporous N-doped graphitic
carbon materials (Co@NC-800) were synthesized by carboniza-
tion procedures using Co-based porphyrin paddlewheel frame-
work-3 (PPE-3)®¥ 2D MOF NSs as a sacrificial template.’®”)
Co-P@NC-800 was derived through subsequent phosphorization
of Co@NC-800. The SEM image showed a lateral size of
~1.5 pm with the square-sheet crystals of PPF-3. The thickness
is about 50-100 nm, and Co@NC-800 includes broken and wrin-
kled particles after carbonization. After extensive grinding and
subsequent phosphorization treatment, the morphology of Co-
P@NC-800 was well preserved compared with that of
Co@NC-800. Co-P@NC-800 material exhibited good electrocata-
lytic properties with overpotentials of 98 and 370 mV and Tafel
slopes of 74 and 79 mV dec™! for HER and OER in acidic and
alkaline electrolytes, respectively. Such performances are compa-
rable with the best nonprecious metal water-splitting catalysts. In
addition, an ideal precursor of the bimetallic porphyrinic MOF
(Co-CuTCPP)/reduced graphene oxide (Co-CuTCPP/rGO) com-
posite has been prepared by ultrathin porphyrinic MOF (Co-
CuTCPP) NSs loaded onto graphene oxide (GO) via a hydrother-
mal process.”” The TEM image revealed that the NSs of Co-
CuTCPPMOF were well coated on the surface of rGO NSs with
1-2 layers, indicating that the heterojunction is formed between
the Co-CuTCPPMOF and rGO sheets.

2.7. Advanced Synthesis of MOF-Derived Electrocatalyst

Besides directly applying the MOF materials for OER electroca-
talysis, the MOF has also demonstrated a potential template to
fabricate the layered double hydroxide (LDH) with special mor-
phology, which is a highly promising electrocatalyst for OER. Lou
and coworkers have reported a facile one-pot self-templated strat-
egy based on spindle-like particles of MIL-88A to fabricate the
Ni-Fe double-shelled nanocages (DSNCs), which are constructed
by the self-assembly of the ultrathin NS.®" In this work, by tai-
loring the volume ratios of the solvents, the number of the shell
layer can be flexibly controlled. Due to the effect of simultaneous
etching and coprecipitation, the obtained Ni-Fe LDH DSNCs
exhibit the hierarchical hollow structure, which displays signifi-
cantly improved electroactivity for the OER. MIL-88A possesses a
smooth surface, which is the sacrificial template for the hydroly-
sis reactions to obtain the nanocage morphology. After the
growth of the Ni-Fe LDH DSNCs is accomplished, MIL-88A
is gradually etched by the hydrolyzation reaction. Meanwhile,
through the coprecipitation of Fe species, Ni%*, and OH™ ions,
the shell number is easily modulated by the speed of etching and
coprecipitation. The obtained Ni-Fe LDH DSNC reaches
20mA cm™? with 246mV overpotential and a Tafel slope of
71mV s~ for the OER process under the alkaline environment.
The high stability of over 50h is also achieved.

Recently, Huang, Tang, and Yan and coworkers also reported
a significant advance in the fabrication of the Ni-Fe LDH nano-
capsule by an ingenious one-step method based on the Ce doping
strategy in MIL-88A.°% The nanocapsule structures usually have
a modifiable shell, high exposed surface area, and large
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Figure 11. a) Chemical synthesis route for the NiPc-MOF; b) structure of the NiPc-MOF. (a,b) Reproduced with permission.® Copyright 2018, Royal

Society of Chemistry.

accommodation space, which are highly beneficial for boosting
the electroactivity of OER. However, the conventional synthesis
for such structures usually requires complicated procedures with
limited controllability. By introducing Ce doping, the crystalline
phase of MIL-88A was effectively regulated and stabilized, lead-
ing to the synthesis of Ni-Fe LDH nanocapsule (Figure 12a).
Such a strategy relies on the flexible valence states and high oxy-
philic coordination ability of Ce, which facilitates tight binding
with oxygen ligands in MIL-88A. More importantly, these tight
bindings are able to resist the alkaline media and alleviate the
metal-ligand bond dissociation issue. The obtained Ni-Fe
LDH demonstrates 242 mV overpotential at the current density
of 20 mA cm ™2 for over 24 h. The extremely small Tafel slope of
34mV s~ for the OER process surpasses the commercial OER
catalyst Ir/C (61mVs™') and normal NiFe LDH (59mVs™})
(Figure 12b,c). After comparison, the Ce doping concentration
of 30% exhibits the best electrochemical performance.
Theoretical calculations have been introduced to investigate the
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influence of Ce doping on the MIL-88 A and the OER performance.
It is noted that Ce doping is energetically favorable at the pore
structure in MIL-88A, which prefers forming stable bonding with
nearby O and stabilizes the structure to synthesize the Ni-Fe LDH
nanocapsule (Figure 12d). The facile structural transformation and
enhanced OER process are ascribed to the electronic modulation
by the d—f coupling with the Ce introduction (Figure 12e).

3. 2D MOFs for ORR

ORR is the key half reaction in fuel cell applications.”® In the
ORR process, the reduction of oxygen occurs either by a two-
electron pathway (H,0, or HO, ") or by a four-electron pathway
(H,0 or OH™)®* Generally, the four-electron pathway is pre-
ferred due to the higher reaction kinetics and efficiency. The
reaction mechanisms of ORR processes are also demonstrated
below.
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Figure 12. a) Schematic illustration of the fabrication of hollow Ni—Fe-Ce-LDH microcapsules mediated by cerium doping MIL-88A. b) Cyclic voltam-
metry curves of Ni—-Fe-LDH and 30%Ce-Ni-—Fe—-LDH. c) The Tafel slopes of Ir/C, Ni-Fe—-LDH, and 30% Ce-Ni—Fe-LDH. d) The top view of the real
spatial 3D orbital contour plots with Ce doping concentrations of 16.6%, 33.3% in Fe sites, and Ce doping in the pores of MIL-88A. e) The PDOS of Ce-
doped MIL-88A of 16.6% concentration, 33.3% concentration, and the PDOS of Ce dopants in the pores within MIL-88A. Reproduced with permission.l

Copyright 2020, Royal Society of Chemistry.

For the acidic solution

0, + 4H* + 4e~ — OOH* + 3H* + 3e~ 9)
OOH* +3H" 4+ 3e~ — O* +2H* +2e™ + H,0 (10)
O* +2H' + H,0+2¢~ — OH*+H" +e” + H,0 (11)
OH*+H" + H,0+e~ — 2H,0 (12)
Adv. Energy Sustainability Res. 2021, 2, 2000067 2000067 (20 of 31)

For the alkaline solution
0, +2H,0 +4e~ — OOH* + H,0 + OH™ + 3e~ (13)
OOH* + H,0 + OH™ +3e~ — O* +20H" + H,0+2¢~ (14)
0" +20H™ + H,0 + 2e~ — OH* + 30H™ + e~ (15)

OH* +30H™ +e  — 40H" (16)
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The scaling correlation between *OH and O* adsorptions has
been applied to the Pt-based catalysts and many other catalysts.
Meanwhile, the volcano plot has demonstrated the development
direction for optimal electrocatalysts. At present, Pt-based mate-
rials are still the most ideal ORR electrocatalysts in practical
applications. However, the scarcity, high cost, and low durability
of Pt limit its widespread use in these renewable energy
technologies.”***®! Due to these limitations, the development
of alternative energy materials with high activity and durability
and abundant earth resources is a crucial and challenging task.
Therefore, designing and synthesizing novel electrocatalysts to
break the scaling correlation with high catalysis efficiency are
the most urgent demands. To design the novel electrocatalysts,
there are several strategies to follow based on the previous efforts
in both experimental and theoretical calculations, which are sim-
ilar to the OER electrocatalysts. First of all, the intrinsic catalytic
activities of materials should be improved based on the appropri-
ate nanoengineering in both the morphology and the defect/
dopant control. Then, the concentration of active sites should
be guaranteed to promote sufficient electron transfer. More-
over, mass transportation and electron conductivities are also
critical prerequisites.

2D MOF is a new kind of porous material with good crystal-
linity and long-range order.** 2D MOFs were rarely used
directly as an ORR electrocatalyst. However, the 2D MOFs can
be treated to obtain carbon-based ORR electrocatalysts with het-
eroatom doping, large surface area, and high conductivity.®® In
recent years, 2D MOFs for electrocatalytic ORR usually show
nitrogen-containing ligands (e.g., 2-methylimidazole, benzimid-
azole, phthalocyanine-based, porphyrin-based, etc.), attributed to
the high activity, remarkable stability, low cost, and being free
from the methanol-crossover effect of the transition metal/N-
doped carbon composites (M—N—C)."”*”) In the M—N-C struc-
ture, doping N into C can facilitate the ORR performance due
to the electronegativity difference between C and N, and the
positively charged C atoms are beneficial to oxygen adsorption
and further enhance the ORR performance.”® Here, we have
classified the recently synthesized organic ligands of 2D MOFs
for ORR into N-heterocyclic ligands, phthalocyanine and porphy-
rin ligands, and carboxylic acid donor ligands. This section
introduces the synthesis strategy, compositions, morphologies,
electrocatalytic performances, and reaction mechanisms of 2D
MOFs-based ORR electrocatalysts. Table 2 shows various 2D
MOFs as electrocatalysts for ORR along with their ORR activities.

3.1. N-Heterocyclic Ligands

At present, the main N-heterocyclic ligands used in the synthesis
of 2D MOFs in electrocatalytic ORR are 2-methylimidazole
(2Melm) and benzimidazole. The transition metal is coordinated
with the nitrogen atom on the imidazole ring. The MOFs
fabricated based on 2Melm leads to a 3D structure, such as
the well-known zeolite imidazolate frameworks (ZIFs).
However, in recent years, ZIF NSs with 2D crystal structures
and 2D shapes were synthesized by simple solvent replacement
and salt template assistance.”>?°%! Due to the large surface areas,
2D MOFs wusually expose more active sites, which are
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advantageous than the 3D MOPFs.1201%1 [y addition, the N atoms
in the N-heterocyclic ligand coordination form M-N, with
transition metal ions, which have been identified as active sites
for ORR.*® After further carbonization of the MOFs synthe-
sized with N-heterocyclic ligands, N 1s XPS spectra showed
the presence of pyridinic N, pyrrolic N, and graphitic N.***!
Previously, the results showed that graphitic N could greatly
increase the catalytic current of ORR and pyridine N boosts
the ORR on the N-rich carbon surface.'*¥

To fabricate ultrathin ZIF-67 NS and carbonized Co,N-doped
nanoporous carbon NS (Co,N-C NS) electrocatalysts, the salt tem-
plate and calcination strategies have been proposed
(Figure 13a).’” With the salt template, CoCl, and 2Melm in
the methanol solution NaCl powder were mixed for pyrolysis
at different temperatures (T = 600, 700, 800, and 850 °C). The
produced CoN,, pyridinic-N, and graphitic-N play as the active
species. These species are major catalytically active sites for
ORR.['% The appropriate solvent volume and precursor-to-salt
ratio were the two most important requirements for the synthe-
sis. After the slow evaporation of the methanol solvent, based on
in situ pyrolysis, the NaClI@ZIF-67 NSs are converted into Co
and Co,N-C NSs in the N, atmosphere, which show a large num-
ber of graphitic carbon nanopores in the structure. The origins of
the porous structure and the graphitic carbon depend on the
high-quality crystallization and the removal of Co species. The
Eonset of Co,N-C NS-800°C and Pt/C was 0.938 and 0.945V,
respectively. Moreover, the Co,N-C NS-800 °C also exhibited a
more positive Ey;, than Pt/C.

Through the two-step dimensional-reduction strategy, the
ultrathin N-doped graphene nanomesh (NGM) is achieved,
where the 2D Zn-based ZIF (Zn-ZIF-L) crystal structures are uti-
lized as the precursors,'°” which show a leaf-like shape with a
thickness of ~160 nm (Figure 13a). Within inert atmosphere, the
metal chlorides (LiCl/KCl) as the exfoliators and etching agents
have been applied to exfoliate Zn-ZIF-L to form the ultrathin 2D
NGM (Figure 13b). The best NGM is nanometer thin with a high
specific surface area of 1329.5 m* g~ !, N-doping concentration of
4.68 at %, and a hierarchical porosity level (Figure 13c,d). The
XRD pattern shows the layered crystal structure of Zn-ZIF-
L1%! To study the temperature influence, thermal stripping
was conducted at 700-900°C to prevent weightlessness
(NGM-x (x=700, 800, 900). For comparison, Zn-ZIF-L was
directly carbonized at 800 °C to obtain N-doped porous carbon
(NC-L-800), which possesses a leaf-like structure with a largely
increased specific surface area to 1329.5 m* g !, originating from
the insertion of metal ions (K") into Zn-ZIF-L to obtain a larger
specific surface area. This interaction with carbon atoms produ-
ces more mesopore and micropores. Furthermore, the decreased
microporous structure, specific surface area, and total pore
volume originate from the over-exfoliation issue especially at
high temperatures. As metal-free carbon-based electrocatalysts,
NGM-800 displays an impressive ORR activity with Egpger of
0.860V, Ey/, of 0.781V, and j of 4.243mAcm *

In addition, Co/Zn-containing bimetallic ZIF nanoleaves
(CoxZn;_,-ZIF nanoleaves, x represents the molar ratio of
Co”"/(Co*" +Zn*") in the original ZIF nanoleaves) were
prepared by the shape-transforming method in an aqueous
solution with 2-methylimidazole (2Melm) as organic ligands.””’
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Figure 13. a) Schematic of the synthesis procedure of ZIF-67 NSs and Co,N-CNS via salt template-confined in situ growth and calcination strategies.
Reproduced with permission.*® Copyright 2017, Royal Society of Chemistry. b) Schematic illustration of NGM synthesized by Zn-ZIF-L thermal exfolia-
tion; ¢) SEM image of NGM-800; d) AFM image of NGM-800. (b—d) Reproduced with permission.'®” Copyright 2019, Wiley-VCH Verlag GmbH & Co.

KGaA.

To realize the periodic layered structure, 2Melm ligands as the
key connections between the sodalite layers have to be inter-
rupted by water. Instead of forming the coordination bond with
the transition metal center, the existence of hydrogen bonds
between H,0 molecules and N—H--N in 2Melm is noted.
These hydrogen bonds further facilitate the N—H---N hydrogen
bonds with other 2MeIm. The interconnection of sodalite layers
forms ZIF nanoleaves.[1°1%71 AFM showed that the Cog ¢Zng 4-
ZIF nanoleaves had a thickness of 160 nm. Through a different
temperature from 700 to 900 K, the Cog¢Zng 4-ZIF nanoleaves
can undergo pyrolysis to achieve a 2D leaf-like Co ¢-N/C-T under
N, atmosphere. Subsequently, by acid etching, the left Co species
produced, and the Zn species were carefully removed after
pyrolysis. Furthermore, the metal Co in Co-ZIF and bimetallic
CoyZn;_ZIF play completely distinct roles during the
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carbonization process. During carbonization, some micropores
become mesopores due to the formation of Co NPs, which fur-
ther aggregate and damage the pore structure. Such mesopores
are formed when the Co NPs have been completely removed
from the structure by acid treatment. Therefore, the current
experiments have fully confirmed the coexistence of micropores
and mesopores in Co,Zn; ,-ZIF and Co-ZIF-derived car-
bons."® The XPS results confirmed the presence of Co-N,,
which has been identified as an active site for ORR.'**
Co6-N/C-800 exhibited a positive Eoneet=10.916V and E,
»=0.825V, showing a comparable performance with that of
20 W% Pt/C (Eopser = 0.926 V and Eyj, = 0.811 V).
Benzimidazole (HBIM) was selected as the organic ligand to
fabricate the ultrasmall 2D bimetallic MOF NSs (M;,(BIM), NSs)
using a bottom-up strategy with the assistance of triethylamine—
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polyvinylpyrrolidone (TEA-PVP).''% The Co,Zn,_ ,~TEA com-
plex solution was first obtained by mixing the metal ions (1.25x
mmol of Co?™ and 1.25(2—x) mmol Zn®") and triethylamine
(TEA) with polyvinylpyrrolidone (PVP) as the stabilizer.
Then, the mixed solution containing TEA and HBIM was
added to the Co,Zn, ,-TEA complex solution to obtain
Co,Zn, ,(BIM), NSs by ultrasonication. For comparison, the
bulk M,BIM, was synthesized in the absence of TEA and
PVP. The XRD showed the increased interlayer distance along
the [001] direction of the M,BIM, NSs than that of the bulk
M,BIM,. The larger interlayer distance can be attributed to
the small molecules attached to the adjacent layers (e.g., TEA
and solvents), which prevent the agglomeration of adjacent layers
induced by the weak van der Waals forces!"'" and the promotion
of the ultrathin 2D M,BIM, NS formation. The AFM showed that
the thickness of individual CoggZn;,(BIM),; NSs was about
2nm. Subsequently, the Co nanodots covered by the few-layer
graphene (Co@FLG-40) were prepared through carbonization
of the as-prepared Co,Zn, ,(BIM), NSs. The Co@FLG-40 dis-
played E ), of 0.824 V and j; of 6.42 mA cm ™ for the four-elec-
tron ORR pathway. The experimental studies and DFT
calculations showed that great O, absorptivity realized by the
abundant Co-N,, and pyridinic-N in the few-layer graphene shell
determines the remarkable ORR electrocatalysis of Co@FLG.
Meanwhile, the excellent electron-depletion ability of Co to the
few-layer graphene shell elevates the e, orbital energy of
Co(II) to dissociate the O=0/O—O bonds. Moreover, the
well-wrapped Co nanodots maximize the electron overflow
capability of Co nanodots to enhance the activity of Co-N,
and pyridinic-N for the O=0/0—O cleavages. The facile disso-
ciation of the O=0/O—O bonds strongly decreases the Gibbs
free energy (AG) change of the ORR.I''

3.2. Phthalocyanine- and Porphyrin-Based Ligands

Transition metal macrocyclic compounds based on phthalocya-
nine and porphyrin were first discovered to have the catalytic
capacity of ORR in 1964, but the activity and stability of such cat-
alysts are relatively low.'*! The study of such macrocyclic cata-
lysts is based on the M-N4 coordination structure, the
preparation of derivatives can further regulate the electronic
structure to improve the ORR performance. However, these mac-
rocyclic compounds are expensive, where the structures are eas-
ily broken after high heat treatment. In recent years, various
coordination elements have been derived from phthalocyanine
and porphyrin rings to coordinate transition metals for more
active sites.['>114

Based on the solvothermal method, the synthesized building
blocks 2,3,9,10,16,17,23,24-octahydroxyphthalocyaninato copper
(PcCu-(OH)g) construct a copper phthalocyanine-based 2D-con-
jugated MOF, in which the cobalt bis(dihydroxy) complex
(Co-0y,) is the connection site (PcCu-Og—Co) (Figure 14a,b).'**]
The optimized spin state of the cobalt node shows the unpaired
electron in the ¢* antibonding orbital (e; = 1), which activates the
high ORR electroactivity of Co-Oy4 centers.'>! The as-prepared
PcCu—Og-Co hybridized with carbon nanotubes (PcCu—Og—Co/
CNTs) demonstrates a high ORR activity in the alkaline environ-
ment (E;,=083V vs RHE, n=3.39, jg=53mA cm™?).
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The HRTEM and the corresponding selected-area electron
diffraction (SAED) image revealed the repeated unit of PcCu-—
Og—Co architecture, and each unit size is around 1.75nm. In
terms of the pore-size distribution, PcCu-Og—Co has significant
micropores with a size of 1.5 nm and mesopores with sizes rang-
ing from 2 to 10 nm, both promoting the oxygen and electrolyte
conduction. The DFT calculations investigated the structure of the
single-layer 2D MOF with different stacking types of PcCu—Og—
Co, in which the AA-serrated stacking type is most energetically
preferred. Compared with Cu-N, DFT calculations showed that
the linking Co sites as the active sites prefer the adsorption of
intermediate OOH ™ (Figure 14c).>"'% In addition, the combina-
tion of the Raman spectro—electrochemistry and the theoretical
calculation confirmed that the Co-O centers in PcCu—Og—Co were
the catalytic active site of ORR. Raman spectra revealed a new
peak of 691cm ™' during the ORR. The increased intensity of
the peak with the increased overpotential demonstrated that more
oxygen-related species are accumulated under larger overpotential
(Figure 14d,e). Based on the derived data, a possible ORR
mechanism was proposed (Figure 14f).

Recently, 2D porphyrin-based covalent organic polymers
(COPs) were prepared using porphyrin as the monomer.['*”
After further carbonization, they supported good electrocatalytic
activities toward the ORR process. For example, by the Friedel-
Crafts catalysts, COP-TPP was prepared based on Scholl reaction
to remove the two aryl-bound hydrogen atoms of meso-tetra-
phenyl-porphyrin. COP polymerization occurs within its con-
fined space with MOF-180 as the template. The COP
materials (COP-TPP@MOF) were prepared by removing the
template via HCI treatment (Figure 14g). Then, the further incor-
poration of metal ions to the as-synthesized COP-TPP@MOF
forms COP-TPP(M)@MOF, where M = Fe, and/or Co, and this
is further followed by carbonization (COP-TPP(M)@MOEF-T °C)
to improve the electroactivity to the ORR. The Fe/Co codoped
COP-derived carbon shows better ORR performance than the
single Co-doped COP-derived carbon (Figure 14h). The 2D
charge density distribution revealed that Fe or Co doping leads
to the increasing of positive charge density at the metal-N,, coor-
dination sites (Figure 14i,j). The 3D charge density distribution
showed that the positive charge density was located at metal-N,,
coordination sites whereas the negative charge density was
anchored at carbon atoms (Figure 14k). In addition, theoretical
calculations confirmed that the initial adsorption of O, was the
RDS of the ORR process for Fe/Co-doped COP-TPP. Meanwhile,
the COP-TPP shows the final desorption as the RDS (Figure 141).

The exfoliated 2D laminar CAN-Pc(M) (M = Fe, Co, and Fe/Co)
was synthesized by the ball-milling method of polyphthalocyanine,
followed by dispersion in N,-saturated ethanol. The Fe-N, and
Co—Ny sites appeared in one connected plane with four aromatic
rings as electroactive sites for the ORR.”® The best catalytic activ-
ity of the ORR is realized in CAN-Pc(Fe/Co) with an atomic ratio
of Fe/Co = 25:75. The delamination of polyphthalocyanine and
the formation of 2D laminar CAN-Pc(M)PXRD have been proved
by the PXRD pattern after mechanical shearing. The lamellar fea-
tures of the material have been observed by AFM images and
the corresponding height profiles of CAN-P¢(M). The metal
density of CAN-Pc(Fe/Co) was similar to the theoretical
calculated metal density of single-layered CAN-Pc(Fe/Co).
Furthermore, the CAN-Pc(Fe/Co) electrode exhibited most
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Figure 14. a) Schematic structure of PcCu-Og—Co-M (M = Co, Fe, Cu, Ni); b) TEM image of PcCu—-Og—Co; c) the differential charge density image of
PcCu-Oz—Co with OOH™ intermediates on the Co—O sites; d,e) in situ Raman analysis during the ORR process; f) proposed reaction mechanism. (a—f)
Reproduced with permission.'"'* Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA. g) Structure of COP-TPP@MOF catalyst. h) Polarization curves
of COP-TPP(M)@MOF-900 (M = Fe and/or Co). The 2D charge density distribution images of i) COP-TPP@MOF and j) COP-TPP(M)@MOF. k) The 3D
charge density distribution image of COP-TPP(M)@MOF. |) The schematic energy profiles for the ORR process on COP-TPP(M)@MOF catalysts in
alkaline conditions. g—I) Reproduced with permission."® Copyright 2017, American Chemical Society.

positive Eynger=1.04V and Ej;;; =0.84V, along with a large  (Eonser=1.02V and E;;; =084V at a loading mass of
cathodic diffusion current density of 5.23mAcm™2, which  100pgcm™2). Meanwhile, CAN-Pc(Fe/Co) also displayed a
was better than the benchmark of the Pt/C electrode  smaller Tafel slope to support their high reaction kinetics.
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3.3. Carboxylic Acid Donor Ligands

The activity of ORR is low in the synthesis of 2D MOFs nano-
materials with a single binary carboxylic acid ligand (e.g., BDC).
The performance of ORR can be improved by double-ligand coor-
dination with the nitrogen-containing ligand and embedded low
content of platinum NPs in ultrathin 2D MOF NSs.[**1%?] For
instance, 2D Co-based MOFs were synthesized by 5-hydroxyi-
sophthalic acid (HO-BDC) and 2,2’-(oxybis(methylene))bis
(1H-benzo[dJimidazole) (Hbbop) ligands.!"’”) The N-doped car-
bon matrix (Co;0,@N/C) was prepared by 2D Co-MOF as the
precursor and graphitic carbon nitride (g-C;N,) as the nitrogen
source. The Co3;0,@N/C showed excellent ORR performance
due to the well-dispersed Co3;O4 and N-doped active species
and synergetic chemical coupling effects among components.
Also, 2D Co-MOFs [Co(BDC),(SPDP),(DMF)(H,0)] (SPDP =
4,4’-(sulfonylbis (4,1-phenylene))dipyridine) can be used to wrap
the CoySg nanocomposites to supply a carbon shell with N, O,
and S doping.** The excellent catalytic activity originated from
the unique advantages of the synthesized structures.

In addition, a multishell 2d MOFs were prepared and
transferred to a Co/Ni-embedded bimetallic N-doped porous
carbon.®® The NiCo dual-metal MOF NSs were synthesized
using Co*"and Ni*" as metal centers. The additional 2Melm
adsorbs Co** on the NiCo MOF surface, which further induces
the assembly of 2D NiCo MOFs. Co/Ni-contained N-doped
porous carbons (NiCo-NC) were obtained after the pyrolysis in
N, at 900°C. The thickness of NSs was less than 15nm.
Based on the Pearson acid—base concept, both Ni*™ and Co*"
are the borderline acids. Meanwhile, carboxylate is a hard base
and imidazole acts as the borderline base.**! Due to the weak
interaction trend between the hard base and borderline acids,
the linker exchanging was initiated by adding 2MeIm. The
NiCo-NC showed high activities (E;;;=0.866V vs RHE,
n=3.90, Eopser = 1.038 V), similar to the commercial Pt/C.

Recently, novel composite nanomaterial ultrathin 2D MOF
NSs have been synthesized by embedding the Pt NPs.'*
Due to the synergistic effects between Pt NPs and MOFs, the
electroactivities of the composite of OER on MOFs and ORR
on Pt NPs have been optimized through the electronic modula-
tion between Pt and metal node sites. 2D MOF NSs (NiNSMOFs)
and Pt@NSMOFs were prepared under constant ultrasonication
conditions (BDC as the organic ligand) (Figure 15a,b). The TEM
image showed that the Pt@NSMOFs sample embedded with Pt
NPs maintained a shape similar to NINSMOFs (Figure 15c¢). The
ultrathin structure of the MOF samples was confirmed by AFM
(Figure 15d). The thickness of NINSMOFs and Pt@NiNSMOFs
is determined to be 1.9 and 3.7 nm, respectively. When the Pt
loading increased from 0.7% to 3.2%, a positive onset potential
shifts from 0.902 to 1.024 V, corresponding to the enhanced ORR
activity. However, as Pt loading further increases to 8.8 wt%, the
ORR performance becomes worse. To understand the energetic
trend of the ORR process, theoretical calculations apply a Pt (111)
surface absorbed with a single-metal node connected with a
ligand molecule to analyze the free energy changes. The intro-
duced metal-organic groups on the Pt surface largely alleviate
the energy barrier of the ORR process, thus increasing the cata-
Iytic activity of the modified Pt surface (Figure 15e-g).
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4. Conclusions and Perspectives

In summary, we have highlighted recent advances in the prepa-
ration of 2D MOF NSs with different organic ligands and differ-
ent methods for electrocatalytic OER and ORR. The organic
ligands largely determine the electrocatalytic performance.
Different ligands have different advantages. The organic ligands
used in OER are mainly expanded by BDC, whereas the imidaz-
ole ring dominates the ORR. Sonication synthesis was the
most widely used bottom-up method, and a variety of 2D
MOF NSs have been successfully synthesized in suitable
solvents.[11¢120:202311 1) 4ddition, some other 2D MOF synthesis
methods have been successfully introduced, such as modulated
synthesis, interfacial synthesis, three-layer synthesis, and surfac-
tant-assisted synthesis.

Although advanced progress has been achieved in 2D MOFs-
based electrocatalysts for realizing efficient water splitting, future
development is perhaps still in the infancy, which faces many
challenges for further investigations. Currently, the high price
of organic ligands and the harsh synthesis requirements are still
limiting the developments of the large-scale synthesis of 2D
MOFs. Meanwhile, the limited synthesis methods with poor con-
trollability of the thickness are other important challenges that
have to be addressed in future research.

The ideal electrocatalyst usually displays several important fea-
tures including high intrinsic catalytic activity, abundant exposed
active sites, superior electron and mass transfer efficiency, as
well as long-term stability.'*® The modification of various func-
tional groups (e.g., -Br, -OCHj3;, -F, —OH, and -NH,) and
organic ligands is also an essential factor that must be considered
in the rational design of an ideal 2D MOF electrocatalyst.
The introduction of these functional groups not only
stimulates defect strain but also tailors the binding energies
of the surfaceemounted MOFs for enhanced catalytic
activity. 454624852 Moreover, due to superior electroactivity
and stability, the combination of 2D MOF composites with many
inorganic functional materials has been intensively studied,
some of which have demonstrated a highly efficient electroactiv-
ity toward water splitting.

As we look to the future, 2D MOFs and their derived materials
show great potential in many electrochemical applications such
as electrochemical sensors, water splitting, and lithium-ion bat-
teries. As OER and ORR electrocatalysts, there are still some
obstacles to be overcome and space for further performance
improvement. The following strategies can be considered to
improve the OER and ORR activity of 2D MOFs-based electro-
catalysts. 1) Most kinds of MOFs are nonconductive. The conduc-
tive organic ligands with conjugated bonds were selected to build
conductive 2D MOFs to improve the conductivity of the electro-
catalysts.™? 2) The defect-related strain effect in MOFs was
introduced by various functional groups (such as electron-
absorbing group and electron-donating group) to enhance the
catalytic activity. 3) The nonmetal doping strategy can further
increase the catalytic activity and stability. Especially as ORR elec-
trocatalysts, 2D MOFs are rarely used directly as ORR electroca-
talysts. Most of them are pyrolytic organic compounds rich in N
atoms. 4) Most organic ligands are expensive, and different
ligands have different advantages. The two and more simple
organic ligands with different advantages to coordinate with
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Figure 15. a) Schematic of the synthetic process for PP @NSMOFs; b) experimental and simulation XRD patterns of Pt@NiNSMOFs (the enlarged
pattern is shown in the inset); c) TEM image of Pt@NiNSMOFs; d) AFM image of Pt@NiNSMOFs; e) schematic of the model of Pt-embedded
MOFs for DFT calculations; free energy diagrams for f) ORR and g) OER pathways in alkaline conditions. (a—g) Reproduced with permission.['*?

Copyright 2019, Elsevier B.V.

metal ions can be selected to achieve a complementary effect.
Compared with traditional porous materials, 2D MOF compo-
sites have the advantages of the simple fabrication process, large
specific surface area, and controllable size, which will continu-
ously inspire more research in electrocatalyst fields.

The MOF-derivative materials are also becoming the most
promising candidates in electrocatalysis, including porous car-
bon, doped carbon materials, metal-based materials, and even
metal oxides. These materials usually indicate abundant advan-
tages such as the simple synthesis, the well-preserved large spe-
cific surface area, and porosity from the MOF framework.!'?"!
Moreover, the high controllability in dopants, morphologies,
and compositions endows MOF-derivate materials great poten-
tial in future broad applications beyond ORR and OER.!'*!

Adv. Energy Sustainability Res. 2021, 2, 2000067 2000067 (27 of 3

Among these materials, the highly conductive porous carbon sat-
isfies the proposed strategy for ORR/OER electrocatalysts, which
shows fast charge transfer/mass transport as well as the maxi-
mum exposure of active sites.!'”?) Moreover, porous carbon
can also function as efficient support to load other electroactive
material. The metals at the nodes of MOF enable the flexible
transformation into the atomic catalyst, metal oxides, transition
metal-based LDHs, and even alloys with unique structures and
morphologies. These materials not only possess abundant elec-
troactive sites or regions but also optimize the electronic struc-
tures to achieve efficient electron transfer and appropriate
binding strength. Therefore, investigating the MOF derivative
supplies another advanced avenue for developing novel electro-
catalysts in ORR and OER.

1)
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