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Abstract

In this short perspective we examine recent developments in the design, synthesis and use of metal-
organic frameworks (MOFs) for electrocatalytic applications. We discuss the inherent challenges and
limitations that continue to plague conventional MOFs and novel strategies for overcoming them. In
particular we focus on the growing interest in two-dimensional MOFs as a practical
HER/OER/NRR/CO,RR catalyst. We also consider its exciting value as a tool for probing the
underlying reaction mechanism and catalytic function of various metals.

1. Introduction

Nowadays, the rapid and continuous rise of global demand for energy [1], has fostered considerable interest in
the development of numerous renewable energy techniques such as water splitting, fuel cells, CO, and N,
electrolysis. During the development of these technologies, nanoporous materials, which can store and
transport energy carriers, have come to the forefront as a family of candidate catalysts for such electrochemical
energy applications. Factors such as suitable pore-size distribution, rational morphology, and multi-
functionality are crucial parameters for achieving favorable reaction kinetics, and thus are directly correlated
with the efficiencies of these energy devices. The ordered microporous structure, uniform spatial distribution of
components, and tailorable topologies of metal-organic frameworks (MOFs) allows these materials to
outperform other traditional inorganic porous counterparts for such energy-related reactions [2].

Conventional bulk MOFs however are generally considered to be poor catalysts for electrochemical
reactions due to their very low electrical conductivity (~10~'* S m™? [3]) which limits the charge transport
within electrodes. Further, although MOFs have abundant micropores in their structures, most of the pores are
very small (usually within several nanometers), and are deeply embedded inside the architecture, and thus only a
relatively low proportion of them can be utilized during electrocatalysis. Strategies reported in the literature have
not proven to be effective in solving these issues, for example, calcination at high temperature to improve
electrode conductivity sacrifices the MOFs’ intrinsic molecular metal active sites [4], whilst hybridization with
secondary conductive supports (e.g. graphene [5]), may block the MOFs’ intrinsic micropores.

Recently, we and some other groups have proposed a promising strategy of downsizing MOFs into two-
dimensional (2D) ultrathin nanosheets [6—9], which has opened up a new direction of using MOFs for various
applications. With the witness of fast-growing research in this direction, this perspective will build on relevant
works by examining the potential application of such materials, particularly as electrocatalysts. It will first
canvass the inherent advantages of 2D nanosheets as electrocatalysts and their current associated challenges,
followed by a survey of recent advances and demonstrated application of the nanosheets for water splitting and
nitrogen/ carbon dioxide reduction. Finally, this perspective will examine the future prospects of 2D MOF
nanosheets as electrocatalysts and suggest some strategies for overcoming their current obstacles in the
aforementioned electrochemistry fields.

© 2020 The Author(s). Published by IOP Publishing Ltd
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2. Advantages of 2D metal-organic frameworks

The downsizing of MOFs into 2D nanosheets has attracted increasing attention in research due to its many
unique properties originating from its ultrathin thickness [2, 6, 10—13]. 2D MOF-related research is one of the
fast-growing directions in the fields of chemistry, materials, and renewable energy. Owing to their ultrathin
nanosheet architecture, 2D MOFs can have an extremely large surface area and high surface-to-volume atom
ratios at highly exposed molecular metal active sites (see figure 1 below).

Moreover, the electrical conductivity of 2D MOFs is significantly higher than bulk MOFs, due to the
dramatically decreased electron transfer distance from the ultrathin nanosheets to the current collector of the
electrodes [8]; and thus mitigates the MOFs’ inherent challenging poor electrical conductivity. Further, if
assembled in a suitable way, MOF nanosheets can form an appropriate structure with a combination of
hierarchical pores. The combination of these factors can give rise to highly exposed active sites, and in principle
make 2D MOFs a versatile and high performance catalyst.

3. Synthesis of 2D metal-organic frameworks

Opver the past few years, significant advances have been made in the fabrication process of 2D MOFs. Two
strategies employed for the synthesis of 2D MOF sheets includes the so called ‘top-down’ and ‘bottom-up’
approaches. The former usually requires synthesis of bulk MOF followed by destruction of the weak van der
Waals bonding between the MOF layers to achieve the nanosheets. This typically involves extra physical and
chemical forces to promote exfoliation of the sheets from the bulk MOF. These forces may also result in
inefficient exfoliation and aggregation of the nanosheets. By contrast, the bottom-up method which aims for the
direct synthesis of the MOF-based nanosheets through controlled growth can avoid these disadvantages. The
importance of synthesis parameters and precursors is well reported in the literature [7].

Technically, a number of methods have been developed to synthesize various 2D MOFs [2, 6, 10-13],
including top-down processing through sonication exfoliation, Li-intercalation exfoliation, and chemical
exfoliation. In addition, the bottom-up approach has been through procedures such as interfacial synthesis,
three-layer synthesis, and surfactant-assisted synthesis. These reports have opened up enormous opportunities
for the application of versatile 2D MOFs to energy-related applications.

4. Energy-related applications of 2D metal-organic frameworks

So far, several 2D MOFs have been applied as electrocatalysts for cathodic hydrogen evolution reaction (HER)
and/or anodic oxygen evolution reaction (OER) in water splitting (figure 2) [14—16]. 2D Ni-THT MOF
nanosheet with a thickness of only 0.7-0.9 nm has been prepared by a Langmuir—Blodgett method at the air/
water interface, and exhibited excellent activity with a small overpotential of 333 mV at 10 mA cm ™2 for HER
[12]. For the OER, ultrathin NiCo-MOF nanosheet has been demonstrated to require an overpotential of

250 mV at 10 mA cm™ 2 [13], which is much lower than that of its bulk counterpart (317 mV). These significantly
enhanced activities may be attributed to the unsaturated metal atoms and/or the strong coupling effect between
different metal sites in 2D MOF nanosheets.

As reported in our previous work [6], we developed a bottom-up method for the assembly of 2D MOFs into
nanosheet arrays on a nickel foam substrate, which works as a bifunctional catalyst for both HER and OER. The
vertically grown NiFe-MOF nanosheets have a lateral size of several hundred nanometers, with a distance
between adjacent MOF nanosheets around tens of nanometers. The nanosheets demonstrated superior catalytic
activity with an overpotential of 134 mV for HER and 240 mV for OER at 10 mA cm ™2 in 0.1 M KOH solution.
When used as the catalyst for both the anode and cathode in a water splitting setup, the electrochemical cell can
deliver a current density of 10 mA cm ™2 at a voltage of only 1.55 V, which is 70 mV smaller than that of the
benchmark catalysts composed of Pt/C cathode and IrO, anode.

In addition, Chao et al [17] recently demonstrated that a thiophene-2,5-dicarboxylate and 4,4’-bipyridine
based MOF resulted in an effective 2D bifunctional catalyst for water splitting in alkaline media. The authors
attribute the low over potentials and Tafel slopes of 240 and 110 mV at 10 mA cm™*and 62 and 94 mV dec™' for
OER and HER respectively to the thinner thickness, more defects and larger specific surface area of
electrocatalyst; all characteristics of 2D MOF derived nanosheets. Similarly, Wang et al [18] employed a top-
down ultrasonication based methodology to obtain cobalt MOF nanosheets which exhibited an overpotential of
309 mV at 10 mA cm ™2 and Tafel slope of 75.71 mV dec™'. Of particular interest is also another work of Zhuang
and colleagues [19] who employed a 2D oxide sacrifice approach to synthesize ultrathin MOF nanosheets which
bypass traditional bottom-up or top-down strategies.

2



IOP Publishing J. Phys.: Energy 2 (2020) 021002 SChenetal

Short electron diffusion

Metal-oxygen layer distance to surface

Hydrocarbon layer &
T N
@ ™o, & ¥
. 0 \b Electrocatalysis
o C a
-

M = metal ions

\ ey ° o

Uncoordinated plane atoms .
Uncoordinated edge atoms

Figure 1. Concept of using two-dimensional metal-organic framework as electrocatalysts for energy-related reactions.
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Figure 2. Representative discoveries of two-dimensional metal-organic framework as electrocatalysts for energy-related reactions.

In other applications, 2D MOFs can also be viable candidates for the nitrogen reduction reaction (NRR) in
N, electrolysis. Sun et al [ 11] have used density functional theory to propose a 2D MOF-based on molybdenum
for NRR. With highly ordered structure and exposed metal active sites, the Mo-based MOF could exhibit an
excellent catalytic performance for the conversion of N, into NH; at room temperature with a very low
overpotential of 0.18 V. Further, Wu et al [20] have demonstrated copper porphyrin metal-organic framework
nanosheets as highly selective and efficient electrocatalysts for the electroreduction of CO, to formate and
acetate (CO,RR), with a maximum faradaic efficiency of 61.5% and 12.3% respectively. The authors attribute
the efficiency of the electrocatalyst to its flat and high-aspect-ratio which promoted electron transfer and
reduced the diffusion kinetic barrier, confirming that MOF downsizing is a feasible method for the further
improvement of 2D nanosheet conductivity. Other examinations of 2D MOF nanosheets based materials for
CO,RR was undertaken by Sun et al [21-24].

5. Challenges and future directions

In future works, a number of specific challenges need to be addressed for the development of 2D MOFs as
practical electrocatalysts. As compared to conventional inorganic catalysts, 2D MOFs still possess far poorer
intrinsic electrical conductivity, and have greater difficulty in binding with inorganic electrically conducting
substances. Therefore, improving the electrical conductivities both inside the 2D MOF sheets and between the
MOFs could be an effective method for enhancing the desired electrocatalytic activities.
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One method of achieving this involves ‘doping’ the MOF with conductive cross linked species into the
framework as conductive pathways for electron transport. Some potential obstacles includes loss of the MOF
structure resulting in decreased porosity and exposure of active sites, and reduced thermal and phase stability of
the MOF structure. Further research into the synthesis of MOFs which possess intrinsic high electrical
conductivity is therefore highly desirable. Interesting solutions include careful selection of planar, conjugated
and redox active organic linkers which promote conduction mechanisms such as hopping, through space or
through bond [25]. It is hypothesized that selective pairing of ligands with appropriate metal precursors can
result in enhanced p-d orbital overlap and promote charge delocalization and thus the electrical conductivity of
the overall structure.

Furthermore, rational optimization of the thickness, lateral size, and arrangement, by in situ growth of
closely attached 2D MOFs on electrically conductive substances should be particularly helpful for increasing the
electrocatalytic performances and mechanical durability of 2D MOEF-based electrodes.

For electrocatalysis, the relative chemical instability of 2D MOF sheets may also be a cause for concern, as
many electrocatalytic reactions operate in aqueous electrolytes, and frequently in highly acidic/alkaline
solutions. This has resulted in comparatively fewer studies of 2D MOFs as electrocatalysts compared to other
porous materials like carbon, metal oxides, and their hybrids. It is noted however that a number of bulk MOFs
with high chemical stabilities in water and even in highly acidic/alkaline conditions have been reported [3], and
thus could be used as precursors in the synthesis of durable 2D MOF electrocatalysts.

Finally, it is also important to utilize the inherent advantages and properties of 2D MOFs for the elucidation
of catalytic mechanisms and use the findings in the subsequent design/optimization of the catalysts’ structure.
The metal-site isolation of 2D MOFs’ is analogous to well-defined molecular catalysts; and thus, they may be
studied with more comprehensive electrochemical characterization methods, typically used for homogeneous
catalysts. This may include in situ spectroscopy techniques such as x-ray photoelectron spectroscopy, Fourier-
transform infrared spectroscopy, Raman and extended x-ray absorption fine structure, and isotope tracing
experiments. It is suggested that these fundamental experiments which improve our understanding of the
underlying mechanism are crucial for the rational design of electrocatalysts with enhanced efficiencies and tuned
selectivity to the desired products.

Acknowledgments

We acknowledge the financial support from the Australian Research Council (DP160103107).

ORCIDiDs

Deeson Wu @ https://orcid.org/0000-0002-3543-2474

References

[1] DeLunaP, Hahn C, Higgins D, Jaffer S A, Jaramillo T F and Sargent E H 2019 What would it take for renewably powered
electrosynthesis to displace petrochemical processes? Science 364 eaav3506
[2] ChoiM, NaK, Kim J, Sakamoto Y, Terasaki O and Ryoo R 2009 Stable single-unit-cell nanosheets of zeolite MFI as active and long-
lived catalysts Nature 461 246-9
[3] WangC, Liu X, Keser Demir N, Chen J P and Li K 2016 Applications of water stable metal-organic frameworks Chem. Soc. Rev. 45
5107-34
[4] Jagadeesh RV, Murugesan K, Alshammari A S, Neumann H, Pohl M M, Radnik ] and Beller M 2017 MOF-derived cobalt nanoparticles
catalyze a general synthesis of amines Science 358 326-32
[5] Jahan M, Liu Z and Loh K P 2013 A graphene oxide and copper-centered metal organic framework composite as a tri-functional
catalyst for HER, OER, and ORR Adv. Funct. Mater. 23 5363—72
[6] Duan], Chen Sand Zhao C 2017 Ultrathin metal-organic framework array for efficient electrocatalytic water splitting Nat. Commun. 8
15341
[7] Liu], YuH, WangL, Deng Z, Naveed K-u-R, Nazir A and Haq F 2018 Two-dimensional metal-organic frameworks nanosheets:
Synthesis strategies and applications Inorg. Chim. Acta 483 550—64
[8] Zheng W, Tsang C-S, Lee LY S and Wong K-Y 2019 Two-dimensional metal-organic framework and covalent-organic framework:
synthesis and their energy-related applications Mater. Today Chem. 12 34-60
[9] Zhao W, Peng]J, Wang W, Liu S, Zhao Q and Huang W 2018 Ultrathin two-dimensional metal-organic framework nanosheets for
functional electronic devices Coord. Chem. Rev. 377 44—63
[10] Zhao M, HuangY, Peng Y, Huang Z, Ma Q and Zhang H 2018 Two-dimensional metal-organic framework nanosheets: synthesis and
applications Chem. Soc. Rev. 47 6267-95
[11] CuiQ, Qin G, Wang W, Geethalakshmi KR, Du A and Sun Q 2019 Mo-based 2D MOF as a highly efficient electrocatalyst for reduction
of N, to NH3: a density functional theory study J. Mater. Chem. A7 145108
[12] DongR, Pfeffermann M, Liang H, Zheng Z, Zhu X, Zhang J and Feng X 2015 Large-area, free-standing, two-dimensional
supramolecular polymer single-layer sheets for highly efficient electrocatalytic hydrogen evolution Angew. Chem. Int. Ed. 54 12058-63
[13] Zhao SL et al 2016 Ultrathin metal-organic framework nanosheets for electrocatalytic oxygen evolution Nat. Energy 1 1-10

4


https://orcid.org/0000-0002-3543-2474
https://orcid.org/0000-0002-3543-2474
https://orcid.org/0000-0002-3543-2474
https://orcid.org/0000-0002-3543-2474
https://doi.org/10.1126/science.aav3506
https://doi.org/10.1038/nature08288
https://doi.org/10.1038/nature08288
https://doi.org/10.1038/nature08288
https://doi.org/10.1039/C6CS00362A
https://doi.org/10.1039/C6CS00362A
https://doi.org/10.1039/C6CS00362A
https://doi.org/10.1039/C6CS00362A
https://doi.org/10.1126/science.aan6245
https://doi.org/10.1126/science.aan6245
https://doi.org/10.1126/science.aan6245
https://doi.org/10.1002/adfm.201300510
https://doi.org/10.1002/adfm.201300510
https://doi.org/10.1002/adfm.201300510
https://doi.org/10.1038/ncomms15341
https://doi.org/10.1038/ncomms15341
https://doi.org/10.1016/j.ica.2018.09.011
https://doi.org/10.1016/j.ica.2018.09.011
https://doi.org/10.1016/j.ica.2018.09.011
https://doi.org/10.1016/j.mtchem.2018.12.002
https://doi.org/10.1016/j.mtchem.2018.12.002
https://doi.org/10.1016/j.mtchem.2018.12.002
https://doi.org/10.1016/j.ccr.2018.08.023
https://doi.org/10.1016/j.ccr.2018.08.023
https://doi.org/10.1016/j.ccr.2018.08.023
https://doi.org/10.1039/C8CS00268A
https://doi.org/10.1039/C8CS00268A
https://doi.org/10.1039/C8CS00268A
https://doi.org/10.1039/C9TA02926E
https://doi.org/10.1039/C9TA02926E
https://doi.org/10.1039/C9TA02926E
https://doi.org/10.1002/anie.201506048
https://doi.org/10.1002/anie.201506048
https://doi.org/10.1002/anie.201506048
https://doi.org/10.1038/nenergy.2016.184
https://doi.org/10.1038/nenergy.2016.184
https://doi.org/10.1038/nenergy.2016.184

10P Publishing

J. Phys.: Energy 2 (2020) 021002 SChenetal

[14] ZhongH et al 2019 A phthalocyanine-based layered two-dimensional conjugated metal-organic framework as a highly efficient
electrocatalyst for the oxygen reduction reaction Angew. Chem. Int. Ed. 58 1067782

[15] ZuoQ,LiuT, ChenC,JiY, Gong X, MaiY and Zhou Y 2019 Ultrathin metal-organic framework nanosheets with ultrahigh loading of
single Pt atoms for efficient visible-light-driven photocatalytic H, evolution Angew. Chem. Int. Ed. 58 10198-203

[16] DingM, Chen J, Jiang M, Zhang X and Wang G 2019 Ultrathin trimetallic metal-organic framework nanosheets for highly efficient
oxygen evolution reaction J. Mater. Chem. A7 14163-8

[17] YuF, LiF, ZhangB, Li H and Sun L 2015 Efficient electrocatalytic water oxidation by a copper oxide thin film in borate buffer ACS
Catalysis 5 627-30

[18] WangX, ZhangH, Yang Z, Zhang C and Liu S 2019 Ultrasound-treated metal-organic framework with efficient electrocatalytic oxygen
evolution activity Ultrason. Sonochem. 59 104714

[19] ZhuangL et al 2019 A surfactant-free and scalable general strategy for synthesizing ultrathin two-dimensional metal-organic
framework nanosheets for the oxygen evolution reaction Angew. Chem. Int. Ed. 58 1356572

[20] WuJX,HouSZ,ZhangX D, XuM, YangHF, Cao P Sand GuZY 2019 Cathodized copper porphyrin metal-organic framework
nanosheets for selective formate and acetate production from CO, electroreduction Chem. Sci. 10 2199-205

[21] SunZ,MaT, Tao H, Fan Q and Han B 2017 Fundamentals and challenges of electrochemical CO, Reduction using two-dimensional
materials Chem 3 560—-87

[22] CuiQ, Qin G, Wang W, Geethalakshmi KR, Du A and Sun Q 2020 Novel two-dimensional MOF as a promising single-atom
electrocatalyst for CO, reduction: a theoretical study Appl. Surf. Sci. 500 143993

[23] Lan G, LiZ, Veroneau$S S, Zhu Y Y, Xu Z, Wang C and Lin W 2018 Photosensitizing metal-organic layers for efficient sunlight-driven
carbon dioxide reduction J. Am. Chem. Soc. 140 12369—73

[24] ShaoP,YiL,Chen S, Zhou T and Zhang ] 2020 Metal-organic frameworks for electrochemical reduction of carbon dioxide: the role of
metal centers J. Energy Chem. 40 156—70

[25] KoM, Mendecki L and Mirica K A 2018 Conductive two-dimensional metal-organic frameworks as multifunctional materials Chem.
Commun. 547873-91



https://doi.org/10.1002/anie.201907002
https://doi.org/10.1002/anie.201907002
https://doi.org/10.1002/anie.201907002
https://doi.org/10.1002/anie.201904058
https://doi.org/10.1002/anie.201904058
https://doi.org/10.1002/anie.201904058
https://doi.org/10.1039/C9TA00708C
https://doi.org/10.1039/C9TA00708C
https://doi.org/10.1039/C9TA00708C
https://doi.org/10.1021/cs501510e
https://doi.org/10.1021/cs501510e
https://doi.org/10.1021/cs501510e
https://doi.org/10.1016/j.ultsonch.2019.104714
https://doi.org/10.1002/anie.201907600
https://doi.org/10.1002/anie.201907600
https://doi.org/10.1002/anie.201907600
https://doi.org/10.1039/C8SC04344B
https://doi.org/10.1039/C8SC04344B
https://doi.org/10.1039/C8SC04344B
https://doi.org/10.1016/j.chempr.2017.09.009
https://doi.org/10.1016/j.chempr.2017.09.009
https://doi.org/10.1016/j.chempr.2017.09.009
https://doi.org/10.1016/j.apsusc.2019.143993
https://doi.org/10.1021/jacs.8b08357
https://doi.org/10.1021/jacs.8b08357
https://doi.org/10.1021/jacs.8b08357
https://doi.org/10.1016/j.jechem.2019.04.013
https://doi.org/10.1016/j.jechem.2019.04.013
https://doi.org/10.1016/j.jechem.2019.04.013
https://doi.org/10.1039/C8CC02871K
https://doi.org/10.1039/C8CC02871K
https://doi.org/10.1039/C8CC02871K

	1. Introduction
	2. Advantages of 2D metal-organic frameworks
	3. Synthesis of 2D metal-organic frameworks
	4. Energy-related applications of 2D metal-organic frameworks
	5. Challenges and future directions
	Acknowledgments
	References



