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This highlight article focuses on the rapidly emerging area of electrocatalytic metal-organic frameworks
(MOFs) with a particular emphasis on those systems displaying intrinsic activity. Three electrocatalytic con-
version processes are discussed, including CO, reduction, the hydrogen evolution reaction (HER) and the
oxygen evolution reaction (OER), as well as a selection of other relevant examples. The scope of our dis-
cussion encompasses aspects of MOF structure that are key to their function, performance characteristics
such as stability and selectivity, together with methods for interfacing MOFs with surfaces. Key challenges
that have emerged are highlighted in addition to opportunities that are relevant to the field in the design of
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1. Introduction

The demand for energy to satisfy the needs of an ever-
growing population has led to the reliance on fossil fuels for
their high energy density to generate the necessary power for
the human population. Industrialisation has been heavily de-
pendent on the use of coal, which is responsible for over 40%
of electricity production worldwide." Additionally, in excess of
12 million tonnes of oil and 8 million cubic tonnes of natural
gas are consumed daily to provide energy. The dependence
on fossil fuels has led to the increased concentration of CO,
into the atmosphere, with CO, levels surpassing 400 ppm for
the first time in recorded history.”> Efforts to reduce the reli-
ance on fossil fuels for the production of energy has seen vari-
ous approaches. One such strategy is CO, capture and conver-
sion, to reduce the levels of CO, in the atmosphere (the
subject of many recent reviews> ), and to capitalise on the
rich carbon source that CO, can provide as a chemical feed-
stock. Another strategy is the use of renewable energy sources
such as wind, hydro and solar-based energies to generate
more environmentally benign fuels such as H, and O, in re-
newable fuel cells.

Studies into the feasibility of cheap and abundant feed-
stocks, such as CO, and H,O, have probed their uses as alter-
natives to fossil fuels. The benefit of CO, being a cheap and
abundant source of carbon is limited by carbon being in its
most oxidised form; this means that it is difficult to chemi-
cally access for transformation into a commodity chemical.
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more stable, selective and robust electrocatalysts for a range of industrial processes.

Investing energy to convert CO, into a more reactive interme-
diate could enable the generation of a cleaner fuel source.
The conversion of H,O can generate both H, and O, which
supports the move towards a hydrogen fuel economy.'’ The
challenge here lies in the limitations of conventional
methods for water splitting, including the use of high tem-
peratures or pressures, resulting in a lower efficiency of H,
production. As a consequence, catalysts are required to lower
the energy penalty associated with these reaction pathways
and provide more viable routes for conversion.

Currently, there exist a number of classes of catalysis for the
generation of useful fuels. These include, but are not limited to
biocatalysis,"* chemical catalysis (including organometallic'?
and organocatalysis'?), photocatalysis'* and electrocatalysis."®
A particular attraction of electrocatalysis lies in its relative sim-
plicity and the ability to control the reaction through modula-
tion of electric potential difference. Unlike biocatalysis, the
electrocatalytic conversion does not require the additional
complexity of modelling enzyme stability (which is highly pH
dependent) and metabolic pathways for multi-step biocata-
Iytic reactions.'" Electrocatalysts are considered a feasible al-
ternative to organometallic catalysts since a large proportion
of the latter are based on rare and precious metals, are te-
dious to manipulate due to their traditionally air sensitive na-
ture and may contribute to heavy metal pollution upon their
use. While the limitations in cost, robustness and abundance
of precursors for organometallic catalysis can be addressed
by designing organocatalysts, they require a high catalyst
loading to achieve catalytic transformation in high efficien-
cies.'® Finally, although photocatalytic catalysis in many
cases (e.g., CO, reduction) may allow for a more direct con-
version of a substrate to a product, the conversion measured
by quantum yield is often very low."”” In comparison,
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some electrocatalytic transformations can occur in Faradaic
efficiencies of up to 100%."® Electrocatalysis is also beneficial
since it is relatively easily coupled with a renewable energy
source such as hydro, solar or wind power to generate the
necessary potential for conversion.'®

Techniques in electrocatalysis were initially developed in
the solution phase because it is comparatively simple to ap-
ply solution state spectroscopic techniques to quantify prod-
ucts of catalytic transformation, understand the kinetics of
the reaction and elucidate the mechanism.?**" It is also more
straightforward to generate a library of discrete compounds
for solution state electrochemistry in order to systematically
modulate the catalyst and relate its structure to its electro-
chemical function. Homogeneous electrocatalysis has been
very well developed and is the subject of many reviews for ap-
plications in CO, conversion,>®** H, production,*2’ 0,
production,”®>° general organic synthesis®* and for indus-
trial applications;**** however, with the increasing number
of electroactive solid-state materials being reported in the lit-
erature,®® alternative methods for assessing catalysts and
quantifying catalytic processes need to be explored.

Despite the advantages of homogeneous catalysis (tunabil-
ity and chemical robustness), heterogeneous catalysts possess
a number of long-term benefits in the context of electro-
catalysis. Homogeneous electrocatalysts are only electroactive
at the surface of an electrode, or within the diffuse double
layers of an electrochemical cell, such that bulk electro-
catalysis is dictated by diffusion and mass transport.*® In so-
lution, electroactive complexes may physically or chemically
interact with each other, triggering a deactivation process of
the active site.>® By suspending a discrete complex in a crys-
talline matrix, it may be possible to control the environment
of the catalytically active site to avoid its deactivation and
lengthen its lifetime.®” The use of a heterogeneous catalyst
may also open up the possibility of using solvents that are
more favourable for electrochemistry, since solubility is not a
requirement for heterogeneous catalyst function.® If a
heterogeneous scaffold is localised on an electrode, it will
not be controlled by the rate of diffusion in the solvent.
Heterogenisation also prevents the two active half-cell reac-
tions in an electrochemical cell from interfering with each
other. For example, if an active homogeneous reduction cata-
lyst reaches the anode, then it may partake in the oxidation
half reaction of the electrochemical cell, or may itself un-
dergo oxidative degradation.* Improving the conductivity of
a crystalline matrix containing catalytically active sites may
allow for charge propagation through the solid, leading to
improved overall rates of catalysis. With constant improve-
ments in solid state spectroscopic and electrochemical tech-
niques, and the development of new experimental methods
to study surfaces, heterogeneous catalysis is no longer lim-
ited by restrictions such as low temperatures and high vac-
uum conditions’® or inhomogeneous surfaces.”’ Finally,
heterogeneous catalysis enables the ease of separation of
products from the catalyst since the products may be in a dif-
ferent phase.
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An electrocatalyst functions by facilitating electron trans-
fer between an electrode and a substrate, thereby reducing
the high electrochemical driving force required for the reac-
tion by providing a lower energy pathway. A good electro-
catalyst needs to fulfil certain requirements: it must offer a
good catalytic rate constant (k... for the reaction it was
designed to accelerate, be stable to redox processes, be
cheap, efficient, durable and selective in its catalysis, and be
easily regenerated. For both CO, reduction and water split-
ting, the electrocatalyst should be reduced to form an inter-
mediate that can transfer electrons to CO, to activate it, or to
allow for the electrochemical destabilisation H,O to occur. A
number of electrochemical techniques are available to assist
in the search for a good electrocatalyst. The most important
tools are cyclic voltammetry (CV), linear squarewave
voltammetry (LSV) differential pulse voltammetry (DPV) and
controlled potential electrolysis (CPE). These electrochemical
experiments can yield information for Tafel plots, which re-
late the overpotential of a reaction to its rate limiting step."®
A particularly important parameter derived from such plots is
the Tafel slope, which yields information about the exchange
current density of a reaction and the rate of electron transfer
(i.e., the smaller the gradient, the better the electron trans-
fer). Spectroelectrochemistry (SEC) can also be used to pro-
vide spectroscopic information about the behaviour of an
electrocatalyst in situ, which adds another important dimen-
sion to the characterisation of an electrochemical reaction
and the elucidation of the mechanism of catalysis."®**™” Fi-
nally, combining CPE with gas- and solution-phase tech-
niques can assist in identifying and quantifying the catalytic
products.

An attractive opportunity for heterogeneous electro-
catalysis is metal-organic frameworks (MOFs), which hold
promise as a class of highly ordered multifunctional mate-
rials that can be readily formed and tuned. Defined by IUPAC
as “coordination polymers with an open framework that con-
tain potential voids”,*® frameworks were first reported in
1989*° and consist of metal ions that are linked together by
organic ligands to form scaffolds.’® A key advantage to MOFs
is that they possess high dimensionality, can be robust and
are insoluble. It is also possible to tune the components of
the MOF in a similar fashion to tuning a discrete homoge-
neous catalyst.”® With the large availability of ligands and
metal salts, there are a plethora of different MOF topologies
that may be synthesised and explored, enabling a move away
from precious metals and expensive precursors commonly as-
sociated with catalytic processes.”®> Robson et al. predicted
that the components of frameworks could be rationally cho-
sen to yield a material with desirable functionality - a process
known as crystal engineering.’?

The potential use of MOFs as electrocatalysts is receiving
increasing attention as these materials circumvent a number
of the limitations of homogeneous catalysts. Through the
immobilisation of catalytic sites in MOFs, it may be possible
to inhibit deleterious reactions such as dimerisation, since
the sites are physically separated in a higher-order structure.

This journal is © The Royal Society of Chemistry 2017
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Immobilising catalysts in the solid state with various metal
nodes can also impact the electrochemical driving force nec-
essary for electron transfer between the electrode and the cat-
alyst, as well as improving the lifetime of the catalytic site
and its selectivity. Additionally, if the MOF has a high inter-
nal surface area, a high concentration of catalytic sites
should be accessible. It is usually expected that the use of a
MOF as an electrocatalyst would require an active surface
area, a known propagation of charge, an optimised pore size
distribution and good crystallinity.>* One crucial factor that
affects the electrocatalytic performance of a MOF is how well
the catalyst is anchored to a conductive surface, since this
may allow for charge hopping rather than diffusion to acti-
vate any catalytic sites in the MOF.>”

Methods for the attachment of MOFs to an electrode sur-
face are required to quantify catalyst loading and have been
derived from the surface anchoring of discrete complexes.
Current approaches to surface attachment involve modifying
the conductive surface in order to directly graft
functionalised metal complexes. Grafting methods of metal
complexes for heterogeneous catalysis have previously been
explored,”®® and the conductive surfaces used have in-
cluded carbon nanotubes,”® graphene,** glassy carbon,® con-
ductive tin oxides,*® silver,”” copper®® and gold® among
others. While these surface attachment methods have en-
abled quantification of catalyst loading, they result in low
surface coverage. MOFs as heterogeneous catalysts offer sig-
nificant potential advantages in terms of the higher num-
ber of catalytic sites that may be activated via charge hop-
ping mechanisms. As a result, a better understanding of
surface fabrication and quantification of heterogeneous ca-
talysis is crucial to enhance their properties and advance
the field.

1.1 Scope

With the advent of crystal engineering and a relatively large
body of existing literature on photocatalytic MOFs,””* the
use of MOFs as electrocatalysts is now gaining pace. Various
methods exist for the attachment of MOFs to conductive sur-
faces - an important consideration to quantify their electro-
catalytic activity. This highlight article focuses on the key
challenges that have emerged for electrocatalytic MOFs, in-
cluding aspects of structure that are key to their function,
and performance characteristics such as stability and selectiv-
ity, in addition to methods for interfacing MOFs with sur-
faces. Three electrocatalytic conversions processes are
discussed, including CO, reduction, the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER), as
well as a selection of other relevant catalytic processes. The
highlight is restricted to electrocatalysis intrinsic to MOFs
(that is, where the MOF retains its structural integrity and cat-
alytic properties after CPE), and quantification of the catalysis
will be discussed on the basis of Faradaic efficiencies, turn-
over frequencies (TOFs), turnover numbers (TONs) and Tafel
analysis where reported. Readers are additionally directed to
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a recent comprehensive review on MOF and MOF-derived
nanomaterials for electrocatalysis’* and the use of MOFs as
catalyst precursors for catalytic oxides”"”> (note that these re-
views did not address the issue of surface attachment as
discussed here).

2. CO, reduction

The electrocatalysis of CO, reduction requires the presence of
coordinatively unsaturated metal sites, or at least metal sites
with labile ligands. In the case of homogeneous catalysts,
many transition metal systems that interact with CO, have
been reported, of which the strength and the reversibility of
the association with CO, is a critical factor.”® In many exam-
ples, the metal-CO, bond is strong, which may deactivate the
catalytic ability of the transition metal.

From a thermodynamic viewpoint, CO, has the capacity to
accept an electron to form a CO," radical anion which has
provided the impetus for the study of CO, electrocatalysis."®
The CO," radical is a highly energetic species that is ob-
served when CO, is reduced at a potential of E,. = -1.90 V vs.
NHE.?® The Tafel slope for the formation of the radical has
previously been reported as 118 mV dec ';”” therefore, a
lower Tafel slope may imply a faster initial electron transfer
before a later non-electron transfer rate-determining step.”®
The direct reduction of CO, is not favoured thermodynami-
cally due to the large overpotentials associated with the
electron transfer. The proton-coupled reduction of CO, pro-
vides a feasible alternative to direct reduction and can lead to
a number of useful products (Table 1).>*7%%® These products
are more thermodynamically favourable than CO,"; however,
the activation energy for their formation is still significant
and kinetic penalties are introduced. Since a proton source is
required to facilitate CO, reduction, it is important that the
electrocatalyst does not simply promote reduction of the pro-
ton source to H, gas (a thermodynamically favoured

Table 1 Reduction reactions of CO, and their thermodynamic potentials
at neutral pH”®

Reaction E° (V vs. SHE)
CO, (g) + 4H' + 4e” — C (s) + 2H,0 (]) +0.210
CO, (g) + 2H,0 (1) + 46 — C (s) + 40H" -0.627
CO, (g) + 2H" + 2¢” — HCOOH (1) -0.250
CO, (g) + 2H,0 (1) + 2¢” — HCOO™ (aq) + OH" -1.078
CO, (g) + 2H" + 2¢” — CO (g) + H,0 (1) -0.106
CO, (g) + 2H,0 (1) + 2¢” — CO™ (g) + 20H -0.934
CO, (g) + 4H'+ 4¢” — CH,O (I) + 40H" -0.898
CO, (g) + 6H" + 6" — CH;0H (I) + H,0~ +0.016
CO, (g) + 5H,0 () + 66 — CH;OH (1) + 60H" -0.812
CO, (g) + 8H" + 8e” — CH, (g) + H,0 (1) +0.169
CO, (g) + 6H,O () + 8¢ — CH, (g) + SOH~ -0.659
2C0, (g) + 2H" + 2" — H,C,04 (aq) -0.500
2C0, +2¢” — 2C0O,~ — C,0,7 (aq) -0.590
2CO, (g) + 12H" + 12¢” — CH,CH, (g) + 4H,0 (1) +0.064

2C0, (g) + 8H,0 (1) + 12¢” — CH,CH, (g) + 120H (1) -0.764
2CO, (g) + 12H" + 12¢” — CH3CH,OH (1) + 3H,0 ()  +0.084
2C0, (g) + 9H,0 (1) + 126 — CH;CH,OH (1) + 120H™  -0.240
2H' +2¢ — H, (g) +0.000
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transformation), but instead has a kinetic preference for CO,
reduction. The Tafel slope provides useful insight here, since
a higher slope may indicate competing reactions with the hy-
drogen evolution reaction (HER) (vide infra).*"**

An important factor in catalyst design for the conversion
of CO, is addressing the kinetic factors associated with its
transformation. Despite the thermodynamic incentive to
form methane (AG° = -130.8 kJ mol ') or methanol (AG® =
-17.3 kJ mol™) in a single step, the relatively simpler two pro-
ton, two electron reduction process to fuel precursors has
been the subject of much analysis.>® The reduction of CO, to
CO is particularly attractive as CO can be converted into lig-
uid fuels via Fischer-Tropsch processes®® and is a feedstock
for a number of aldehydes;** it is particularly useful on a
large scale in metallurgical processes, such as the Mond pro-
cess for refining Ni.** Additionally, the generation of formic
acid from CO, is an important industrial process because it
is useful as a preservative and antibacterial agent, and in the
textile industry.*® The slight thermodynamic penalty for
forming CO (AG® = +19.9 kJ mol™") and formic acid (AG® =
+38.4 kJ mol™) from CO, means that an electrocatalyst is re-
quired to assist the transformation.>’

A number of the early examples of MOFs examined for the
reduction of CO, contained Cu secondary building units
(SBUs). Interest in these Cu frameworks was based on prece-
dence for the reduction of CO, at low overpotentials on Cu
electrodes, where deposited Cu,O layers were found to be
electrocatalytically active.®”°® The first reported framework
for electrochemical CO, reduction was a copper rubeanate
MOF reported in 2012 by Yamada et al.’* The as-synthesised
MOF particles were mechanically immobilised onto carbon
paper to act as the working electrode. Upon CPE at Ej,. = -1.2
V vs. SHE, formic acid was found to be the primary product
and was produced in 30% Faradaic efficiency after reaction
in aqueous media. The reported overpotentials were lowered
by 0.2 V compared to CO, reduction on a bare Cu electrode.
Characterisation of the framework was achieved using PXRD,
elemental analysis and IR, however the definitive structure of
the material was not reported. This work serves to highlight a
number of challenges in the quantification of electrocatalytic
processes involving MOFs including the difficulty in elucidat-
ing a reaction mechanism (which often requires a Tafel anal-
ysis), their instability under the conditions (structural data
such as PXRD is rarely reported post-reaction), and the need
for secure attachment of the MOF to the electrode in order to
quantify the electroactive surface area.

Work from Kulandainathan et al demonstrated that
Cujz(btc), could be coated onto glassy carbon using Nafion, a
conductive, gas permeable and chemically inert matrix used
to adhere the MOF to the surface. CPE was performed on a
solution at Ep, = -2.5 V vs. Ag/Ag", with the primary product
of catalysis found to be oxalic acid, thus providing the first
example of a multifunctional MOF that could be used for
both the capture and electrochemical conversion of CO,.”
The detection of oxalic acid via IR spectroscopy occurred at
overpotentials that had been lowered by up to 0.65 V, how-
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ever quantification of the product was not performed. It was
suggested that a Cu(r) species was the catalytic agent, however
the structural stability of the framework to the catalytic con-
ditions was not thoroughly analysed, nor was Tafel analysis
conducted to verify the rate limiting step of the reduction.
13C0,-labelled experiments would be useful in the future to
verify the source of the product (ie., oxalic acid generation
from CO, itself rather than reduction of the solvent, DMF). It
is also interesting to note that although Nafion assists the ad-
hesion of the MOF onto the glassy carbon surface, it may also
interfere with the properties of the framework, resulting in
an inhomogeneous coverage of MOF on the surface and af-
fecting the diffusion of electrons, leading to increased
capacitance.®®

Strategies to address the stability of Cu based MOFs for
electrocatalysis have been reported in the work of Albo et al.,
who investigated both Cus(btc), and [Cuz(u-C,H,N,S,)],
MOFs, as well as metal-organic aerogels for the electrocata-
Iytic reduction of CO, to alcohols.”® The MOFs were depos-
ited onto a gas diffusion electrode (GDE), which is a porous
composite electrode constructed from Nafion bonded catalyst
particles and a carbon support (carbon paper). The benefit of
a GDE is that it can be operated at higher current densities
(200-600 mA cm?) and can form a characteristic gas-solid-
liquid three-phase interface, which allows a homogeneous
distribution over the catalyst surface and overcomes the limi-
tations of mass transport.”” However, the presence of Nafion
as a binder may also impact the conductive properties of a
framework which are important for charge transport within
the highly porous electrocatalytic system. The electrodes were
characterised using SEM, ATR-IR and PXRD, where homoge-
neous coverage of MOF was found on the electrode surface.
Bulk electrolysis revealed that Cus(btc), and [Cuj(p-
C,H,N,S,)] could convert CO, to methanol and ethanol in
Faradaic efficiencies of 15.9% and 1.2%, respectively, with a
current density of 10 mA cm™ after optimisation of the
electrolyte and gas flow rates. Despite the low conversion of
CO,, catalysis was attributed to unhindered and highly active
defect Cu sites in [Cuz(pu-C,H,N,S,)]. On this basis, it was
suggested that focus should be shifted towards MOFs
containing bare metal sites for electrocatalysis. Characterisa-
tion of the MOF stabilities revealed that Cu,(btc), and [Cug(p-
C,H,N,S,)] exhibit catalytic behaviour for up to 17 and 12 h,
respectively, with gradual deactivation a result of their pro-
pensity to undergo hydrolysis in aqueous media.”® There was
also evidence for the formation of malachite (CH,CuO,) and
leaching of Cu from the carbon support, which are them-
selves electrocatalytically active, and may have contributed to
the observed activity.”

A challenge arising from the use of Cu as the active metal
for CO, electroreduction is that various mixtures of hydrocar-
bon products are generated, and it is not trivial to improve
the selectivity of any specific one.’**™%* The field has there-
fore expanded to consider other metals that may increase se-
lectivity for certain products of CO, reduction, with a particu-
lar focus on MOFs incorporating electrocatalytically-active

This journal is © The Royal Society of Chemistry 2017
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metals into the SBUs and bare metal sites into the struts. Par-
ticular efforts have focused on the incorporation of porphy-
rins into MOFs, because discrete metal Co and Fe porphyrins
have previously been examined as homogeneous electro-
catalysts for CO, reduction.’®*™® The electrocatalytic conver-
sion of CO, to CO was reported in a COF containing 4,4,
4",4"-(porphyrin-5,10,15,20-tetrayl)tetrabenzoate)Co(un)  (tcpp-
Co) by Yaghi and co-workers.'®® For electrochemical experi-
ments, the COF was mechanically deposited onto porous,
conductive carbon fabric, and an electrochemically active sur-
face concentration of the COF was measured by integrating
the reduction wave. CO was formed in Faradaic efficiencies
of 90%, with no degradation of the COF observed over the
first 24 h of the reaction. This material displayed a high activ-
ity for the reduction of CO, to CO, achieving TONs as high as
290000 and an initial TOF of 2.6 s™*. The immobilisation of
the porphyrin into the solid state resulted in an improvement
in the activity of the catalytic site by a factor of 60. The direct
growth of the MOF onto the conductive surface resulted in a
lower Faradaic efficiency (86%), but an improvement in the
TOF (665 hour '), suggesting that direct methods of surface
attachment are necessary to improve electrocatalysis. Tafel
analysis on the COF suggested that further mechanistic stud-
ies are required, because a higher Tafel slope for the COF
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(550 mV dec™") than tepp-Co (270 mV dec ') itself may indi-
cate that the mechanism of CO, reduction is occurring in a
different way in the heterogeneous MOF system.

Taking inspiration from the aforementioned COF, the
same group incorporated tcpp-Co porphyrin into a MOF,
where the porphyrin was linked through aluminium oxide
rods to generate a 3D framework (Fig. 1A)."*° The MOF was
deposited onto ITO through the atomic layer deposition (ALD)
of an aluminium oxide layer prior to direct MOF growth.®’
The benefit of ALD lies in the ability to control the defects
and thickness of the film,""* improve deposition times, lower
deposition temperatures and increase scalability/repeatabil-
ity.""* The direct growth of the MOF onto the surface also re-
moved the need for binders. The electroactive surface of the
MOF was quantified using ICP-AES, where an upper concen-
tration limit of Co of 1.1 x 10”” mol cm™ was obtained. The
Co MOF exhibited improved electrocatalytic activity in the
presence of CO,, with an increase in current density from 3.5
to 5.9 mA cm 2 at Ey,, = -0.5 V vs. RHE (Fig. 1C). During CPE,
the MOF films demonstrated a high selectivity for the conver-
sion of CO, to CO, with TONs of 1400 per catalytic site and a
selectivity for CO production in aqueous media with 76% Far-
adaic efficiency at E,. = -0.7 V vs. RHE (Fig. 1D). Spectro-
electrochemical experiments suggested that the Co(u/1) redox

A
“«— e —/ —e
C s D & E' o5
75 ¢ CO § 03 Tafel Region
L 4
o, ; o] §of ——
A5 3% T -0 o,
& c S N
& 03 N
£ 2 55 1 \
%'2'5 5 g 05 X
35 £ 4 S 07 S
g g’ \\
45 5 35 { § S -09 %
' Argon . } A4 Mue=165 mV/decade
25 4 { %
55 co, -13 .
65 15 -15 T T T T
. 095 -085 -075 -065 -055 -045 085 -075 -065 -055 -045 -035

4 07 -04 -01 02
E (V) vs. RHE

E (V) vs. RHE

Overpotential (V)

Fig. 1 A: The organic building units in the form of cobalt-metalated tcpp are assembled into a 3D MOF, Al,(OH), (tcpp-Co). Co: orange spheres;
O, red spheres; C, black spheres; N, blue spheres; Al, light-blue octahedra; and pyrrole ring, blue. Each porphyrin is bound to the aluminium or-
ganic backbone. B: A schematic of the MOF integrated with a conductive substrate to achieve a functional CO, electrochemical reduction system.
C: CV of the MOF catalyst exhibiting a current increase in a CO, environment relative to an argon-saturated environment. D: The selectivity of
CO, over H; at different potentials, reaching Faradaic efficiencies of up to 76% for CO. E: The Tafel plot for the MOF, with a Tafel slope implying
that the one-electron reduction from CO, to CO," is the rate limiting step. Adapted with permission from 110.
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couple was responsible for the conversion. Tafel plots were ex-
amined to gain insight into the mechanism of CO, reduction
(Fig. 1E), with Tafel slopes ranging from 100-300 mV dec",
implying that the mechanism involved more steps than those
involving the active Co site and the generation of the CO,™
radical as the rate limiting step. The stability of the MOF was
initially evaluated through chronoamperometric measure-
ments and Faradaic efficiency measurements. Physical char-
acterisation of the MOF after CPE (using PXRD, SEM and sur-
face enhanced Raman spectroscopy (SERS)) suggested that
the MOF largely retained its crystallinity and morphology after
7 h of CPE.

Fe-porphyrins were chosen for incorporation into MOFs
by Hupp and co-workers who electrophoretically deposited
(EPD) Fe_MOF-525 onto the conductive substrate FTO.""* The
benefit of EPD is that a powdered form of the MOF can be at-
tached to a highly charged electrode surface by virtue of de-
fects in both the MOF and the surface without the need for a
binder. The initial electrochemically accessible surface area
was characterised through chronoamperometry, where the
current decay over time was recorded and compared to the
charge passed. An active surface area of Fe porphyrin of 6.2 x
10~® mol em™ was calculated (which is up to 77% of the sur-
face area of the MOF itself). CPE at E,. = -1.3 V vs. NHE
resulted in the generation of CO and H, in a combined Fara-
daic efficiency of up to 100% (CO = 54%, H, = 45%, TON =
272 in the absence of 2,2,2-trifluoroethanol (TFE) and CO =
60%, H, = 41% in the presence of TFE). It was suggested that
the Fe(1/0) redox couple at E;/, = -1.4 V vs. NHE was responsi-
ble for the transformation of CO, on the basis of evidence
from mechanistic studies in the homogeneous systems;
namely, a Fe-CO, adduct forms that allows for cleavage of a
C-O bond and the release of CO."'*''> The MOF was found
to degrade over 5 h, allowing for the release of the homoge-
neous catalyst into solution, however detailed studies on the
degradation of the MOF were not pursued.

In addition to porphyrin-based ligands, the [M(bpy)(CO);X]
(M = Mn, Re, bpy = 2,2"-bipyridine, X = halogen) complexes

Current/ mA cm?

1.54 nm
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are well-known to be good homogeneous electrocatalysts for
the proton-dependent reduction of CO, into CO with high
TOF/TONs and good Faradaic efficiencies.'®®>"'*"*° Re-
cently, the incorporation of [Re(bpy)(CO);Cl] into a Zn-
paddlewheel based MOF for electrochemical CO, reduction
was reported by Sun and co-workers (Fig. 2A)."*" Deposition
of the MOF onto FTO was achieved via liquid-phase epitaxy
(LPE), which is a very well established method for the deposi-
tion of MOFs onto thin films."** LPE has the added benefit
of enabling the fabrication of highly oriented and homoge-
neous MOF thin films with controllable thicknesses.>* The
surfaces were characterised by XRD, suggesting that growth
of the MOF was directed along the [001] surface, however,
single crystal data was not obtained and the structure was
therefore proposed on the basis of Le Bail refinements. Fur-
ther characterisation through IR and XPS confirmed the in-
corporation of the [Re(bpy)(CO);Cl] complex into the MOF.
CV of the MOF revealed two processes at E;, = —0.7 and -0.9
V vs. NHE, corresponding to the reduction of Re(1/0) and its
subsequent loss of chloride, with a noticeable enhancement
in current density in the presence of CO, (Fig. 2B). CPE was
performed on the MOF at E,. = -0.9 V vs. NHE for 2 h, with
current densities up to 2.5 mA cm~> which were sustained for
30 min. CO production was reported in Faradaic efficiencies
up to 93%, an initial TOF of 690 h™' after 30 min and a TON
of 580 after 2 h, although these values are based upon an es-
timation of catalytic sites on an FTO surface (7 x 10" mol
cm ™ assuming a full packing of Re centres on a uniform sur-
face of the electrode) (Fig. 2C). A redox hopping mechanism
was proposed for charge propagation in the framework. The
proposal of mechanism for CO, reduction was based on the
behaviour of the homogeneous catalyst, but was not
supported by Tafel analysis. The long term stability of the
MOF was not addressed.

Han and co-workers reported the first work on the electro-
chemical reduction of CO, using MOFs as a cathode material
and ionic liquids (ILs) as the electrolyte to generate the
multi-electron reduction product methane (Table 1)."** The
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Fig. 2 A: The proposed ideal atomic structure of Re-SURMOF B: CV of Re-SURMOF in saturated electrolyte at a scan rate of 100 mV s™%; C: Fara-
daic efficiency of Re-SURMOF and Re-linker (0.5 mM) catalysed CO, reduction as a function of applied potential. The electrolyte was saturated

with CO, or N,. Adapted with permission from 121.
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use of ILs hinges on their wide solvent window which allows
access more cathodic reduction potentials in MOFs without
the IL itself being reduced. Different mass fractions of
Zn(btc) (based on the Zn node) were deposited onto carbon
paper wusing EPD, with a mixture of 1-dodecyl-3-
methylimidazolium (75 wt%) and glycerol (25 wt%) used as
the electrolyte. The surface was characterised using PXRD,
SEM and SAXS, with XPS used prior to and following EPD to
ensure that the MOF retained its structure. The CO, reduc-
tion studies took place in 1-butyl-3-methylimidazolium tetra-
fluoroborate, with an enhanced reduction of CO, at E;, =
-2.2 V vs. Ag/Ag". CPE at Ep. = —2.2 V vs. Ag/Ag" for 2 h
yielded CH, and CO in the gas phase in Faradaic efficiencies
of up to 88 and 8%, respectively, depending on the IL used. A
Tafel slope of 146 mV dec ™" was obtained, suggesting that the
rate limiting step of the reaction was the formation of the
CO," radical. Only XPS was used to characterise the surface
following CPE. It was suggested that the use of the MOF as
the cathode demonstrated comparable activity, but higher se-
lectivity for methane production than a traditional metal
electrode.

3. Water splitting

An important electrochemically catalysed reaction is the split-
ting of water into H, and O,, both of which play key roles in
the development of clean energy technologies.'>® The forma-
tion of O, through the oxygen evolution reaction (OER) at the
anode and H, through the hydrogen evolution reaction
(HER) at the cathode wusually occur at very high
overpotentials, making it critical to include a catalyst for effi-
cient and economical water splitting.'*® Early homogeneous
catalysts were based on Ru,"?”'*® 1r'**13° and Pt,"*' how-
ever recent efforts have focused on Earth-abundant ele-
ments such as Mn,"** Ni,"** Cu'** and Co"*’ for scaling the
reaction to an industrial level, where discrete Co complexes
have already been found to show particularly good activity
for OER."® Studies on water oxidation have been
conducted on discrete metal oxides and layered double
hydroxides."*®

3.1 OER

Traditionally, OER possesses a higher kinetic barrier and slug-
gish reaction kinetics compared with HER because it is a four
electron process and therefore usually requires high perfor-
mance catalysts.'®” Tafel analysis is difficult in the context of

Table 2 The OER and its individual mechanism steps under alkali conditions. M represents the electrochemically active site
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the OER, since there are postulated to be up to five steps in-
volved in the mechanism under alkali conditions (Table 2)."**

A challenge for OER is the need for alkaline conditions to
promote the reaction; however MOFs are not traditionally
known to be stable under these conditions."** Interestingly,
MOF-derived catalysts resulting from decomposition into dis-
crete oxides/hydroxides have been shown to be capable of
promoting OER catalysis, however the scope of this review
concerns catalysis intrinsic to MOFs.

Some of the first examples of coordination polymers that
demonstrated intrinsic catalytic behaviour in OER were
Co(bpamb), s(adip) and Co,(bpamb),(5-H,bdc),(H,0),-H,O
[bpamb = 1,4-bis(3-pyridylaminomethyl)benzene, adip = adipic
acid, 5-H,bdc = 5-nitro-isophthalic acid], reported by Gong
et al.™ Much of the interest in Co-based MOFs stemmed
from the observation that many of the discrete homogeneous
catalysts for OER contain Co.'*>™*® The coordination poly-
mers were immobilised onto glassy carbon using Nafion. For
Co(bpamb), s(adip) in an aqueous buffer solution (pH = 6.8,
H;P0O,-KOH, 0.2 M), a quasi-reversible redox couple was ob-
served at Ey, = +1.07 V vs. SCE, and corresponded to the gen-
eration of O, from water (overpotential is 0.46 V) with an im-
proved current density compared to the bare glassy carbon
electrode. The redox activity the coordination polymer was
maintained over multiple potential cycles in the CV. CPE was
performed at +1.40 V vs. SCE for both coordination polymers,
where no significant loss of activity over a period of 2 h was
observed, which was corroborated by PXRD analysis. Faradaic
efficiencies for the evolution of oxygen were estimated to be
~95% with a TON of 2.44, based on the amount of the com-
plex that was used in the synthesis (assuming all sites are cat-
alytically active). Small Tafel slopes were reported, suggesting
that there was improved electron transfer, with work on the
mechanism to be published in the future.

Pintado et al. examined water oxidation using Prussian
blue analogues (PBAs) containing Co and Fe.'’” The PBA
electrode was formed by electroplating the FTO conductive
substrate with Co to improve the anchoring of the PBA, then
electrocrystallising the surface at anodic potentials in the
presence of hexacyanoferrate(ur) to generate the electrode.
Surface characterisation was through SEM, PXRD and EDX,
which assisted in imaging the surface, determining its crys-
tallinity and evaluating its average stoichiometry
(KoxCo(o-y)[Fe(CN)g], where 0.85 < x < 0.95). IR studies
showed a single CN stretch, suggesting that only coordinated
cyanides were present in the sample. CV measurements

139

Equation

E° (V vs. SHE)

Individual steps

2H,0 (I) = 0, (g) + 4H" + 4e” -1.23

This journal is © The Royal Society of Chemistry 2017

M+ OH = MOH

MOH + OH = MO + H,0 +e"
MO + OH = MOOH + e
MOOH + OH = MOO™ + H,0
MOO +OH = M+0,+te
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revealed a quasi-reversible oxidation at E,,, = +1.04 V vs. NHE
and CPE was performed at Ej,, = +1.41 V vs. NHE at pH 7.0,
where a steady current was observed (at 35-40% of the initial
catalytic current) after one day. The good stability of the ma-
terial was confirmed by remeasuring the electrodes in new
buffer systems, with a measured TOF of 0.7 s™'. Quantitative
O, evolution was also claimed based upon fluorescence mea-
surements. Tafel analysis revealed slopes in the range of 85-
95 mV dec™' suggesting good electron transfer. It was also
claimed that no adventitious cobalt oxides were formed on
the basis of characterisation of the electrode surface using
EDX, and CV/DPV of the electrolyte after electrolysis (which
did not yield any additional redox features). Finally, PXRD of
the surface post-catalysis suggested that the systems had
mostly retained their structures.

The success observed with Co-based MOFs allowed for the
investigation into OER using zeolitic imidazolate frameworks
(ZIFs), a subclass of MOF topologically analogous to alumino-
silicate zeolite structures which exhibit high thermal and
chemical stabilities."*” Co-ZIF-9 was shown to catalyse the
OER across a wide pH range by Wang et al.**® The ZIF was
immobilised onto FTO with a mixture of Nafion, which was
postulated to affect the mediation of electron and proton
transfer (Tafel slope = 150 mV dec™). O, evolution was moni-
tored with a fluorescence based sensor, where 8 pumol of O,
was detected after a 3 h CPE experiment at +1.60 V vs. RHE. A
TOF of 1.76 x 10~* s * was calculated, however, no Faradaic ef-
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ficiency was reported. Furthermore, the electrolyte was made
increasingly basic in subsequent electrolysis runs, which
resulted in the lowering of the overpotential. The ZIF did not
undergo any obvious deactivation over 25 h; however, only XPS
was performed to demonstrate its stability after electrolysis.

Porphyrin-based frameworks were further examined to
both introduce stability and active bare metal sites into a
MOF. The Pb porphyrin MOF [Pb,(H,tccp)]-4DMF-H,O was
synthesised by Dai et al., and was described as the first 3D
Pb-porphyrin MOF which could be used for both gas capture
and electrocatalysis.'*® CV studies on the MOF revealed that
OER occurs at Ep, = +1.70 V vs. RHE, and is primarily localised
at the framework surface. The TOF was affected by the pH of
the solution, and addition of different concentrations of KOH
yielded TOFs as high as 5.1 x 10™* s™". Tafel analysis suggested
that surface adsorption was the rate limiting step (Tafel slope
= 106-126 mV dec). Limited information was available on
the nature of the attachment of the MOF to the surface or
characterisation of the structure following electrolysis.

Morris and co-workers demonstrated the incorporation of
Ni porphyrin into the Zr-based MOF PCN-224, which was
found to electrochemically facilitate water oxidation at near
neutral pH (Fig. 3A)."° The water splitting ability of the dis-
crete porphyrin was improved by its incorporation into a
MOF containing highly oxophilic metal ions (i.e., Zr(v)) to im-
prove upon the chemical and structural integrity of the mate-
rial. The MOF thin film was prepared on FTO via a
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Fig. 3 A: PCN-224 structure with the Ni(i)-to-Ni(i) distance illustrated. Hydrogen atoms have been omitted for clarity. Carbon: grey; oxygen, red;
nitrogen, blue; nickel, green; zirconium, light blue B: CV of PCN-224-Ni in 0.1 M TBAPFs/CH3CN (black) with increasing H,O concentrations C:
SEM image of solvothermally prepared PCN-224-Ni on FTO showing a film thickness of ca. 30 pm D: proposed mechanism for the electrochemical
water oxidation reaction catalysed by PCN-224-Ni. Some carboxylate groups have been omitted from the Zr node for clarity. Adapted with permis-
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solvothermal reaction of ZrCl, and Ni(tcpp) in the presence
of formic acid as a modulator, and the film was characterised
using PXRD and SEM (Fig. 3C). For the MOF containing
Ni(tepp), the CV revealed an increase in the current density at
E,, = +1.0 V vs. NHE, which was larger than that for both the
blank FTO substrate and the MOF containing a free base por-
phyrin, suggesting that the oxidation of the Ni(tcpp) species
was responsible for water splitting (Fig. 3B). The Tafel plot,
with a slope of 150 mV dec™ suggested a mechanism in
which electrochemical oxidation induces a chemical transfor-
mation of oxygen according to Fig. 3C. CPE in 0.1 M NaClO,
at Ep, = +1.5 V vs. NHE for 60 min revealed a steady current
density. To calculate the TOF, the MOF was digested and ICP
was used to provide an overestimate of the activity (2 x 107*
s ). The Faradaic efficiency was found to be up to 35%. A
key result of this work was the proposal and verification of
mechanistic steps of the OER using Tafel analysis, taking in-
spiration from work on the discrete Ni(tcpp) (Fig. 3D)."** This
report also provided a detailed characterisation of the MOF
thin films following electrolysis using XPS, SEM, ICP and
PXRD to demonstrate that there had been significant struc-
tural changes.

Post-synthetic exchange (PSE) has also been considered as
a viable pathway for introducing electroactivity into a MOF.
Lu et al. examined ion exchange of the chlorido ligands in
the MOF Co,(u-Cl),(btta) [MAF-X27-Cl, H,btta = 1H,5H-
benzo(1,2-d:4,5-d')bistriazole] to generate Co,(u-OH),(btta)
[MAF-X27-OH], which dramatically improved the electrocata-
lytic activity of the MOF. They were also able to demonstrate
that the improved activity was linked to the incorporation of
the hydroxido ligand which is necessary for catalytic behav-
iour.>® Importantly, these frameworks were found to retain
their stability in strongly acidic or alkali media for at least
one week. The frameworks were mechanically immobilised
onto a glassy carbon electrode with a Nafion binder; however,
to more accurately evaluate the OER, MAF-X27-Cl was directly
grown onto Cu foil and subjected to ion exchange. In the LSV
of the framework, the chlorido was replaced by hydroxide an-
ions, as confirmed by a colour change in the MOF and XPS
analysis. The surfaces of both MOFs were characterised using
Raman, SEM, TEM, PXRD and TGA, where it was found that
the morphologies of the frameworks were analogous. When
both structures were tested electrochemically, the MAF-X27-
Cl framework demonstrated very poor OER behaviour, with a
current density of 0.028 mA cm™> at an overpotential of 570
mV, while MAF-X27-OH achieved a current density of 2.0 mA
cm™ at an overpotential of 489 mV. To examine the mecha-
nism of OER, IR isotope tracing experiments were performed
which demonstrated the direct participation of the hydroxido
in the MOF for OER. TOFs of 0.25 s™* at overpotentials of 400
mV were reported with Faradaic efficiencies of 100%. Dura-
bility of the frameworks were tested through
chronopoteniometry, CV, LSV, PXRD and SEM, where negligi-
ble changes were observed following electrolysis.

Wang et al. examined Ni(btc), Fe(btc) and Fe/Ni(btc) (with
different ratios of Fe:Ni) as possible electrocatalysts for

This journal is © The Royal Society of Chemistry 2017
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OER.™ It was found that the heterometallic Fe/Ni(btc) MOF
possessed an adventitious combination of the lower onset po-
tentials of OER and improved stability of Ni(btc) with the
larger current densities associated with Fe(btc).'** In particu-
lar, the Ni/Fe(btc) MOF (Ni:Fe = 12:1) demonstrated the
most optimal electrocatalytic performance (of those mixtures
examined) in alkaline solution with low overpotentials of 270
mV at 10 mA ecm 2, and a small Tafel slope of 47 mV dec*,
suggesting good kinetics of electron transfer. In order to
avoid the use of binders to immobilise the MOF, EPD was
employed to attach the material to Ni foam. PXRD and SEM
analysis were used to examine the coverage of the Ni foam
electrodes and the crystallinity of the MOF, while EDX and
ICP-AES were used to quantify the amount of MOF attached
to the surface and demonstrate that both Ni and Fe sites
were homogeneously distributed across the surface. CPE was
performed at Ej,, = +1.53 V vs. RHE, where O, was observed
by gas chromatography, with a Faradaic efficiency of 95%
and a TOF of 468 h™" (which was based on the amount of Ni
present in the sample, as calculated from ICP analysis). Char-
acterisation of the films was conducted after 15 h of CPE
using SEM, XPS, IR and PXRD, with no apparent degradation
observed.

3.2 HER

HER is an important reaction for the generation of
energy,'”**° with a two-step mechanism invoked for the re-
action. The first step involves the adsorption of one H onto
the catalyst surface (Volmer step), followed by either the reac-
tion of the adsorbed H with an H' (Heyrovsky step) or an-
other adsorbed H (Tafel step) (Table 3). Tafel plots have been
widely employed to gain insight into the reaction mecha-
nism. Like the OER, HER is also affected by pH, such that
MOFs that are stable to acidic conditions are desired. The
benchmark for all HER catalysts is Pt, where the onset poten-
tial for a bare Pt catalyst is —0.24 V vs, SCE."*® It is hoped that
using MOFs could reduce current overpotentials to this level.

Only a couple of reports in the literature have emerged
where HER results from the intrinsic catalytic activity of the
MOF. In these cases, Co, Cu, Ni and Zn are the metals that
are usually chosen as the nodes. The work of Gong et al. ex-
amined MOFs based upon 4-(5-(pyridin-4-yl)-4H-(1,2,4-triazol-
3-yl) benzoic acid (pytriben) for synthesis of M,(pytriben),
-3H,0 [M = Co, Cu, Zn]."*” This work revealed that the Co
and Cu analogues displayed electrochemical activity for HER,
suggesting that the origin for the catalysis was the metal clus-
ter. Samples were immobilised onto glassy carbon with
Nafion as a binder. CVs of the electroactive frameworks were
performed, where Co,(pytriben),-3H,O exhibited a weak one-
electron reduction at E;,, = —0.90 V vs. SCE and a catalytic on-
set for H' reduction at Ep. = -1.30 V vs. SCE (overpotential =
-0.66 V); in comparison, Cu,(pytriben),-3H,0 exhibited a
weak one-electron reduction at E;,, = —0.93 V vs. SCE with the
catalytic onset of H' reduction at -1.40 V vs. SCE
(overpotential = —0.76 V). Water oxidation was also observed at
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Table 3 The HER and its individual mechanism steps in acidic
conditions*>®

Tafel slope

Reaction Equation E (Vvs. SHE) (mV dec)
HER 4H" +4e = 2H, (g) 0.00

Volmer step H +e — Huq 120
Heyrovsky step  H' + Hyq — H, () 40

Tafel step 2H.q — H; () 30

+1.05 and +1.37 V vs. SCE (overpotential = +0.46 V, +0.78 V)
for Co,(pytriben),-3H,0 and Cu,(pytriben),-3H,0, respectively.
While Tafel plots were provided to demonstrate lowered
overpotentials in the presence of the MOF (compared with
the blank glassy carbon and the organic linker), the mecha-
nism of HER was not well explored. CPE was performed at
E,. = —-1.50 V vs. SCE for HER and +1.40 V vs. SCE for OER,
where the catalyst for H, and O, were operating at 98% Fara-
daic efficiency. TONs of 1.92 and 1.29 (for H,), and 6.73 and
2.25 (for O,) were recorded for Co,(pytriben),-:3H,0 and
Cu,(pytriben),-3H,0, respectively. The glassy carbon was
characterised by PXRD after HER electrolysis, confirming that
the structures of the MOFs had been retained, while the bulk
electrolysis solution was examined using UV-vis-NIR, with no
evidence for leaching of the metal centres. For OER, there
was evidence for catalyst degradation, but this was not quan-
tified. Given the improved electrocatalytic behaviour observed
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for the Co catalyst, the work was followed-up by further re-
ports of two Co-based MOFs based on 4,5-di(4-
carboxylphenyl)phthalic acid (cppa), namely [Co,(cppa)(bpy)-
(H,0)-3.5H,0] and [Co,(cppa)(azene)(H,0);-DMF] (azene = (E)-
1,2-di(pyridin-4-yl)diazene), where similar catalytic ability
from the metal centre was observed.'”®

Success for HER has also been demonstrated in a class of
MOFs that incorporate polyoxometallates (POMs), which are
well-known to possess good catalytic activity. POMs are solu-
ble anionic metal oxide clusters of transition metals in high
oxidation states (such as W(w), Mo(v/vi) or V(i,v) among
others) that have previously been used as molecular electro-
catalysts.”®® Their solubility has enabled their incorporation
into a number of MOFs, where the metal nodes acts as the
SBUs in the MOF (defined as a POMOF)."*® POMOFs are usu-
ally synthesised under acidic conditions, and are therefore
functional with minimal degradation in acidic media and are
highly redox-active.'® POMs may also be incorporated into
MOFs through their encapsulation or anchoring to the MOF
surface. These are referred to as POM-based MOF materials
and are not examined in this article.'®>

Dolbecq and co-workers incorporated a Mo-based POM
into a series of POMOFs and investigated their electrocata-
Iytic activity towards the HER.'®*'®* In their initial studies,
three novel POMOFs were generated hydrothermally
consisting of [PMo(iv)sMo(v1);036(0OH),Zn,] and bte ligands,
with channels occupied by tetrabutylammonium counter cat-
ions (Fig. 4A)."®® The electrodes were fabricated through the
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EIVvs.SCE

Fig. 4 A: POM building blocks of &(trim),,z, &2(trim),, and [e(trim)].,, a view of their unit cell, and their schematic representation; black lines indicate
connections between POMs and trim linkers, while orange lines symbolize condensation reactions between POMs. B: Comparison of &(trim)gyz,
e(trim),, and [e(trim)],, at a scan rate of 2 mV s™, highlighting the catalytic process. The reference electrode was SCE. C: CVs observed for the
oxidized form &(trim),,s/CPE as a function of potential scan rate in a (1 M LiCl + HCl (pH 1)) medium at scan rate of 2 mV s™*. Adapted with

permission from 163.
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preparation of a carbon paste electrode containing the MOFs.
CVs of these POMOFs demonstrated two Mo-reduction waves,
corresponding to the reversible reduction of Mo(vi/iv)."®> The
electrodes could be recycled hundreds of times without sig-
nificant alteration, while a number of electrodes were left in
air for months and tested without any significant diminution
of activity. Intercalation of Li", Na* and K" into the POMOF
was studied, where it was shown that HER was still observed,
with the Li" intercalation exhibiting the best activity. HER
was detected at an onset potential of E,, = +0.20 V vs. SCE,
which corresponds to a lowering in the overpotential by 260
mV compared with Pt itself, in Faradaic efficiencies above
95% and a TON as high as 1.2 x 10° over 5 h (TOF = 6.7 s,
which exceeds the activity of the Pt metal benchmark in HER
catalysis). The structural stability of the materials towards
the electrochemical process was not discussed in detail, how-
ever a mechanism for HER was tentatively proposed. Later
studies by this group focused on the effect of different or-
ganic linkers in the POMOF for HER, where it was revealed
that HER catalysis depended primarily on the presence of the
[PMo(1v)sMo(v1);034(OH),Zn,] SBU."**

Using the [PMo(wv)sMo(v1),036(0OH),Zn,] POM, Zhou and
co-workers reported the synthesis of two novel POMOFs
containing benzene tribenzoate (btb) and 1,1'-biphenyl]-3,4’,5-
tricarboxylate (bpt), which were found to exhibit good stabil-
ity in both acidic and basic media.'®® The POMOFs (50 wt%)
were attached to a glassy carbon electrode in a mixture of car-
bon black (50 wt%). CVs for {[PMo(iv)sMo(v1),036(OH),Zn,]-
(btb)} exhibited three redox processes at E;,, = -0.091, +0.176
and +0.296 V vs. SCE while {[PMo(iv)sMo(v1),03¢(OH),Zn,]-
(bpt)} showed three redox processes at E;, = —0.092, +0.177
and +0.288 V vs. SCE. Scan rate dependence studies revealed
that the redox processes were surface controlled. Bulk
electrolysis on {[PMo(v)gMo(v1),036(OH),Zn,](btb)} confirmed
its highest activity among all MOF materials reported to date
for HER, with an onset potential of E,, = +0.18 V vs. SCE
(overpotential = 237 mV). The activity of the composite was
improved over that of carbon or the POMOF itself, suggesting
that the carbon black aids in increasing the current density,
while the POMOF lowers the overpotential. The Tafel analysis
of both frameworks yielded a slope of 96 mV dec™ for
{[PMo(1v)sMo(v1),;036(OH),Zn,](btb)} and 137 mV dec " for
{[PMo(1v)sMo(v1),036(0OH),Zn4|(bpt)}, suggesting a good cur-
rent exchange for HER. The POMOFs were also found to
maintain their electrocatalytic activity after 2000 cycles. PXRD
patterns were measured for both POMOFs after immersion of
the as-synthesised material into an acidic solution for 6 h,
where there was limited change, supporting the retention of
structure of the MOFs under the electrocatalytic conditions.

From these initial findings on POMOFs, studies have
sought to vary the identity of the POM to improve the cata-
lytic behaviour of the framework by addition of electro-
catalytically active metals. This includes the work on 1D
chains containing unsaturated metal centres based on
Cug(MogOye)(atri), [atri = 4H-4-amino-1,2,4-triazole] and
Ag4(M0gO,6)(dmatri) [dmatri = 3,5-dimethyl-4-amino-4H-1,2,4-
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triazole). Although these materials are not technically
MOFs,*® the results of this study are pertinent to the discus-
sion.'®" The surfaces were fabricated by dispersing the MOF
in Nafion and adhering it to a glassy carbon surface. Both
the Cu and Ag based chains exhibited improved H, genera-
tion, with the Cu chain possessing higher activity than its Ag
counterpart. As a specific example, the electrocatalytic behav-
iour of Cug(MogO,)(atri), was examined using CV, where the
onset potential for HER was -0.67 V vs. Ag/AgCl
(overpotential = —0.53 V) and was accompanied by an in-
crease in the current density. CPE at -0.8 V vs. Ag/AgCl re-
vealed a linear build-up of charge over time, with a Faradaic
efficiency of 98% for the production of H, and a TON of 2.6 x
10° over 2 h.

4. Other types of catalysis

Catalysis in MOFs is not only limited to the aforementioned
classes discussed here, and a number of other industrially
relevant processes where electrocatalytically active MOFs may
be relevant have been reported. A particular driving force has
been the need to improve the viability of alternative fuel sup-
plies, such as water and direct alcohol fuel cells, and to find
a way to efficiently remove potentially harmful pollutants
from the atmosphere. In many cases, Pt, Pd and Ru catalysts
play central roles in current technologies, however these
metals are expensive, and are increasingly becoming scare. A
serious need therefore exists for alternative materials, such
as MOFs, to function in these processes.

The oxygen reduction reaction (ORR) is an important pro-
cess that has gained particular attention for possible applica-
tions in fuel cells. The limitation that exists for a large scale
reaction in the current environment is that Pt-based catalysts
have been essential in improving upon the slow kinetics asso-
ciated with the reaction.’®” The expense associated with Pt
group metals has seen developments in using metal oxides
and carbon-based non-noble and metal free catalysts; how-
ever, there is still a significant way to go before these mate-
rials will become competitive with the noble-metal candi-
dates in the literature. There has been increased attention on
the use of MOFs for electrocatalysis, offering potential as a
more economical alternative to improve upon the slow rates
of reaction and limited activity of the four electron reduction
reaction which is thermodynamically and kinetically chal-
lenging.'®” The use of MOFs as a class of low-platinum cata-
lysts for the reaction has already been extensively examined
in previous reviews,>*7*1677169

MOFs have also been used as candidates for a number of
other electrocatalysis reactions (Table 4). In particular, a
number of these simpler catalysis reactions and the attach-
ment of the MOFs examined onto surfaces has allowed for
studies into the differences between heterogeneous MOF ca-
talysis and homogeneous catalysis, paving the way for im-
proved mechanistic studies for catalytically-active MOFs. Mor-
ris and co-workers reported the direct growth of a Co
porphyrin Co(tcpp) onto FTO substrates for the purpose of
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Table 4 Examples of electrocatalysis that has been performed using MOFs and the method of surface attachment employed for its quantification

Type of catalysis MOF used Surface attachment method Ref.
Alcohol oxidation (HOC,H,),(dtoa)Cu Mechanical immobilisation with Nafion 171,172

(maa)Cugs(btc), Self assembled monolayers on gold 173

(ta)Cus(bte),

Cu,(bpy),(btc) Mechanical immobilisation 174
Hydrazine oxidation and nitrobenzene reduction Co,(4-ptz),(bpp)(N3), Dip coating 175
Nitrite oxidation MOF-525 Direct crystallisation onto FTO 176
Peroxide oxidation [Cu(adp)(bib)(H,0)],, Drop casting onto glassy carbon 177
Dopamine oxidation and nitrobenzene reduction MIL-101 Immobilised in a carbon paste electrode 178
Halide reduction Co(tepp) Solvothermal deposition 170

Fe,NiO(piv)s(bptz), Mechanical immobilisation 179

Fe,NiO(piv)e(bptztz),

[TBA]6[H3PMO0,,040]2[Zng(bth),] Immobilised in a carbon paste electrode 180

H,dtoa = dithiooxamide, maa = mercaptoacetic acid, btc = 1,3,5-benzenetricaboxylic acid, ta = trimesic acid, bpy = 2,2-bipyridine, 4-ptz
5-(4-pyridyl)tetrazole, bpp = 1,3-bi(4-pyridyl)propane, adp = adipic acid, bib = 1,4-bisimidazolebenzene, H,tcpp = meso-tetra(4-
carboxyphenylporphyrin piv = 2,2-dimethylpropanoic acid pca = 4-pyridinecarboxylic acid pcb = 2-pyridinecarbaldehyde, tepp = 5,10,15,20-(4-
carboxyphenyl)porphyrin, bptz = 3,6-(4-pyridyl)-1,2,4,5-tetrazine, bptztz = 2,5-di-(4-pyridyl)-thiazolo[5,4-d|thiazole, btb = 1,3,5-tris-(4-carboxyphenyl)-

benzene.

reducing CCl,."”® An increase in the current density was ob-

served in the framework wusing CV, while spectro-
electrochemical measurements throughout the catalysis indi-
cated that there were limited changes in the framework.
Long term CPE measurements were also performed, where
no significant short term deterioration of the film was ob-
served (through SEM analysis), and no additional absorption
features were apparent in measurements of the electro-
chemical solution. A slow deterioration of the Co SBU cluster
and release of the Co(tepp) was proposed in the longer term.
Although the quantification of CCl, reduction was not pur-
sued, the immobilisation of the framework onto the FTO sur-
face allowed for conductivity measurements to be performed,
which showed that despite the framework being insulating in
nature, charge transfer occurred through a hopping mecha-
nism (Fig. 5).

The theoretical mechanism for the electrochemical oxida-
tion of ethanol by (HOC,H,),(dtoa)Cu was proposed and ex-
perimentally confirmed by Kitagawa and co-workers."”" Ana-
logues of the MOFs R,(dtoa)(Cu) [R = HOC;Hg, C,Hs, C3H>,
CH3, H] were also examined and related to the theoretical re-
sults. The MOFs were immobilised onto the surface as mix-
ture with Nafion. The proton transfer reaction for the oxida-
tion was first considered using DFT, where it was determined
that the proton was transferred from the ethanol to the
HOC,H,, which was energetically more favourable than an in-
direct transfer. To confirm this, ethanol sorption isotherms
were employed to observe changes in the hysteresis of the
ethanol, where a shorter hydroxyl chain on the SBU yielded a
smaller hysteresis, suggesting a lower adsorption energy. The
increase in the current density and change in peak shape in
the CV of the MOF upon the titration of ethanol revealed that
electrooxidation of ethanol was occurring. CPE experiments
were subsequently performed on the MOFs, where only acet-
aldehyde was detected in Faradaic efficiencies of 4.6% for
(HOC3Hg),(dtoa)Cu and 6.8% for (HOC,H,),(dtoa)Cu,
confirming that the mechanism proceeds via a direct proton-

4060 | CrysttngComm, 2017, 19, 4049-4065

ation. Although electroxidation reaction activity was reported
for (C,H;),(dtoa)Cu, no Faradaic efficiency was determined.
Despite the mechanism of reduction being examined in the
MOF, and supported by DFT calculations, experimental data
on the structural stability of the MOF following catalysis and
the mechanism were not reported.

Surface attachment has largely been considered as a viable
option for improving the stability of MOFs in aqueous solu-
tion. Vulcu et al. examined the tethering of Cuj(btc), to a
gold surface using mercaptoacetic acid and trimesic acid to
gold surfaces."””> When not attached to a surface, Cus(btc),
was found to retain its structure with water present up to 0.5
mol of the copper content of the framework.'®" Additional
water would result in the decomposition of the MOF, which
has negative ramifications for electrocatalysis in aqueous me-
dia. The surface was prepared through anodisation of the
gold, prior to the generation of a self-assembled monolayer
of mercaptoacetic or trimesic acid, and immersion of the
gold in a solution of the framework to allow for
crystallisation of Cus(btc),. Not only did this allow for the se-
lective orientation of the MOF along the [111] axis, but also a

Oxidation

Electrocatalysis
Reduction

Absorbano

B0 40 40 0 3D &0 650
Wavelength (am)

Fig. 5 A schematic attachment of the Co(tcpp) MOF onto a FTO and
its proposed charge hopping mechanism. Reproduced with permission
from 170.
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significant enhancement in the current density of the an-
chored MOF was observed in the presence of methanol,
suggesting that surface anchoring improves the electro-
chemical response of Cus(btc),. These results were compared
to the bare gold electrode, the self-assembled monolayer and
the deposited MOF on the surface in H,SO,, suggesting that
the catalytic ability arises from a combination the MOF and
the methanol. When the MOF was drop cast onto glassy car-
bon, no activity was reported for the MOF, suggesting that
immobilisation onto a surface is essential for activity to be
achieved. The stability of the electrodes was examined
through chronoamperometry, suggesting that there was deg-
radation of the surface after approximately 20 min.

5. Conclusions and perspectives

As is evident from the examples described above, there is an
excellent opportunity to exploit redox-activity of MOFs for use
as electrocatalysts.>® Significant progress has already been
made to identify key structural features of MOFs that make
them suitable for catalysis, upon which further improve-
ments will no doubt be forthcoming. One of the greatest
challenges that currently exists is the long term stability of
the frameworks. If the MOF degrades upon catalysis, the dis-
crete complexes responsible for catalysis may be released into
solution as homogeneous catalysts, making the elucidation
of mechanism difficult. Currently, a significant amount of lit-
erature exists concerning the use of pyrolysis of MOF precur-
sors as a platform for generating catalytically active species,
as well as the controlled decomposition of frameworks to cat-
alytic oxides.”>'®>7'%% Ag a result, there has been an increase
in studies to improve the structural integrity of MOFs. One
such pathway has been the design of MOFs with increased
stability in aqueous media, particularly at acidic and basic
pH levels. There is also scope to explore MOF hybrids to im-
prove the integrity of frameworks while maintaining their
tunability. Studies into MOF/polymer (polyMOFs)'#>'%¢ and
MOF/carbon composites are currently underway to develop
and exploit synergistic properties which may enhance the cat-
alytic performance, as has already been observed.'®®

The selectivity for generating desirable electrocatalytic
products is also a key concern. In the context of CO, reduc-
tion for example, it was observed that metals such as Cu
would yield many different hydrocarbon products.'’**°* Like-
wise, H, production often competes with electrocatalysis,
since it is generated at lower overpotentials than other car-
bon based fuels.

A further key issue that underlies electrocatalytic perfor-
mance is the intrinsic electronic conductivity of the MOF,
which facilitates charge propagation.® As noted above, some
studies have sought to improve conductivity of insulating
and semi-conducing MOFs by immobilising them in a con-
ductive matrix such as carbon black or Nafion. An alternative
strategy lies in improving the intrinsic conductivity of the
MOF, and significant recent strides have been made in this
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area, though more specifically within the context of electronic
devices for applications such as chemisensors.'®” %

Although significant advances have been made in
methods for the attachment of frameworks to surfaces, a
number of the challenges remain to be overcome. To date,
the majority of methods have involved the addition of a con-
ductive binder, such as Nafion, which has previously been
shown to diminish the electrocatalytic performance of a MOF
due to the different kinetics of charge transfer. Likewise, dur-
ing catalysis, if there is no strong anchoring, the MOF may
detach from the surface, affecting the calculation of reliable
Faradaic efficiencies, TONs and TOFs. Moreover, insight into
the mechanism of electrocatalytic processes, which are rela-
tively poorly understood at the present time, is significantly
convoluted if detachment or dissolution occurs during the
process. Computational modelling studies will offer impor-
tant insights, as they have for homogeneous systems, with
the additional complication of addressing the infinite peri-
odic structure of the MOF. Nevertheless, progress is being
made in this area, which will lead to improved understand-
ings of how heterogeneous processes differ from their homo-
geneous counterparts.

A number of additional areas will help propel the field of
electrocatalytic MOFs forward, including the scope to explore
the deliberate incorporation of defects into MOFs. Defect
sites can assist in improving surface attachment techniques
such as EPD, and can themselves act as the active sites for
electrocatalysis. Designing oriented films may also improve
the selectivity for desired products. Finally, new and interest-
ing high throughput techniques for surface attachment, such
printing MOF inks onto electrodes are being explored, and
offer alternate avenues to achieve surface adhesion of
MOFs."”

While a number of challenges remain to be addressed,
this perspective article has sought to highlight the significant
opportunities that exist for electrocatalytic MOFs, and the key
areas which are deserving of future research efforts.
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