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1. Introduction

Translating material design into an actual catalyst through
controlled synthesis is one of the most important challenges
heterogeneous catalysis faces nowadays. Despite many advances,
conventional synthetic techniques usually fall short in delivering
materials with the desired properties. The preparation of metal
nanoparticle based catalysts, where it is not always possible to
achieve desired metal loadings and controlled particle size,
is an outstanding example of this challenge. Recent advances
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in this field include (i) the use of colloidal,' reverse micelle,”
and dendrimer chemistry’ in the production of metal and
metal oxide nanoparticles with well-defined sizes, shapes, and
compositions, (ii) the introduction of sol-gel* and atomic layer
deposition® chemistry for the production and modification of
high-surface-area supports and active phases, (iii) the design of
dumbbells, core@shell, and other complex nanostructures
which lead to multiple functionality in catalysis® and (iv) the
mixed molecular-nanostructure approach that can be used to
develop more demanding catalytic sites, by derivatization of the
surface of solids or tethering or immobilizing other chemical
functionalities.”

Metal organic frameworks (MOFs) are crystalline solids
consisting of infinite lattices built up from inorganic secondary
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building units (SBUs, metal ions or clusters) and organic
linkers, connected by coordination bonds of moderate
strength. MOFs are among the materials with the highest
porosity, and their pore size, shape, dimensionality, and
chemical environment can be finely tuned.® As a consequence,
MOFs have been extensively studied not only in catalysis but
also in different fields such as fuel storage, batteries, and
supercapacitors.’ Specially in catalysis, the high versatility of
MOF design provides clear advantages, since in principle, it
should be possible to rationally design not only the active site
but also its environment with an unprecedented degree of
precision.'® However, the main constraint for MOF applica-
tion in catalysis is their relatively low thermal and chemical
stability, especially when compared with inorganic porous
solids. Although a handful of these materials are particularly
robust," ™ it is very difficult to anticipate the stability of a given

MOF under certain reaction conditions, even when the thermal
stability is very high.

Xiaohui Sun received his BS degree
(2010) and MS degree (2013)
from the Department of Chemical
Engineering at China University of
Petroleum (Huadong). The same
year he started his PhD at
the department of Chemical
Engineering at Delft University
of Technology. His research now
is focused on the application of
zeolite-based and MOF-mediated
catalysts in heterogenous hydro-
genation reactions.

Xiaohui Sun

Freek Kapteijn (1952), MSc in
Chemistry  and  Mathematics,
received his PhD in 1980 at the
University of Amsterdam. After
post-doc  positions (Coal Science)
in Amsterdam and Nancy (ENSIC),
he became an associate professor in
Amsterdam. He moved to Delft
University of Technology in 1992,
became ‘Anthonie van Leeuwenhoek
professor’ in 1999, and since 2008
has been chair of Catalysis
Engineering, with visiting professor-
ships at ETH Ziirich, Tianjin and
Zhejiang Normal University. His research interest focuses on the
interplay of catalysis and engineering, comprising structured and
multifunctional catalysts, adsorption, separation and (catalytic)
membranes. He has co-authored over 600 publications in peer-
reviewed journals and book chapters.

Freek Kapteijn

1710 | Mater. Chem. Front., 2017, 1, 1709-1745

View Article Online

Materials Chemistry Frontiers

As Billy Ocean once sang ‘“when the going gets tough, the
tough get going” and so it does apply to MOFs in catalysis.
MOFs may not only be envisioned as catalytic solids them-
selves, but also as precursors for developing highly stable
materials with special catalytic properties through the
so-called MOF mediated synthesis (MOFMS). This synthetic
technique makes use of the MOF as a sacrificial template.
Under a certain atmosphere and at high temperature the
framework collapses, the organic linker is completely or
partially burnt away or carbonized (converted into a
carbon matrix)"® and the metal ions/clusters become mobile
within the newly created matrix or just evaporate. The essence
of MOFMS lies not only in its simplicity but also in its
versatility. Its variants embrace a whole range of approaches
giving place to different types of materials. Depending
upon the heat treatment and, in some cases further post-
treatment(s), MOF precursors may lead to the formation of
bulk and supported catalytic materials bearing unprecedented
properties (Fig. 1).

In recent years, the synthesis of nanostructured metal
oxides (MOs) has been a matter of intense investigation, with
special emphasis on controlling the shape, composition and
porosity of the resulting MOs.>” The MOFMS has come to light
as a promising technique for tailoring metal MOs in a simple
manner. Calcination in air is the usual approach for the
preparation of metal oxides from MOFs, but acid leaching
and other heat treatments are also applied. Carbon materials
may act as catalysts and catalyst supports. The main hurdle
in the case of carbons as both support and catalyst lies
in the development of novel methods able to tailor the
porosity and morphology of carbonaceous nanostructures.*®
MOFMS yields well-structured hierarchical carbons by removing
the metal phase during or after the carbonization of the MOF by
volatilization at high temperature or acid leaching, respectively.
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Fig. 1 Examples of nanostructures obtained through MOF mediated synthesis and their application in catalysis.

When it comes to supported nanoparticles, the tendency of
nanoparticles to grow into larger crystallites is an impediment
for stable catalytic performance.>® Carbonizing the MOF in an
inert atmosphere leads to a highly dispersed metal phase
encapsulated in a porous carbon matrix, the spatial restriction
created by encapsulation minimizing the sintering of the
metal nanoparticles. As in the case of nanostructured carbons,
the conventional strategy to obtain nanoparticles@carbon
(NP@C) consists of carbonizing the MOF in an inert atmo-
sphere at high temperature. However, contrary to the
approach for carbons, in this case the metal phase remains
retained in the resulting material. Therefore, during the
pyrolysis, a part of the organic ligand decomposes and evapo-
rates to the gas phase, whereas the other part becomes
carbonized in the framework.

As recently highlighted by Sun et al*® and Xia et al,*
MOFMS has been extensively applied during the last few years
in the field of electrochemistry in both electrochemical energy
storage and conversion. MOFMS has been thoroughly applied
in supercapacitors, batteries and fuel cells. Moreover, over the
past couple of years, the MOFMS technique has also been
applied in the field of heterogeneous catalysis, the main topic
of this review article.

Herein we highlight the main properties of MOFMS as a
novel technique for the preparation of heterogeneous cata-
lysts. Before reviewing the different examples from the litera-
ture, we first bring to the attention of the reader important
considerations to be taken into account in the design of new
solids via MOFMS. After the scene has been set, we thoroughly
review the different examples from the literature. We do so by
classifying these materials according to the metal in the
framework of the pristine MOF. Last but not least, we share
our personal assessment of the most promising catalytic
materials and catalytic applications and the most important
issues that still need to be addressed. This review aims at
giving a critical overview of the current situation for the
MOFMS in heterogeneous catalysis thus providing guidelines
for the design of new generations of catalytic materials using
MOFs as sacrificial agents.
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2. General considerations about MOF
mediated synthesis

Although the organic linker plays an essential role in the
outcome of the final catalyst, it is the nature of the metal that
governs the MOF mediated synthesis and determines the
catalytic process the MOF mediated catalyst will be applied
in. In short, the parent MOF is selected according to the
metal(s) in its framework, whereas the organic linker and the
synthesis conditions are envisioned as the tools that allow
optimizing the final properties of the MOF mediated catalyst.
Accordingly, once the MOF decomposes and envisaging the
MOFMS as an essential heat treatment, the following parameters
are key in determining the final properties of the resulting MOF
derived catalyst:

(a) The Gibbs free energy (AG) of a reaction, such as
oxidation of metals, quantifies the thermodynamic driving
force necessary to make a reaction “work” under given con-
ditions. A negative value for AG indicates that oxidation can
proceed spontaneously without external inputs, while a posi-
tive value indicates that it will not. Widely used in extractive
metallurgy, the Ellingham diagram (Fig. 2) plots the formation
free energy of oxides versus temperature.”> The lower the
position of a metal in the Ellingham diagram, the greater is
the stability of its oxide and besides, the intersection of two
lines in this diagram implies an oxidation-reduction equilibrium.
Therefore, reduction using a given reductant is possible at
temperatures above the intersection point where the AG line
of that reductant is lower on the diagram than that of the
metallic oxide to be reduced. In MOFMS, the carbon formed
during the heat treatment acts as the reducing agent and
reduction of metal oxides is carried out by a carbothermic
reaction. Likewise, when the number of electrons involved is
the same, the Gibbs free energy of oxidation follows exactly
the opposite trend to the reduction potential of the corres-
ponding metal ion for different metals. Accordingly, Das et al.
quantified for the first time that metal ions with a standard
reduction potential of —0.27 V or higher, such as Co, Ni and
Cu, present in MOFs always form pure metal nanoparticles

Mater. Chem. Front., 2017, 1, 1709-1745 | 1711
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Fig. 2 Ellingham-diagram for the formation of oxides based on their standard free energy of formation over temperature.>*

during thermolysis in N, up to 900 °C, whereas metal ions
with a reduction potential lower than —0.27 V, such as Mg, Al,
Mn, Zn or Cr tend to combine with the oxygen present in the
organic part of the MOF and form metal oxide nanoparticles
during the same thermolysis treatment.*?

(b) Another property of utmost importance for MOFMS is
the Tamman temperature of the actual metal species, which is
approximately half the melting point of the metal species
itself (Table 1). The exact definition of the Tamman tempera-
ture is that at which the atoms or molecules of the solid acquire
sufficient energy for their bulk diffusion. Otherwise, the Huttig
temperature which is approximately one third of the melting
point of the metal species refers to surface species having
sufficient mobility to begin to agglomerate and sinter. In
MOFMS, the Tamman temperature of the metal species is

1712 | Mater. Chem. Front., 2017, 1, 1709-1745

typically above the temperature required to make the organic
framework collapse. Therefore, once the framework is decom-
posed it is according to their Tamman temperature that atoms
start colliding and forming the corresponding nanoparticles,
which, in line with thermodynamics, consist of metals, metal
oxides, metal carbides, metal oxocarbides and/or a mixture of
them. Increasing the temperature boosts the buildup of larger
particles at the expense of smaller ones which is better known as
the sintering process. In short, the Tamman temperature of
different metal species is responsible for delimiting the tem-
perature range in which the MOFMS must proceed if control
over nanoparticle size is to be achieved. Likewise, the vapour
pressure of the formed metallic species or mixture of them needs
also to be taken into consideration in order to get rid of or retain
the metal species in the final catalytic material.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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Table 1 Melting and boiling points of different metals®®

Metal Melting point, °C Boiling point, °C
Al 660 2519
Cr 1907 2671
Co 1495 2927
Cu 1085 2560
Fe 1538 2861
Mg 650 1090
Mn 1246 2061
Ni 1455 2913
Ru 2334 4150
Ti 1668 3287
\% 1910 3407
Zn 420 907
Zr 1855 4409

3. MOF mediated synthesis of
heterogeneous catalysts
(a) Aluminium (Al)-MOFMS

Aluminium is the third most abundant element in the Earth’s
crust (after oxygen and silicon) and the most abundant metal.*®
Among the different transition aluminas known, y-alumina
(y-Al,0s5) is perhaps the most important with direct applica-
tions as a catalyst and catalyst support in the automotive
and petrochemical industries.’” The usefulness of this oxide
is due to a favourable combination of its textural properties,
such as surface area, pore volume, and pore size distribution
and its acid/base characteristics, which are mainly related to
surface chemical composition, local microstructure, and phase
composition.

The low position of Al in the Ellingham diagram indicates
the high stability of its oxide even at high temperature and in
the presence of carbon. The melting point of Al,O; is 2072 °C,
its boiling point is 2977 °C and the reduction potential of AI**
is —1.66 V. Accordingly, bare pyrolysis of Al-MOFs should
yield basically Al,O; (reduction potential below —0.27 V*?) in
a carbon matrix (high boiling point) at least up to 2977 °C,
when it starts to evaporate. Therefore, if required, acid leaching
applies for the removal of this metal oxide, leading to Al free
carbons.

Due to their thermal and chemical stability, Al-containing
MOFs, such as the well-known AI-MIL-53, Al-MIL-101-NH, and
CAU-1 are subjects of intensive research.’® AI-MOFs used in
the synthesis of carbon supports for catalysis include CAU-1
and MOF-253. Prepared for the first time by Ahnfeldt et al.,*®
the 3D microporous framework Al-CAU-1 ([Al(OH),-(OCHj3),-
(H,N-bdc)z]-xH,0) (bdc = 1,4-benzenedicarboxylate) is formed
with two types of cages, distorted octahedral and distorted
tetrahedral, with effective accessible diameters of approximately
1 and 0.45 nm, respectively. CAU-1 exhibits high porosity and
thermal stability up to 360 °C. In this manner, reaction of
AlICl;-6H,0 with 2,2'-bipyridine-5,5’-dicarboxylic acid (H,bpydc)
affords Al(OH)(bpydc) (MOF-253) which displays a BET surface
area of 2160 m*> g~ ' being stable up to 400 °C.>’ The AI-MOF
mediated synthesis reported so far includes the preparation of
carbon supports for electrocatalysis and coupling reactions.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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In electrocatalysis, Afsahi et al. confirmed the potential of
Al-MOFs as templates to prepare efficient fuel cell electro-
catalysts.*® Firstly, they synthesized desolvated Al-MOF-253
and subsequently they introduced PtCl,(CH;CN), together with
acetonitrile. The mixture was heated at 85 °C for 72 h and the
resulting solid was collected by filtration and immersed in
acetonitrile for 3 days. Finally, the product was collected by
filtration and dried at 150 °C for 12 h under vacuum. To prepare
PEMFC electrocatalysts, the obtained Pt-MOF materials were
heat treated at temperatures ranging between 700 and 1050 °C
at 1 °C min ' for 4 h under Ar. The membrane-electrode
assemblies (MEAs) made from the obtained Pt nanoparticles
(7-10 nm) in carbon were tested as both an anode and a
cathode in a H,/air single cell fuel cell. As the anode, the most
promising electrocatalyst (carbonized at 950 °C) demonstrated
an open circuit voltage of 970 mV and a power density of
0.58 W mgp ' comparable to the commercial electrode power
density (0.64 W mgp, ') at 0.6 V in a single cell test. At the cathode,
a power density of 0.38 W mgp, * at 0.6 V was achieved. Although
the results show that this rather simple technique allows the
production of electrocatalysts with performances comparable
to the commercial materials, the authors propose further
improvements by (i) changing the heating inert atmosphere
to a reactive gas such as ethylene or acetylene, possibly
allowing better preservation of the original atomic dispersion
of Pt in the MOF and (ii) starting with MOFs containing other
metals such as Fe or Co in order to replace the highly
expensive Pt and Pt groups metals (PGMs).

Quantum chemistry calculations predict an electrocatalytic
behaviour of Co,Sg similar to that observed for a Pt electrode.
In view of this, Zhu et al. prepared highly active CoySg/CNS
catalysts for ORR from aluminum-based MIL-101-NH, and Co/S
precursors.*" MIL-101-NH, was selected as a prototypical host
for the encapsulation of thiourea (TU) and cobalt chloride to
form the catalyst precursor, due to its facile, economical and
scalable synthesis. The as-obtained Co(u)TU@MIL-101-NH, sample
was finally heated in Ar at 600 °C (or 700, 800, 900, 1000 °C) for 5 h
with a heating ramp of 10 °C min~". The residual Al component
and other impurities were removed by immersing the samples in a
HF (20 wt%) solution for 24 h. The authors found that the resulting
CooSg@CNS material carbonized at 900 °C exhibited remarkably
comparable ORR catalytic activity, and superior long-term stability
and methanol tolerance compared with commercial 20 wt% Pt/C
catalyst under alkaline conditions. They associated the outstanding
electrocatalytic performance of the catalyst for the ORR with the
unique honeycomb-like open structure with high surface area and
pore volume, proper degree of graphitization, and high content of
the active species combined with their synergetic interactions.

The palladium-catalyzed Suzuki-Miyaura coupling of aryl
halides with aryl boronic acids is one of the most powerful
methods for constructing biaryl structures, which are important
units in pharmaceuticals, herbicides, and natural products.*?
On the other side, N-decorated carbon materials enhance
the mechanical and energy-storage properties, and show high
stability as supports for noble metal nanoparticles.** In view of
this, Zhang et al. successfully fabricated a novel catalyst based

Mater. Chem. Front., 2017, 1, 1709-1745 | 1713


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7qm00007c

Open Access Article. Published on 22 2 2017. Downloaded on 2025-10-24 5:53:22.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

on Pd nanoparticles supported on N-doped nanoporous carbon
from Al-based MOFs with high catalytic activity for the Suzuki-
Miyaura coupling reactions at room temperature.'® The as-prepared
CAU-1 was carbonized at 800 °C for 10 h in N, giving N-doped
nanoporous carbon (NPC) and subsequently Pd nanoparticles
were immobilized on the N-doped NPC by impregnation.
Additionally, for the preparation of aluminium-free N-doped
NPC-Pd, prior to Pd impregnation, N-doped NPC was treated
with 10% HCI for 5 h, giving Al free N-doped NPC-Pd. Catalytic
results indicated that N-doped NPC-Pd could catalyze the
reaction efficiently even at room temperature within 1 h to
afford the corresponding biphenyl in 97% yield with EtOH/H,O
as the solvent, compared to 78% yield obtained with the
commercially available 5% Pd/C catalyst under the same
conditions. The reaction did not take place in the absence of
a catalyst nor using N-doped NPC as a catalyst, which indicated
that aluminium oxide has no catalytic activity for the coupling
reaction. However, for the aluminium-free N-doped NPC-Pd only
69% yield of biphenyl was obtained which demonstrated that the
presence of aluminium oxide in N-doped NPC might be helpful
to improve the dispersion of Pd nanoparticles.

In the aforementioned examples, although for different
catalytic purposes, the authors successfully prepared carbon
materials for supporting noble and non-noble metal particles
from AI-MOFs. Although the presence of aluminium and
aluminium oxide are thought to improve the dispersion of Pd
nanoparticles for coupling reactions, no further explanation on
the mechanism is given. Besides, no clear effect of Al is
reported in the electrocatalytic performance of MOF derived
catalysts. In this sense, there is a gap in AI-MOF derived
catalysis. Filling this gap would imply (i) deeper analysis
on the role of Al,O; in improving the metal dispersion of
noble metal nanoparticles and (ii) further research on carbon
free nanostructured Al,O; synthesis from MOFs through
calcination in air.** However, for the latter and based on the
wide availability of mesoporous aluminas the next question
must be posed: is it really worth applying MOF mediated
synthesis to this end?

(b) Chromium (Cr)-MOFMS

Chromium is found mainly in nature as chromite. The melting
points of Cr and Cr,0; are 1907 °C and 2435 °C, respectively,
and their boiling points are 2671 °C and 4000 °C. Besides, the
reduction potentials of Cr** to Cr”" and of Cr** to Cr are —0.40 V
and —0.74 V, respectively. Although Cr oxidation states range
from +6 to +2, its most stable states found in the environment
are +6 and +3. Whereas Cr(m) is believed to be an essential
element, hexavalent chromium (Cr(v1)) is acutely toxic, a proven
mutagen and carcinogenic heavy metal pollutant,”> and is
believed to be the second most common inorganic contaminant
after lead.*®

Probably the best-known application of chromium in catalysis
applies to ethylene polymerization or the Phillips polymerization
process. The Cr(vi)/SiO, Phillips catalyst, patented in 1958 by
Hogan and Banks, is a highly versatile system accounting for
the production of about half of the world’s market*’” of high
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density (HDPE) and also linear low density (LLDPE) polyethylene,
making it one of the world’s most important industrial catalysts
for over half a century.”® In addition, Cr based catalysts are used
in high temperature water gas shift,"> dehydrogenation of
propane and isobutane® and organic transformations.>'

Regarding Cr-MOFs and firstly reported in 2005 by Férey
et al.,"* MIL-101(Cr) is a chromium terephthalate MOF with the
molecular formula Cr;F(H,0),0[(0,C)CsH4(CO,)]5-nH,0 (where
nis ~25) and stable up to 275 °C in air. The large pores (2.9 and
3.4 nm) and high BET area (>3000 m*> g~ ') with a huge cell
volume together with the coordinatively unsaturated open
metal sites that can be subjected to diverse post-synthesis
functionalization or guest encapsulation, and excellent hydro-
thermal/chemical stability, make MIL-101 particularly attractive
for different applications including selective gas adsorption/
separation, energy storage and heterogeneous catalysis for oxida-
tion, hydrogenation, condensation, degradation and coupling
reactions.”

Consequently, Cr-MOFMS has been applied in the catalytic
dehydrogenation of isobutane. In this industrially important
route for producing isobutene, a vital component for the
synthesis of octane number boosters for unleaded gasoline,
the Cr,0;/Al,0; catalyst has been applied on a commercial
scale for years.”® A few years ago, Zhao et al studied the
reactivity of isobutane dehydrogenation over a series of non-
ordered mesoporous chromia/alumina catalysts promoted with
K,O using the MIL-101(Cr) metal-organic framework as a
molecular host and chromium precursor.’>® They impregnated
MIL-101 with aluminium isopropoxide (Al(i-OC;H,);) and KOH
as the aluminium and potassium sources, respectively, and
calcined the resulting material in air at different temperatures
ranging from 600 to 900 °C for 4 h obtaining K,0-Cr,03/Al,0;
catalysts with large specific surface areas and high pore
volumes. They found that the pore texture, structural phase,
reducibility and surface concentrations of Cr** and Cr®" species
over the catalysts depended on the chromia loadings and
calcination temperature. They proposed that the Cr** species
were mainly the active sites and the catalytic selectivity
depended on the surface Cr**/Cr®" value over the catalyst. The
K,O addition to the catalyst slightly decreased the specific
surface area and the surface Cr’*/Cr®* value but it greatly
improved the isobutene selectivity and reduced the deactivation
rate. Accordingly, the catalyst with 1.5 wt% K,O and 10 wt%
Cr,0; loadings calcined in air at 800 °C for 4 h was found to
exhibit the highest isobutane conversion activity with high
isobutene selectivity and a more stable dehydrogenation activity
than the conventional supported chromia catalyst prepared by
the conventional impregnation method.

Another noteworthy example of MOF derived Cr catalysts
is given by Qiu et al. who worked on the controlled growth of
dense and ordered MOF derived nanoparticles on graphene oxide
(GO) for organic transformations.” In their synthesis procedure,
GO was mixed with metal ions for a long time before the organic
ligand was added enabling a sufficient coordination between the
surface groups of GO with metal ions, providing dense and
homogeneous nucleation nods for the formation of MOFs.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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Thus, MIL-101-GO hybrids with high-density and ordered
MOF particles were achieved, which featured different sizes and
morphologies as compared to the parent MOFs. Cr-containing/
rGO nanomaterials were obtained after pyrolysis of a MIL-101-GO
hybrid at 900 °C under Ar for 8 h. The higher activity of this
material in ethylbenzene oxidation compared to the merely
carbonized MIL-101 and MIL-101-GO prepared by other
reported method was attributed to the smaller size of Cr;C,
particles dispersed by rGO, leading to more exposed active sites
for organic transformations. The authors postulate that this
method might bring new opportunities for the synthesis of
growth-controllable MOF-GO and metal-containing/rGO nano-
hybrids for advanced functional applications by combining both
fascinating materials.

All in all, both the high number of Cr catalysed processes
and the versatility of MIL-101(Cr) regarding synthesis, design
and applications® offer a large amount of possibilities for
MOFMS. Regarding the preparation of CrO,, it is worth
re-emphasizing the potential hazard that handling chromium(vi)
oxide (CrO;) constitutes during the synthesis, loading, and
unloading of the catalyst. Keeping this in mind and proceeding
accordingly, the stability of MIL-101 up to 275 °C in air establishes
the lower limit of temperature for its calcination in air, whereas
the upper one needs to be established according to the targeted
porosity of the final metal oxide depending on its catalytic
application. Otherwise, for the preparation of supported nano-
particles and back to Cr’s properties, the reduction potentials of
Cr’** to both Cr** and metallic Cr predict that the heat treatment
in an inert atmosphere of Cr(ur)-MIL-101 leads mainly to Cr(n),
in the form of Cr;C, at temperatures close to 1200 °C according
to the Ellingham diagram.

(c) Cobalt (Co)-MOFMS

In nature cobalt is found in cobaltite, skutterudite and erythrite
whereas most cobalt is obtained as a by-product of nickel
refining. The high position of Co in the Ellingham diagram
evidences the low stability of its oxide. This means that the
pyrolysis of Co-MOFs will lead to metallic Co by carbothermal
reduction at low temperature close to 200 °C. The melting point
of metallic Co is 1495 °C, its boiling point is 2927 °C and the
reduction potential of Co®" is —0.27 V, thus confirming the
theory by Das et al.*

The use of Co in different catalytic applications mainly
depends on the following facts: (i) the oxidation-reduction
properties of cobalt and its ability to demonstrate several
valencies I + II + III with easy electron transfer between these
states, (ii) cobalt’s ability to form complexes by accepting atoms
from other molecules, (iii) cobalt chemicals in solution and in
polymerisation systems can decompose to give more than one
ion to take part in catalysis, and (iv) solid cobalt compounds
have vacancies in their crystal lattices which can take part in
catalysis. Therefore, cobalt is used as a catalyst in oxidation
reactions such as the conversion of xylene to terephthalic acid;
the steam reforming of ethanol for hydrogen production proceeds
over cobalt oxide-base catalysts;>* cobalt-based catalysts are used
in reactions involving carbon monoxide being the main catalyst
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in the low-temperature Fischer-Tropsch process for the hydro-
genation of carbon monoxide into liquid fuels;>®> hydroformyla-
tion of alkenes often uses cobalt octacarbonyl as a catalyst,*®
besides, the hydrodesulfurization of petroleum uses a catalyst
derived from cobalt and molybdenum, and furthermore,
cobalt is also used as a catalyst in electro- and photocatalytic
processes.

ZIF-67 is the Co-MOF preferred choice when it comes to
Co-MOFMS. ZIF-67 (Co(HmIM),) is isostructural to ZIF-8, and is
formed by bridging 2-methylimidazolate anions and cobalt
cations resulting in a sodalite (SOD) topology with a pore size
of about 0.34 nm.”” ZIF-67 nanocrystals can be synthesized in
aqueous solutions at room temperature, thus not only prohibit-
ing the usage of toxic organic solvent, but also decreasing
the cost of preparation of MOF materials. Furthermore, the
concentration of reagents is proved to play an important role in
controlling particle size, and diluting the synthesis solution can
increase the particle size of ZIF-67.°

In photocatalysis, work done so far on Co-MOFMS includes
dye-sensitized solar cells (DSCs), which have the ability to
convert solar energy into electricity. DSCs are generally composed
of a dye-sensitized photoanode, an electrolyte, and a counter
electrode (CE), the latter being crucial to the photovoltaic perfor-
mance of DSCs." Typically, a Pt CE enables DSCs to achieve high
power conversion efficiency (PCE), but the high cost of Pt severely
limits the overall development of the cells. Against this back-
ground, Jing et al. developed a facile one-step approach using
ZIF-67 as a sacrificial template in the synthesis of a CE catalyst
for DSCs.”® ZIF-67 was pyrolyzed in N, following a heating rate of
5 °C min~ ' and maintained at 850 °C for 2 h, yielding ZIF-67-850
which was found to be the optimum calcination temperature,
producing the highest degree of graphitization with ameliorated
surface wettability. ZIF-67-850 exhibited good electrochemical
performance and the PCE attained was very close to that
observed for the Pt CE in the liquid I;” /I redox couple electro-
Iyte. Characterizing the structure of the products indicated that
cobalt nanoparticles were embedded in an N-doped graphitic
carbon matrix while cobalt and cobalt oxide nanoparticles were
exposed on the external surface of the carbon. The authors
attributed the excellent performance of ZIF-67-850 to the
synergetic effects between the Co and CoO coupled with the
nitrogen doped graphitic carbon. They finally concluded that
the electrocatalytic performance, cycle stability and low-cost of
the preparation make this novel catalyst a promising candidate
to replace Pt-based materials in solar cell applications.

Pt nanoparticles supported on Vulcan™ XC-72R microporous
carbon are the most common catalysts used to accelerate the
sluggish oxygen reduction reaction (ORR) at the cathode of a
proton exchange membrane fuel cell (PEMFC). There are several
examples of Co-MOFMS in electrocatalysis, with special emphasis
on the ORR. As a matter of fact, Ma et al. identified a
Co-imidazolate framework Co(Im), (Im = imidazolate) described
elsewhere® as an efficient precursor for this reaction.®’ The
sample started to demonstrate ORR activity after heating it at
600 °C and its optimal performance was achieved when the sample
was pyrolyzed at 750 °C with an onset potential comparable to
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the best cobalt-based non-PGM catalysts.®”> The combined
analysis of TEM, XPS and XAFS led the authors to believe that
upon thermal activation, the catalytic sites were constructed by
Co-N interactions through pyridinic or pyrrolic N species
retained in the carbon.®® This model explains why the ORR
activity decreases with higher pyrolysis temperatures, as more
N is lost with increasing carbonization, and comprises the
starting point for prospective work on the topic.

Xia et al. obtained similar results by pyrolyzing Co-based
ZIF-67 in an Ar atmosphere with temperatures in the range of
600-900 °C.%* The current density of the ORR was also maximized
in this case for the sample carbonized at 750 °C, explained by the
optimum graphitic N atoms witnessed by XPS.®® Moreover,
the authors studied the effect of the crystallite size of the
MOF precursor and showed that as the size decreased, the
onset potential and kinetic current density increased. Finally,
they concluded that the high activity of the nano-electrocatalyst
is attributed to the fully exposed nano-structure together with
good mass- and electron-transport properties.

In other work, Xia et al. proved that MOFs can be coated on
highly ordered mesoporous carbon prior to pyrolysis to provide
a final catalyst structure with improved mass and electron
transfer characteristics.®® This procedure comprised the coating
of a Co benzimidazole MOF on a CMK-3 mesoporous carbon and
subsequently pyrolyzing it at 700 °C, and optionally oxidizing the
Co phase in air at 150 °C. The heat treatment resulted in finely
dispersed Co agglomerates over the 3D pore structure with sizes
around 15-30 nm, without causing pore blockage due to the
interconnected carbon matrix (Fig. 3). The different heat treat-
ment procedures and additional acid leaching of Co generates a
tunable set of ORR catalysts that gives highly relevant insight
into the Co core and carbon shell, next to very efficient ORR
catalysts in terms of activity and stability.

With their work Wang et al. provided further insight into
Co-MOFMS for electrocatalysis by analysing three representative
MOF structures (ZIF-67, ZIF-8 and Co,(bdc),(dabco) (dabco =
1,4-diazabicyclo[2.2.2]-octane)) as the catalyst precursors for the
ORR.%° Such choices allowed them to study how the metal/ligand
combination affected the ORR performance. The ORR catalysts
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were prepared via pyrolysis in Ar of the MOFs at different
temperatures ranging from 600-1000 °C for 10 min and with
10 °C min ! heating ramp. They found that among the three
MOF precursors, the ZIF-67 derived catalyst exhibited the best ORR
activity in both alkaline and acidic electrolytes. They suggested that
Co atoms with stronger interactions with the carbon matrix, for
instance, those directly bonding with the pyrrolic/pyridinic N, were
retained in the nanosized voids and these N-coordinated Co sites
inside the nanoscale pores served as the active ORR sites. Further-
more, the best ORR performance was obtained when the porosity
and the graphitic structure of ZIF-67 were optimized at 900 °C
pyrolysis temperature, and the Co content was reduced from
30 wt% Co to 4.7 wt% by acid leaching in HCI due to the
removal of Co particles in the nanopores which were blocking
the CoN, active sites. Notably, the acid leached sample exhibited
even more positive onset and half-wave potentials than those
of Pt/C in alkaline electrolytes, as well as better stability and
tolerance to methanol crossover. The overall performance of the
acid leached sample is among the best of the contemporary
noble metal free ORR catalysts in both alkaline and acidic
electrolytes which the authors ascribed to the highly dispersed
active CoN;, sites in the nanoporous conductive system.

Kong et al. worked on the one-step pyrolysis of a unique
‘“cage-in-cage” Co-MOF to prepare nitrogen-doped carbon
cubes with numerous embedded metallic Co nanoparticles
and tested them for the ORR.?” In their case, CPM-24 Co-MOF
was selected since (i) its highly symmetric isotropic cubic
symmetry was expected to contribute to the uniformity in the
distribution of heteroatoms in a carbon matrix, (ii) it consists of
a unique nested Co,,@Co4g nearly spherical cage-within-cage
configuration which best meets the desired structural features
that could facilitate the creation of a core-shell configuration
and (iii) it also consists of the Co-N linkage which allows the
entrapment of nitrogen sites for an enhanced activity. CPM-24
Co-MOF was synthesized via a modified indium assisted multi-
component self-assembling method previously reported by the
same authors.®® CPM-24 Co-MOF cubic crystals were heated
for 2 h under Ar, with a heating rate of 3 °C min™" and the
final temperature reached between 550 and 900 °C depending

Fig. 3 Schematic illustration of the synthesis of Co@Coz0,@C—-CM: (a) functionalization of the CM with carboxylate groups, (b) growth of the MOF on
the CM, (c) heat treatment under Ar flow and (d) oxidation in air at 90 °C. Reproduced from ref. 65 with permission from The Royal Society of Chemistry.

1716 | Mater. Chem. Front., 2017, 1, 1709-1745

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7qm00007c

Open Access Article. Published on 22 2 2017. Downloaded on 2025-10-24 5:53:22.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Chemistry Frontiers

on the sample. As a result, ferromagnetic Co nanoparticle-
embedded and nitrogen-doped carbon composites were obtained.
The sample prepared at 700 °C demonstrated excellent methanol-
tolerance and showed high ORR activity comparable to the
commercial Pt/C (10 wt%) catalyst in alkaline medium and also
showed higher durability than Pt/C. The authors proved through
long-time etching by HF that Co nanoparticles in the composites
were essential in enhancing the ORR electrocatalytic performance
which in principle contradicts what Wang et al®® previously
suggested when attributing the catalytic activity mainly to Co-N,
moieties. In contrast, Kong et al. believe that nitrogen-doped
carbon activated by Co nanoparticles played the important role
in ORR performance of their MOF derived Co electrocatalysts.

To rationally design the reaction interface for an oxygen
evolution reaction (OER), an optimal electrode structure involving
high-performance catalysts is essential in reducing the over-
potential, promoting the reaction kinetics, and enhancing
the specific activity for the OER, thus improving the energy
efficiency.®® To this end, a lamellar Co naphthalenedicarboxylate
MOF was used by Ma et al. to grow nanowire arrays (NAs) on a
Cu substrate plate, followed by carbonization at 600 °C.”°
Specifically, the material was first heated from room tempera-
ture to 400 °C with a ramp rate of 1 °C min ", and the
temperature was kept at 400 °C for 2 h, which was further
increased to 600 °C and stabilized for another 4 h. Pyrolysis of
the layered crystalline MOF structure created slit-like pores and
the array of thick nanowires provided a large accessible surface
area. Noticeably, the OER current of Co;0,C-NA largely exceeded
that of a similarly loaded IrO,/C coated on Cu despite the slightly
lower onset potential of IrO,/C, featuring a much better catalytic
performance of Co3;0,C-NA and also in terms of durability.
Moreover, the carbonized MOF on Cu proved to be a better
electrode configuration than calcined MOF on Cu, evidenced by
electrochemical impedance spectra and polarization curves.

Leaving electrocatalysis behind, there are a large number of
examples that endorse the application of MOF derived cobalt
catalysts in conventional heterogeneous catalysis in oxidation
and hydrogenation reactions.

The low-temperature oxidation of CO has drawn tremendous
interest due to its wide applications such as cleaning air, low-
ering automotive emission, and detecting trace amounts of CO.
Bao et al. targeted the preparation of Co oxides from MOFs and
demonstrated a novel “in situ self-reduction” route for the
fabrication of a nanocomposite consisting of Ag/Co;0, from
Prussian blue analogues (PBAs) without using any reductant.”*
After calcining the uniform Ags;[Co(CN)s] nanocubes at different
temperatures in air, porous Ag/Coz;O, nanocomposites with
abundant well-knit Ag/Co;O, nanojunctions were obtained.
The prepared samples exhibited excellent catalytic activity and
stability for catalytic CO oxidation and the activity was main-
tained for more than 18 h, even after the catalyst was exposed
to air for two months. Without any pretreatment, Ag/Co;0,
catalysts prepared by these authors showed outstanding catalytic
performance compared with other oxide supported-Ag catalysts
reported in recent years. The presence of abundant and highly
dispersed Ag/Coz0O4 junctions in the nanocomposites was
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suggested to be responsible for the excellent catalytic perfor-
mance. On the junctions, O, and CO adsorb on Ag and Co30y,
respectively, and react with each other more easily and besides,
Ag particle aggregation could be avoided during a catalytic
reaction. Coming back to ZIF-67 mediated synthesis for
supported Co nanoparticle preparation, Wang et al. recently
disclosed the preparation of an efficient metallic Co-based
catalyst for low-temperature CO oxidation, where the Co was
embedded in porous carbon.”” ZIF-67 was pyrolyzed at 600 °C
for 10 h in Ar and the obtained Co/C-600 catalyst was used for
CO oxidation under dry conditions yielding 100% CO conversion
at 0 °C (T100). The apparent activation energy of CO oxidation
over the Co/C-600 catalyst was comparable to those of the
C030,,”* Pd’* and Au’® catalysts. When comparing the activity
of Co/C-600 to Co supported on activated carbon, it was found
that the light-off temperature decreased by 78 °C for Co/C-600.
The catalytic activity over the Co/C-600 catalyst remained
unchanged after 24 h of time on stream at room temperature,
thus indicating that Co/C-600 was highly stable. However, in
the presence of small amounts of moisture, Co;0, deactivates
quickly even under ambient temperatures. Interestingly,
catalytic stability tests for Co/C-600 under wet gas conditions
showed improved moisture tolerance as compared to other
Co-based materials and moreover, the activity of the catalyst
could be fully restored upon a mild heating treatment in an
oxidative atmosphere.

Air pollution by volatile organic compounds (VOCs) has
been a serious environmental problem in past decades. Among
the VOCs, benzene is an important chemical feedstock and a
gasoline ingredient.”® For complete oxidation of benzene to
CO, and H,O in this case, Li et al. studied tricobalt tetraoxide-
supported palladium catalysts derived from MOFs.”” Porous
polyhedron (PP) Co;0, catalysts were prepared through one-
step calcination of ZIF-67 in a muffle oven at an elevated
temperature (250, 350, or 550 °C) at a ramping rate of 1 °C min
and held for 1 h. Finally, Pd/Co;0,-PP-X (X = 250, 350, or 550 °C)
were prepared by a conventional impregnation method and sub-
jected to calcination at 200 °C for 4 h. Among the MOF derived
catalysts obtained at different temperatures, Co;0,-PP-350 exhibited
the highest activity for the complete catalytic conversion of benzene.
This catalyst also showed better performance than that of Pd
supported on Coz;0, nanoparticles (NPs) prepared by a hydro-
thermal method and calcined at the same temperature. They
resolved that (i) the proper porosity and nanoparticle size of
the catalyst could be controlled by adjusting the calcination
temperature, (ii) the surface adsorbed oxygen, which is associated
with the PdO, species, is crucial for improved catalytic perfor-
mance and (iii) the reducibility of the catalyst has a significant
effect on the catalytic activity for the oxidation of benzene. As a
consequence, the porous structure could expose more PdO,
species on the surface of the catalyst, and the electron transfer
from Pd to O for Pd/CozO0,-PP-350 might make the surface
adsorbed oxygen more active, rendering Pd/Co;0,-PP-350 as the
best catalyst for the complete oxidation of benzene.

Direct oxidation of alcohols to esters with molecular oxygen is
an attractive and crucial process for the synthesis of fine chemicals.
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