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ABSTRACT: Current energy and environmental challenges demand the development and

design of multifunctional porous materials with tunable properties for catalysis, water Watr Purication
purification, and energy conversion and storage. Because of their amenability to de novo
reticular chemistry, metal—organic frameworks (MOFs) have become key materials in this
area. However, their usefulness is often limited by low chemical stability, conductivity and
inappropriate pore sizes. Conductive two-dimensional (2D) materials with robust structural s sergeseprsio
skeletons and/or functionalized surfaces can form stabilizing interactions with MOF
components, enabling the fabrication of MOF nanocomposites with tunable pore
characteristics. Graphene and its functional derivatives are the largest class of 2D materials
and possess remarkable compositional versatility, structural diversity, and controllable
surface chemistry. Here, we critically review current knowledge concerning the growth,

structure, and properties of graphene derivatives, MOFs, and their graphene@MOF composites as well as the associated structure—
property—performance relationships. Synthetic strategies for preparing graphene@MOF composites and tuning their properties are
also comprehensively reviewed together with their applications in gas storage/separation, water purification, catalysis (organo-,
electro-, and photocatalysis), and electrochemical energy storage and conversion. Current challenges in the development of
graphene@MOF hybrids and their practical applications are addressed, revealing areas for future investigation. We hope that this
review will inspire further exploration of new graphene@MOF hybrids for energy, electronic, biomedical, and photocatalysis
applications as well as studies on previously unreported properties of known hybrids to reveal potential “diamonds in the rough”.

Energy Storage/Conversion

Electro- & Photo-Catalysis

Heterogeneous Catalysis

CONTENTS 2.2.5. Active Sites: Functional Groups and
) Metal Sites 17250
1. Introduction . . 17242 2.2.6. Surface Properties—Wettability 17250
1.1 Sgope of this Review . 17243 3. Synthetic Strategies for Graphene@MOF Hybrids
2. Ove.rwew. of. the Structurg a.nd Properties— and Their Derivatives 17251
Design Crlterla towa'rd'Appllcatl.ons 17243 3.1. Mechanochemical Synthesis 17252
2.1. Properties of Pristine Materials 17243 3.2. Wet Chemical Methods 17252
2.1.1. Graphene o 17243 3.2.1. One-Pot/In-Situ Synthesis 17252
2.1.2. Graphene Derlvatlves 17244 3.2.2. Ex-Situ Synthesis 17254
2.1.3. Metal—Organic Frameworks (MOFS) . 17245 3.2.3. Growth of MOFs on Graphene Surfaces 17255
2.1.4. MOF-Graphe.ne/Graphene-Derlvatlve 3.3. Deposition of Graphene@MOF Hybrids on
l\.le?nocomp(.)s!tes. . 17245 Functional Substrates 17257
2.2. Exploiting Hybrldlzatlor? To Combine and 3.3.1. Seeded Growth 17257
Er::;hnecnee I;wa:trisgsert'es of MOFs and 17247 3.3.2. Deposition on Porous Supports 17257
2.2.1. Textural Properties—Surface Area and 34. Graphene@MOF Hybrids with Polymers 17260
Pore Size Distribution 17247
2.2.2. Morphological Properties—Particle Size Received: April 25, 2022
and Shape 17248 Published: November 1, 2022
2.2.3. Mechanical-Chemical-Thermal Stabil-
ity 17249
2.2.4. Electronic Properties—Conductivity and
Magnetism 17249

© 2022 American Chemical Society https://doi.org/10.1021/acs.chemrev.2c00270

v ACS PUblicatiOI’]S 17241 Chem. Rev. 2022, 122, 17241-17338


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kolleboyina+Jayaramulu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soumya+Mukherjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dulce+M.+Morales"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Deepak+P.+Dubal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ashok+Kumar+Nanjundan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ashok+Kumar+Nanjundan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Schneemann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Justus+Masa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stepan+Kment"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wolfgang+Schuhmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michal+Otyepka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michal+Otyepka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Radek+Zbor%CC%8Cil"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roland+A.+Fischer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemrev.2c00270&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/chreay/122/24?ref=pdf
https://pubs.acs.org/toc/chreay/122/24?ref=pdf
https://pubs.acs.org/toc/chreay/122/24?ref=pdf
https://pubs.acs.org/toc/chreay/122/24?ref=pdf
pubs.acs.org/CR?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/CR?ref=pdf
https://pubs.acs.org/CR?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

pubs.acs.org/CR

REVIEY

Chemical Reviews

3.5. Derivatives of Graphene@MOF Hybrids 17261

4. Characterization of Graphene@MOF Hybrids and
Its Challenges 17262
5. Applications 17265
5.1. Environmental Applications 17266
5.1.1. Carbon Dioxide Capture 17266
5.1.2. Methane Storage 17269
5.1.3. Ammonia Adsorption 17270
5.1.4. Hydrocarbon Storage/Separation 17271
5.1.5. Hydrogen Sulfide Adsorption 17273
5.1.6. Qil Spill Clean up from Water 17274
5.1.7. Removal of Water Pollutants 17275
5.2. Catalysis 17276
5.2.1. Heterogeneous Catalysis 17276
5.2.2. Electrocatalysis 17289
5.2.3. Photocatalysis 17296
5.3. Energy Storage/Conversion 17305
5.3.1. Supercapacitors 17305
5.3.2. Li-lon Batteries (LIBs) 17310
5.3.3. Beyond LIBs 17314
6. Future Directions and Concluding Remarks 17315
6.1. Future Perspectives 17316

6.2. Perspectives on Designing Graphene@MOF
Hybrids 17316
Author Information 17317
Corresponding Authors 17317
Authors 17317
Author Contributions 17317
Notes 17317
Biographies 17317
Acknowledgments 17318
References 17319

1. INTRODUCTION

Motivated by the need to reduce carbon footprints and develop
clean energy conversion and storage technologies, considerable
research effort has been invested into the design and engineering
of porous materials. Metal—organic frameworks (MOFs) are a
relatively new class of crystalline materials formed by the
coordination of metal ions/clusters and organic bridging
ligands.'~” Because of their high specific surface areas,
substantial pore volumes, high concentrations of active metal
sites, adjustable structures, and tunable pore diameters, MOFs
have diverse applications in fields including gas storage/
separation,lo’” catalysis,lz*15 water harvestin7g,16719 sens-
1ng,20_25 water puriﬁcation,26 supercapacitors,2 ~3! and bat-
teries.”” >’ Although MOFs are either insulators or poor
conductors and thus have inherently limited conductivity,***”
they can perform extremely well in catalytic applications and
energy storage systems such as supercapacitors and batteries.
Efforts have been made to improve the conductivity of MOFs
by developing hybrid materials in which MOFs are integrated
with various conductive guests including conductive poly-
mers, ™% quantum dots,** or carbonaceous materials.**~*" A
wealth of two-dimensional (2D) materials have come to the fore
in the past few decades, including but not limited to 2D
transition-metal carbides, nitrides, and carbonitrides
(MXenes),” molybdenum disulfide (MoS,),*” boron nitride
(BN),*° and carbon allotropes (fullerenes,”’ carbon nano-
tubes,”” graphene, etc.). An allotrope of carbon, graphene refers
to a monolayer of hexagonally arranged carbon atoms, a layer
that is typically only one C atom (diameter ~ 0.33 nm) thick.

Since its first discovery in 2004, graphene-based materials have
witnessed a meteoric rise (ca. 10 000 scientific articles published
every year, plus the 2013 launch of Graphene Flagship as a €1
billion European Union scientific research initiative) which is a
testament to the unique combination of graphene’s extraordi-
nary properties. Thanks to its high thermal as well as electrical
conductivity and theoretical surface area of 2630 m?*/g,>*™>’
such a rich confluence of record-high physical and chemical
properties endorses the proverbial expression “wonder material”
for graphene.>® Notably, the ultrathin thickness (ideally a single
molecular layer) and the large lateral extension endow graphene-
based materials with properties suitable for membranes used in
environmental applications, specifically those with high flux and
low transparent resistance.”” °* In addition, the smart
integration of MOFs with graphene and its derivatives was
shown to significantly enhance the efficiency of energy
conversion and storage devices while reducing their fabrication
costs, thereby creating new opportunities for real-world
applications. Graphene-based MOF hybrids share the advan-
tages of both of their constituents and have therefore recently
attracted considerable scientific interest.

Global industrialization has created a number of serious
environmental problems including hazardous levels of water and
air pollution in some places. Consequently, several ongoing
research efforts seek to develop improved adsorbents for air and
water purification. MOFs are among the most promising
adsorbents for this purpose because of their high porosity,
structural diversity, and remarkable ion exchange behavior.**~*°
However, their large void spaces and poor stability limit their
applications in this context.””~’" To address these problems,
researchers have developed hybrid materials by combining
graphene-based materials with MOFs. The resulting composites
alleviate a key weakness of MOFs, namely, their ultralow atom
density, and therefore have superior adsorptive properties. The
incorporation of graphene-based materials into MOFs can also
form more active structures for reactive adsorption.” "’

Electrode materials for energy conversion and storage devices
need high electrical conductivity, a high surface area with an
adequate pore volume, good crystallinity to ensure a high energy
output, and high structural stability that must be reinforced via
appropriate material/electrode design to ensure long cycling
performance.”””* The development of improved electrode
materials will require a deep understanding of interfacial
electrode—electrolyte chemistry, including the roles of cations
and anions in the electrochemical double-layer region, their
dynamic behavior during electrochemical conversion, and their
correlations. The synergistic properties of MOFs and graphene
have been exploited to create composite frameworks incorpo-
rating few-layer graphene sheets with large interlayer spacings.
This approach is seen as an attractive way to prepare conductive
materials with hierarchical pore structures and high surface
areas. In these composites, functionalized graphene derivatives
form stabilizing covalent and noncovalent interactions with
MOF nanoparticles that promote their §rowth while also
controlling their structure, size, and shape.7 -7

Previous reviews have provided excellent coverage of the
literature on certain specific types of MOF composites including
composites with 2D materials,*’™*" carbon-based materi-
als,™™* and nanoparticles.g‘%_86 In addition, a few reviews
have focused on the structure—property—performance relation-
ships of graphene@MOF hybrids for energy and environmental
applications.”’ ="' However, despite the vast potential of MOF/
graphene-based materials, there has been no effort to
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comprehensively review what is known about their fabrication,
general structure—property—performance relationships, and
rational design. This review therefore aims to describe,
summarize, and analyze the literature on graphene@MOF
hybrids and their applications in catalysis, environmental
remediation, and energy storage/conversion. The review is
divided into five main sections. Section 2 provides a general
introduction to the research field and the motivation for using
graphene@MOF hybrids in various applications. Section 3
focuses on the material properties necessary for applications in
catalysis, environmental remediation, and energy conversion/
storage. Key properties of graphene@MOF hybrid materials
including their conductivity, stability, and textural, morpho-
logical, and surface properties are discussed and compared to
those of their constituent materials (i.e, MOFs and graphene
derivatives) to derive guidelines for designing and preparing
hybrids suitable for specific applications. Section 4 summarizes
published synthetic approaches to graphene@MOF hybrids and
explains how different approaches can be related to the design
guidelines established in the preceding section. Section 5 focuses
on the potential applications of graphene@MOF hybrids in
catalysis, energy, and environmental technologies, referring back
to the previously established guidelines to explain how the
properties of the hybrids’ constituent materials and their
synergies enable high performance in targeted applications.
Section 6 offers some general conclusions concerning the state
of the art and highlights some promising future developments of
graphene@MOF hybrids as well as elucidating current
challenges and drawbacks. Overall, this review aims to provide
a comprehensive overview of all major aspects of graphene@
MOF hybrids, in contrast to previous reviews that focused on
specific subareas within this field.

1.1. Scope of this Review

Since graphene’s discovery in 2004, it has found diverse
applications in high-speed electronics, data storage systems,
supercapacitors, solar cells, electrochemical sensing, textile
engineering, printing technology, and biomedical engineer-
ing.”>~”° Hybrid materials incorporating graphene have also
been prepared and used in various fields. Of the known types of
graphene-based hybrid materials, graphene@MOF hybrids are
particularly interesting. These materials were first described in
2009 by the research group of Teresa J. Bandosz’® and have
subsequently attracted considerable academic interest, leading
to the publication of many research articles. Graphene@MOF
hybrid materials have since been used in areas including
catalysis, energy storage and conversion, gas storage/ separation,
biomedicine, water treatment, and sensing.(

Despite having attracted such interest, the potential of
graphene@MOF hybrids has yet to be fully explored, largely
because of our limited understanding of their structure—
property relationships and the difficulty of fully characterizing
these materials. This review therefore provides a critical
overview of current knowledge concerning the structure—
property relationships of graphene@MOF hybrids by compar-
ing the properties of known hybrids to those of their constituent
materials including MOFs, graphene, and their functionalized
derivatives. We also discuss several hybridization strategies for
preparing graphene@MOF hybrids with specific desired
properties and highlight the challenges of characterizing
graphene@MOF hybrids. We anticipate that wider recognition
of these challenges and the precautions that are needed to
overcome them will encourage researchers to use appropriate

characterization protocols and thereby improve the quality of
the literature in this area. The next section of the review focuses
on synthetic methods that enable rational fabrication of
graphene@MOF hybrids with properties tailored to specific
applications followed by an overview of the reported
applications of graphene@MOF hybrids in catalysis, environ-
mental remediation, and energy technology. This systematic
study of recent advances in this field of graphene@MOF hybrids
provides a broad overview of the field’s rapidly evolving state of
the art and is expected to spur further research on these
remarkable materials. We conclude by highlighting future
directions and research opportunities in the field of
graphene@MOF hybrids.

2. OVERVIEW OF THE STRUCTURE AND
PROPERTIES—DESIGN CRITERIA TOWARD
APPLICATIONS

2.1. Properties of Pristine Materials

The pristine constituent materials of graphene@MOF hybrids,
namely, graphene derivatives and MOFs, have a number of
interesting and useful properties in their own right. However,
their usefulness in certain applications is limited by some
intrinsically unfavorable characteristics. This section briefly
introduces the properties of these materials and the challenges
they present and shows how the hybridization of MOFs with
graphene derivatives can overcome some of these challenges.

2.1.1. Graphene. Graphene is a two-dimensional (2D)
carbon allotrope” that was first isolated by mechanical peelir}g
(exfoliation) of individual atomic layers of graphite in 2004.
While the exfoliation method produces high-quality graphene, it
is impractical for large-scale production. Larger graphene sheets
with sizes on the order of meters can be grown via chemical
vapor deposition (CVD).””'” Alternatively, graphene can be
obtained by (electro)chemical exfoliation of dgraphite or
chemical or thermal reduction of graphene oxide.'”' ~'*?

A graphene sheet is essentially a single graphite layer
consisting of sp>-hybridized carbon atoms arranged in a flat
honeycomb-like lattice. This structure gives graphene unique
physical and chemical properties. For example, graphene only
absorbs 2.3% of white light and is therefore highly optically
transparent.'”* In addition, it has no band gap because its
valence and conductive bands touch at the Dirac point, making it
a semimetal.'” Its electrical (2 X 10° cm?/(Vs))'%° and thermal
(5 x 10> W/mK)'"” conductivities exceed those of copper, but
its electrical conductivity is highly sensitive to impurities,
dopants, chemical functionalization, adsorbates, and the number
of stacked graphene layers in the sample. The adsorption of a
single molecule can be enough to appreciably affect graphene’s
electronic properties, which can be exploited when designing
sensors'®® and also means that the electronic properties of
graphene can change substantially when it is incorporated into
composite materials. Another notable property of graphene is its
very high surface area of 2630 m?/g. Its chemical composition
makes graphene flexible but also strong and rather chemically
inert. Atoms and molecules cannot pass through graphene
sheets. Finally, graphene is a hydrophobic material whose
colloidal suspensions in water and various polar solvents are
unstable and prone to restacking and precipitation.

Some sensing, electronic, and biological applications of
graphene benefit from significant modulation of its properties,
which may include band gap opening or the introduction of
specific hydrophilic functional groups on its surface. This can be
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Figure 1. Schematic depiction of various graphene derivatives that have been hybridized with MOFs. Graphene itself lacks suitable functional groups
for covalent hybridization with MOF. However, graphene oxide, reduced graphene oxide, and benzoic acid-functionalized graphene oxide have all been
successfully combined with MOFs. Chemistry of fluorographene derivatives such as graphene acid also allows formation of stable nanocomposites with
MOFs. Novel graphene derivatives and variously doped graphenes offer new possibilities for hybridization with MOFs. Carbon, oxygen, fluorine, and

nitrogen centers are represented in black, red, green, and blue, respectively.

achieved through graphene functionalization.'” Both covalent
and noncovalent methods for graphene functionalization have
been established. Noncovalent functionalization involves the
formation of graphene composites that are stabilized solely by
noncovalent interactions, primarily London dispersion inter-
actions.''” Such composites are readily prepared by simply
mixing their components and cause only gentle modulation of
graphene’s properties.’ '’ Covalent graphene functionalization
leads to the formation of graphene derivatives or doped
graphene sheets whose properties may differ substantially
from those of pristine graphene.

2.1.2. Graphene Derivatives. Pristine graphene (a nano-
allotrope of pure carbon) contains no chemical functional
groups amenable to covalent functionalization and cross-linking
with other molecules or materials. To overcome this
disadvantage, many research groups have attempted to imprint
chemical functionality at the edges of graphene sheets and/or on
the graphene surface (i.e., the basal plane). Covalent
functionalization of graphene leads to significant modulation
of its properties because sp* carbons are replaced by sp® carbons
in the lattice, leading to the introduction of scattering centers
and lattice imbalance. This causes band gap opening and reduces
conductivity and can give rise to magnetism. Because pure
graphene is rather chemically inert, its direct covalent

functionalization requires treatment with highly reactive species
such as cold atomic plasma,'"” or free radicals.""*
Many different graphene derivatives have been prepared (see
Figure 1), and these materials have been reviewed exten-
sively.'””''> We therefore focus here only on particularly
prominent or promising graphene derivatives that have already
been used in composites with MOFs or could beneficially be
incorporated into such composites.

The most important graphene derivatives at present are
undoubtedly graphene oxide (GO),'” halogenated graphe-
nes,''® and graphane.''” GO is usually prepared by extensive
oxidation of graphene or by oxidizing graphite to graphite oxide
and then exfoliating it to obtain GO. Oxidation introduces
various oxygen-containing chemical groups on the graphene
surface and gives rise to several types of structural defects. GOs
are chemically complex materials featuring oxygen-containing
functional groups attached to both edges (e.g., carboxyl groups)
and the surface (e.g, epoxy and hydroxyl groups) of the
graphene lattice.'””""” GO therefore has a negative surface
charge and is dispersible in water. It should be noted that the
chemical composition of GO depends on the method used in its
synthesis. The oxygen-containing functional groups of GO
enable cross-linking and facilitate its immobilization in nano-
composites that are stabilized by electrostatic interactions and

113
ozone,
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hydrogen bonding. Unfortunately, GO is nonconductive, which
limits its potential applications. Its conductivity can be restored
by chemical or thermal reduction; both chemically reduced GO
(rGO) and thermally reduced GO (trGO) have a lower density
of oxygen-containing functional groups than GO. While this
reduces their capacity for cross-linking and immobilization, it
has the benefit that rGO and trGO are conductive and can retain
their conductivity in nanocomposites.'¥'"” The presence of
oxygen-containing functional groups on the graphene surface
has been used to prepare nanocomposites with MOFs, as
discussed later in this review. Nucleation centers for the growth
of MOF on top of graphene can also be introduced by
functionalization of GO and rGO. For instance, Loh et al.
functionalized rGO with benzoic acid and used the resulting
material to prepare composites with MOF-5."

Fluorographene (FG) is a stoichiometrically fluorinated
stable graphene derivative in which graphene’s flat sp* carbon
lattice is converted into a hexagonal lattice of tetrahedral (sp*)
carbons each bearing one fluorine atom. FG is therefore
nonconductive and hydrophobic."*’ It is also readily available
because it can be prepared by exfoliating graphite fluorite, which
is a commercially available industrial lubricant.'"”’ A great
advantage of FG is that it undergoes a range of chemical
reactions, enabling the preparation of diverse homogeneously
surface-functionalized graphene derivatives'*” such as cyanog-
raphene and graphene acid (GA) (Figure 1). These materials
stand out among the known graphene derivatives due to their
well-defined chemical composition and extensive functionaliza-
tion (their degree of functionalization is typically above 10%),
which means that they have many interaction/reaction sites that
can be exploited in the fabrication of nanocomposites. For
instance, GA can be cross-linked with amines,'*® enzymes,124
and nanoparticles'* because its content of —COOH functional
groups suitable for cross-linking with other materials is around
15%."> GA was also recently hybridized with the amine-
functionalized MOF UiO-66.”> The highly reproducible syn-
thesis of GA together with its stability and conductivity make it
well suited for electrochemical applications'**"*” and for
fabricating cross-linked conductive composites. It is worth
noting that highly fluorinated graphite powder can also be
oxidized using a modification of Hummer’s method to obtain
highly fluorinated GO, which was efliciently hybridized with the
zeolitic imidazolate framework ZIF-8 (Zn(mim),, where Hmim
= 2-methylimidazole) to obtain a material that was very effective
in oil—water separation.'*® Particular attention should be paid to
newly emerging graphene derivatives because they offer unique
properties and chemical functionality that can be exploited to
prepare novel hybrid materials.

The graphene lattice can also be modified within the plane by
doping, i.e, by substituting carbon atoms with other either
lightwei$ht (e.g, B and N) or heavy elements (e.g,, transition
metals)."”” The properties of such doped graphenes depend on
the doping element and its concentration. The doping element
modulates the graphene band gap, may introduce magnetism,
and can function as a reactive center, which may be useful in
catalysis."”” Doped graphenes can be prepared by CVD, bottom-
up synthesis, photochemical methods, and wet chemical
methods'*” or by treatment of graphene derivatives.”' Such
doped graphenes can be utilized as nanocomposite building
blocks that introduce new features.

2.1.3. Metal-Organic Frameworks (MOFs). Metal
organic frameworks are an interesting class of organic—inorganic
hybrid materials with porous architectures consisting of metal

ions/clusters and multifunctional organic linkers.'*”'** The
interesting physicochemical properties of these materials
include exceptionally high surface areas (peak value ~ 10000
m? g_l),l‘M_138 low densities, hierarchical pore structures, and
widely tunable properties, giving them many advantages over
conventional porous materials such as zeolites and porous
carbons.*”™"*! Because of their remarkable physicochemical
properties, MOFs have been used in diverse applications
including gas storage/separation,">>'** sensing/molecular
reco nition,143’144 energy storage/ conversion,l4°’146 cataly-
sis,'""'** and drug delivery."*"~">" Interest in the study and
synthesis of these materials has increased dramatically over the
last two decades; the progress of this research field was
illustrated by a review published by Furukawa et al. in 2013,
according to which >20 000 MOFs have been synthesized.">”
More recent articles estimate that over 100000 individual
MOFs have been prepared and reported."**'>* The most
prominent feature of MOFs is their tunability, which enables the
creation of a vast range of structures with different porosity,
stability, and morphology.'**'*® The structure and properties of
MOFs can be adjusted by altering their metal ions/clusters and
ligands or by following different synthetic procedures. However,
their practical usefulness is often limited by their structural
stability: many of these materials are unstable under harsh
thermal and chemical environment.®®'>” Moreover, many
MOFs are moisture sensitive, which further limits their potential
applications.”>® A range of methods have been proposed to
overcome this 6prob1em and enable the full potential of MOFs to
be exploited.”” One particularly attractive approach is to
hybridize MOFs with other materials such as functionalized
graphene or other 2D layered materials.">” The beneficial effects
of fabricating graphene@MOF hybrids are discussed briefly in
the next section.

2.1.4. MOF-Graphene/Graphene-Derivative Nano-
composites. As described above, MOFs have many advanta-
geous properties that make them attractive materials for diverse
applications. However, their practical utility is limited by some
of their physicochemical features, namely, low conductivity,
poor stability in various environments, and low mechanical
processability. Their usability can be increased by hybridization
with other materials because some of the resulting nano-
composites are not subject to these limitations. Graphene and its
derivatives seem to be particularly attractive materials for
hybridization with MOFs due to their high conductivity and
chemical stability. It should be noted that all graphene
derivatives are potential MOF structuring agents due to their
flat but flexible sheet structure. This feature together with the
wealth of MOF structures and morphologies and the availability
of graphene-type lattices bearing diverse functionality (graphene
derivatives) could enable the fabrication of a vast portfolio of
graphene/MOF composites with useful properties.

Most nanocomposites of MOFs and graphene-based
materials that have been reported to date were formed by
hybridizing MOFs with GO or rGO/trGO. In the pioneering
studies of the Bandosz group, GO was used as a structuring agent
for MOFs; the first GO-MOF-S hybrid (MOF-$ = Zn,O(bdc),
with bdc>™ = 1,4-benzenedicarboxylate) adopted a layered
sandwich structure with alternating layers of GO and MOF.”
The structure of the MOF-5/GO nanocomposite was stabilized
by interactions between the epoxy groups of GO and the ZnO,
clusters of MOF-S; the MOF’s metal SBUs (secondary building
units) formed coordinative bonds with the oxygen-containing
functional groups of GO and in turn functioned as nucleation

https://doi.org/10.1021/acs.chemrev.2c00270
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centers for the growth of MOF crystals. The growth of MOFs on
the GO surface generates a microporous nanocomposite whose
porosity can be controlled by varying the content of GO and the
choice of MOFE.”*'”'®" The microporosity of a MOF/GO
nanocomposite also depends on the compatibility of the MOF’s
structural features with those of GO. Mounting of the cubic
MOFs MOF-5 or HKUST-1 (Hong Kong University of Science
and Technology; Cu;BTC, with BTC?™ = 1,3,5-benzenetricar-
boxylate) onto GO surfaces leads to well-structured nano-
composites, whereas very disordered nanocomposites are
obtained when using the spherical MIL-100(Fe) (Matériaux
de I'Institut Lavoisier; Fe;O(H,0),(X)(BTC), with X = F~ or
OH")."®" The approach of using GO as a structuring agent for
MOF growth pioneered by Petit and Bandosz was further
elaborated by Loh et al., who used benzoic acid-functionalized
rGO (BFG) as a nucleation template for growing MOF/BFG
nanowires. In addition to its structural role, the functionalized
rGO introduced conductivity into the MOF/rGO nano-
composites,”” which were subsequently utilized in electro-
catalysis.'“>~'** The ability to tailor the porosity of MOF/GO
nanocomposites is also beneficial for gas adsorption,'*"'%" as
discussed in section 2.2.1, and in the previously discussed
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separation of oil and water using composites of ZIF-8 with
highly fluorinated GO. In this case, the highly fluorinated GO
prepared from highly fluorinated graphite using the modified
Hummers method endowed the nanocomposite with meso-
porosity that complemented the intrinsic microporosity of the
ZIF-8 nanocrystals.'"*® More recently, a covalently connected
nanocomposite of the amine-functionalized MOF UiO-66
(Zrs0,(OH),(NH,-bdc),, where NH,-bdc denotes the 2-
amino-1,4-benzenedicarboxylate dianion) was prepared using
graphene acid as a templating agent. The resulting material
exhibited hierarchical porosity and conductivity while also
containing imide and amine groups that can serve as interaction
sites for CO,. These features were exploited for electrochemical
sensing of CO,; the material displayed a very fast response and
had a quick recovery time of ~18 s when exposed to 100% CO,
at 200 °C.”° The simple fabrication and useful properties of
nanocomposites of MOFs with graphene acid indicate that this
recently discovered graphene derivative is a valuable MOF
templating agent whose potential warrants further exploration.

Nanocomposites of MOFs with graphene derivatives have
traditionally been prepared using one-pot methods in which
MOF precursors are mixed with the graphene derivative.

https://doi.org/10.1021/acs.chemrev.2c00270
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However, other methods also exist. For example, GO can be
reacted with metal ions (e.g, Zn’*) that then guide MOF
nucleation by reacting with MOF building blocks such as
trimesic acid (H;BTC) and ZnCl, in the presence of a
structuring agent such as triethanolamine. This approach was
used to prepare functionalized MOF@GO nanocomposites.'*°
Layer-by-layer (LBL) deposition can also be used to synthesize
MOF@GO nanocomposites: LBL deposition of a GO
suspension on a semicontinuous ZIF-8 layer yielded a ZIF-8/
GO nanocomposite film with promising performance in
hydrogen separation and purification.'®” A membrane for
hydrogen separation was also prepared by the related dip-
coating—rubbing method (DCRM). DCRM is a two-step
process that was used to prepare low-defective MOF
membranes grown on a MOF/graphene composite supported
on a porous carbonaceous film. In the first step, a thin layer of the
ZIF-8@graphite nanocomposite was deposited on the carbon
surface and then rubbed to form a stable seed layer, on which
additional MOF layers could be grown, for example, by
solvothermal growth.'*®

2.2. Exploiting Hybridization To Combine and Enhance the
Properties of MOFs and Graphene Derivatives

The preceding discussion clearly shows that hybridizing MOFs
with graphene to form graphene@MOF hybrids makes it
possible to circumvent the limitations of the individual materials
and exploit their synergistic properties. This section provides a
detailed overview of current knowledge concerning the
influence of graphene and MOF hybridization on the textural,
morphological, and electronic properties of graphene@MOF
hybrids as well as their stability, wettability, and active sites
(Figure 2). In addition, this section describes ways in which the
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different properties of graphene@MOF hybrids can be tuned to
improve their practical usefulness.

2.2.1. Textural Properties—Surface Area and Pore
Size Distribution. The textural properties of graphene@MOF
hybrids (surface area, pore volume, pore diameter, etc.) are
among their most important features and strongly influence
their performance in various applications. Because graphene@
MOF hybrids consist of MOFs and graphene, their textural
properties can be tuned by manipulating these components.
This is exemplified by the hierarchically porous HFGO@ZIF-8
graphene@MOF hybrid prepared by our research group.'** In
the synthesis of this hybrid, ZIF-8 nanocrystals act as pillars that
support HFGO nanosheets, giving rise to the hierarchical
porous structure; the ZIF-8 nanocrystals confer microporosity,
while mesoporosity results from the emergence of a structure in
which HFGO nanosheets are supported by ZIF-8 nanopillars.
The nitrogen adsorption—desorption isotherm of this hybrid
(Figure 3a) shows both type-I and type-IV character, confirming
the presence of micro- and mesopores, respectively. Further-
more, a pore size analysis using nonlocal density functional
theory indicated the presence of pores with sizes of 1 and 3 nm,
which were assigned to micro- and mesopores, respectively. The
presence of both pore types gave the hybrid a high adsorption
capacity, leading to high performance in oil—water separation. A
similar hierarchically porous hybrid was prepared by combining
the MOF UiO-66-NH, with graphene acid (GA).”° The
microporosity of the resulting GA@UiO-66-NH, hybrid
originated from the UiO-66-NH, nanocrystals, while its
mesoporosity originated from the covalent bonding between
GA and UiO-66-NH,, which controlled the spacing between the
GA layers. The hybrid had a type-IV nitrogen sorption isotherm,
confirming the presence of mesopores. In addition, the GA@

https://doi.org/10.1021/acs.chemrev.2c00270
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Ui0-66-NH, hybrid had a BET surface area of 600 m* g”" and a
pore volume of 1.09 cm® g™,

2.2.2. Morphological Properties—Particle Size and
Shape. The structures of graphene@MOF hybrids depend
strongly on the morphology (size and shape) of their constituent
particles. Control over particle morphology can thus be used to
rationally tune the structural features of graphene@MOF
hybrids to improve their practical usefulness. In 2013, Kumar
et al. showed that the morphology of the ZIF-8 MOF was
modified when grown on a GO surface and studied the gas
adsorption properties of various GO@ZIF-8 hybrids.'”* In
addition, we showed that the morphology of the ZIF-8 crystals in
these hybrids could be controlled by altering the GO content of
the hybrids. A series of GO@ZIF-8 hybrids designated ZG-x
(where x represents the wt % of GO) was synthesized, and their
morphology was studied by transmission electron microscopy,
revealing that increasing the content of GO changed the shape
and size of the ZIF-8 particles: the particle size was reduced from
~100—150 nm in pristine ZIF-8 to ~4 nm in ZG-20. This
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reduction was accompanied by a change in particle shape, from
hexagonal to spherical (see Figure 3b). Raman spectroscopy
demonstrated the formation of bonds between the GO sheets
and the Zn(II) ions of ZIF-8, explaining the size-controlling and
structure-directing activity of the GO sheets. This bonding was
attributed to the presence of surface —OH and —COOH groups
on the GO sheets that coordinated the Zn(II) ions and thereby
influenced the growth of the ZIF-8 crystals. The morphological
variation of the ZG-x hybrids also changed their structure and
therefore influenced their capacity for CO, uptake: as the GO wt
% increased from 0 to 20, the CO, uptake capacity increased
from 27.2 to 72 wt % at 1 atm and 195 K, as shown in Figure 3c.
A similar recent study examined the influence of the graphene
content of the rGO-ZIF-derived C-rGO-ZIF catalyst on its
catalytic activity.'”> C-rGO-ZIF catalysts with different GO
contents were prepared by simple one-pot reactions between
GO solutions of different concentrations, PVP, Zn*" ions, Fe>*
ions, and 2-methylimidazole followed by pyrolysis of the
prepared catalyst. Hybrids with different GO contents had
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different morphologies: at low concentration, the GO appeared
curled in the hybrid, but the GO sheets became more planar and
less curled as the GO concentration increased. Figure 3d shows
TEM images of C-rGO-ZIF catalysts with low and high GO
contents, which clearly show that the curliness of the GO sheets
was eliminated when the GO content was high. The curliness
was due to the variation in the surface potential of GO induced
by the attachment of Zn* ions to its surface;'”* reducing the
hybrid’s content of GO increased the relative concentration of
Zn*" ions, causing the graphene sheets to curl. Since curled
graphene cannot effectively support Zn* ions, C-rGO-ZIF
catalysts with high GO contents were needed to achieve good
performance in oxygen reduction reactions (ORRs).

2.2.3. Mechanical-Chemical-Thermal Stability. The
thermal stability of graphene@MOF hybrids is vitally important
for their practical use under industrially relevant conditions;
they must be stable enough to withstand harsh chemical and
thermal conditions without loss of structural integrity even
under mechanical stress. Although pristine MOFs are unstable
under such conditions, previous studies have shown that
graphene@MOF hybrids exhibit greater mechanical, chemical,
and thermal stability. For example, Su et al. showed that the
thermal and chemical stability of a metastable MOF polymorph
could be increased by encapsulation in GO.'”" Specifically, a
MOF based on the organic ligand ATA (S-amino-1H-tetrazole)
was found to have two polymorphs that were designated
[MOF(ATA-a)] and [MOF(ATA-b)]. The [MOE(ATA-a)]
polymorph dominates in freshly prepared material but is
chemically and thermally unstable and thus undergoes a
polymorphic transition to the more stable polymorph [MOF-
(ATA-b)] after being kept under a nitrogen environment for 3
months or upon heating to 120 °C for 7.5 h. Adding GO to a
solution of [MOF(ATA-a)] yielded a composite designated
[GOCMOF(ATA-a)] in which the MOF was encapsulated
between GO sheets, increasing its thermal and chemical (acidic
and basic) stability. Its high chemical stability was demonstrated
by performing a PXRD analysis, which showed that its PXRD
pattern was not significantly affected by being dispersed in acidic
(pH 1) or basic (pH 14) media (Figure 3e). In addition, when
dispersions of [MOF(ATA-a)] and [GOCMOF(ATA-a)] were
kept in a pH 1 solution, the nonencapsulated MOF dissolved
after 18 h but the encapsulated composite [GOCMOF(ATA-
a)] remained stable, as shown in Figure 3f. Analysis of the
encapsulated composite’s thermal stability revealed that its
decomposition temperature (T;) was 377.4 °C, which is higher
than that of the common heat-resistant explosive 1,3,5-triamino-
2,4,6-trinitrobenzene (T, = 321 °C). The improved stability of
[MOF(ATA-a)] (T4 = 374.5 °C) upon GO encapsulation was
attributed to the coordination of GO to the polymorphic MOF.
Because of its remarkable thermal and chemical stability, the
[GOCMOF(ATA-2)] composite was identified as a promising
heat-resistant explosive. Other studies have shown that hybrid-
ization with graphene derivatives can improve the mechanical
stability of MOFs as well as their thermal and chemical stability.
For example, Rao et al. found that covalent bonding to benzoic
acid-functionalized graphene (BFG) derived from GO im-
proved the mechanical properties of M,DOBDC (MOF-74; M
= Co**, Mg**, or Ni**; DOBDC* = 2,5-dioxido-1,4-
benzenedicarboxylate).'”® In the resulting hybrids, the carbox-
ylate groups of both BEG and DOBDC coordinate to the metal
centers of the MOF. To determine how the properties of these
systems varied with their graphene content, hybrids with
different BFG contents by weight were prepared. These hybrids

were designated MBFG-x (M = metal; x = wt % of BFG). The
mechanical properties of NiBFG-x and MgBFG-x were studied
by nanoindentation and evaluated by plotting their hardness
(H) and elastic modulus (E) against their graphene content,
giving the results shown in Figure 4a and 4b. Figure 4a shows
that upon raising the BEG content from 0 to 5 wt %, the H and E
of NiBFG-x both increased linearly. In addition, for BFG
concentrations up to 5 wt %, MgBFG-x had higher values of H
and E than NiBFG-x, which was attributed to the ionic character
of the Mg—O bonds. However, the H and E values of MgBFG-x
declined when the BFG content of the composite exceeded S wt
%; this was attributed to BFG agglomeration at higher
concentrations. These results demonstrate that the mechanical
properties of pristine MOFs can be increased by hybridization
with graphene derivatives and tuned by varying the content of
graphene within the composite.

2.2.4. Electronic Properties—Conductivity and Mag-
netism. MOFs usually have poor electrical conductivity,
whereas graphene and many of its derivatives are good
conductors. Consequently, graphene@MOF hybrids often
exhibit greater conductivity than the parent MOFs. For example,
Karthik et al. recently showed that hybridization with rGO could
be used to manipulate the electronic properties of the MOF
NH,-MIL-125(Ti) (TizOg(OH),(NH,-bdc),).'® The in-
creased electrical conductivity of the resulting hybrids was
exploited in photocatalytic H, production. UV—vis spectrosco-
py revealed the formation of noncovalent interactions between
rGO and NH,-MIL-125(Ti); adding rGO to NH,-MIL-
125(Ti) shifted the MOF’s characteristic peak from 380 to
415 nm, indicating a transfer of electron density between the
hybrid’s two components (Figure 4c). The formation of
covalent interactions between rGO and NH,-MIL-125(Ti)
would be expected to cause C=C bond cleavage and the
replacement of sp* carbon centers with sp* centers, which would
reduce the intensity of the C=C bonds at 1628 cm™". However,
FTIR spectroscopy (Figure 4d) provided no evidence for the
presence of sp® carbons after adding rGO to NH,-MIL-125(T1)
because the intensity of the C=C peak at 1628 cm™" was
unchanged, indicating that no covalent bonding occurred
between the two components. The IR signal of the organic
ligand’s amine group was also unaffected, further confirming that
the interaction between rGO and NH,-MIL-125(Ti) is purely
noncovalent. The only possible electronic transition between
rGO and the MOF involves excitation of electrons from the 7
orbital of the benzene ring of the MOF’s organic ligand to the 7
orbitals of rGO, so the transition was assumed to occur via 7—7
interactions. These interactions suppress electron—hole recom-
bination by facilitating fast electron transport, which was
suggested to explain why the composite’s photocatalytic activity
exceeded that of pristine NH,-MIL-125(Ti). Another recent
report described the fabrication of a composite of rGO and the
2D layered MOF Co-TCPP (comprising Co®" ions and
H,TCPP = meso-tetrakis(4-carboxyphenyl)porphyrin) for use
as an anode material for Li-ion batteries.'”® In this case, rGO
served as an antistacking agent to prevent stacking of the MOF
layers. In addition, because rGO is electrically conductive, it
increased the hybrid’s electrical conductivity and thus facilitated
electron-transfer processes. As a result, the hybrid’s performance
as an anode material exceeded that of the parent MOF. These
results show that the high electrical conductivity of graphene
and its derivatives can be exploited to create MOF-containing
hybrid materials with improved conductivity and electronic
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properties that can be tuned to improve their performance in
applications involving electron conduction.

2.2.5. Active Sites: Functional Groups and Metal Sites.
Hybridization with graphene derivatives can alter the structures
of MOFs, leading to increased exposure of their active sites. As a
result, graphene@MOF hybrids can exhibit superior catalytic,
adsorptive, and sensing performance when compared to the
parent MOFs. For example, a hybrid of GO with MIL-101(Fe)
(Fe;O(X)(H,0),(bdc), with X = OH™ or F~) was prepared by
a simple hydrothermal process to improve the Pb(II) ion
removal activity of MIL-101(Fe)."”® The resulting MIL-
101(Fe)/GO hybrid was capable of removing Pb(Il) ions
from solution by adsorption onto active sites within the MOF
component. Importantly, the incorporation of GO in the hybrid
increased the proportion of free oxygen and hydroxide groups
on the MOF component, leading to increased removal of Pb(II)
ions. Figure 4e shows the Pb(II) ion removal capacity of MIL-
101(Fe), GO, and MIL-101(Fe)/GO.

The Pb(II) ion removal capacity was highest for MIL-
101(Fe)/GO, confirming that the hybrid had the greatest
number of adsorption sites (i.e., free oxygen and hydroxide
groups) and that hybridization with graphene derivatives can
alter the number of exposed active sites within a MOF. A similar
increase in the number of active sites was also observed when
sulfur-doped graphene (S-Gr) was used as a support for MOF-
2(Cu), which is based on the organic ligand 1,4-benzenedi-
carboxylate and Cu®* ions (Cu,bdc,).'”” The S-Gr sheets
directed the growth of MOF-2(Cu) over their surfaces and
simultaneously increased the number of electroactive sites in the
resulting hybrid. The increased number of electroactive sites in
the Cu-MOF@S-Gr composite was determined by calculating
its electrochemically active surface area (ECSA). Figure 4f
shows Cottrell plots generated to determine the ECSA of a
glassy carbon electrode (GCE), a Cu-MOF-modified GCE, and
a Cu-MOF@S-Gr-modified GCE. The ECSA of the electrodes
increased in the order GCE < Cu-MOF (MOF-2(Cu)) < Cu-
MOF@S-Gr, indicating that the electrode modified with the Cu-
MOF@S-Gr hybrid had a higher density of electroactive sites
than the other tested surfaces, leading to higher rates of mass
transfer and electron transfer. As a result, the Cu-MOF@S-Gr-
modified GCE exhibited high conductivity and electroanalytic

utility and activity, enabling its use as an effective sensor for the
detection of dopamine, acetaminophen, and H,0,.

2.2.6. Surface Properties—Wettability. The wettability
of a material is related to its surface properties. For example, the
most commonly examined form of wettability (hydrophilicity)
depends on the presence of polar hydrophilic groups on the
material’s surface. In contrast, hydrophobicity is associated with
rough material surfaces and the presence of terminating groups
with low surface energy such as alkyl chains or fluorinated
moieties. The surface properties of MOFs, and hence their
wettability, can be tuned by hybridization with graphene
derivatives. Most MOFs are highly moisture sensitive because
they have an abundance of polar functional groups at their
surfaces and are therefore hydrophilic, which allows water
molecules to readily disrupt coordinative bonds between the
organic linker and the metal ions. However, many graphene
derivatives are quite hydrophobic and can therefore be used to
adjust the surface properties and moisture sensitivity of MOFs.
In 2016, Jayaramulu et al. reported the preparation of
hydrophobic graphene@MOF composites containing various
graphene derivatives including a highly fluorinated graphene
oxide (HFGO). Because the HFGO was extensively fluorinated,
its surface free energy was substantially lower than that of GO,
making it hydrophobic, as evidenced by its water contact angle
(WCA) of 125°. A composite of HFGO and the MOF ZIF-8 was
prepared using a simple one-pot synthetic process'** and was
found to be superhydrophobic with a WCA of 162°, which is
remarkable given that pristine ZIF-8 is hydrophilic and has a
WCA of just 56°. Hybridization with HFGO thus profoundly
altered the surface properties of ZIF-8, making it both
superhydrophobic and superoleophilic; the oil contact angle
(OCA) of HFGO@ZIF-8 was 0°. Consequently, the HFGO@
ZIF-8 hybrid exhibited good performance in oil—water
separation (Figure 4g). Our research group has also reported
the hybridization of the metal organic gel (MOG) Al-BTC,
which is based on MIL-101(Al), with fluorinated graphene oxide
(FGO) to obtain a FGO@MOG hybrid.'”® This hybrid material
is hydrophobic due to the presence of pendant C—F groups with
low surface energy. Like HFGO@ZIF-8, the FGO@MOF
hybrid was water repellent and oil absorbing with a WCA of
120° and an OCA of 0° (Figure 4h). Because of its hydrophobic
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Figure 6. (a) Synthesis of an N-G/MOF hybrid. Reproduced with permission from ref 182. Copyright 2018 Elsevier. (b) Synthesis of a GO-MOF
hybrid by physical mixing and its conversion into a 3D composite nanostructure by laser treatment. Reproduced with permission from ref 184.
Copyright 2020 Elsevier. (c) Schematic depiction of a BEG-MOF composite and a nanowire formed from this material. Reproduced with permission
from ref 77. Copyright 2010 American Chemical Society. (d) Illustrative representation of HFGO@ZIF-8 composite and the components required for
its synthesis. Reproduced with permission from ref 128. Copyright 2016 John Wiley & Sons, Inc. () Synthesis of a GA@UiO-66-NH, composite with
amide linkages between UiO-66-NH, and GA. Reproduced with permission from ref 76. Copyright 2021 John Wiley & Sons, Inc.

and oleophilic nature, the FGO@MOF hybrid was tested in oil—
water separation. The ability to convert strongly hydrophilic
MOFs and MOGs into strongly hydrophobic composites
through hybridization with graphene derivatives clearly
demonstrates the scope for tuning the surface properties and

wettability of MOFs using graphene derivatives.

17251

3. SYNTHETIC STRATEGIES FOR GRAPHENE@MOF
HYBRIDS AND THEIR DERIVATIVES

Over the past decade, many graphene@MOF hybrids have been
prepared through various synthetic routes, as shown in Figure S.
Some of these routes rely on unique methodologies, while others
are based on more conventional single-step and multistep
syntheses. The one-pot method is the most popular method for
graphene@MOF hybrid synthesis because of its simplicity.
However, some more complex methods have been developed to
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prepare hybrids with properties tailored to specific applications.
The following sections outline the known methods for
synthesizing graphene@MOF hybrids.

3.1. Mechanochemical Synthesis

Physical mixing is a simple and easily processable method for
preparing graphene@MOF hybrids by mechanical treatment of
both of their components. This treatment may be as simple as
grinding the samples together in a mortar, but more complex
approaches using different types of mechanical mills such as ball
mills are also common. Despite their simplicity, these methods
are often disregarded because they can yield hybrids whose
performance is worse than that of materials prepared in other
ways. For instance, the specific capacitance of the covalent
graphene@MOF hybrid GA@UiO-66-NH, (GA = graphene
acid) prepared using a solvothermal method was found to be
superior to that of a physical mixture obtained by mechanically
grinding the MOF UiO-66-NH, with GA,”® probably because
the parallel formation of the UiO-66-NH, crystals and the
covalent bonds between the MOF and the GA during the
solvothermal process yielded a more homogeneous product. Put
another way, the structure-directing capabilities of GA cannot be
exploited if the hybrid is formed by physical grinding. Another
report examined a 1:2 hybrid of mesoporous graphene (MG, i.e.,
graphene with a high mesopore content and volume) with
MOEF-520 (Alg(OH)4(BTB),(HCOO),, where BTB>™ is
4,4',4” benzene-1,3,5-tryil-tribenzoate). The adsorption ca-
pacity of samples prepared by physical grinding was compared
to that of samples prepared by in-situ synthesis of the MOF in a
graphene-containing solution.'”” This revealed that the in-situ
process generated additional pores at the interface of the
graphene sheets and MOF crystals, resulting in superior
adsorption performance. A number of other reports have
similarly shown that graphene@MOF hybrids synthesized by
physical mixing underperform on several counts than those
prepared by other methods.'*"'®'

Despite their limitations, physical mixing methods can still
produce graphene@MOF hybrids with interesting and useful
properties. For example, Zhuang et al. used a wet ball-milling
technique to prepare a hybrid of a MOF with N-doped graphene
whose electrochemical catalytic performance rivaled that of Pt/
C, makin§ it an interesting alternative to noble-metal
catalysts.'® The precursors for this synthesis were ZIF-8 and
N-doped graphene (N-G) with the N-doped graphene having
been synthesized by nanoscale high-energy wet ball milling
(NHEW) of melamine with graphene oxide. The hybrid catalyst
was prepared by mixing equal masses of ZIF-8 and N-G
dispersed in deionized water, transferring the resulting
dispersion to a grinding jar containing ZrO, balls and grinding
it at various speeds using NHEW for 16 h, as shown in Figure 6a.
The insoluble components of the suspension were then removed
by centrifugation in a 0.1 M solution of NaOH in deionized
water, after which the solid catalyst was filtered out and dried.
The physicochemical properties of the N-G/MOF hybrid
depended on the grinding speed; the most favorable outcome
was obtained by grinding at 350 rpm. A simpler method of
preparing graphene@MOF hybrids by mixing their components
with a mortar and pestle has also been successfully implemented.
Tung et al. used this method to prepare graphene@MOF
hybrids to detect volatile organic compounds (VOCs)."®® Three
different MOFs, namely, HKUST-1, UiO-66, and ZIF-8, were
combined with pristine graphene (pG) in ratios of 1:1 and 1:2
and then ground. The pG was synthesized by exfoliating

expanded graphite in an aqueous suspension of GO. In the
resulting hybrids, the pristine graphene acts as a highly
conductive chemiresistive matrix with finite sensing selectivity.
After 20 min of grinding pG with the MOF, the mixture was
subjected to mild sonication for 30 min followed by tip
sonication for another 30 min. Three-dimensional graphene@
MOF hybrids for high-performance supercapacitors have
similarly been prepared by simple mechanical grinding.'** The
synthesis of one such 3D carbon composite is depicted
schematically in Figure 6b: HKUST-1 and a 2 mg/mL GO
solution were mixed such that the weight ratio of the MOF to
GO was 1:1, ground in a mortar, and then stirred for 10 min after
transferring the ground mixture into a beaker. The resulting
homogeneous GO-HKUST-1 paste was used to prepare thin
films by the drop-casting method. Finally, supercapacitor
electrodes coated with the L-rGO-C-MOF composite were
prepared by laser treatment of the GO-HKUST-1 composite
film.

3.2. Wet Chemical Methods

3.2.1. One-Pot/In-Situ Synthesis. One-pot synthesis is the
most widely used method for preparing graphene@MOF
hybrids because of its convenience and simple reaction
conditions. In general, one-pot syntheses involve adding
graphene or one of its derivatives to a solution of MOF
precursors and then heating this reaction mixture at an
appropriate temperature for a defined time. Reaction parameters
including the concentration of the reactants, temperature, time,
and solvent can strongly influence the product’s structural and
physicochemical properties.

The first report on graphene@MOF hybrids was presented by
Bandosz and Petit in 2009. This publication also introduced the
one-pot synthetic strategy, which was used to prepare hybrids of
MOF-5 and GO.” Briefly, the synthesis involved dissolving GO
in a round-bottomed flask containing a solution of 1,4-
benzenedicarboxylic acid (H,bdc) and Zn(NO;)-6H,0 in
N,N-dimethylformamide (DMF) under solvothermal condi-
tions. Upon cooling, the obtained product was washed with
DMEF, dispersed in chloroform for 2 days, and then vacuum
dried for 6 h at ~135 °C to obtain MOF-5-GO. This
methodology was used to prepare MOF-5-GO hybrids with
GO contents of 5, 10, and 20 wt %. According to the authors, the
tetrahedral ZnO, secondary building unit (SBU) of the MOF
can form hydrogen bonds with the hydroxyl groups on the GO
surface, where they function as seeds for the growth of MOF-§
crystals attached to the GO sheets. A second layer of GO can
then bind to the MOF-S$ crystals grown on the surface of the first
GO sheet, leading to the formation of a GO-MOF-5-GO
sandwich. Repetition of this process ultimately yields the MOF-
5-GO hybrid. A similar hybrid material was prepared using
MOEF-5 with benzoic acid-functionalized graphene (BFG)
instead of GO.”” The synthetic procedure in this case was
similar to that described above; the only differences were that
the reaction mixture was not stirred during refluxing and the
reaction time was only 6 h, after which the product was solvent
exchanged and then vacuum dried for 3 h at 90 °C. The
hybridization of BFG with MOF-S yielded a hybrid nanowire
(Figure 6¢) with photoelectric transport properties not seen in
pristine MOEF-S.

Our research group has made extensive use of the one-pot
approach to synthesize graphene@MOF hy-
brids.”>”®" 217185156 15 one case, highly fluorinated graphene
oxide was used to prepare a hydrophobic HFGO@ZIF-8
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with permission from ref 189. Copyright 2019 American Chemical Society.

hybrid'*® by simply sonicating HFGO in chloroform to induce
exfoliation before adding 2-methyl imidazole and Zn(NO;),-
6H,0 to the resulting solution and stirring to obtain a
precipitate that was dried to provide HFGO@ZIF-8 as a gray
powder. As with the MOF-5-GO hybrids discussed above, ZIF-8
nucleation at the surface oxygen groups of HFGO generated
pillar-like ZIF-8 units that in turn supported sandwiching
HFGO layers. A related class of graphene@MOF hybrids was
recently reported in which the graphene sheets are bound to the
MOF via covalent rather than noncovalent bonds.”>’® An
illustrative member of this class is GA@UiO-66-NH,, which has
potential applications in asymmetric supercapacitors’® and

chemiresistive CO, sensing.75 The GA@UiO-66-NH, hybrid
was prepared from a suspension of graphene acid (carboxylate-
functionalized graphene), which was exfoliated in DMF by
sonication. Subsequently, NH,-bd¢, ZrCl,, HC], and 4-amino-
benzoic acid as a modulator were added to the graphene acid
solution, and the reaction mixture was sonicated to dissolve all of
the components. The hybrid GA@UiO-66-NH, was finally
obtained by heating this reaction mixture at 120 °C in an oven
for 48 h. The full synthetic process is illustrated in Figure 6d,
which highlights the formation of covalent amide bonds
between UiO-66-NH, and GA. This novel strategy yielded a
hybrid material with high thermal and chemical stability, a
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hierarchical pore structure, a high specific surface area, and good
conductivity.

3.2.2. Ex-Situ Synthesis. In ex-situ synthesis, a presynthe-
sized MOF is mixed with graphene or its derivatives to obtain
graphene@MOF hybrids. This approach differs from in-situ
synthesis, which involves synthesizing the MOF in the presence
of graphene in the same reaction vessel. Although in-situ
synthesis is very promising for single-step preparation of
graphene@MOF hybrids, the graphene in the reaction mixture
interferes with the MOF synthesis process and affects its
structural properties, so ex-situ synthetic pathways are often
preferred.*

This method is based on the direct mixing of a prepared MOF
into a solution of a graphene derivative. In some ways it is similar
to the previous discussed physical mixing method, where the two
components are directly mixed by mechanical force. However,
unlike in physical mixing, hybrid formation in this method
occurs via a wet chemical pathway. Furthermore, this method
involves the synthesis of graphene@MOF hybrids by the self-
assembly of a MOF and graphene. The self-assembly process is
mainly driven by electrostatic interactions."*”'** However, 7—7
interactions, hydrogen bonding, or coordinative bonds may also
be important. *” Although this strategy is formally an ex-situ
approach, the self-assembly of a graphene derivative and a MOF
can also be induced in a single pot as in an in-situ pathway.'*

Zhang and co-workers successfully prepared a MOF@rGO
composite by a three-step process involving MOF growth,
hybridization of MOF with GO, and reduction of the MOF@
GO composite.'”’ Three different MOFs were used in this work,
namely, ZIF-67, ZIE-8, and UiO-66. The UiO-66 samples were
synthesized by thermal treatment of a solution of ZrCl, and
H,bdc in DMF containing acetic acid as a modulator at 120 °C
for 1 day. To prepare ZIF-67 and ZIF-8, methanolic solutions of
Co(NO;),-6H,0 with Hmim and Zn(NO;),-6H,0 with
Hmim, respectively, were left at room temperature for 1 day
without stirring. In the next step, a methanolic dispersion of ZIF-
67 or an aqueous dispersion of one of the other two MOFs was
prepared and added to a GO solution to form the MOF@GO
hybrids. Finally, the in-situ-generated hybrid was reduced to
MOF@rGO by adding ascorbic acid and heating the reaction
mixture for 2 h at 60 °C. The MOFs in MOF@rGO composites
were more resistant to moisture and acidic or basic conditions
than pristine MOFs due to the presence of a protective rGO
layer around the MOF, as shown in Figure 7a.

Our research group used a similar direct mixing strategy to
prepare 2D Ni(C,0,)(H,0),/graphene nanosheets that were
then treated with thiourea via a solvothermal route to obtain
nickel sulfide/graphene nanosheets.'”’ To obtain 2D Ni-
(C40,)(H,0),/graphene nanosheets, 2D Ni(C,0,)(H,0),
was prepared by dissolving polyvinylpyrrolidone (PVP, which
served as a structure-directing agent) in an aqueous solution of
Ni(OH), to which an aqueous solution of squaric acid
(H,C,0,) was added. The resulting reaction mixture was then
subjected to a solvothermal reaction in a PTFE-lined reactor
vessel at 180 °C for 1 day to enable the growth of 2D
Ni(C,0,)(H,0),. The structure-directing agent played an
important role in guiding the synthesis of the 2D MOF; in its
absence, a 3D MOF was obtained, as shown in Figure 7b. In the
second step, exfoliated graphene was added to an ethanolic
solution of the 2D MOF under sonication for 30 min. The
resulting solution was then heated overnight in a PTFE-lined
reactor at 100 °C to obtain 2D Ni(C,0,)(H,0),/graphene
nanosheets. Finally, the 2D Ni(C,0,)(H,0),/graphene nano-

sheets were subjected to solvothermal treatment with an
ethanolic solution of thiourea to obtain nickel sulfide/graphene
nanosheets (Figure 8b).
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Figure 8. (a) Representation of (left) a diffusion cell and (right)
formation of ZIF-8 films by contradiffusion of metal ions and linker
molecules through a nylon membrane. Reproduced with permission
from ref 201. Copyright 2011 Royal Society of Chemistry. (b)
Descriptive schematic for the synthesis of a HKUST-1/GO hybrid on
AAO substrate by seeded growth of HKUST-1 on GO film.
Reproduced with permission from ref 202. Copyright 2016 Royal
Society of Chemistry. (c) Synthetic process for the solvothermal
synthesis of a ZIF-9/GO hybrid. Reproduced with permission from ref
203. Copyright 2018 American Chemical Society. (d) Layer-by-layer
self-assembly of Co-MOF on GO followed by pyrolysis of the resultant
hybrid to Co—N-doped graphene. Reproduced with permission from
ref 204. Copyright 2019 Elsevier.

In a very recent report, Zhang et al. presented the direct
synthesis of a poly(styrenesulfonate) substituted graphene
(PSS-Gr) and Cu-TCPP (Cu,TCPP) MOF-based composites
for highly sensitive and simultaneous detection of dihydrox-
ybenzene isomers.'”” The poly(styrenesulfonate)-substituted
graphene was prepared by a chemical reduction pathway
involving the formation of a stable dispersion of PSS and GO
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in water by ultrasonication. The dispersion was then heated in an
oil bath at 95 °C for 10 min, after which N,H, was added to the
reaction mixture and the solution was aged for 3 h. The reaction
mixture was then centrifuged to obtain PSS-Gr, which was
washed with water and dried overnight at 65 °C. To synthesize
Cu-TCPP nanosheets, an ethanol/DMF solution (3:1, v/v) of
trifluoroacetic acid, Cu(NO;),-3H,0, and PVP was prepared by
ultrasonication. The solution of TCPP in DMF was then added
dropwise to the above solution, which was then stirred,
sonicated, and heated for 3 h at 80 °C to obtain red nanosheets
of Cu-TCPP. Finally, solutions of Cu-TCPP and PSS-Gr
nanosheets were mixed by ultrasonication for 2 h to form the
PSS-Gr@Cu-TCPP composite.

In 2014, Shen et al. reported the use of this strategy to
assemble a rGO-UiO-66-NH, composite from UiO-66-NH,
and GO."*” As shown in Figure 7, the self-assembly of the two
components was driven by electrostatic interactions between the
UiO-66-NH, MOF (which is positively charged due to its
—NH, groups) and the GO (which is negatively charged due to
its surface carboxylate groups). For the synthesis of the hybrid,
GO and UiO-66-NH, were dispersed in water separately and
these dispersions were mixed with UiO-66-NH, NPs to GO
ratios of 1:0.01, 1:0.02, 1:0.03, 1:0.05, and 1:0.1. The obtained
suspensions were then subjected to solvothermal treatment
under the conditions used for UiO-66-NH, synthesis. During
this process, the GO was reduced to rGO, resulting in the
formation of the final rGO-UiO-66-NH, composite. Another
report showed that the self-assembly of graphene and a MOF
can be performed in a single pot by a stepwise process. Lin et al.
used this approach to prepare self-assembled hybrids of ZIF-67
and GO'® by slowly adding a GO dispersion to a ZIF-67
synthesis solution and then stirring the resulting reaction
mixture for 1 day. The synthetic process is illustrated in Figure
7d, which shows that ZIF-67 NPs were formed by the reaction of
Co*" and Hmim, and the resulting NPs were then assembled on
GO nanosheets to form ZIF-67/GO hybrids. The self-assembly
strategy has also been used to synthesize graphene@MOF
hybrid gels. In one case, the electrostatic self-assembly of ZIF-8
NPs with GO nanosheets in the presence of the reducing agent
hydrazine was used to prepare MOF@rGO hybrid hydro/
aerogels.'”” Figure 7e illustrates the synthesis of a ZIF-8@rGO
hydrogel. In this process, ZIF-8 NPs were attached to GO
nanosheets due to the coordination of their Zn** ions to
hydroxyl, carboxyl, and epoxy groups. Hydrazine acted as a
reducing agent that removed polar functional groups from the
GO surface and thereby increased the likelihood of forming 7—7
interactions; this facilitated the self-assembly of rGO nanosheets
and thus led to the formation of ZIF-8/rGO hydrogels. The gels
were macro/microporous and had a BET surface area of 168
m2/ g

Graphene@MOF composite membranes can also be
prepared using self-assembly processes; Cheng et al. electro-
statically assembled a 2D MOF with GO to obtain a hybrid
membrane for removing Cs* ions.'”* In this study, the 2D Co-
MOF Co,(TCPP)(bpy) was synthesized by slowly adding a
solution of TCPP in DMF/ethanol to a DMF/ethanol solution
of Co(NO,),:6H,0, polyvinylpyrrolidone (PVP), and 4,4-
bipyridine (bpy). The resulting reaction mixture was then
sonicated and heated to 80 °C to obtain the cobalt porphyrin
MOF, which was collected by centrifugation after 24 h and then
kept in DMF. In the subsequent step, a suspension of GO in
DMEF was added to the Co-MOF dispersion and the reaction
mixture was stirred magnetically. The hybrid membrane was

finally obtained by vacuum filtration of this solution over an
organic membrane and peeling the sample off the organic
membrane. Like electrostatic interactions, hydrogen-bonding
interactions can play important roles in directing the self-
assembly of graphene and MOFs into hybrid materials. Yang et
al. synthesized graphene@MOF hybrid-based 2D membranes
by hydrogen-bonding-assisted self-assembly of MOF-2(Cu)
with GO."™ In this case, the MOF-2(Cu) was synthesized by a
diffusion-mediated pathway in which solutions of bdc and
Cu(NO;), were layered above each other in a test tube. After
obtaining MOF-2(Cu) nanosheets, a mixed dispersion was
prepared by sonicating a mixture of MOF-2(Cu) and GO
dispersions. The obtained mixed dispersion was then trans-
formed into a MOF-2(Cu)-GO membrane by vacuum filtration
on an Al,O; support (Figure 7f). The hybridization of MOF-
2(Cu) with GO nanosheets was driven by hydrogen bonding,
7—x interactions, and Cu-O coordination and caused the empty
spaces between MOF-2(Cu) nanosheets to be filled with GO
nanosheets, as shown in Figure 7f. The prepared MOF-2(Cu)-
GO membrane was used to separate H,/CO, mixtures.

3.2.3. Growth of MOFs on Graphene Surfaces. There
are several strategies that have been introduced to grow MOFs
on top of graphene surfaces, and they are discussed below, most
prominently the layer-by-layer assembly of MOFs and the
emulsion-induced approach.

3.2.3.1. Layer-by-Layer Assembly. The layer-by-layer syn-
thesis of graphene@MOF hybrids is a promising strategy for
preparing well-ordered layered hybrid structures that enables
maximal use of their active sites.'”> This synthetic approach
involves growing the graphene@MOF hybrid by forming MOFs
on a graphene/derivative via layer-by-layer assembly of its
precursors. In general, GO is used as a substrate for anchoring
layers of MOF precursors, which are loaded in a stepwise
manner. The graphene derivative can be loaded stepwise by
using a metal source in the first step and a linker in the second
step or in the opposite order by loading the linker in the first step
and the metal source in the second. The growth steps may all be
performed in the same pot, or alternatively, the procedure may
call for extraction of an intermediate that is then processed
further. The first step usually involves a reaction between a
graphene derivative dispersion and a linker with a metal salt
being added in a second step.'”® Alternatively, the graphene
derivative may first be impregnated with a metal salt in a suitable
solvent with the linker being added to the resulting solution in
the second step.'”’~>%

However, in some cases, the building blocks are not
assembled on the GO surface; instead, direct MOF growth
occurs at the surface and the self-assembly of the components
gives rise to a graphene@MOF hybrid structure.”” In 2017, Yu
et al. presented a general pathway for the layer-by-layer synthesis
of graphene@MOF hybrid structures using ZIF-67 (Co-
(mim),), HKUST-1, and ZIF-8 as representative MOFs.'”?
This technique enabled the layer-by-layer assembly of a Zn-
TCPP MOF with zinc acetate over a GO-anchored substrate.
More recently, Cai et al. used a layer-by-layer strategy to prepare
carbon-based bifunctional electrocatalysts.”’* Figure 8d
presents a schematic overview of this process, which was used
to prepare ZIF-67/GO hybrids that were subsequently
subjected to pyrolysis. The ZIF-67/GO hybrid was obtained
by preparing a dispersion of GO in distilled water and then
adding an aqueous solution of Hmim. After stirring for 1 h,
powdered Hmim/GO was collected by centrifugation. This
treatment formed a linker layer on the GO surface. This Hmim/
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Figure 9. (a) Synthesis of a ZIF-8/GO composite using the Pickering emulsion-based strategy. Reproduced with permission from ref 207. Copyright
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Reproduced with permission from ref 208. Copyright 2015 American Chemical Society. (c) Mechanism of Pickering emulsion stabilization by GO and
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Elsevier.

GO solution was then added to an aqueous solution of cobalt
acetate, and the resulting solution was stirred and centrifuged.
Finally, the product was collected by vacuum drying the as-
obtained ZIF-67/GO hybrid at 85 °C. These two steps were
then repeated up to 10 times to further build up the MOF
structure. The ZIF-67/GO hybrid was subsequently pyrolyzed
at various temperatures under N, gas to obtain Co—N-doped
porous graphene.

3.2.3.2. Emulsion-Induced Approach. Another approach to
the synthesis of graphene @MOF hybrids makes use of Pickering
emulsions, which differ from conventional surfactant-stabilized
emulsions in that they are stabilized by colloidal particles
(usually micro/nanoparticles). Pickering emulsions are fre-
quently studied in materials science.”’® In this synthetic
approach, the graphene@MOF hybrid is prepared at the
emulsion’s oil—water interface.

The Pickering emulsion-induced approach was used by Bian
et al. for the in-situ synthesis of hollow ZIF-8/GO hybrids.”"” In
this synthetic process, which is depicted in Figure 9a, a Pickering
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emulsion was prepared by mixing n-octanol (containing Hmim)
and water (containing Zn®* ions) in the presence of emulsion-
stabilizing GO nanosheets. In the emulsion, coordinative and
electrostatic interactions caused Zn** ions to adsorb onto the
GO surface, where they functioned as seeds. Interfacial
nucleation at the interface of the Pickering emulsion droplets
then led to the synthesis of ZIF-8 particles and the formation of a
hollow ZIF-8/GO composite whose growth was accelerated by
the formation of secondary Pickering emulsions. The same
research group synthesized a HKUST-1/GO composite for CO,
adsorption using the Pickering emulsion strategy.”*® As in their
first study, a Pickering emulsion stabilized by GO nanosheets
was generated from an n-octanol/water mixture. The ligand
H,BTC was dissolved in n-octanol, while Cu(NO;), and GO
were dissolved in water, and the two solutions were mixed at
2000 rpm in the presence of the nonionic emulsifier B2S. To
induce the formation of HKUST-1 at the droplet interface of the
emulsion, it was heated to 60 °C for 1 h. Composites were
prepared using different volumes (2, S, and 10 mL) of the GO
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suspension (2 mg/mL). Figure 9b depicts the synthesis of a
HKUST-1/GO composite via this approach.

In another report, GO nanosheets and the Zr-based MOF
Ui0-66-NO, (Zr;0,(OH),(NO,-bdc),, where NO,-bdc?™ = 2-
nitro-1,4-benzenedicarboxylate) were used to stabilize a
Pickering emulsion (see Figure 9¢).””” The UiO-66-NO,
MOF was synthesized in a Teflon reactor by a simple
solvothermal process in which 2-nitro-1,4-benzenedicarboxylic
acid and ZrCl, were heated to 60 °C in a mixture of DMF and
deionized water. To synthesize the Pickering emulsion, GO and
UiO-66-NO, were thoroughly dispersed in water by ultra-
sonication and an equal volume of cyclohexane was added. The
concentration of the GO solution was kept constant at 1 mg/
mL, while the concentration of UiO-66-NO, was 0.2, 0.25, or 0.5
mg/mL. The prepared cyclohexane/water/UiO-66-NO,/GO
system was then thoroughly sonicated using 5 s ultrasound
bursts applied at 20 s intervals. Finally, the UiO-66-NO,/GO
composite was obtained by freeze drying under liquid nitrogen
to remove liquids from the emulsion. The emulsion of UiO-66-
NO, MOF and GO was an oil-in-water emulsion in which the
MOF and the GO were both located in the aqueous phase due to
their hydrophilicity. There was dynamic exchange of both the
MOF and the GO between the emulsion interface and the
aqueous phase, and hydrogen-bond formation between the GO
nanosheets and the MOF led to their cross-linking and the
formation of the UiO-66-NO,/GO composite, which was
collected by freeze drying. More recently, Nugmanova et al. used
the Pickering emulsion strategy to prepare SURMOF/GO
hybrids (SURMOF = surface-anchored MOF).*"" Pickering
emulsions were prepared by mixing an oil phase [Zn(II) meso-
tetra(4-pyridyl) porphyrin (ZnTPyP MOF in chloroform)] with
awater phase (GO and Zn(OAc),-2H,0 in aqueous ethanol) in
a sealed vial that was then ultrasonicated. After sonication, 0.5
mL of ethanol was added to the mixture, the sonication was
repeated, and the vial was heated in an oven at 70 °C for 48 h.
The above process with minor changes was also used to
synthesize a SURMOF/GO hybrid based on the MOF
ZnDPyDCPP [Zn(II) meso-di(4-pyridyl)-di(4-carboxyphenyl)-
porphyrin].

3.3. Deposition of Graphene@MOF Hybrids on Functional
Substrates

This section will discuss the preparation of graphene@MOF
hybrids on top of functional substrates to either prepare thin
films or deposit the hybrids on top of porous supports or
electrodes.

3.3.1. Seeded Growth. The seeded growth method, also
known as the secondary growth method, is used to prepare thin
films of MOFs on various substrates.””> Broadly speaking, this
method involves synthesizing a seed solution and then inducing
secondary growth to obtain the desired product. There are many
seeding strategies including ste(p-by-step seeding,”'* microwave-
assisted seeding,215 rubbing,21 ’ reactive seecling,217 and thermal
seeding.”'® The applicability of this strategy is mainly limited by
the difficulty of preparing defect-free MOF films and the
substrate dependence of the seeding process.

Hu et al. overcame the challenge of preparing defect-free
MOF thin films by using 2D ZIF-8/GO hybrid-based seeds to
prepare ultrathin MOF membranes.”'” The fabrication of ZIF-
8/GO membranes began with the synthesis of 2D ZIF-8/GO
hybrid seeds by adding a GO solution (1:4 v/v in water and
methanol) to a mixture of 2-methylimidazole (Hmim) and
Zn(NO,),-6H,0 in methanol. After stirring the obtained

solution for a set reaction time (S h, 3 h, or 20 min), the
precipitated seeds were collected and washed three times with
methanol. A porous anodic aluminum oxide (AAQO) substrate
was then coated twice with the ZIF-8/GO seed suspension.
Finally, ZIF-8/GO membranes were synthesized by growing the
seed layer on the AAO surface using the contradiffusion method
(Figure 8a).”°" As shown in Figure 8a, the seed layer-coated
AAO substrate was used to separate solutions of Hmim and Zn?*
ions (Zn**:Hmim molar ratio = 1:8) with the seed layer of the
AAO substrate facing the Zn*" ion solution. After crystallization
for 1 or 3 h, the MOF membrane was removed, washed with
methanol, and dried overnight.

The thermal seeding approach was utilized by Kim et al. to
achieve seeded %rowth of HKUST-1-based thin films on a GO/
AAO substrate.”® As in the work described above, a seed
solution was first prepared by mixing an ethanolic solution of an
organic ligand (trimesic acid) and an aqueous solution of a metal
salt (Cu(NO;),-3H,0). The resulting solution was stirred for
15 min at 298 K and then for 6 h at 120 °C to obtain a seed
solution that was then used to coat a heated GO/AAOQ substrate.
Physisorbed MOF seeds were removed from the seeded
substrate by sonication in ethanol for 1 min. For secondary
seed growth, the as-prepared seeded GO/AAO substrate, an
aqueous solution of Cu(NOj;),-3H,0, and an ethanolic solution
of trimesic acid were heated together in a reactor for 6 h at 120
°C. The resulting membrane was then washed with ethanol and
left overnight in an oven at 80 °C. The complete synthetic
process is summarized in Figure 7b.

In all of the above cases, the oxygen-containing surface
functional groups of GO were considered essential for the
successful loading of MOF seeds onto the supporting surface
and thereby enabling the synthesis of defect-free thin films. In
another recent report, the seed growth approach was used to
prepare a ZIF-9-GO composite that served as a self-sacrificial
template for the synthesis of Co;0, nanocrystals incorporating
N-doped graphitic carbon (Co;0,@N-GC).”” In this case,
benzimidazole and Co(NO;),-6H,0 were dissolved in DMF,
GO was added, and the resulting mixture was sonicated for 2 h to
ensure homogeneous dispersion of the GO. The reaction
mixture was then stirred for 2 h to form a seeding solution that
was transferred to a reactor and heated for 2 days at 130 °C to
induce solvothermal growth. This resulted in the formation of
ZIF-9-GO composites (Figure 7c) that were ground into fine
powders and carbonized at different temperatures to obtain
Co;0,@N-GC.

3.3.2. Deposition on Porous Supports. Graphene@ MOF
composite-based thin films or hybrid membranes have been
synthesized for various applications. In most cases, a thin film of
the graphene@MOF hybrid is synthesized over a substrate. This
can be achieved either by loading an already synthesized
graphene@MOF composite onto a substrate or by depositing
the graphene and MOF separately.””” In addition to thin-film
synthesis on a substrate, hybrid membranes have been prepared
by filtration®** and electrochemical deposition.”**

In 2016, Kung et al. reported the synthesis of thin films based
on MOF-525 (Zr,0,(OH),(TCPP),) and graphene nanorib-
bons (GNRs).””” The films were synthesized on conducting
ITO glass (indium tin oxide) by a simple casting process. The
MOF-525/GNRs hybrid was obtained by heating a solution of
ZrOCl,-8H,0 and benzoic acid in DMF for 2 h at 180 °C. After
cooling, GNRs and H,TCPP were added and the composite
MOF-525/GNRs was obtained after heating the resulting
mixture at 80 °C for 1 day. To prepare thin films of this
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composite, it was thoroughly dispersed in DMF and the
resulting suspension was cast on ITO glass. The MOF-525/
GNRs hybrid thin film was finally collected after air drying. A
simple casting method was also used by Lee et al. to prepare
mixed-matrix GO-ZIF-8/ZIF-67 composite membranes on a
polysulfone (PSf) substrate.”** The composite was prepared by
mixing a methanolic solution of Hmim with a GO suspension in
methanol/deionized water, sonicating the resulting reaction
mixture for 30 min, and then stirring it for 2 h before adding a
methanolic solution of Zn(NO,),-6H,0 and Co(NO;),-6H,0
and stirring overnight. For membrane fabrication, GO-ZIF-8/
ZIF-67 was thoroughly dispersed in aqueous ethanol. A casting
solution was then prepared by dissolving a PVI-POEM
copolymer (PVI-POEM is poly(vinyl imidazole)-co-poly-
(oxyethylene methacrylate)) in the GO-ZIF-8/ZIF-67 suspen-
sion. The PSf substrate was coated with a layer of poly-
(trimethylsilyl)propyne in hexane using the bar-coating method.
The modified PSf substrate was then homogeneously coated
with the GO-ZIF-8/ZIF-67 casting solution and dried. The
synthesized composite membrane on the PSf substrate and its
use in gas separation are shown in Figure 10a.

Another report on the preparation of thin-film nanocomposite
(TFN) membranes was presented by Firouzjaei et al,, who made
use of interfacial polymerization.””’ The PES (poly(ether
sulfone)) substrate was synthesized by the phase separation
technique shown in Figure 10b. Briefly, a cast solution of
polyvinylpyrrolidone (PVP) and PES in DMF was prepared and
then overlaid on a coagulation bath consisting of a solution of
water, sodium dodecyl sulfate, and DMF. To prepare the GO-
Ag-MOF thin-film membrane, the PES substrate was immersed
in a solution of 1,3-phenylenediamine containing a dispersion of
the GO-Ag-MOF nanocomposite. Finally, the as-obtained PES
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substrate was dipped in a solution of trimesoyl chloride in n-
hexane and dried at 80 °C. The step-by-step synthesis of the
thin-ilm membrane and the preparation of the nanomaterial
dispersion in 1,3-phenylenediamine are shown in Figure 10b. In
all of the studies discussed above, the synthesis of thin films on a
substrate was performed using already synthesized graphene@
MOF hybrids. An alternative approach was developed by
Golpour et al, who fabricated thin films by synthesizing
graphene@MOF hybrids over a substrate.””” A schematic
depiction of their synthesis of a PA-UiO-66-NH,/PPSU-GO
membrane is shown in Figure 10c. To begin with, a support
membrane consisting of GO and polyphenylsulfone (PPSU)
was formed by dissolving GO and PPSU in N-methylpyrroli-
done to prepare a polymer solution that was degassed at room
temperature for 1 day, cast on nonwoven polyester, and finally
coagulated in deionized water. A selective polyamide layer was
then deposited on this substrate by immersing it in an aqueous
solution of piperazine before successively layering 1,3-phenyl-
enediamine and a solution of trimesoyl chloride (TMC) and the
MOF UiO-66-NH, in hexane on the support membrane before
curing the membrane at 70 °C to induce interfacial polymer-
ization with concomitant formation of the graphene@MOF
hybrid. Another recent report by Mu et al. demonstrated the
formation of a thin film based on GO and the MOF Ni;HITP,
(HITP =2,3,6,7,10,11-hexaaminotriphenylene hexahydrochlor-
ide) using a filtration-based process as shown in Figure 10d.***
To prepare the MOF, NiCl,-6H,0 and HITP-6HCl were
dissolved in distilled water under stirring. NH;-H,O was added
to the resulting solution, and the mixed solution was stirred for 3
h at 65 °C. Ni;HITP, MOF was obtained from the reaction
mixture by centrifugation followed by washing and drying. The
MOF powder was then dispersed in distilled water and rGO to
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of a GONR-modified GCE. Reproduced with permission from ref 227. Copyright 2020 American Chemical Society. (c) Process for the synthesis of an

17259 https://doi.org/10.1021/acs.chemrev.2c00270
Chem. Rev. 2022, 122, 17241-17338


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig11&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Figure 11. continued

Au nanoparticle-loaded Cu-hemin MOF/ERGO composite on the surface of a GCE. Reproduced with permission from ref 228. Copyright 2020
World Scientific Publishing Ltd. (d) Synthesis of N-GQDs, Cu-MOF, and an N-GQDs/Au@Cu-MOF/GCE composite on the GCE surface.
Reproduced with permission from ref 229. Copyright 2020 Elsevier. (e) Preparation of a MOF/3DGN hybrid-derived metal oxide/3DGN composite.
Reproduced with permission from ref 230. Copyright 2014 John Wiley & Sons, Inc. (f) Formation of a mesoporous-activated ZIF-8/GO composite by
carbonization and subsequent activation of a GO-sheathed ZIF-8 composite. Reproduced with permission from ref 231. Copyright 2017 American
Chemical Society. (g) Formation of an rGO/MOF aerogel from a GO/MOF hydrogel. Reproduced with permission from ref 232. Copyright 2017
American Chemical Society. (h) Synthesis of an IG-based MOG@IG composite gel and its carbonization to form a hierarchically porous M/M,C/
MO, composite. Reproduced with permission from ref 79. Copyright 2020 Frontiers Media S.A.

obtain a dispersion of Ni;HITP,-rGO that was filtered under
vacuum through a filtration membrane. The prepared
membrane was then freeze dried and removed from the filtration
membrane.

In order to test graphene@MOF hybrids in electrochemical
applications, for instance, electrochemically sensing the
deposition or formation of graphene and MOF on the electrode
surface (i.e., glassy carbon electrodes (GCE)) is necessary. In
the following, different studies on the preparation of MOF@
graphene hybrid-decorated electrodes will be discussed. Wang et
al. synthesized an electrochemical sensor for 2,4,6-trinitrophe-
nol detection by depositing electrochemically reduced GO
(ERGO) and HKUST-1 on GCE.**° The HKUST-1/ERGO/
GCE system was fabricated using a stepwise process in which the
presynthesized MOF was directly cast on an ERGO-coated GCE
as shown in Figure 11a. A dispersion of GO was first cast on a
clean GCE surface, after which the surface was washed with
water and dried under N,. Electroreduction of the GO on the
GCE surface was then performed by cyclic scanning in
phosphate buffer until a steady curve was obtained. To fabricate
the final hybrid, the resulting ERGO-coated GCE was dipped in
a suspension of the HKUST-1 MOF in DMF containing
NaNO;, and cyclic scanning was performed to induce
electrodeposition of the MOF on the ERGO/GCE system. As
an alternative to direct MOF casting on GCE, a recent report by
Jalal et al. showed that graphene@MOF hybrids can be prepared
by growing the MOF on a GCE surface.””” As shown in Figure
11b, multiwalled carbon nanotubes (MWCNTSs) were used to
prepare GO nanoribbons (GONRs) that were then loaded onto
the GCE by applying a GONR suspension to the electrode and
drying it at ambient temperature. HKUST-1 was deposited on
the resulting GONR/GCE in a stepwise fashion, as shown in
Figure 11b. Briefly, the process involved electrodeposition of Cu
clusters on the modified electrode surface. This was done using a
solution containing ammonium sulfate and copper sulfate with a
fixed deposition potential of =250 mV for S min. The elemental
copper in the as-synthesized Cu/GONRs/GCE electrode was
then oxidized to copper nanotubes by dipping the electrode in a
mixed solution of deionized water, NaOH, and ammonium
persulfate to obtain the intermediate copper nanotube
composite-coated electrode Cu(OH), NTs/GONRs/GCE.

Finally, the HKUST-1/GONRs/GCE system was obtained
by immersing Cu(OH), NTs/GONRs/GCE in a H;BTC
solution for 4 min. This hybrid electrode was successfully used as
an electrochemical sensor to detect the drug Imatinib. Similarly,
Shahrokhian et al. designed a graphene@MOF hybrid on GCE
by the stepwise synthesis of the cobalt analogue of HKUST-1
(Co;BTC,) on a GCE.”** Briefly, a GO suspension was
dispersed on the surface of the GCE, after which the electrode
was dried in an oven. For the synthesis of the MOF on a GCE,
nanoflakes of Co(OH), were electrodeposited on GO/GCE by
immersing the electrode in a Co(NOj;), solution containing

potassium nitrate as a supporting electrolyte. Electrodeposition
was induced by applying an electrode potential of —1.1 V (vs
Ag/AgCl) to the solution for S min, which caused the reduction
of the GO and formation of the Co(OH),/rGO/GCE electrode.
Finally, the loaded Co(OH), was used to form a MOF
composite by immersing Co(OH),/rGO/GCE in a solution
of H;BTC for 2.5 min. This caused the initially blue electrode
deposited material to become pink, clearly demonstrating the
formation of the Co;(BTC), MOF on the modified GCE.

The electrode deposition strategy was also recently used to
prepare a hybrid of GO with metal NP-loaded MOFs: as shown
in Figure 11c, Wang et al. successfully loaded gold nanoparticles
onto a hybrid of ERGO and a Cu-hemin MOF that was prepared
on a GCE.**® After cleaning the GCE, a GO suspension was
dropped onto its surface. The electrode was then dried, and the
GO was reduced in a phosphate buffer solution at a fixed
potential of —1.4 V. The Cu-hemin MOF was synthesized by
mixing a hemin solution in phosphate bufter with an aqueous
solution of Cu(NOj;),-3H,0 at room temperature. After 2 h, the
Cu-hemin MOF was collected as a brownish-black powder. An
aqueous dispersion of this MOF was dispersed on the ERGO/
GCE to obtain the Cu-hemin MOFs/ERGO/GCE after drying
the modified electrode in air. Finally, the AuNPs@Cu-hemin
MOFs/ERGO/GCE electrode was prepared by immersing the
Cu-hemin MOFs/ERGO/GCE in a solution of HAuCl, and
applying a fixed potential of —0.2 V for 3 min. In the same year,
Hatamluyi et al. synthesized a gold NP-loaded graphene@MOF
composite using the electrodeposition method.””” In this case,
nitrogen-doped graphene quantum dots (N-GQDs) served as
the graphene derivative of the graphene@MOF hybrid, while
the MOF component was NO,-MOF-2(Cu), which is a copper-
based MOF prepared from NH,-BDC and Cu(NO,),; its
stoichiometric formula is Cu,(NO,-bdc),(DMF),. Details of
the synthesis of N-GQDs and Cu-MOF are shown in Figure 11d.
In contrast to the approach of Wang et al,, in this case the gold
NPs were loaded onto the Cu-MOF before loading the resulting
MOF onto a GCE modified with N-GQDs. The loading of Au
NPs on the Cu-MOF was done by adding NaBH, and HAuCl,
to a solution of Cu-MOF in double-distilled water and stirring
for 1 h. For the synthesis of the graphene@MOF hybrid on the
GCE, separate dispersions of N-GQDs and Au@Cu-MOF in
DME were successively cast on the GCE as shown in Figure 11d.
It should be noted that the modified GCE obtained after casting
the dispersion of N-GQDs was dried before loading the Au@
Cu-MOF dispersion.

3.4. Graphene@MOF Hybrids with Polymers

Polymeric graphene@MOF hybrids can be obtained by the
polymerization of monomer molecules in the presence of the
graphene and MOF precursors. The polymerized product can be
obtained either by adding the MOF and graphene derivative
separately or by adding a preformed graphene@MOF hybrid to
a monomer solution that is subsequently polymerized.

https://doi.org/10.1021/acs.chemrev.2c00270
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This synthetic approach was recently used by He et al. to
prepare a composite material containing HKUST-1-derived
metal oxide@mesoporous carbon (mC), rGO, and polyaniline
(PANT).*"" The Cu-MOF was prepared by a simple hydro-
thermal reaction of H;BTC and Cu(NO,),-3H,0 in a Teflon
reactor for 24 h at 140 °C. The resulting HKUST-1 was then
calcined at 300, 500, 700, or 900 °C to obtain MOF-derived
CuO,@mC, (y = heating temperature), as shown in Figure 9d.
An aniline solution was then prepared by dissolving aniline in
aqueous HCI at room temperature and mixed with preformed
3D rGO. Finally, the MOF-derived CuO,@mC, was added to
the solution together with an oxidant—(NH,),S,05 in HCl—
and in-situ polymerization was allowed to proceed for 12 h, after
which the composite CuO,@mC@PANI was isolated by
centrifuging the reaction mixture and drying the collected
solid material. The full synthetic process is depicted schemati-
cally in Figure 9d. An alternative approach in which the MOF
and graphene derivatives are not added separately was
demonstrated by Fan et al.,, who performed polymerization on
ZnO@graphene nanosheets and thereby showed that poly-
merized graphene@MOF hybrids can be prepared from
nonpolymerized hybrids.*'* Briefly, a methanolic solution of
GO and Zn(NO,), was quickly poured into a methanolic
solution of Hmim, which was then stirred to induce the
formation of ZIF-8 on the GO surface. The synthesized hybrid
was then carbonized at 800 °C, after which the derived material
was oxidized in air at 300 °C to obtain ZnO-doped graphene
nanosheets (ZnO@G; see Figure 9e). Polymeric thermally
responsive brushes (TRB) were then anchored on the ZnO@G
nanosheets by in-situ polymerization of N-isopropylacrylamide
(NIPAM), as shown in Figure 9e. Polymerization was typically
induced by heating a mixture of NIPAM and well-dispersed
ZnO@G nanosheets under Ar at 70 °C, adding a solution of the
radical initiator azobis(isobutyronitrile) (AIBN) in DMF, and
allowing the reaction to proceed for 6 h. The synthesized TRB-
ZnO@G nanosheets were collected by centrifugation and
purified by washing with DMF/ethanol/water and ethanol.

A similar strategy involving fabricating polymerized gra-
phene@MOF hybrids using a graphene@MOF composite was
employed by Barakzehi et al. to prepare polyester fabric
modified with MIL-53(Al) (AIOH(bdc)) and coated with
rGO/PPy (PPy-polypyrrole).”** To begin with, the MIL-
S3(Al)-coated fabric was prepared by in-situ synthesis of the
MOF in the presence of polyethylene terephthalate (PET). This
was achieved by dipping PET fabric in Al(NO;);-9H,0 for 30
min and then removing the fabric and washing it with deionized
water. The dried fabric was then immersed in a solution of
Na,bdc, washed, and dried again. The process of dipping in the
metal salt and immersion in Na,bdc was repeated different
numbers of times to obtain PET/MOF-n, where n denotes the
number of repeated cycles. GO was then loaded onto PET/
MOF-n by soaking the modified fabric in a GO solution, after
which the loaded GO was reduced to rGO by dipping the fabric
in an ascorbic acid solution for 15 min at 95 °C, forming PET/
MOF-1n/rGO hybrids. Finally, the polymerized composite was
synthesized by in-situ polymerization of pyrrole on PET/MOF-
n/1GO, which was achieved by dipping PET/MOF-n/rGO in a
pyrrole solution in an ice bath for 30 min. A ferric chloride
solution was then added to the reaction mixture, and
polymerization was allowed to proceed for 2.5 h.

In another recent report, in-situ polymerization was used to
prepare a ternary composite containing S- and N-codoped
quantum dots of graphene (S, N: GQDs), ZIF-8-derived ZnO

polyhedral, and polyaniline.”’* The S, N: GQDs were prepared
by heating an aqueous solution of thiourea and citric acid in an
autoclave for 4 h at 160 °C and then centrifuging the reaction
mixture for 30 min at 5000 rpm. ZnO polyhedra were
synthesized by calcinating ZIF-8 under nitrogen at 350 °C.
Finally, the ternary composite was obtained by in-situ
polymerization as shown in Figure 9f. Briefly, polymerization
was induced by preparing a solution of aniline and S, N: GQDs
in aqueous HCI, to which a solution of ammonium
peroxydisulfate (APS) in deionized water was slowly added
under stirring while cooling the reaction mixture in an ice bath.
ZnO and NaOH were added once the solution changed color
from green to colorless. The greenish-black ZnO/S, N: GQDs/
PANI composite precipitated after stirring for 4 h (see Figure
9f).

3.5. Derivatives of Graphene@MOF Hybrids

Pristine MOFs are interesting self-sacrificial templates for
preparing various derived materials, including carbon systems,
metal oxides, and metal oxide-decorated carbon systems, with
interesting performance in different applications, especially in
the electrochemical field.”*>~**’ Sacrificial templating has also
been used to prepare high-performance materials from
graphene@MOF hybrids. This synthetic method generally
involves high-temperature treatment of the hybrid in a tube
furnace under an inert nitrogen or argon atmosphere. The
heating temperature strongly affects the structure and properties
of the derived material and is therefore generally carefully
optimized.

An example of self-sacrificial templating using graphene@
MOF hybrids was reported by Cao et al., who prepared MOF-
derived metal oxide-coated hybrids with graphene.”*’ Two
MOFs, ZIF-8 and MIL-88B(Fe) (Fe;O(OH)(bdc);), were
hybridized with three-dimensional graphene (3DGN) in a one-
pot reaction. Both of the resulting MOF/3DGN hybrids were
then annealed at 450 °C for 1 h under argon before being heated
in air at 380 °C for 1 h to obtain Fe,0;/3DGN and ZnO/
3DGN. This process is illustrated in Figure 11e, which shows
that during the reaction the MOFs were converted into the
corresponding metal oxides while the 3D structure of GR
remained stable but its surface was covered with the metal oxide.
In the case of the ZnO/3DGN hybrid, the concentration of ZIF-
8 precursors and the heating temperature were the main factors
used to tune the size of ZIF-8 nanocrystals on 3DGN and to
thereby control the size of the ZnO structures in the derived
ZnO/3DGN hybrid. Martin-Jimeno et al. reported another ZIF-
8 based ZIF-8/GO hybrid that was prepared using the three-step
method shown in Figure 11£.>*" Briefly, GO-covered ZIF-8 was
obtained by sonicating an aqueous dispersion of GO in a
solution of a Zn salt and poly(vinylpyrrolidone) for 1 h. This
dispersion was then mixed with a preheated (40 °C) methanolic
solution of Hmim, and the resulting reaction mixture was stirred
for 2 h to obtain the GO-sheathed ZIF-8 hybrid, which was then
carbonized under nitrogen at 700 °C. Finally, the carbonized
hybrid was chemically activated by mixing it with KOH and
heating the mixture under nitrogen at 600—1000 °C. After
washing the activated GO/ZIF-8 hybrid with water using a
Soxhlet extractor, it was vacuum dried. The prepared hybrid had
a high specific surface area (1300—1400 m*/g) and mesopores
(3—4 nm). The synthetic strategy used in its fabrication was
therefore named nanopore lithography because it transferred
mesoporous patterns onto the ZIF-8-derived carbon. The high
surface area and mesoporous nature of GO/ZIF-8 hybrid
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Figure 12. (a) XPS spectrum of an NGO/MOF-74(Ni) hybrid showing the different elements (Ni, N, C, and O) it contains. (b) Deconvoluted C s
XPS spectrum of an NGO/MOF-74(Ni) hybrid. Reproduced with permission from ref 238. Copyright 2017 John Wiley & Sons, Inc. (c) Raman
spectra of MOF-S/BFG and MOEF-5. (Inset) SEM image of a single MOF/BFG nanowire. (d) Raman mapping spectra of composite MOF/BFG
nanowires. (Left to right) Raman maps of the G and D bands in nanowire samples superimposed on the corresponding optical images. (e) Normalized
FTIR spectrum of (i) MOF-5, (ii) the MOF-S/BFG hybrid, (iii) BFG, and (iv) GO. Reproduced with permission from ref 77. Copyright 2010
American Chemical Society. (f) FTIR spectra of (i) HKUST-1/GONRs, (ii) HKUST-1, (iii)) GONRs, and (iv) MWCNTs. Reproduced with
permission from ref 227. Copyright 2020 American Chemical Society. (g) Morphology of UiO-66-NO,/GO composites. SEM images of UiO-66-
NO,/GO composites with UiO-66-NO,:GO ratios of (i) 1:5, (ii) 1:4, (iii) 1:3, and (iv) 1:2. Reproduced with permission from ref 209. Copyright
2017 Royal Society of Chemistry. (h) SEM images used to characterize the morphology of (i) pristine MOF-2(Cu) and (ii) the MOF-2(Cu)-graphene
hybrid. Reproduced with permission from ref 239. Copyright 2018 Springer Nature. (i) TEM images of (i) the Cu/Cu,0@C-rGO composite and (ii)
a single Cu/Cu,0@C nanoparticle. (Inset of i) Size distribution range of Cu/Cu,0O@C nanoparticles in the Cu/Cu,0@C-rGO composite.
Reproduced with permission from ref 240. Copyright 2018 Royal Society of Chemistry. (j) Photographs showing the water contact angles of (i) ZIF-8
(56°), (ii) HFGO (125°), and (iii) HFGO@ZIF-8 (162°) and the oil contact angle of (iv) HFGO@ZIF-8 (0°). Reproduced with permission from ref
128. Copyright 2016 John Wiley & Sons, Inc.

improved its electrochemical performance; the hybrid had a of 1 A/g. Our research group recently prepared some metal-
higher charging/discharging rate and capacitance than alter- containing graphene hybrids (MGH) by pyrolyzing isophtha-
native materials. late-functionalized ﬂuorographene (IG) with an iron metal—

In addition to graphene/MOF hybrids, graphene/MOF organic gel consisting of Fe ions and S-aminoisophthalic acid
hybrid gels have been reported as suitable precursors for at different temperatures.”” A schematic representation of the
preparing derived materials. In this context, Xu and co-workers synthesis of the gel and MGH is shown in Figure 11h. Briefly, the
described the synthesis of a GO/MOF aerogel-derived hybrid solvothermal treatment of the metal—organic gel precursors and
material.”> Crystals of MIL-101(Fe) were prepared by a one- IG in DMF yielded a hybrid black gel (MOG@IG) that was
pot synthesis and then transferred into a dispersion of GO in dispersed and stirred, centrifuged, washed, and dried. This
water as shown in Figure 10g. The obtained solution was then treatment yielded a MOG@IG powder that was pyrolyzed at

converted into a GO/MOF hybrid gel by vigorous shaking. This various .temperatures (400, 600, and 800 °C) in a tube furnac‘e
hydrogel was freeze dried to obtain the corresponding GO/ under nitrogen to obtain MGH-x (where x denf)t.es the pyrolys.ls
MOF hybrid aerogel by removing water. The same procedure temp er;.iture). Remarkably, MGH-600 .eXhlblted magnetic
was used to prepare hybrid aerogels of GO with several other propertlles and was also successfully used in an electrochemical
MOFs including ZIE-8, Sn-MOF(K,Sn(bdc);), Ni-MOF dopamine sensor.

(Nis(OH),(CsH,0,),(H,0),), MOE-5, and Ni-MOEF/Fe-

MOF. The derived hybrid gel (denoted rGO/Fe,0,) was then 4. CHARACTERIZATION OF GRAPHENE@MOF
HYBRIDS AND ITS CHALLENGES

annealed at 450 °C under nitrogen and at 380 °C under air to

obtain a material that was used as a supercapacitor electrode Graphene@MOF hybrids have been characterized using several
with a good specific capacitance of 869 F/g at a current density techniques including spectroscopic techniques such as X-ray
17262 https://doi.org/10.1021/acs.chemrev.2c00270
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photoelectron (XPS), Raman, and infrared (IR) spectroscopies,
microscopy techniques such as scanning electron microscopy
(SEM) and transmission electron microscopy (TEM),
elemental mapping techniques such as energy-dispersive X-ray
(EDX) mapping, powder X-ray diffraction (PXRD), physisorp-
tion, contact angle (CA) measurement, and thermogravimetric
analysis (TGA). The application of these techniques to
graphene@MOF hybrids and the interpretation of their output
are discussed below.

Knowledge of the interactions between the components of
graphene@MOF hybrids is essential for understanding their
properties and stability. XPS is an excellent tool for probing
these interactions. For example, the nature of the recently
reported covalent amide bonding between GA and UiO-66-NH,
in the GA@UiO-66-NH, composite was determined by XPS.”
In addition to revealing the different types of atoms present in a
graphene@MOF hybrid, XPS spectra provide information on
their chemical nature and state. Thus, the XPS characterization
of an NGO/MOF-74 composite (NGO = nitrogen-doped
GO)**® demonstrated the presence of C, O, N, and Ni(II)
atoms (as shown in Figure 12a), and deconvolution of the C 1s
XPS spectra further revealed four peaks corresponding to C—O,
C=0, C-C (sp*), and C—C (sp’) bonds (Figure 12b).
Similarly, the deconvoluted N 1s spectrum showed three
different types of nitrogen atoms corresponding to graphitic,
pyridine, and pyrrole nitrogens. The presence of Ni** ions was
confirmed by the position of the Ni 2p;,, (872 €V) and Ni 2p, /,
(854.1 eV) peaks, which agreed well with previous reports.

Carbon materials are often characterized by Raman spectros-
copy. The Raman spectrum of graphene features two bands
known as the G and D bands that are assigned to in- and out-of-
plane vibrations of the sp* carbon atoms, respectively. The ratio
of the intensities of the D band (I,) and the G band (I;) is used
as a measure of the defect content of carbon materials; a high I,/
I; ratio indicates the presence of defects. This analytical use of
the Ip/I ratio is illustrated by a recent study in which rGO@
LDH, a composite of rGO with layered double hydroxide
(LDH), was synthesized by reductively anchoring ZIF-67
nanoparticles on a GO surface. Raman spectroscopy revealed
that the Ip/I;; ratio of the composite was 0.95, whereas that of its
GO precursor was only 0.85, indicating that the reductive
anchoring process increased the defect content of the graphene
structure.'”” The higher concentration of defects in rGO@ZIF-
67 hybrids in turn improved the nucleation of LDH on the rGO
nanosheets. Raman spectra and Raman mapping can also be
used in combination to determine the location of graphene
sheets in graphene@MOF hybrids, as exemplified by the
analysis of MOF-5/BFG hybrid nanowires using micro-Raman
spectroscopy with Raman mapping.”” The Raman spectrum of
MOFEF-$ has four distinct bands whose positions do not shift
upon formation of the MOF-5/BFG composite, and the only
additional bands seen in the Raman spectrum of the composite
are the D and G bands at 1609 and 1590 cm™, respectively
(Figure 12c). Neither of these bands overlap with any bands in
the Raman spectrum of the MOF, so the D band was used to
determine the location of graphene within the hybrid nanowires.
Inspection of the Raman mapping images presented in Figure
12d revealed three different positions of graphene in the MOF/
BFG nanowire; the top, middle, and bottom images show
samples in which graphene is present at the tip (mostly), along
the axis, and along the complete nanowire. Since the graphene
was mostly present at the tips of the nanowires, it was suggested
that the nanowires formed via a tip-growth mechanism. These

results were consistent with SEM images (see the inset of Figure
12¢) showing that the nanowires had smooth surfaces, which
implies that the graphene was intercalated within the nanowires
rather than being adsorbed on their surfaces.

Fourier transform infrared (FTIR) spectroscopy can be used
to identify the functional groups present in a sample and to
determine their density within the analyzed material. For
example, a previous report showed that benzene-functionalized
graphene (BFG) has a stronger C=0 band than pristine GO,
indicating that the density of carbonyl groups in BFG exceeds
that in GO.”” The successful integration of BFG with MOF-5 to
form a MOF/BFG hybrid was also confirmed by FTIR
spectroscopy, as shown in Figure 12e: the FTIR spectrum of
BFG (spectrum i) has a C=0 stretch at 1730 cm™" assigned to
the carboxylate groups present at its surface, whereas the C=0
stretch of the MOF/BFG composite (spectrum ii) is red shifted
to 1675 cm™". This was attributed to the bidentate coordination
of Zn clusters in MOF-S by the carboxylate groups of BFG,
demonstrating the successful formation of the composite.
Another study used comparative analysis of the FTIR spectra
of graphene@MOF composites and their components to obtain
the information about the composite’s synthesis. Figure 12f
shows the FTIR spectra of the HKUST-1/GONRs composite
and its building blocks: HKUST-1, GONRs, and MWCNT.””’
The FTIR spectrum of the MWCNT (spectrum i) has no peaks
assigned to functional groups, whereas peaks assigned to —CO
(alkoxy) (1055 cm™"), C=C (1623 cm™"), —OH (3360 cm™),
C=0 (1734 cm™), and —CO (epoxy) (1227 cm™") groups are
present in the FTIR spectrum of GONRs (spectrum ii). The
FTIR spectrum of the HKUST-1/GONRs composite (spec-
trum iv) features the characteristic peaks of both GONRs and
HKUST-1 (spectrum iii), demonstrating the successful hybrid-
ization of these components.

Scanning electron microscopy (SEM) is a powerful tool for
analyzing the morphology of material samples. Field emission
SEM analysis of the BEG@Cd-PBM hybrid (Cd-PBM =
Cd,(azpy),(pyrdc),(H,0),, azpy = 4,4'-azopyridine, and
pyrdc = pyridine-2,3-dicarboxylate) revealed that the composite
had a plate-like morphology.'® Because of its usefulness in
morphological characterization, SEM is frequently used to
determine how the morphology of graphene@MOF hybrids is
affected by varying the ratio of graphene to MOF.”"” Figure 12g
shows SEM images of UiO-66-NO,/GO composites with UiO-
66-NO, to GO ratios of 1:5, 1:4, 1:3, and 1:2. Confocal laser
scanning microscopy studies had previously established that
reducing the GO content of the composites increased the sizes
of their macropores, and the SEM images revealed that it also
affected the interactions between the GO and the MOF. The
same approach was used to investigate the binding between
MOF-2Cu crystals (consisting of Cu®' ions and 1,4-
benzodicarboxylate) and graphene in a MOF-2(Cu)-graphene
composite.””” Figure 12h shows an SEM image of MOF-2(Cu)
in which its cubic crystals can be seen. This MOF features Cu,
paddlewheels in which each Cu center is coordinated to four
oxygen centers from four bdc linkers, forming a Cu,(bdc), unit;
the two axial positions of the paddlewheel are capped by a
coordinated DMF molecule. This resulted in a sheet-like
morphology in which weak interactions caused the sheets to
stack on top of one another. SEM micrographs of the MOEF-
2(Cu)-graphene hybrid (see Figure 12h) showed that graphene
was intercalated between MOF-2(Cu) sheets, forming a
sandwich-like structure.
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Figure 13. (a) Nitrogen adsorption—desorption isotherm of GA@UiO-66-NH, and its pore size distribution (inset). Filled and empty squares show
adsorption and desorption data, respectively. Reproduced with permission from ref 76. Copyright 2020 John Wiley & Sons, Inc. (b) Elemental
mapping images of (i—iii) Gr-ZIF-8, (iv—vi) Gr-UiO-66, and (vii—xi) Gr-HKUST-1 composites. Reproduced with permission from ref 183. Copyright
2020 Elsevier. (c) EDX measurements used to determine the elemental wt % of C, S, O, and Ce. Reproduced with permission from ref 244. Copyright
2021 Elsevier. (d) PXRD patterns of UiO-66-NH, (black line), synthesized UiO-66-NH, (red line) and the GA@UiO-66-NH, composites (green
line). Reproduced with permission from ref 75. Copyright 2021 Royal Society of Chemistry.

TEM is also frequently used to study the morphology of
material samples. It provides a closer view of the material than
SEM because its resolution is usually higher. Consequently, it
has been widely used to study the morphology of graphene,
MOFs, and their hybrids. For instance, TEM analysis of ZIF-8,
HFGO, and HFGO@ZIF-8 confirmed that the HFGO in the
composite had a sheet-like structure in which some of the sheets
were twisted and that the ZIF-8 nanocrystals were hexagonal
and uniformly distributed on the surfaces of HFGO sheets
between the layers.'*® Due to the high resolution of TEM, small
species such as metal nanoparticles can be reliably imaged. For
instance, TEM images of a Cu/Cu,O@C-rGO composite
prepared by carbonizing a Cu-BTC/GO hybrid*** showed that
the Cu/Cu,O@C nanoparticles were homogeneously distrib-
uted in Cu/Cu,O@C-rGO. The high resolution of TEM also
makes it possible to determine the particle size distribution, as
shown in the inset of Figure 12i. HR-TEM (high-resolution
transmission electron microscopy) can also be used to calculate
the d spacing between different planes in Cu/Cu,0@C
nanoparticles.

Contact angle measurements are performed to evaluate a
sample’s surface wettability. Graphene and most of its
derivatives are hydrophobic, while MOFs are commonly
hydrophilic. Graphene@MOF hybrids are usually more stable
toward moisture than the parent MOFs because the graphene
component makes them more water repellent. Accordingly, the
water contact angle (WCA) of ZIF-8 increased substantially
after hybridization with HFGO."** Pristine ZIF-8 is hydrophilic
with a WCA of 56°, whereas HFGO is hydrophobic with a WCA
of 125°. The hybridization of these two components yielded the
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composite HFGO@ZIF-8 whose hydrophobicity (WCA =
162°) exceeded that of both of its parent components (Figure
12j). As a result, the composite exhibited substantially greater
moisture stability than ZIF-8. Moreover, it had an oil contact
angle (OCA) of 0° and was thus superoleophilic (Figure 12j).
The hydrophobicity of a composite of fluorinated graphene
(FG) with HKUST-1 was also studied by performing contact
angle measurements.”*' Pristine HKUST-1 is superhydrophilic
and is readily wetted by water droplets. The functionalization of
GO with fluorine moieties significantly increased its hydro-
phobicity; as a result, the composite obtained by hybridizing FG
with HKUST-1 showed both hydrophobic (WCA = 147.3°%;
probe—n-hexadecane) and superoleophilic (OCA = 12.1°)
behavior. Finally, contact angle measurements showed that a
polyurethane sponge coated with an FG-HKUST-1 composite
was hydrophobic (WCA = 130.3°) but slightly less so than the
FG-HKUST-1 composite itself.

The pore structure and specific surface area of graphene@
MOF hybrids can be determined by recording their N,
physisorption isotherms and applying BET analysis. This
method was recently applied to Cu-BTC and graphene-based
hybrids with graphene to MOF weight ratios of 1:1, 1:3, 1:5, 1:7,
and 1:9.°* All of the composites exhibited type-1 isotherms,
confirming that they contained micropores. However, whereas
the isotherms of hybrids with GO:MOF ratios of 1:1 and 1:3
showed no hysteresis loop, those with GO:MOF ratios of 1:5
and 1:7 had hysteresis loops closed at a relative pressure (p/p;)
of 0.41, indicating that these hybrids also contained mesopores
and were thus hierarchically porous. To explain this outcome, it
was suggested that the mesopores of the 1:1 and 1:3 hybrids
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were blocked by their high contents of GO. In addition, the BET
surface areas calculated from the N, physisorption isotherms
showed that the Cu-BTC/GO hybrids had lower surface areas
than the pristine MOF and that the surface area decreased as the
MOF content of the hybrid decreased. Another recent study
used N, physisorption isotherm measurements to investigate
how the covalent hybridization of GA and UiO-66-NH, affected
the pore structure and surface area of the resulting composite.”®
The N, physisorption isotherm of UiO-66-NH, at 77 K has a
type-1 shape characteristic of microporous samples, and BET
calculations indicated that the specific surface area of this MOF
is 780 m* g~'. Conversely, pristine GA has a type-II isotherm,
indicating nonporosity; accordingly, it also has a low specific
surface area of 25 m* g~". The covalent hybridization of GA with
UiO-66-NH, yielded the hybrid GA@UiO-66-NH,, which has a
type-IV isotherm and thus contains mesopores (Figure 13a).
Interestingly, its calculated BET surface area is 600 m?> g™*,
indicating that the covalent bonding between GA and UiO-66-
NH, leads to mesopore formation without affecting the
micropores of the parent MOF.

Elemental mapping by EDX is usually performed to determine
which elements are present in a sample and how they are
distributed. Accordingly, EDX analysis has often been used to
confirm the homogeneous distribution of MOF particles on the
graphene nanosheets of graphene@MOF hybrids. EDX maps of
composites of pristine graphene (Gr) with ZIF-8, UiO-66, and
HKUS-1 are presented in Figure 13b.'*’ As expected, these
maps show the presence of Cu, C, and O in Gr-ZIF-8, Zr, C, and
O in Gr-UiO-66, and Cu, C, and O in Gr-HKUST. Since the
different elements within each MOF are homogeneously
distributed in the corresponding hybrids, it follows that ZIF-8,
Ui0-66, and Cu-BTC are uniformly distributed in Gr-ZIF-8, Gr-
Ui0-66, and Gr-HKUST-1, respectively. EDX mapping has also
been used to determine the elemental weight percent of different
elements in graphene@MOF hybrids. For example, a CeO,/
rGO/CeS, composite derived from Ce-BTC MOF by a
multistep synthetic pathway was characterized by EDX as
shown in Figure 13c.”*’ On the basis of the intensities of the
different elements present in the composite, the elemental
weight percent values of C, O, S, and Ce were determined to be
49.7%, 24.33%, 0.35%, and 25.62%, respectively. Finally, EDX
has been used to confirm the synthesis of graphene@MOF
hybrids.***

TGA (thermogravimetric analysis) is mainly used to
determine the thermal stability of materials but can also provide
additional information. For instance, the thermal decomposition
profile of the pillared bilayer MOF (PBM) composite BEG@
Cd-PBM shows an initial weight loss at 115 °C that was
attributed to the loss of water molecules. The composite showed
no further weight loss up to 280 °C, confirming its stability at
this temperature.'*> However, its TGA curve showed substantial
mass losses above 280 °C, indicating that it is unstable at such
high temperatures. TGA analysis can also be used to determine
which components of a given hybrid have the greatest effect on
its thermal stability and could thus potentially guide the design
and synthesis of highly stable hybrids.

PXRD analysis is a valuable technique for evaluating the
structural integrity of MOFs within graphene@MOF hybrids.
For instance, our research group used it to confirm the structural
integrity of UiO-66-NH, in the GA@UiO-66-NH, composite; >
Figure 13d shows that the PXRD patterns of the pristine UiO-
66-NH, MOF are identical with those of the composite,
indicating that the sample contains intact UiO-66-NH,. This

technique can also be used to investigate structural changes
during composite preparation, as demonstrated by a recent
study on a MOF/BEG hybrid”” in which the PXRD patterns of
MOF, GO, MOF/GOQO, and MOF-5/BFG with BFG contents of
1, 4, and S wt % were recorded. The PXRD pattern of MOF-5/
BFG showed splitting of a reflex observed at 20 = 9.7° in the
pristine MOF. The new reflex was observed at 8.8°, which was
attributed to distortion of the MOEF-S lattice caused by its
hybridization with BFG. On the basis of their PXRD patterns,
the MOF-5/BFG hybrid with 1 wt % BFG was found to have a
monoclinic crystal lattice, whereas the MOF-S/BFG hybrid with
S wt % BFG had a nanowire-like morphology, which was
subsequently verified by TEM and selected area electron
diffraction pattern (SAED) studies. The resulting data also
allowed the nanowire’s diameter to be measured. Another
valuable aspect of PXRD analysis is that the grain size of MOF
particles can be calculated from the width at half-maximum of
the peaks in the PXRD pattern using the Debye—Scherrer
equation. Using this relationship, the estimated MOF grain size
in the MOFS-BFG composite was estimated to be in the range of
220-260 nm.

The studies discussed in the preceding sections show that
graphene@MOF hybrids can be characterized using a wide
range of techniques. However, characterization of graphene@
MOF hybrids presents some significant difficulties. The major
challenges associated with characterizing these hybrids are
summarized below.

The thermal stability of graphene@MOF hybrids is usually
evaluated by performing a thermogravimetric analysis. An
important parameter to consider in such analyses is the heating
rate of the graphene@MOF hybrid. For example, when GO is
heated, it usually exhibits mass loss around 200 °C due to the
conversion of GO into CO and CO,.""* However, excessive
heating of GO-MOF hybrids at 200 °C causes more substantial
mass loss. It is therefore generally advisable to use a low heating
rate (<S °C/min) when performing thermogravimetric analysis
of GO-MOF hybrids.”**

Characterization of GO-MOF hybrids by Raman spectrosco-
py is also somewhat difficult. The D and G bands observed in the
Raman spectra are used to determine the degree of disorder in
samples. However, based on a previous report of GO, the
observed bands are the superimposition of many bands.
Therefore, the degree of disorder cannot be determined simply
by determining the intensity ratio of the D and G bands.”*°
There have been few published nuclear magnetic resonance
(NMR) studies on GO-MOF hybrids, although their pristine
GO has been characterized using "*C NMR.*** The limited use
of NMR in this context can be mainly attributed to the low
content of NMR-active nuclei (C and H) in GO-MOF hybrids.
Because of these issues, it remains quite challenging to
accurately determine the quantity of graphene (or a graphene
derivative) in graphene@MOF composites or to evaluate the
effect of the dispersion of the graphene derivative on the
composite’s structural features.”** This problem is exacerbated
by the fact that the content of graphene or its derivatives in such
hybrids is usually rather low, so its quantification requires the
combined application of multiple high-precision character-
ization techniques.

5. APPLICATIONS

The following sections discuss the various potential applications
of MOF-graphene hybrids.
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5.1. Environmental Applications

Physisorbents based on MOF-graphene hszrids exploit the
amenability of MOFs to reticular chemistry™* (also known as
crystal engineering”*®), morphological engineering, interface
engineering, and doping. MOF-graphene hybrids are considered
to be particularly promising materials for environmental
remediation applications because of the synergy resulting from
the compositional modularity of MOFs and the high theoretical
surface area of graphene derivatives. To satisfy the United
Nations (UN) Sustainable Development Goals (SDGs) 6 (clean
water and sanitation), 7 (affordable and clean energy), 9
(industry, innovation, and infrastructure), and 13 (climate
action) in today’s “age of gas”,”*’ there is an urgent need for
translational research on environmental remediation. In
particular, there is a need to reduce the high energy footprints
of various environmental remediation techniques. One possible
way of achieving this would be to design, characterize, and
develop a new generation of crystalline (and ideally, porous)
graphene@MOF hybrids that could serve as highly efficient
adsorbents of pollutants in air and water, enabling the
development of new energy-efficient environmental remedia-
tion processes. Unfortunately, while many physisorbents are
currently available, including over 100 000 MOFs and synthetic
zeolites,”** none are commercially viable because of their poor
performance, low stability, or high cost. The instability of these
adsorbents in water or harsh chemical environments is largely
due to the fact that many of them feature hydrolytically labile
metal—ligand bonds. In addition, their performance is often
limited by low selectivity for targeted substances, primarily
because they interact with adsorbates via weak dispersive forces.
The use of hierarchically porous graphene@MOF composites as
physisorbents has recently attracted interest because such
composites can avoid the limitations that restrict the usefulness
of their individual components. For example, the formation of a
composite structure in which MOF crystallites are placed
between individual graphene layers can prevent restacking of the
layered material (and thus creates mesopores) while also
protecting the MOF from hydrolytic degradation. This often
leads to improved adsorptive performance and/or selectivity,
resulting in more efficient separation of targeted adsorbates.””"

The development of next-generation physisorbents based on
MOF-graphene hybrids offers a way to avoid the trade-off
between cost and adsorption performance that has restricted the
use of MOF-based systems to date.”****> No currently known
physisorbent is capable of satisfying all of the UN SDGs
mentioned above by enabling energy-efficient downstream
processing of commodity chemicals,”* air purification by
toxic gas remediation,” or trace scavenging of hydrocarbons
and fluorocarbons such as persistent mobile organic contami-
nants (PMOCs) from drinking water.”**>*” Nevertheless,
research in this area has thrived over the past decade. Reflecting
the focus of this review, the following discussion deals only with
the use of MOF-graphene hybrids in these contexts.

5.1.1. Carbon Dioxide Capture. A holy grail of MOF
research is the development of a material capable of efficient
carbon capture, particularly under conditions that mimic point-
source removal during postcombustion and precombustion
processes. Not surprisingly, MOF-graphene hybrids have also
been studied in this context. Because the even distribution of
MOF crystallites across the GO layers of such hybrids creates a
dense and dispersive environment for adsorption, MOF/GO
composites can form stronger dispersive interactions with
adsorbates than the corresponding pristine MOFs. These

dispersive interactions may be reinforced by interactions
between the adsorbate and the oxygen-containing functional
groups introduced by graphite oxidation such as epoxy or
hydroxyl groups on the graphitic surfaces or carboxylic acid
groups on the edges of graphene sheets.”® The adsorption
selectivity of such composites depends on CO,-selective
molecular interactions and can thus be tuned by adjusting the
building blocks of the MOF, i.e,, its constituent metallic centers
and/or its organic ligands. In addition, the dispersed nature of
the GO sheets within the composites maximizes their content of
oxygen vacancies and terminal hydroxyl groups, which favors
oxidation and reactive CO, adsorption.

Despite the high surface areas of MOFs, their open
architectures rarely favor strong adsorbate-specific adsorption
forces. For trace gas capture (including but not limited to CO,
capture) and CO,-selective separation, CO, binding sites must
be densely arranged within an optimally sized pore environment
in which the size and chemical properties of the pores are closely
matched to those of the target sorbate. For gas adsorption, this
typically requires ultramicropores, ie., pores with diameters
below <7 A. If the ratios of GO and MOF in a composite are well
chosen, the resulting distortion of the graphene sheets may
strengthen dispersive interactions with adsorbates, while the
composition of the MOFs can be adjusted to control the shapes,
sizes, and chemistry of the composite’s pores.”®

To our knowledge, the first nanoporous composite of a MOF
with GO was reported in 2013 by Liu et al., who prepared GO@
HKUST-1.® Hybridization with GO increased the composite’s
sorption capacity for CO, (at 273 K and 1 bar) and H, (at 77 K
and 42 bar) by around 30% compared to the unhybridized
HKUST-1 composite.'®” This improvement was attributed to
the presence of nanosized HKUST-1 crystals distributed
uniformly across the incorporated GO layers. Epoxy groups
on the GO surfaces served as seed sites for crystal growth, while
defects in the graphene sheets constrained the size of the
resulting crystals. In 2015, a Pickering emulsion strategy was
developed to provide easier access to such GO@HKUST-1
composites””® through in-situ interfacial growth of HKUST-1
nanocrystallites on GO sheets.

The Liu group used the same workflow to synthesize ZIF-8/
GO composites (designated ZG-x, where x denotes the wt % of
GO) whose CO, storage capacities at 195 K exceeded that of the
parent MOF ZIF-8 when x was between 4 and 20.'”* This GO-
driven improvement was extended by fabricating mixed-matrix
membranes (MMMs) in which ZIF-8@GO was embedded in a
Pebax (grade 2533) copolymer matrix comprising poly-
(tetramethylene oxide) and Nylon-12 in a weight ratio of
4:1.”*° An MMM containing 6 wt % of ZIF-8@GO (designated
Pebax/ZIF-8@GO-6) exhibited the best performance, achiev-
ing a CO, permeability of 249 Barrer and a CO,/N, selectivity of
47.6 at 298 K with a feed pressure of 0.1 MPa, close to the
Robeson upper bound. The CO, permeability and CO,/N,
selectivity of the Pebax/ZIF-8@GO-6 MMM:s were 191% and
174% higher, respectively, than that of the pure Pebax
membrane. Similar results were obtained with the MOF ZIF-
301 (Zn(mim),¢,(mbim); ;;, where mbim™~ = methylbenzimi-
dazolate): interfacial filler—matrix adhesion between GO and
ZIF-301 nanocrystals resulted in their even dispersion over a
polysulfone (PSF) matrix, yielding water-stable PSF/GO/ZIF-
301 MMMs.”*° In 2017, a pure MOF-derived defect-free ZIF-8/
GO membrane with a thickness of ca. 100 nm was prepared by
Hu et al. using two-dimensional (2D) ZIF-8/GO hybrid
nanosheets as seeds.”’” The development of a uniform ZIE-8/
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GO seeding layer facilitated fast crystal intergrowth during
formation of the ZIF-8/GO hybrid membrane, which enabled
CO,-selective sieving from a dynamic CO,/N, feed mixture
(CO,/N, selectivity & 7). In the same year, the Kang and Park
groups improved the CO,/N, selectivity to 57 while keeping a
high CO, permeability of ca. 163 Barrer™®’ using an MMM
consisting of ZIF-8/PGO (PGO = porous graphene oxide)
grown into a PEBAX1657 polymer matrix (PEBAX = poly ether-
block-amide). Several similar CO,-selective MMMs have been
reported,”” including HKUST-1/GO/PVDE (PVDF = poly-
(vinylidene fluoride)).”** However, a few challenges remain to
overcome before a practically useful gas separation system can
be prepared, giving rise to so-called “separation anxiety”.*
Nonpolymeric gas separation systems using MOF-graphene
hybrids have also been reported. For example, a study on Pt-
GO/[La(CPIA)(2H,0)] (CPIA’*" = 5-(4-carboxylato-
phenoxy)isophthalate) nanocomposites showed that upon
increasing the Pt content of the composites, their CO, uptake
at 273 K first improved and then declined. This was explained in
terms of the interactions between Pt-GO, the CPIA ligands, and
the La metal centers.”** In addition, the Zhang and Xiang groups
discovered a high-performance MOF for CO, capture known as
UTSA-16 (UTSA = University of Texas at San Antonio),
[K(H,0),Cos(cit) (Hcit), where cit*™ = citrate)] in 2012
that was subsequently used to prepare core—shell-type
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composites with GO such as the prototypical species UTSA-
16-GO.”*

To obtain MOF-based selective CO, capture systems with
high mechanical strength, Rao et al. investigated a strategy based
on covalent bonding between MOFs and graphene.'”> The
covalent bonding of 5 wt % of benzoic acid-functionalized
graphene (BFG) to be representative of the MOF family
M, (dobdc) (dobdc*™ = 2,5-dioxido-1,4-benzenedicarboxylate;
M = Mg*, Ni¥, Co**)**’ yielded composites whose elastic
modulus was increased 3-fold relative to the starting materials.
Covalent bonding of the MOFs to BFG also increased the
composites’ surface areas by 200—300 m* g~' and their CO,
capture capacity by ca. 3—5 and 6—10 wt % at 0.15 and 1 bar,
respectively (Figure 14). These graphene reinforced-
M,(dobdc) composites were designated MCGr-X (M = Mg*',
Ni?*, or Co**; X = wt % of BFG incorporated). Several other
covalent graphene@MOF hybrids were subsequently prepared
and optimized with respect to their graphene content, including
MIL-53(Cr)/GO, ZIF-8/GO, Ui0-66-NH,/GO, MOF-505@
GO (MOF-505 = Cu,(bptc), where bptc*™ = 3,3,5,5-
biphenyltetracarboxylate), MOF-200/GO (MOF-200 = Zn,O-
(bbc),, where bbc = 4,4’,4"'-(benzene-1,3,5-triyl-tris(benzene-
4,1-diyl) )tribenzoate), MIL-53(Al)/GNP (GNP = graphene
nanoplates), and MIL-101(Cr)/GO.***"*”* In addition, MCGr-
X analogues containing GO in place of BFG were found to
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exhibit similar enhancements in CO, sorption,276 and the CO,
capture performance of UiO-66/GO hybrids was shown to be
48% higher than that of pristine UiO-66 at ambient temperature
and pressure (298 K and 1 bar).””’

More recently, polypyrrole-derived carbon/GO, polyaniline-
derived carbon/GO, and HKUST-1/GO composites were
evaluated with respect to their molar (aka ideal) CO,/N,
adsorption selectivities.””®* HKUST-1/GO containing ca. 10
wt % of GO had the highest CO,/N, selectivity (15:85) despite
not having the highest CO, adsorption capacity at 298 K. A new
strategy in this area based on the use of in-situ chemical knitting
and condensation-based grafting on a GO surface was
introduced by Ning et al, who applied polyimide (PI) hyper-
cross-linking to a UiO-66-NH,-graphene (UiO/GO) gra-
phene@MOF hybrid.””” The PI hyper-cross-linking process
uses inexpensive reagents (4,4’-oxidiphthalic anhydride and
2,4,6-trimethyl-1,3-phenylenediamine), and the resulting
PIUIO/GO composites have high densities of C—N covalent
bonds, secondary amines, and N lone pairs capable of forming
N—H---O hydrogen bonds, all of which enhanced their CO,
selectivity. Consequently, their CO, storage capacity and CO,/
N, selectivity were three and four times higher, respectively,
than those of pristine UiO-66-NH,, and they also exhibited
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superior acid and base stability (Figure 15). This demonstrated
the potential of combining MOFs (including some of the best
performing CO, capture agents currently known) with
inexpensive polymers such as graphene-imide hybrids.

The incorporation of graphene or GO into MOFs can also
increase their H, and/or CH, selectivity and storage capacity, as
demonstrated by a few proof-of-concept reports published
around the same time as the carbon capture studies discussed
above.'”?* Both defect-free MOF membranes and MOF-
derived MMMs were shown to be capable of H,/CO, separation
on the basis of activated CO, diffusion.””*'~*** A few reports
have also shown that the CO,/CH, selectivities of these systems
can be enhanced by the formation of graphene composites such
as MIL-101(Cr)@GO,””"*** MIL-53(Cr)@GO,*** MOF-
505@GO,”” and MOF-200(Zn)@GO.””* Particularly notable
are two studies showing that the incorporation of around 5 wt %
GO into the MOF MIL-101(Cr) yielded a composite whose
CO, storage capacity and CO,/CH, adsorption selectivity
(determined using ideal adsorbed solution theory, IAST*")
were both higher than those of the pristine MOF.””"***
Interestingly, similar effects were observed upon the incorpo-
ration of carbon nanotubes (CNTs), including multiwalled
MWCNTSs.”*"*% The literature on CH, storage using
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graphene@MOF hybrids is reviewed more thoroughly in the
following section.

5.1.2. Methane Storage. Only a handful of reports have
discussed methane storage in graphene@MOFs hybrids.
Recognizing that proper interlayer spacing in graphene and
GO-type layered materials can enhance CH, adsorption,”””*”!
Rezaei’s group prepared three MOF@GO hybrids in 2018: (a)
HKUST-1/pristine GO, (b) HKUST-1/reduced GO (rGO),
and( ¢) HKUST-1/—COOH-functionalized GO (fGO).*
High-pressure N, adsorption measurements revealed that all
three MOF-GO variants had higher BET surface areas and pore
volumes than pristine HKUST-1. HKUST-1@rGO with 10 wt
% rGO had the highest CH, deliverable capacity of 193

17269

cm®(STP)/cm? in the pressure range of 5.8—65 bar (298 K),
which was around 30% higher than the corresponding value for
pristine HKUST-1 (Figure 16a and 16b). The CH, deliverable
capacities for HKUST-1@GO and HKUST-1@fGO were 181
and 162 cm® (STP)/cm’, respectively. By demonstrating the
synergistic effects of MOFs and GO on CH, storage and
demonstrating the high potential deliverable capacity of MOF@
GO nanocomposites, this study suggested that such hybrids
could be valuable adsorbed natural gas (ANG) adsorbents
(Figure 16c).293’294

Building on this discovery and the good CH, storage
performance of inexpensive HKUST-1, Laszlo’s group recently
valorized this MOF for ANG applications.””> Commercial

https://doi.org/10.1021/acs.chemrev.2c00270
Chem. Rev. 2022, 122, 17241-17338


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig17&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

»
-~ -vvvv—v—‘rvvv"v""v
o 4 RS e a e e o o
2 450 T -

§ $ —a— HKUST-1

3 3004 ol

‘8 l —4— Ppy-rGO

g v— HKUST-1/Ppy-rGO
§ 1504

> .AJ-'./

0- o

0.0 0.2 0.4 0.6 0.8 1.0
PIPq

(f) 1 —— HKUST-1
—— PPy
= gy %
—— HKUST-1/Ppy-rGO
s 129
=
g o
g
2 61
['4
3_
0
T T T T
0 20 40 60 80

Time (s)

Figure 18. Scanning electron microscopy images of (a) rGO, (b) PPy-rGO, (c) HKUST-1, and (d) HKUST-1/PPy-rGO. (e) N, adsorption isotherms
recorded at 77 K. (f) Resistive responses of the four thin films to SO ppm of NH; at 298 K. Reproduced with permission from ref 301. Copyright 2018

Elsevier.

HKUST-1 is supplied as a microcrystalline bulk powder with
grain sizes of ca. 10—20 um. However, when compacted into
monoliths or pellets (with or without binders), its utility for
ANG storage is greatly reduced.””® The authors discovered that
this problem could be avoided by solvothermally incorporating
16% GO by weight and avoiding the use of a binder, which
yielded the powdered composite HKUST-1@GO-16. This
composite was then compressed into pellets by applying a
mechanical pressure of 25 or 50 bar. Whereas the parent MOF
HKUST-1 retained only 43% of its initial pore volume and 47%
of its initial surface area after compression, the corresponding
retention values for HKUST-1@GO-16 were both around 75%
(Figure 17). This showed that 2D GO layers could function as
compressible fillers between HKUST-1 nanocrystallites, pre-
venting their amorphization. Upon comparing the adsorption
properties of the HKUST-1 and HKUST-1@GO powders and
pellets, it was discovered that compression adversely affected the
structure of the MOF, explaining the reduction in its CH,, uptake
capacity. Further studies are needed to optimize the pelletization
pressure to minimize the loss of gas uptake capacity and therel?f
increase the composite’s technological readiness level (TRL).%”
However, the fact that the reduction in CH, uptake for the
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composite was only one-half as strong as that for pristine
HKUST-1 demonstrates the effectiveness of GO at increasing
the mechanical strength of MOFs and related materials.

5.1.3. Ammonia Adsorption. The use of MOF@GO
composites for NH; adsorption was first reported by Petit et al.
in 2010. Not surprisingly, the composite used in these early
studies was HKUST-I@GO.165 HKUST-1@GO composites
were prepared by incorporating 5, 9, or 18 wt % of GO sheets
into HKUST-1,"**"” and the NH; adsorption of the resulting
materials at 298 K under dry and humid conditions was shown
to greatly exceed that of simple physical mixtures of HKUST-1
and GO.'® Given the compromised stability, in part, under
moist air, the presence of the GO layers was found to increase
the porosity of the composite and strengthen its dispersive
interactions with adsorbed NH;. This in turn results in a
synergistic increase in NHj affinity, as revealed by (a) dynamic
breakthrough tests and (b) desorption profile analyses. The
chemisorption of NH; was facilitated by the fact that the
HKUST-1 micropores were lined with coordinatively unsatu-
rated Cu®* sites. NH; chemisorption led to the formation of
Cu(OH), and (NH,);BTC and thus caused a colorimetric
response.
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Building on this discovery and a couple of follow-up
studies,”” *>*°”7? Bandosz et al. reported low-concentration
electrochemical NH; sensing using HKUST-1@GO.*"’
HKUST-1@GO chips were episodically exposed to three
continuous cycles of NHj, resulting in distinct but irreversible
responses in resistance. Increased carrier mobility upon NHj
exposure was confirmed by resistance measurements despite an
apparent transition to a poorly characterized amorphous hybrid
phase. The electrochemical response of the HKUST-1@GO
sensor chips was found to be linearly related to the trace NH,
concentration.

In 2018, Yin et al. reported a follow-up study in which in-situ
oxidative polymerization-grown polypyrrole (PPy) nanofiber-
coated rGO (PPy-rGO) was hydrothermally embedded into
HKUST-1 nanoparticles using a simple and inexpensive thin-
film fabrication protocol to afford a HKUST-1/PPy-rGO thin
film that was used as an ammonia sensor under ambient
conditions.”®" This composite has two-in-one sensing capa-
bilities because it combines the permanent porosity of HKUST-
1 with the electrical conductivity of PPy-rGO. The microporous
HKUST-1/PPy-rGO thin film accordingly exhibited improved
NH; sensing with higher sensitivity and faster response times
than bare PPy-rGO thin films. The HKUST-1 nanocrystallites
enabled affinity-driven NH; adsorption, while the PPy-rGO film
enhanced the electrochemical signal induced by NH; binding.
Studies on the selectivity and stability of the HKUST-1/PPy-
rGO thin film before and after NH; adsorption confirmed its

robustness and suitability for crafting practical MOF-based
sensing devices (Figure 18).

These two studies are notable because NH; overexposure is
common in chemical plants®* but also because by demonstrating
that the NH; affinity signatures of HKUST-1@GO hybrids can
be used to generate NHj-responsive electrical signals, they
revealed new ways of synergistically leveraging two properties
(conductivity and porosity) in sensing devices.

5.1.4. Hydrocarbon Storage/Separation. To our knowl-
edge there have been no published studies on the selective
adsorption-driven separation of higher hydrocarbons (saturated,
C,H,,.,; unsaturated, C,H,,; or aromatic) from CH, using
MOF-graphene hybrids. The following discussion therefore
focuses on studies exploring the selective exclusion of CH, due
to preferential H, adsorption. The first foray into this field was
made in 2014 by Caro’s group, who casted GO onto a ZIF-8
layer using a layer-by-layer (LBL) deposition technique” to
prepare a bicontinuous ZIF-8@GO membrane (Figure 19a—c).
The combined effects of covalent bonding and capillary action
ensured that only H, molecules could permeate through the
ZIF-8 ultramicropores (ca. 3.4 A), giving these membranes high
H,/CH, and H,/C;H; selectivities (Figure 19d). At a high
permeation temperature of 250 °C and ambient pressure (1
bar), H,/CH, and H,/C;Hj; separation factors of 139.1, and
3816.6 were obtained for the studied ZIF-8@GO membrane
with H, permeances of ca. 1.3 X 10" mol'm™s™"-Pa™". Such H,
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2014 Royal Society of Chemistry.

permeance is highly attractive for hydrocarbon purification by
H, sieving.

In 2016, shortly after this discovery’s publication, Zhao’s
group reported a three-in-one H,-selective ZIF-8@GO
membrane capable of H,/CO,, H,/N,, and H,/CH, separa-
tion.”*” In this system, the ZIF-8 nanochannels were constricted
by the strategic intergrowth of ZIF-8 crystals on ultrathin (ca. 20
nm) GO membranes. This caused selective nucleation that
reduced the content of nonselective defects in the ultrathin GO
membranes while also controlling intercrystalline ZIF-8 growth
at the defect sites (Figure 20a). In single-gas permeation tests,
this ZIF-8@GO membrane demonstrated excellent H,/CO,,
H,/N,, and H,/CH, separation signatures (Figure 20b); its
permselectivities for H,/CO,, H,/N,, and H,/CH, at 298 K
were 633, 88, and 162, respectively, all of which are above the
corresponding Knudsen separation factors for H, over these
gases (green line, Figure 20b inset). These results together with
the separation factors determined at 298 K (406 for H,/CO,,
155 for H,/N,, and 335 for H,/CH,; see Figure 20c—e) support
the hypothesis that interweaving ZIF-8 crystals into GO
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membranes simultaneously blocks nonselective defects in the
GO membranes and reduces the ZIF-8 pore size. As a result, the
ZIF-8@GO membrane could offer a practical way of separating
H, from hydrocarbon mixtures and synthesis gas, which is a
mixture of CO (30—60%), CO, (5—15%), CH, (0—5%), and
H, (25-30%).

Another method for fabricating ZIF-8/GO nanosheets based
on size- and distribution-selective plasma etching was developed
shortly afterward in 2018.>"* An “assembly-and-intergrowth”
approach was used to assemble nanosheets comprising
mechanically tough nacre-mimetic microstructures of the 2D
hybrid ZIF-8/MGO (MGO = mesoporous GO). The resulting
hybrid ZIF-8/MGO membrane was ca. 430 nm thick and had a
high H,/C;Hj, separation factor of 2409 with a H, permeance of
1.17 X 107% mol m™ s™' Pa™!, making it one of the best-
performing H,/hydrocarbon (gas) separating membranes of its
time.>** At around the same time, introduction of a new
hydrothermal interfacial contradiffusion synthesis method
enabled Li et al. to prepare a defect-free ZIF-8/rGO
composite-based hollow fiber membrane.”® The resulting
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Reproduced with permission from ref 307. Copyright 2010 John Wiley & Sons, Inc.

ultrathin (thickness = ca. 150 nm) ZIF-8/rGO composite
membrane achieved a benchmark H, permeance of >60 x 107
! Pa7!, and its H,/CO,, H,/N,, and H,/CH,
selectivities were as high as 25.3, 70.4, and 90.7, respectively.
Shortly after this report was published, the ZIF-8/GO prototype
membrane was improved by adding the polyelectrolyte
branched polyethylenimine (PEI) to the composite.’”> PEI
served as an interfacial modifier, strengthening the interactions
between ZIF-8 and the GO nanosheets. This allowed the GO
layers to act as isolating layers that extended the gas diffusion
pathway, while ZIF nanocrystals enabled H, permselectivity
from a H,/CH, mixture based on size sieving. The resulting
membrane achieved a H,/CH, selectivity of 43 with a H,
permeance of 6.3 X 10™® mol m™>s™" Pa™". These results suggest
that MOF@GO hybrids could have very wide ranging
applications in sensors and detection devices.’*®

5.1.5. Hydrogen Sulfide Adsorption. As with NH,
adsorption (section 5.1.3), the early studies of Petit et al. on
HKUST-1@GO in 2010 were foundational in the field of
adsorptive H,S removal using MOF@GO hybrids.”” When
studying NH; adsorption, these authors discovered a general
limitation of pristine MOFs: weak dispersive interactions are
insufficient for strong retention of adsorbates like NH; in the
void spaces of MOFs under ambient conditions. This prompted
the preparation of composites of HKUST-1 with nonporous and
layered GO.”*'%>**7=%%% Eollowing a similar logic, HKUST-1/
GO composites were tested for H,S removal under ambient
conditions.”®” The composites adsorbed H,S more strongly
than pristine HKUST-1 and GO, partly because of enhanced
physisorption in its micropores but mostly because of reactive

mol m™
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adsorption leading to the formation of CuS and an
accompanying change in color from blue to black (Figure 21).

Huang, Liu, and Kang followed up on this report but used
Zn,0(bdc);,**® aka MOE-5, as the composite precursor in place
of HKUST-1. A solvothermal process was used to prepare
glucose-modified Zn(II)-based microporous MOF-5/GO com-
posites (Figure 22a), and their H,S adsorption performance was
evaluated®” by performing fixed-bed dynamic breakthrough
tests. The authors also proposed a desulfurization mechanism
for this system similar to that previously described by Petit et
al.’”” As the GO loading increased, the surface area and pore
volume of the composites initially increased to a maximum at the
optimal GO loading of 5.25% and fell thereafter. The composite
with the optimal GO loading achieved a high H,S uptake of
130.1 mg/g (Figure 22b). Although increasing the GO loading
strengthened the dispersive interactions between the adsorbate
and the composite, a trade-off arose because it also increased the
crystal distortion of the MOF. The inclusion of glucose
counteracted this structural collapse by limiting the distortion
of MOEF-5. These opposing effects explained why H,S uptake
and stability were maximized when the GO loading was 5.25%
(MG-G3), culminating in high uptake and stability by leveraging
two factors in one: dispersion-driven physisorption and reactive
adsorption.

More recent work in this area led to the introduction of
HKUST-1@GO-PEI (PEI = polyethylenimine)®'® and y-
Fe,0;/rGO composites featuring highly dispersed y-Fe,O;
octahedrons derived from MIL-88B on rGO.”"" In the former
case, HKUST-1 grown in situ on GO prefunctionalized with PEI
was shown to have a H,S adsorption capacity that was 1.8 times
(i.e., 80%) greater than that of pristine HKUST-1 while also
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Copyright 2012 American Chemical Society.

having more favorable adsorption kinetics.”'’ Conversely,
Zhang et al. discovered that embedding GO in the well-known
(solvothermally synthesized) Fe** MOF MIL-88B template®'”
affords ordered y-Fe,0;/rGO composites that function as H,S-
selective electrochemical sensors.>"" Importantly, the combina-
tion of bulk resistance originating from y-Fe,O; and surface-
controlled resistance originating from rGO enabled efficient
H,S-selective electrochemical sensing (Rair/Rgas = 520.73, 97
ppm) with negligible responses to NH;, CHC;, NO, SO,, and
HCHO. These findings have revealed new and currently
underexplored ways of using MOF-derived metal oxide
semiconductors as H,S-specific electrochemical sensors.

5.1.6. Oil Spill Clean up from Water. In 2015, Jayaramulu
et al. intercalated ZIF-8 crystallites between highly fluorinated
graphene oxide (HFGO) sheets using an easily scalable
method."”® Static water contact angle (WCA) measurements
showed that the resulting hierarchical HFGO@ZIF-8 compo-
sites were superhydrophobic (WCA =~ 162°) and super-

17274

oleophilic (oil contact angle, OCA = 0°). In addition to paving
the way for the use of graphene@MOF hybrids in oil—water
separation, this report was the first published example of
fluorographene being used as a scaffold for immobilizing MOF
crystallites. The low surface energy of C—F bonds in HFGO, the
methyl-functionalized imidazole groups of ZIF-8, and the
composite’s nanoscale surface roughness and micro/mesopo-
rous hierarchical structure all contribute to its superhydropho-
bicity, which causes it to reject water and strongly absorb polar
and nonpolar organic (oil-constituent) solvents from water
(Figure 23a). The oil uptake capacity of HFGO@ZIF-8 was
further improved by preparing another application-friendly
hybrid composite, Sponge@HFGO@ZIF-8 (Figure 23b). The
buoyancy of the sponge together with the high organic solvent
absorption capacities of the HFGO@ZIF-8 composite enabled
efficient extraction of oil and organic solvents from water in a

. . 128
simple and cost-efficient manner.
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The next major advance in the use of graphene@MOF
hybrids for oil spill cleanup came 4 years later and made use of
Mg,(dobpdc) MOFs (dobpdc = 4,4'-dioxidobiphenyl-3,3'-
dicarboxylate; the M,(dobpdc) isostructural series’'® consists
of expanded analogues of M,(dobdc), aka the M-MOF-74
family of MOFs™®").

It was shown that postcoordination modification of
Mg, (dobpdc) MOFs with monoamines having different alkyl
chain lengths enabled facile tuning of surface wettability.”"
While the octylamine-appended MOF (OctA) demonstrated
efficient oil/water separation, its composite with reduced
graphene oxide aerogel (OctA/rGA) achieved benchmark
absorption capacities for oil and organic liquids while also
offering good absorption recyclability. Around the same time,
the Fan and Meng groups collaborated to develop novel three-
dimensional microspherical superhydrophobic and superoleo-
philic ZIF-8@rGO composites.”'*

These materials were prepared by growing ZIF-8 nano-
crystallites between layered rGO nanosheets and then perform-
ing high-temperature reduction-driven self-assembly to obtain
micro/nanohierarchical architectures (Figure 24a). In essence,
these hybrids consist of crumpled rGO nanosheets intercalated
with well-dispersed MOF nanoparticles, which gives them the
rare combination of superhydrophobicity (superwettability with
oil) and meso/microporosity. Consequently, the ZIF-8@rGO
microspheres had ultrafast absorption rates and high absorption
selectivities for organic solvents and oils in water. Of particular
importance was the preparation of the ZIF-8@rGO@Sponge
(Figure 24b) using a commercial, macroporous polyurethane
(PU) sponge. This coated sponge achieved good performance in
recyclable oil—water separation, largely because of the
composite’s high absorption capacities for oil and organic
solvents (Figure 24c). Two other reports on oil—water
separation using graphene@MOF hybrids surfaced in
2019.°"%*'® One described a hierarchically structured stainless
steel mesh (SSM) decorated with UiO-66-NH, crystallites on
GO nanosheets, SSM/UiO-66-NH,/ GO.>'® This hierarchical
structure is both superhydrophilic (WCA = 2°) and super-
oleophobic (OCA = 163°), resulting in excellent oil resistance-
guided oil/water separation performance. The second report
described a rather conventional method for fabricating super-
hydrophobic (i.e., superoleophilic) UiO-66-F4@rGO compo-
sites on filter paper (FP) and a melamine sponge (MS) as
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substrates. UiO-66-F4 denotes the MOF Zr;O,(OH),(F,-
bclc)6,323 where F,-bdc>™ = 2,3,5,6-tetrafluoro-1,4-benzenedi-
carboxylate.g’16 With a high WCA of 169.3 + 0.6°, both UiO-66-
F4@rGO/MS and UiO-66-F4@rGO/FP were capable of
separating several water-in-oil emulsions with high fluxes and
separation efficiencies.

Several other papers in this area have been published in the
last 2 years; in 2020, graphene@MOF hybrids reported as being
useful for oil—water separation included ZIF-8@GSH/PL,’"
Ui0-66-NH,@GO-PAA,**° and FG-HKUST-1-PU,**! while in
2021, PRGO@UiO-66-NH,-laden MFs*** were described.
Table 1 briefly lists the properties and capabilities of these
systems as well as those of the composites discussed above.

5.1.7. Removal of Water Pollutants. Water is ubiquitous,
but potable water is scarce in many parts of the world. Rather
precariously, a global population of >2 billion drink contami-
nated water, while a larger population of 4 billion faces water
scarcity.”>* Therefore, both the 2025 World Health Organ-
ization (WHO) forecast'”® and the United Nations (UN)
Sustainable Development Goal 6 (SDG6)'*” state that there is
an urgent need for new ways of reducing or removing water
pollution. This is not just a problem for developing countries;
many organic and inorganic anthropogenic contaminants are
present in Europe’s water bodies, prompting the introduction of
stringent water purity targets in the European Economic Area
(EEA) brieﬁnsg “Urban waste water treatment for 21st century
challenges”.'”® Many of these contaminants are recalcitrant and
can have severe ecotoxicological effects despite generally being
present at ug L™ tong L™ concentrations.' %’ Next-generation
porous solids such as MOF@GO hybrids that can efficiently
capture (and/ or sense) water contaminants are considered
promising for the removal of such contaminants because of their
many favorable properties, which include high surface areas,
tunable pore environments, stability, and amenability to
inexpensive bulk-scale synthesis.”>®

This is perhaps the most popular area of research using
graphene@MOF hybrids; one could use the expression “a dime
a dozen” to describe the proliferation of papers on this topic. As
might be expected given this flurry of activity, it is hard to
identify any one report that established the field. For clarity, we
classify the publications in this area based on the nature of the
pollutants targeted for removal (organic or inorganic) and
restrict our focus to papers published in the last 5 years. Papers

https://doi.org/10.1021/acs.chemrev.2c00270
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on this topic published within this time window are listed in
chronological order in Tables 2, 3, and 4 along with brief
descriptions of the composites that were studied, the pollutants
that were targeted, and the properties of the composite that
facilitated removal. Table 2 lists composites used to remove
inorganic pollutants, Table 3 deals with removal of organic toxic
dyes, and Table 4 lists composites used to remove other
organics.

In addition to the applications listed above, MOF@GO
composites continue finding new uses; for example, chemo-
resistive hybrids have been put forward as electrochemical
sensors of VOC (volatile organic compounds) biomarkers and
toxins, both of which are relevant to water purification.'***7%3%°
Tunable electrochemical sensors appear primed to become a
leading practical application of MOF@GO hybrids, and efforts
to develop these applications will bring such composites to
higher TRLs as they move toward commercialization.”
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5.2. Catalysis

5.2.1. Heterogeneous Catalysis. Catalysts play vital roles
in the production of bulk and fine chemicals and value-added
products; various catalysts are used in the synthesis of almost
10 000 products per year that collectively account for 15% of the
world’s gross domestic product (GDP).**! Heterogeneous
catalysts are preferred to homogeneous catalysts in large-scale
industrial production because of their easy separation and
recovery and lower operating costs.”®> MOFs are interesting
materials for heterogeneous catalysis due to their well-defined
porosity, organic—inorganic hybrid nature, structural diversity,
and content of potentially catalytically active metals sites.'*’
However, their usefulness in this area is limited by their low
thermal stability; prolonged use of MOF-based catalysts leads to
their structural degradation and thus a loss of catalytic
performance.”® It has been suggested that this problem could

https://doi.org/10.1021/acs.chemrev.2c00270
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Table 2. MOF@GO Composites for Remediation of Inorganic Water Pollutants”

graphene@MOF composite
IRMOF-3/GO Cu(1I)

removed pollutant

key property contributing to pollutant remediation porosity ref

GO incorporation improves dispersive forces facilitating higher micro-P 325
Cu(II) adsorption

chelation and ion exchange of U(VI) ions with micro-P 326

GO-COOH/Ui0-66 U(VI) (ppb and ppm level

removal

GO-COOH/UiO-66

ZIE-8/rGA Pb(II), Cd(11) high specific surface area micro-and 193
macro-P
Cu(bdc)GO Mn(II), Cu(II), Zn(II), Cd(II), chemical interactions between the metal ion toxins and the NM 327

Pb(II), and Fe(III) from AMD

‘wastewater

GO/2D-Co-MOF-60 membrane Cs* (192.14 mg g™!)°

chemical adsorption and electrostatic interaction (Cs* forming
surface complexation with C=0 and C—0)

m-conjugated MOF functional groups

micro-P? 194

GO—-CS@MOF [Zn(BDC)(DMF)] Cr(VI) strong electrostatics micro-P 328
MIL-53(Al)-GO As(III) electrostatic affinity between the §* 3%-MIL-53(Al)-GO and 5~  micro-P 329
arsenates®
P*GO-anchored HKUST-1 sandwiched  Na(I), Ca(II), and Mg(II) synergistic charge- and pore-based sieving micro-P 330
between polymer” and a commercial
RO membrane
dpGNS-encapsulated DMOE-1 As(II1) and Pb(II) electrostatic interactions and DMOEF-1 porosity micro-P 331
[Co,(btec)(bipy)(DMF),],, CrO>~ rGO provides electric conductivity; hydrated ion size relative to the micro-P 332
(Co—MOF) on the surface of rGO Co—MOF pore size, intermolecular H bonds, and charge
interactions with —NH, groups
La-mof-1 GO membrane total phosphorus monolayer chemisorption NM 333
Fe;0,@HKUST-1/GO U(VI) (in the spec1at10n of interactions with HKUST-1 and GO meso-P 334

UO,* at pH 3-5)

“Abbreviations: NM, not mentioned; micro-P, microporous; meso-P, mesoporous; macro-P, macroporous; rGA, reduced graphene-oxide aerogel;
tpa, terephthalate; AMD, acid mlne drainage; CS, chitosan; BDC, 1,4-benzenedicarboxylate; DMF, N,N-dimethylformamide; P*GO, phosphonium-
conjugated graphene oxide. bSynthesized by RAFT, reversible addition— fragmentation chain transfer; dpGNS, dithiophosphonated graphene

nanoscrolls; btec, 1,2,4,5-benzenetetracarboxylate; bipy, 4,4'-bipyridine.

“Under a contact time of 4 h and an adsorbent dose of 2 mg. “Pore

diameter ~ 10 A based on the single-crystal structure. “In the range of 9 < pH < 11. /n the speciation of (UO,);(OH), and UO,(CO;),* in the

pH scope of 6—10 at pH 3-S.

be overcome by using MOF-based hybrid materials in place of
pristine MOFs because such hybrids have greater thermal
stability and the synergic effects of hybridization can give rise to
unique properties.”®* Graphene@MOF hybrids are particularly
interesting in this context. Because pristine graphene lacks
functional groups capable of forming strong interactions with
MOFs, catalytically active graphene@MOF hybrlds are
generally prepared using graphene derivatives.”®> In addition
to stabilizing the MOF, hybridization alters the properties of the
graphene layers by preventing their stacking. In addition to
pristine MOFs, MOF-derived porous materials have been used
in composites with graphene derivatives. The hierarchically
porous structure of such MOF-derived materials together with
their high surface areas and exposed active sites make them very
interesting as hybrid catalysts.’*® Combining MOFs with
graphene derivatives thus offers a useful route to heterogeneous
catalysts with good stability and high performance. Table S lists
all of the studies on graphene@MOF hybrid-based heteroge-
neous catalysts that were found while preparing this review.

5.2.1.1. Pollutant Removal. The catalytic degradation of
toxic and harmful pollutants is seen as a promising strategy for
reducing environmental pollution. Previous reports have shown
that graphene@MOF hybrids can strongly promote the catalytic
degradation of dyes (methyl orange), organic pollutants
(bisphenol A and sulfamethoxazole), drugs (4-aminobenzoic
acid ethyl ether), chlorinated phenol (trichlorophenol), and
other organic pollutants.”**~*"

Shao et al. recently prepared a 2D porous catalyst-designated
C-ZIF-67@ZIF-8@GO-900 by carbonizing dual-MOF-coated
graphene oxide (ZIF-67@ZIF-8@GO) at 900 °C.*”" This
resulted in the formation of carbon nanotubes with codoped
nanocrystalline Co and Co—N, sites without requiring the use of
chemical vapor deposition. The fabricated catalyst had Fenton-

like activity after activation by peroxymonosulfate, a conductive
framework, a micro/mesoporous structure, and Co/Co—N,/
pyridinic-N active sites. On the basis of these properties, its
performance in the degradation of benzene derivatives such as
phenol, bisphenol A, biphenyl, naphthalene, and poly(sodium 4-
styrene sulfonate) (PSS) was investigated. Figure 25a shows the
percentage degradation of bisphenol A by various catalysts and
confirms that all of the different components of C-ZIF-67@ZIF-
8@GO0-900 are required to obtain a composite that effectively
degrades bisphenol A. Because this degradation process is
initiated by ROS (reactive oxygen species), Figure 25a indicates
that C-ZIF-67@ZIF-8@GO-900 produces more ROS than the
other catalysts shown in the figure. In addition, the degradation
activity of C-ZIF-67@ZIF-8@GO-900 exceeded that of some
more well-known catalysts, as shown in Figure 2Sb, and it
efficiently degraded a range of other benzene derivatives (Figure
25c). The excellent catalytic activity of C-ZIF-67@ZIF-8@GO-
900 makes it suitable for wastewater treatment. Another report
on bisphenol A degradation was presented by Zhu and co-
workers, who prepared the CoS@GN catalyst from the ZIF-
67@GN hybrid.**” The as-synthesized ZIF-67@GN hybrid was
used as a template for the synthesis of Co;S,@GN by a ligand
exchange strategy, after which a phase transformation was
induced to obtain CoS@GN. Because of the unique structural
features of CoS@GN, it was used to catalyze the oxidation of
bisphenol A. Whereas the above-mentioned C-ZIF-67@ZIF-
8@GO-900 catalyst induced only 75.4% degradation of
bisphenol A in 40 min, CoS@GN achieved 100% degradation
in 8 min. Furthermore, whereas ROS were the main active
species for C-ZIF-67@ZIF-8@GO-900, the degradation of
bisphenol A was caused by sulfate radicals (SO,°”) in the case of
CoS@GN; as shown in Figure 25d, the fastest degradation was
seen in the presence of peroxymonosulfate (PMS), which is a

https://doi.org/10.1021/acs.chemrev.2c00270
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Table 3. Summary of MOF@GO Composites Used To Remediate Toxic Organic Dyes”

graphene@MOF composite
Fe;0,/HKUST-1@GO
ZIF-8/rGA

Fe-MIL-88B/GO
NH,-MIL-68(Al)/RGO
UiO-66@GO/PES membrane
ZIF-8@GO

Ni BTC@GO
GO-TMU-23°

6% GO/Ni-BTC

MIL-101/GO

MIL-100(Fe)/graphene hybrid
aerogel (MG-HA)
PDA/rGO/HKUST-1 membrane
NENU/GO
Pseudomonas putida
GA/MIL-100(Fe)
MIL-100(Fe)/GO
UiO-66@GO-CS membrane
BiVO,/MIL-53 (Fe)/GO

AIF/GO, ATF/rGO
Ni-BDC@GO
GO/In-MOFs-i (i = 1,2)
Fe;0,/Co;(BTC),@GO
MOF-1/GO/Fe;0,°

Sm-MOF/GO/

Ui0-66/MIL-101(Fe)-GOCOOH®

Ui0-66-(0H),/GO
MOF-5@GO

GrO/MIL-101(Cr) (GrO@MCr)

removed pollutant

methylene blue
methylene blue

reactive red dye
(RR195)

Congo red

methyl orange, direct
red 80°

malachite green

congo Red
methylene blue

methylene blue

azo dyes: amaranth,
sunset yellow,
carmine

methylene blue

methylene blue, Congo
red

basic red 46

acid orange 10

methylene blue and
methyl orange

methylene blue, methyl
orange, direct red 80
rhodamine B

Congo red
methylene blue
Congo red

methylene blue
methylene blue
rhodamine B,
methylene blue
methylene blue
methylene blue

rhodamine B

methyl orange; reactive
blue 198

REVIEY

key property contributing to pollutant remediation porosity ref
hydrophobic and/or 7—7 as well as charge—charge interactions micro-P 335
high specific surface area micro-and 193
macro-P
synergistic effect between Fe-MIL-88B and GO to photocatalytically degrade RR195 meso-P 336
electrostatic and 7—7 interactions, intermolecular H bonds micro-and 337
meso-P
pores fit for water-selective molecular sieving NM 338
enhanced dispersive interactions, restricted aggregation, high surface area, optimal pore  meso-P 339
size
acid—base interaction between active metal sites (Lewis acid) and —NH, (Lewis base) meso-P 340
electrostatic and/or acid—base interactions, MB physisorption on GO layers, 7—7 NM 341
interactions between the MB aromatic rings and the organic ligands affording TMU-23
electrostatic (negative charged surface of GO/MOF and the cationic dye) and acid—base  meso-P 342
interactions
hydroxyl group in each azo dye, interacting with —OH and carboxyl groups of NM 343
MIL-101/GO
large surface area and pore volume of MG-HA facilitating (a) electrostatic interaction, —meso-P 344
(b) H-bonding, and (c) hydrophobic interactions
electrostatic interactions: high rejection of cationic dye at high pH, high rejection of NM 345
anion dye at low pH
hydrophobic interactions (between cationic dye and GO), 7—7 interactions meso-P 346
combination of adsorption and biodegradation macro-P 347
71— interactions and electrostatic interactions micro-and 348
meso-P
UiO-66 can expand its channel opening, eliciting molecular sieving of water; coated NM 349
chitosan layer increases the surface hydrophilicity
adequate active sites; energy levels of the BiVO,/MIL-53(Fe)/GO reduce the meso-P 350
electron—hole recombination rate to enable RhB photodegradation
7—7 stacking, electrostatic, and intermolecular H-bonding interactions micro-P 351
hydrophobic and/or 7—7 interactions NM 352
electrostatic and acid—base interactions, intermolecular H-bonding and 7—7 stacking meso-P 353
interactions
increased dispersive forces, inhibition of GO sheet stacking to increase content of MB ~ NM 354
adsorption sites
GO addition prevented recombination of photogenerated electron—hole pairs, thus meso-P 355
boosting MB photodegradation
regular membrane skeleton caused by the facilitated stacking of the GO layers NM 356
high surface area, 7— interactions, residual negative charge on the adsorbent surface NM 357
interacting with the positively charged MB dye molecules; highly dispersed nature of
GOCOOH
high surface area, strong chemical affinity between Zr(IV) and MB, electrostatic micro-P 358
interactions, intermolecular H-bonding and 7—r interactions
unsaturated bonds (C=C, O—C=0) in MOF-5, §~ nature of GO surface, and 5" nature meso-P 359
of RhB eliciting ionic interactions; 7—7 interactions between RhB and MOF-$
electrostatic attractive forces and pore/size-selective adsorption micro-and 360
meso-P

“Abbreviations: NM, not mentioned; micro-P, microporous; meso-P, mesoporous; macro-P, macroporous; BDC, 1,4-benzenedicarboxylate; PES,

poly(ether sulfone).

Re]ectlon ratio determination experiments conducted, based on single-crystal structure. “TMU stands for the MOF

[Zn,(oba),(bpfb)]-(DMF);; oba, 4,4’-oxybisbenzoate, bpfb, N N'-bis(4-pyridylformamide)-1,4-benzenediamine; DMF, N,N-dimethylformamide;
PDA, polydopamine; NENU, Northeast Normal University. Comp051te containing 5% (ww) GO showed the best performance in MB and/or
MO uptake; CS, chitosan; AIF, aluminum fumarate. “MOF-1, [Nd,(TCPB),(DMF)(H,0)], (H;TCPB, 1,3,5-tris(4-carbon(phenoxy)benzene)).
/Prepared by hydrothermal treatment of GO dispersion, 1,4- bls(4 carboxylatopyridinium-1-methylene)benzene dichloride, isonicotinic acid, and
Sm,0;; RhB, rhodamine B; MB, methylene blue. §GOCOOH, carboxylated graphene oxide; GrO, graphite oxide; MO, methyl orange; RB198,

reactive blue 198.

source of SO,

*~. The synthesis of CoOS@GN caused Co?* ions to

Co?* molar ratio, which can be 2, 4, and 8) by calcination at 650

move out from the ZIF-67 framework to form a shell with active
sites that can activate PSM for SO, generation.

The degradation of sulfamethoxazole (SMX) was achieved by
Ye et al. using a 2D bimetal sulfide and N-doped rGO-based
hybrid CoFeS@N-rGO.*” The synthesis of CoFeS@N-rGO
first involved the solvothermal preparation of Fe—Co—BTC@
GO, which was then converted to FeCo-x/N-rGO (x = Fe**/

17279

°C. CoFeS@N-rGO was then obtained by solvothermal
treatment of FeCo-x/N-rGO in the presence of thioacetamide.
The main active species in the degradation reaction catalyzed by
FeCo-x/N-rGO were ROS (OH®, '0,, and 0,°7), but various
sulfur-containing species (S° $*7, S,>”, SO;>~, and SO,>”) were
also involved, so PMS was required to achieve optimal
degradation performance. Figure 25e shows the degradation of

https://doi.org/10.1021/acs.chemrev.2c00270
Chem. Rev. 2022, 122, 17241-17338
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Table S. Graphene@MOF Hybrids Used in Heterogeneous Catalysis

graphene@MOF form of
hybrid MOF graphene name of pollutant application performance ref
MIL-100(Fe)/GO MIL-100(Fe) GO methyl orange pollutant degradation time: 240 min 390
removal
CoS@GN ZIF-67 GO bisphenol A degradation time: 8 min 389
NMC-50/PMS NH,-MIL-53(Fe)  graphitic 4-aminobenzoic acid ethyl ether (ABEE) and % degradation: 87.37% (SMX) and 386
C;N, sulfamethoxazole (SMX) 100% (ABEE) in 60 min
rGO/MIL-101(Fe) MIL-101(Fe) rGO trichlorophenol % degradation: 92% in 180 min 388
FeCoS@NGC Fe-Co-BTC GO sulfamethoxazole (SMX) % degradation: 92% in 60 min 387
membrane
MCG/PMS ZIF-67 GO acid yellow (AY) % degradation: ~100% in 60 min 188
graphene@MOF hybrid MOEF form of graphene name of substrate application performance ref
AuPd-MnO,/ZIF-8-rGO ZIF-8 rGO formic acid hydrogen evolution TOF* = 382.1 mol mol,,, ™" h™! 395
PdAg NPs@ZrO,/C/rGO Ui0-66 rGO formic acid TOF = 4500 h™! 394
Pt-Ni NPs@ZrO,/C/rGO Ui0-66 GO hydrous hydrazine TOF = 1920 h™! 396
form of
graphene@MOF hybrid MOF graphene name of reactant application performance ref
MCG-x ZIF-67 GO benzyl alcohol oxidation % conversion: 89.5% 383
N-G(D), N-G(M), and ~ MIL-100(Fe) p-hydroxybenzoic acid degradation time (min): 20, 30, and 90 for N-G(D), 397
N-G(U) N-G(M), and N-G(U)
Ru/GA-HK-150 HKUST-1 GO CcO % conversion: 100% at 150 °C 398
GO/Fe-MOF Fe-MIL-88NH2 GO 3,3',5,5 -tetramethylbenzidine 402
Pt/ZrO,-GA-MOEF-§ MOE-5 GO formaldehyde % conversion: 100% at 100 °C 400
GO/HKUST-1 HKUST-1 GO phenol % conversion: 99% in 30 min 401
3D Cu/rGO/PDS Cu-BTC rGO 2,4-dichlorophenol % conversion: 98.5% in 120 min 399
graphene@MOF hybrid MOF form of graphene name of reactant application performance ref
Ui066@rGO-Pd UiO66 rGO nitroaromatic compounds reduction % yield: 86—98% at 25 °C 384
rGO@Fe;0,@MIL-100/Au MIL-100 rGO 4-nitrophenol % conversion: ~100% 392
Cu/Cu,0@C-rGO HKUST-1 rGO 4-nitrophenol % conversion: 100% in 90 s 240
Pt@UiO-66@GO and Pt@UiO-66@rGO Ui0-66 GO and rGO nitrophenol and nitrobenzene 393
graphene@MOF hybrid MOF form of graphene name of reactant other applications performance ref
Pd/PRGO/Ce-MOF Ce-MOF partially reduced vanillin hydrodeoxygenation % conversion: 100% at 100 °Cin 385
graphene oxide 240 min
(PRGO)
Cu,0-rGO Cu(BDC-NH,) rGO C(sp*)—H bond hydroxylation % conversion: ~24% (benzene) 406
(benzene)
GO@MOF-5 MOF-5 GO ammonium perchlorate degradation % degradation: 100% at ~322°C 409
ZIF-8/rGO hydrogel ZIF-8 rGO cellulose % degradation and yield: 100% 410
and 94%
Pd/UiO-66@SGO Ui0-66 sulfonated graphene  glucose and fructose synthesis of % yield: 70.5 mol % (fructose), 403
oxide (SGO) 2,5-dimethylfuran 45.3 mol % (glucose) in 3 h
Cu-Pd/Ui0-66(NH,) @SGO UiO-66-NH, SGO sucrose, cellobiose, starch, % yield: 73.4% in 3 h 410
and cellulose
ZIF-8@SO;H-GO ZIF-8 GO 1,3-cyclohexane-dione [3 + 3] formal % conversion: 94% in 24 h 405
and @,f-unsaturated cycloaddition
aldehydes
Cu/Cu,O NPs@GR Cu(bdc), rGO phenylacetylene with Sonogashira % yield: 91% in 8 h 404
iodobenzene cross-coupling
Pd@MIL-101@SGO MIL-101 SGO styrene epoxidation and % yield: 38.05% and ~100% for 411
hydroxymethoxylation epoxidation and
hydroxymethoxylation
MIL-101-GH-TS-1 MIL-101 GO olefins epoxidation % yield: 15% in 12 h at 60 °C 412
lys@GO/ZIF, ZIF-8 and GO Micrococcus lysodeikticus bacterial cell 408
lys@GO/CaBDC CaBDC cell degradation
Cyt c@ZIF-8/GO ZIF-8 GO hydrogen peroxide degradation % conversion: 100% 407

“TOF = Turn over frequency.

SMX over time in the presence of various catalysts, revealing that
the FeCo-x/N-rGO/PMS catalyst with an Fe®*/Co*" molar
ratio of x = 4 had the highest activity. To further improve the
performance of FeCo-x/N-rGO catalysts and enable their real-
time use, a FeCo-x/N-rGO and graphitic carbon nitride (g-
CN)-based membrane was prepared using a polydopamine-
modified poly(vinylidene fluoride) (PVDF) membrane support.
The resulting hybrid membrane (FeCoS-4@NGC) showed self-
cleaning behavior, which was evaluated by measuring its

17281

methylene blue (MB) removal efficiency. As shown in Figure
25f, the cyclic MB removal efficiency of FeCoS-4@NGC
increased from the first cycle to the fifth cycle while the flux of
the aqueous MB solution through the membrane decreased.
This was attributed to the accumulation of MB on the surface of
the FeCoS-4@NGC membrane, which caused it to gradually
take on a blue color. The SMX degradation efficiency of the
FeCoS-4@NGC membrane increased from ~8% to 92% (60
min) upon introducing PMS into the system. Adding PMS also

https://doi.org/10.1021/acs.chemrev.2c00270
Chem. Rev. 2022, 122, 17241-17338
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Figure 25. (a) Rates of bisphenol A degradation by different catalysts over 40 min. (b) Bisphenol A degradation rates of C-ZIF-67@ZIF-8@GO-900
and other Fenton-like catalysts at various catalyst loadings. (c) Degradation rates of different pollutants over SO min when using the C-ZIF-67@ZIF-
8@GO-900 catalyst. Reproduced with permission from ref 391. Copyright 2020 Royal Society of Chemistry. (d) Bisphenol A removal activity of
different catalysts. Reproduced with permission from ref 389. Copyright 2019 Elsevier. (e) Degradative sulfamethoxazole (SMX) removal activity of
various catalysts. (f) Methylene blue (MB) removal performance and permeation flux of the FeCoS@NGC membrane. (g) Illustrative representation
of the self-cleaning activity of FeCoS@NGC membrane and the activation of peroxymonosulfate (PMS) for SMX degradation. Reproduced with
permission from ref 387. Copyright 2021 Elsevier. (h) Variation in the 4-aminobenzoic acid ethyl ether (ABEE) removal efficiency of various catalysts
over time. (i) ABEE degradation curves of NMC catalysts with different g-C;N, contents. Reproduced with permission from ref 386. Copyright 2019
Elsevier. (j) methyl orange degradation curves observed under various catalytic systems. Reproduced with permission from ref 390. Copyright 2017

Royal Society of Chemistry.

caused the removal of the MB layers on the membrane’s surface
and thus restored the flux through the membrane, confirming
that PMS increases the catalytic performance of FeCoS-4@
NGC. The membrane showed good cycling performance,
achieving >90% SMX removal in 20 min even during the fifth
cycle. Importantly, only minor quantities of Fe and Co leached
from the catalytic membrane, indicating that it should retain
catalytic activity during prolonged use; the total leached
concentrations of Co and Fe were 0.086—0.168 and 0.122—
0.234 mg/L, respectively. The mechanism of SMX degradation
by the FeCoS-4@NGC membrane is shown in Figure 25g,
which also illustrates the membrane’s self-cleaning activity and
the involvement of both ROS and sulfur-based species in the
degradation of SMX to CO, and H,O.

Pharmaceuticals and waste from the pharmaceutical industry
are also known environmental hazards, so their removal is of
prime importance. To this end, Liu and co-workers synthesized
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Fe@N-doped graphene-like carbon (NMC-x, where x is the wt
% of g-C5N, which could be 10%, 15%, 20%, 50%, or 70%) by
subjecting g-C;N, and the precursors of the MOF NH,-MIL-
53(Fe) (FeCly-6H,0 and NH,-bdc) to an in-situ solvothermal
process followed by carbonization of the resultant hybrid at 650
°C in a tube furnace.**® For comparative purposes, control
catalysts without bdc (MC-x) or g-C;N, (FexCN-650) or with
NH,-bdc but without g-C;N, (FexC-650) were also prepared.
The catalytic activity of the synthesized hybrids was evaluated by
studying its ability to degrade SMX and 4-aminobenzoic acid
ethyl ester (ABEE) following PMS activation. Figure 25h shows
that the maximum degradation of ABEE was achieved with
NMC-10. The content of g-C3N, in the synthesized hybrid was
found to affect its catalytic activity, so ABEE degradation was
studied with NMC having different contents of g-C;N,. This
revealed that activity was highest for NMC containing 50 wt % of
g-C;N, (Figure 25i). SMX degradation using NMC was also

https://doi.org/10.1021/acs.chemrev.2c00270
Chem. Rev. 2022, 122, 17241-17338
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Figure 26. (a) Synthesis of hydrophilic and hydrophobic Pt@UiO-66@GO/rGO composites for the selective reduction of p-nitrophenol and
nitrobenzene. (b) Water contact angles of Pt@UiO-66@GO and Pt@UiO-66@rGO, and optical images showing the hydrophilic nature of Pt@UiO-
66@GO and the hydrophobic nature of Pt@UiO-66@rGO. UV—vis spectra for (c) p-nitrophenol reduction and (d) nitrobenzene by (left) Pt@UiO-
66@GO and (right) Pt@UiO-66@GO. (Insets) Rate constants for the different reactions catalyzed by each catalyst. Reproduced with permission
from ref 393. Copyright 2018 Royal Society of Chemistry. UV—vis spectra of a pure 4-nitrophenol solution and its conversion to 4-aminophenol in the
presence of (e) the Cu/Cu,O@C-rGO composite and (f) the same catalyst without Cu. (g) Mechanistic pathway for the reduction of 4-nitrophenol to
4-aminophenol by the Cu/Cu,O@C-rGO catalyst. Reproduced with permission from ref 240. Copyright 2018 Royal Society of Chemistry.

tested; in these experiments, degradation products of both SMX
and ABEE were detected in the product stream. SMX and ABEE
degradation was shown to occur via PMS activation and
involved 'O, and radical species such as SO,*~ and *OH. The
degradation efficiencies of NMC-50 for SMX and ABEE in the
presence of PMS over 60 min were 87.37% and 100%,
respectively. The degradation of SMX is lower than that
achieved with the previously discussed FeCoS-4@NGC catalyst,
but NMC-50 removed ABEE as well as SMX, which is a major
advantage. The degradation activity of NMC-x decreased after
each cycle, which was attributed to iron leaching into the
reaction mixture. The concentrations of leached Fe** and Fe®*
ions were found to be 1.89 and 0.19 mg/L, respectively, and the
total leached iron amounted to 12.8% of the catalyst’s initial iron
content. However, the amount of leached iron was lower than
that reported for Fe,Co, nanocages, Fe@N-doped carbon, and
Fe@porous carbon, indicating that NMC-x represents a notable
advance in catalyst durability. Dyes are other important water
pollutants, so Tang et al. designed the MIL-100(Fe)/GO
catalyst for their degradation.””” The MIL-100(Fe)/GO hybrid
was synthesized by a hydrothermal process and was shown to
degrade methyl orange (MO) via a Fenton-type mechanism.

17283

The catalyst showed high performance in MO degradation in
the presence of H,O,, which served as a source of OH* radicals
(the main active species in the reaction), as shown in Figure 25j.
The degradation process took 240 min for completion when
using 3—5 g L' of the catalyst. Although MIL-100(Fe)/GO was
a good heterogeneous catalyst, it showed some leaching of iron
into the reaction mixture, which reduced its lifetime. The
amount of leached iron increases with the number of cycles, but
the catalyst’s performance did not change much over the first
three cycles. However, given the apparent rate of leaching, this
catalyst seems to require further optimization.

5.2.1.2. Reduction of Nitroaromatic Compounds. Nitro-
aromatic compounds are nonbiodegradable and toxic chemicals
that pollute waterways and the environment while also causing
diseases including cancer in humans.*** Graphene@MOF
hybrids have therefore been investigated as heterogeneous
catalysts for reductively converting nitroaromatic compounds
into less harmful products.”****>*"

Supported catalysts based on nanoparticles of noble metals
have great potential, but their usefulness is limited by the
nontailorable features of the support material. Because MOFs
have tunable properties, they have been employed as effective

https://doi.org/10.1021/acs.chemrev.2c00270
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Figure 27. (a) Volumes of hydrogen gas generated over time at 298 K by formic acid dehydrogenation catalyzed by (1) AuPd—MnO,/ZIF-8-rGO, (2)
AuPd—MnO,/rGO, (3) free AuPd—MnO,, nanoparticles, and (4) AuPd—MnO,/ZIF-8. Reproduced with permission from ref 39S. Copyright 2015
John Wiley & Sons, Inc. Mixed gas (H, + CO,) evolution volume curves obtained at different time points at 323 K (b) in the presence of Pd Ag,_.@
Zr0,/C/rGO catalysts (0 < x < 1.0) and (c) in the presence of catalysts containing Pd, ¢Ag, 4 nanoparticles and different supports. (d) Schematic
depiction of the mechanism of formic acid dehydrogenation catalyzed by Pt 4Nij ,ZrO,/C/rGO. Reproduced with permission from ref 394. Copyright
2018 John Wiley & Sons, Inc. (e) Degradative removal of p-hydroxybenzoic acid (PHBA) over various catalysts. (f) Illustrative representation of
PHBA degradation to H,O and CO, over N-doped graphene. Reproduced with permission from ref 397. Copyright 2017 American Chemical Society.
(g) CO oxidation at different reaction temperatures in the presence of Ru/GA-HK catalysts synthesized at different temperatures. (h) Mechanism of
CO oxidation over Ru/GA-HK catalysts. Reproduced with permission from ref 398. Copyright 2018 John Wiley & Sons, Inc. (i) Removal of 2,4-
dichlorophenol (2,4-DCP) by peroxydisulfate (PDS) with different catalytic systems over time. Reproduced with permission from ref 399. Copyright

2021 Elsevier.

alternative supporting materials.”** However, the performance
of these catalysts is limited by the instability of MOFs and the
difficulty of catalyst regeneration. Liu et al. therefore investigated
noble-metal catalysts supported on hybrids of MOFs with
rGO.*** A UiO-66@rGO-Pd hybrid for the reduction of various
nitroaromatic compounds was prepared by a two-step hydro-
thermal process. The synergistic interactions between this
hybrid’s components made it a very active catalyst for the
reduction of nitroaromatics, giving moderate to high reduction
product yields (86—98%) with a wide range of substrates. A
similar study was reported by Chen et al.,, who also prepared a
composite hybrid for the reduction of nitroarenes (specifically
nitrophenol and nitrobenzene) using the same MOF but with Pt
nanoparticles instead of Pd.*”” The surface wettability of this
hybrid catalyst was controlled by covering the MOF surface with
either GO (for hydrophilicity) or rGO (for hydrophobicity). In
this way, the hybrid catalyst’s selectivity could be tuned to favor
the reduction of either hydrophilic (4-nitrophenol) or hydro-
phobic (nitrobenzene) nitroarenes. Figure 26a shows the
preparation of GO- and rGO-coated Pt@UiO-66 hybrid
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MOFs and their capacity to selectively reduce hydrophilic and
hydrophobic reactants. Their selectivity is due to the fact that
Pt@UiO-66@GO/rGO is a core—shell hybrid with a UiO-66
core and GO or rGO acting as the outer shell of the composite.
GO is enriched with polar functional groups such as —OH and
—COOH, so Pt@UiO-66@GO is hydrophilic and effectively
reduces hydrophilic reactants. The reduction of GO reduces its
hydrophilicity, so the Pt@UiO-66@rGO selectively reduces
hydrophobic reactants. The results of wettability studies on Pt@
UiO-66@GO/rGO are presented in Figure 26b, which shows
the water contact angles (WCAs) of both hybrid catalysts. The
catalyst with GO is hydrophilic (WCA = 0°) and dissolves ethyl
acetate in water to some extent. Conversely, Pt@UiO-66@rGO
is hydrophobic (WCA = 106°) and completely separates ethyl
acetate from water, as shown in Figure 26c. The catalytic
hydrogenation of 4-nitrophenol and nitrophenol with Pt@UiO-
66@GO/rGO was also studied by UV—vis spectroscopy, giving
the results shown in Figure 26d. This revealed that the rate of 4-
nitrophenol reduction with Pt@UiO-66@GO exceeds that of
nitrobenzene, whereas the opposite is true for Pt@UiO-66@
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rGO. The rate constants of these reduction processes (inset of
Figure 26d) explain their observed kinetics.

Catalysts derived from graphene@MOF hybrids have also
been used for the reduction of nitroaromatic compounds. For
example, a recent publication reported the design of a Cu/
Cu,O@C core—shell hybrid anchored to a rGO surface (Cu/
Cu,0@C-rGO), which was obtained by carbonizing HKUST-
1/GO at 500 °C under nitrogen.”*" The performance of this
catalyst in the reduction of 4-nitrophenol to the corresponding
aminophenol was investigated, revealing that its activity was
sufficient to bring the reduction to 100% completion in 90 s.
Analysis of the reduction process by UV—vis spectroscopy
showed that the presence of the reducing agent NaBH, without
the substrate did not cause any color change or shift in the
intensity or position of the observed signals in the UV spectrum
of the substrate even after 3 h. However, upon adding Cu/
Cu,O@C-rGO, the 4-nitrophenol signal at 400 nm disappeared
and a 4-aminophenol signal at 298 nm appeared within 90 s, as
shown in Figure 26e. The main active species in this reduction
process were Cu/Cu,O nanoparticles because treatment of the
Cu/Cu,O@C-rGO catalyst with nitric acid (which would
convert the nanoparticles to bulk copper) greatly reduced its
catalytic activity (see Figure 26f). In addition, the HKUST-1
derivative (which contains Cu in an agglomerated form) was
unable to completely reduce 4-nitrophenol even in 10 min,
confirming that the Cu nanoparticles were responsible for the
observed activity. A mechanistic study of the reduction process
(see Figure 26g) showed that a hydride transfer from Cu/
Cu,O@C-rGO to 4-nitrophenol was responsible for its
conversion to 4-aminophenol. Briefly, 4-nitrophenol binds to
rGO via 7—r interactions, while the interaction of BH,™ with the
Cu/Cu,O core forms a hydride complex. The conductivity of
rGO then facilitates hydride transfer from the Cu/Cu,O core to
4-nitrophenol molecules bound to the rGO surface.

5.2.1.3. Hydrogen Evolution. Hydrogen gas is a versatile
energy carrier whose stored energy can be released via a number
of useful processes, one of which is the production of electricity
using polymer electrolyte membrane fuel cells.””* The
industrial-scale production of hydrogen may thus play a vital
role in meeting society’s energy requirements in the future.
Dehydrogenation is a useful process that allows hydrogen to be
released from organic chemicals known as liquid hydrogen
carriers, which include methanol and other hydrogen-rich small
molecules. Graphene@MOF hybrids have recently been used to
catalyze the dehydrogenation of various liquid hydrogen carriers
including hydrous hydrazine and formic acid.*”*~*

Yan et al. developed a strategy for room-temperature
hydrogen production by formic acid dehydrogenation.””> For
this purpose, an AuPd—MnO,/ZIF-8-rGO hybrid was synthe-
sized by a wet chemical method in which ZIF-8-rGO acted as a
biphasic support for AuPd—MnO,, which was the main active
species responsible for the composite’s catalytic activity. The
ZIF-8-rGO support is very important for the hybrid’s stability
and activity because the confining effect of ZIF-8 controls the
size of the metal nanoparticles and prevents their agglomeration,
while rGO alters the electronic structure of the metal
nanoparticles and thereby increases their catalytic activity. The
activity of the composite in hydrogen production by
dehydrogenation of formic acid (FA) was enhanced by the
combined effects of the ultrasmall size of the Pd nanoparticles,
the modification of their electronic structure resulting from their
interactions with rGO (which were confirmed by XPS studies),
their uniform distribution within the composite, and the strong

interaction between the biphasic support and AuPd—MnO,.
Each component of the AuPd—MnO,/ZIF-8-rGO hybrid
catalyst thus made a distinct contribution to its high overall
catalytic activity. This is demonstrated by the results presented
in Figure 27a, which shows the volume of hydrogen obtained in
FA dehydrogenation reactions catalyzed by AuPd—MnO,,/ZIF-
8-rGO and variants of this catalyst lacking one component. The
reactions were conducted at 298 K with no additive. Under these
conditions, the highest volume of hydrogen (230 mL) and the
highest conversion of formic acid (94% in 16.7 min) were
achieved using AuPd—MnO,/ZIF-8-rGO. The catalyst’s turn-
over frequency (TOF) in this process was 382.1 mol H, mol,,,*
h™!, exceeding the TOFs of other heterogeneous catalysts in FA
dehydrogenation reactions under comparable conditions. Gas
chromatographic analyses showed that CO, was the only
gaseous product other than H,; no CO was detected in the
synthesized gas mixture. Moreover, the catalyst was stable for
three cycles, indicating that it is quite robust.

Some time thereafter, Song et al. conducted further studies on
hydrogen production by FA dehydrogenation using a catalyst
support derived from a graphene@MOF hybrid.*** The catalyst
in this case contained Pd and Ag nanoparticles, which were
loaded onto a ZrO,/C/rGO support formed by heat treatment
of a UiO-66/GO hybrid. The ZrO,/C/rGO support ensured a
uniform dispersion of the loaded nanoparticles and improved
the overall catalytic activity of the composite hybrid. Because of
the synergistic interactions between the metal nanoparticles and
the ZrO,/C/rGO support, the hybrid catalyst had a high TOF of
4500 h™! for FA dehydrogenation at 333 K. To optimize the
catalyst’s composition, the molar ratio of the Pd/Ag nano-
particles and the mass ratio of UiO-66 to GO were optimized.
Since the total nanoparticle content of the catalyst was kept
constant at 1 M, the hybrids studied in the optimization process
were designated Pd Ag, . @ZrO,/C/rGO, where 0 < x < 1.0.
The optimal value of x was found to be 0.6, and the catalytic
activity was highest when the mass ratio of UiO-66 to GO was
10%. The influence of the supporting material on the hybrid
catalyst’s activity was investigated by measuring the volumes of
H, and CO, produced by hybrid catalysts containing the same
nanoparticle mixture (PdgsAy,) but different supports, as
shown in Figure 27b. The Pd, 4Ag,,ZrO,/C/rGO catalyst had
the highest catalytic activity and produced the largest volume of
gas (70 mL) in these experiments. As in the systems studied by
Yan et al., the support affected the electronic structure of the
nanoparticles and thereby influenced the hybrid catalyst’s
activity. Specifically, a catalyst variant without ZrO, was less
active than the catalyst with ZrO, (see Figure 27c), indicating
that ZrO, altered the electronic structure of the Pd and Ag
nanoparticles. The mechanism of hydrogen evolution by
Pdy¢Agy4ZrO,/C/rGO is presented in Figure 27d. In the first
step, FA binds to the PdAg nanoparticles to form PdAg—
formate. CO, is then released from this intermediate via f-
hydride elimination. The Pd-hydride species forming during this
process transfers hydride to H, releasing hydrogen. The
Pdy¢Agy4ZrO,/C/rGO catalyst is less active than AuPd-—
MnO,/ZIF-8-rGO in terms of the volume of gas produced but is
more durable because it could be used for five cycles without
severe loss of activity rather than three.

The Song research group also recently demonstrated that
hydrous hydrazine is a suitable substrate for dehydrogenative
hydrogen evolution.*”® The catalyst designed for this process
was similar to PdAgZrO,/C/rGO but featured PtNi nano-
particles dispersed over a ZrO,/C/rGO support rather than
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PdAg nanoparticles. Its synthesis was very similar to that of
PdAgZrO,/C/rGO. In addition, like the PtNiZrO,/C/rGO
hybrid, its activity depended on its relative content of Pt and Ni
nanoparticles; a hybrid catalyst with a Pt:Ni ratio of 3:2 gave the
highest TOF (1920 h™" at 323 K). This value is less than one-half
of the TOF observed for Pdj4Ag,4ZrO,/C/rGO at 333 K. The
dehydrogenation of hydrazine (N,H,) generates a mixture of H,
and N, [2n(H,) + n(N,)], so the support’s effect on the catalytic
activity was evaluated by measuring the molar ratio of the H, +
N, mixture to N,H,. As in the case of the PdAg system, the
activity of the PtNi hybrid was highest when using ZrO,/C/rGO
as the support because the [n(H,) + n(N,)]/[n(N,H,)] ratio
was highest for the Pt; (Nij ,ZrO,/C/rGO catalyst. Once again,
ZrO, altered the electronic structure of the nanoparticles; hybrid
catalysts without ZrO, exhibited low activity. Other factors
contributing to the high performance of the Pt, 4Ni, ,ZrO,/C/
rGO catalyst were the ultrasmall size of the PtNi nanoparticles,
their strong coupling with ZrO,, and the use of an alkaline
medium. Like the PdAgZrO,/C/rGO catalyst, Pty 4Nij,ZrO,/
C/rGO could be used in five consecutive cycles without
appreciable loss of catalytic activity.

5.2.1.4. Oxidative Pollutant Degradation and Chemical
Production. Oxidative degradation and conversion are two
important pathways for removing pollutants and minimizing
environmental, water, and agricultural pollution. In addition,
catalytic oxidation reactions are important in the production of
various bulk chemicals. Graphene@MOF hybrids have there-
fore been investigated as potential catalysts for the oxidative
degradation of pollutants such as p-hydroxybenzoic acid
(PHBA), CO, formaldehyde, phenol, and 2,4-dichlorophe-
nol.*””~*°" Hybrids of this type have also been used to catalyze
the oxidation of benzyl alcohol to the industrially important
chemical benzaldehyde.***

The catalytic degradation of highly toxic p-hydroxybenzoic
acid (PHBA) using MOF-derived N-doped graphene was
demonstrated by Liang et al.>”” This catalyst was prepared by
a one-pot reaction between MIL-100(Fe) and dicyandiamide
(DCDA) followed by solvent evaporation and pyrolysis of the
resulting composite at 800 °C under nitrogen to obtain N-doped
graphene, N-G(D). N-G(U) and N-G(M) were prepared by
similar processes using urea and melamine as the nitrogen
source, respectively. The oxidative degradation of PHBA was
performed using peroxymonosulfate (PMS) activation. Figure
27e shows the activity of these three catalysts for PHBA
degradation; almost 100% degradation was achieved using N-
G(D), N-G(U), and N-G(M) in 20, 90, and 30 min,
respectively. These catalysts were also tested for phenol
degradation, which showed the same trend: N-G(D) and N-
G(U) were the most and least active catalysts, respectively. The
poor catalytic performance of N-G(U) was because it had a
lower content of doped nitrogen than the other two catalysts.
The carbonyl groups and sp* carbon centers within the catalysts
were responsible for PMS activation, which released *OH and
§O,*” radicals that were detected by electron paramagnetic
resonance (EPR). The intensity of the SO,*” radicals was less
than that of the *OH radicals. Another reactive oxygen species
important for PHBA degradation, 'O,, was generated by the
doped N atoms. Studies on the mechanism of degradation
revealed that PHBA was first converted into dihydroxybenzoic
acid, which then underwent aromatic ring opening. The ring-
opened products were in turn converted into various carboxylic
acids, which were finally degraded into H,O and CO, (see
Figure 27f).

The oxidative conversion of CO to CO, is an important
process for destroying toxic CO gas. Qu and co-workers
designed a hybrid catalyst for this reaction by stepwise coating of
HKUST-1 on a ruthenium (Ru)-loaded graphene aerogel (Ru/
GA).*”® The as-synthesized catalyst (Ru/GA-HK) combines the
high CO adsorption capacity of HKUST-1 with the macro-
porous structure of the graphene aerogel (GA) and is highly
active for CO oxidation. The CO adsorption capacity of
HKUST-1 strongly increases the catalyst’s activity because Ru/
GA-HK was 48.4% more catalytically efficient than Ru/GA.
Moreover, at same weight hourly space velocity, the % CO
conversion of Ru/GA was 0.5% lower than that of Ru/GA-HK,
confirming that HKUST'-1 greatly improves the catalytic activity
of pristine Ru/GA. The effect of the synthesis temperature on
the catalytic activity of Ru/GA-HK was also analyzed, as shown
in Figure 27g. The most active catalyst was Ru/GA-HK-150,
which completely oxidized CO at the low temperature of 30 °C;
the other studied catalysts required higher temperatures for
complete oxidation. Figure 27h shows the proposed mechanism
of the CO oxidation process. Briefly, CO molecules are adsorbed
on HKUST-1 from where they diffuse to the graphene surface
and get trapped between the graphene layers. The Ru surfaces
then convert these molecules to CO,, which leave the catalyst
surface and thus regenerate the catalyst.

A similar system was studied by Tan et al, whose work
focused on Pt- and GO-based composite gels coated with MOF-
5.*% Briefly, SBA-15-OH (hydroxyl-modified Santa Barbara
Amorphous Type Material-15, mesoporous silica) was used as a
template for the synthesis of Pt-supported zirconium oxide (Pt/
ZrO,) by a surface-casting technique. Pt/ZrO, was then
converted into the Pt/GA aerogel via a self-assembly reaction
with GO followed by freeze drying. Finally, Pt/GA was coated
with MOF-S in a stepwise process. Benefiting from the high
adsorption capacity of MOF-5 and the mesoporous structure of
the graphene aerogel, Pt/ZrO,-GA-MOF-5 was used for
oxidative degradation of formaldehyde (HCHO) in which
complete substrate degradation was achieved even at the low
temperature of 100 °C. Studies on the relationship between the
catalyst’s composition and its activity showed that the optimal Pt
loading was 7 wt %. Pt/ZrO,-GA-MOEF-S is also highly stable;
after 24 h of continuous use at 100 °C, it retained over 99% of its
catalytic efficiency and exhibited no detectable changes in its
XRD pattern. The mechanism of CO oxidation involved the
generation of reactive O atoms at the Pt centers, which then
interacted with formaldehyde adsorbed on the catalyst via
hydrogen bonding. This resulted in the formation of dioxy-
methylene species that were in turn converted into H,0 and CO
via formate salt formation. Finally, the obtained CO was
oxidized to CO, by oxygen. Another report on the oxidative
degradation of harmful chemicals was presented by Liu et al,
who investigated the role of Cu(IIl) species in the degradation
of 2,4-dichlorophenol (2,4-DCP).**? A solvothermal reaction
between GO, Cu(NOs;),, and BTC was performed to prepare a
hybrid material that was then heat treated at 650 °C under argon
gas to obtain the main catalyst, 3D Cu/rGO. Optimization of the
content of Cu nanoparticles in this catalyst system revealed that
the best-performing catalyst (designated 1.5Cu/rGO) was
obtained by reacting 0.1875 g of Cu salt with 0.105 g of BTC.
This catalyst achieved a higher 2,4-DCP removal rate than other
catalytic systems previously used in this reaction, as shown in
Figure 27i. Cu atoms were the main active sites, activating
peroxydisulfate (PDS) to release *OH and SO,°*” radicals.
Further studies showed that Cu®" was formed during PDS
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Figure 28. (a) Synthesis of 2,5-dimethylfuran (2,5-DMF) from glucose via the H3 process (hydrogenolysis—hydrogenation—hydrogenolysis) and the
interactions of 2,5-DMF with the (b) Pd@SGO and (c) Pd/UiO-66@SGO catalysts. Reproduced with permission from ref 403. Copyright 2017 Royal
Society of Chemistry. (d) Illustrative catalytic cycle of the Sonogashira coupling promoted by Cu/Cu,0-rGO. Reproduced with permission from ref

404. Copyright 2018 Royal Society of Chemistry.

activation and was primarily responsible for the degradation of
2,4-DCP, which occurred via a single-electron-transfer pathway.
Studies on the practical utility of the 1.5Cu/rGO catalyst
showed that it tolerated the presence of the Cl~ and H,PO,~
ions, both of which are commonly present in water, but the
HCO;™ ion reduced its activity. This catalyst could thus be used
to treat water samples containing 2,4-DCP in real time.

A recent publication by Ruan et al. showed that graphene@
MOF hybrids can exhibit enzyme-like activity.’”> Specifically, a
nanoenzyme based on a composite of Fe-MOF (Fe-MIL-88B-
NH,) and GO was prepared. This system was described as a
Nanozyme Nest and exhibited peroxidase-like activity that was
demonstrated by oxidizing 3,3’,5,5'-tetramethylbenzidine
(TMB) to the corresponding diimine. The catalytic reaction
proceeded via a Fenton-like mechanism that required the
presence of H,O, as an *OH radical source. Importantly, the
GO/Fe-MOF catalyst was much more stable under harsh pH
and temperature conditions than the enzyme horseradish
peroxidase (HRP). The GO/Fe-MOF catalyst also exhibited
greater peroxidase-like activity for TMB oxidation than HRP at
high H,0, concentrations and was more water stable than Fe-
MOF, enabling its long-term use. In addition, its Michaelis
constant for TMB oxidation was lower than those of both HRP
and Fe-MOF. GO/Fe-MOF thus bound TMB more strongly
than either HRP or Fe-MOF, explaining its greater activity.

5.2.1.5. Other Catalytic Applications. The catalytic potential
of graphene@MOF hybrids has also been investigated in a wide
range of other reactions. However, these remaining reactions
have little in common with one another, and each one has only
been examined in a few studies. This section focuses on these
miscellaneous processes, which include cycloadditions, the
degradation of ammonium perchlorate and cellulose, the
synthesis of 2-methoxy-4-methyl phenol and 2,5-dimethylfuran,
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Sonogashira coupling, hydroxylation, hydroxymethoxylation,
epoxidation, and biocatalysis.

Cycloaddition reactions are important for the preparation of
cyclic and heterocyclic compounds in organic synthesis. Wei et
al. presented a report on the catalysis of [3 + 3] formal
cycloaddition reactions using a hybrid catalyst based on ZIF-8-
and SO;H-functionalized GO.** These reactions involved the
formation of pyranyl heterocycles via Knoevenagel-like
condensations followed by electrocyclic ring formation. Various
catalytic systems were prepared by an in-situ synthetic approach
using 50, 100, and 150 mg of GO, yielding samples that were
designated ZIF-8@SO;H-GO-1, ZIF-8 @SO;H-GO-2, and ZIF-
8@SO;H-GO-3, respectively. These hybrids exhibited high
catalytic activity in the formal [3 + 3] cycloaddition, which was
attributed to their content of $O;*~, Zn**, imidazole moieties,
and CO,™ species. Studies on the reaction between 3-methyl-2-
butenal and 1,3-cyclohexanedione showed that ZIF-8@SO;H-
GO-2 was the most active catalyst of the three that were
prepared, giving a conversion of 94%. The ZIF-8@SO;H-GO
hybrids were almost twice as active as ZIF-8 alone, which was
attributed to the formation of mesopores at the interface of GO
nanosheets and ZIF-8 nanoparticles. The catalyst also displayed
high durability: it showed no appreciable loss of activity after 10
successive cycles. Recognizing the utility of biomass conversion
for the synthesis of value-added chemicals and biofuels, Insyani
et al. designed a Pt-loaded UiO-66@SGO (SGO = sulfonated
graphene oxide) catalyst for the conversion of fructose and
glucose into the biofuel 2,5-dimethylfuran (2,5-DMF).*** The
catalyst is prepared by loading Pd onto UiO-66 and adding an
ethanolic solution of SGO to the reaction mixture. Fructose is
converted into 2,5-DMF via three distinct reactions: dehy-
dration to S-hydroxymethylfurfural (S-HMF), hydrogenolysis,
and finally hydrogenation of S-HMF. The intermediates
produced during these transformations were identified by gas
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(d) Catalytic cycle of hydroxylation mediated by Cu,0-rGO. Reproduced with permission from ref 406. Copyright 2019 Royal Society of Chemistry.

chromatography-time-of-flight mass spectroscopy, which made
it possible to propose a mechanism for the overall process that is
shown in Figure 28a. Pd can catalyze the hydrogenation of
unsaturated bonds, but UiO-66 nanocrystals on the GO surface
weaken the 7—7 interactions between the 2,5-DMF and the C=
C bonds of GO and thus suppress its undesired hydrogenation,
as shown in Figure 28b and 28c. The maximum yields of 2,5-
DME were 45.3% from glucose and 70.5% from fructose, which
were achieved by allowing the reaction to proceed at 160 °C for
3h

Aryliodides can be cross-coupled with terminal acetylenes via
the Sonogashira reaction, which can be catalyzed by a
graphene@MOF hybrid. The Cu/Cu,O-rGO catalyst for this
reaction has a MOF-derived jacket structure and was prepared
using a strategy involving sequential “take” and “off” steps.*”*
The starting material for the synthesis was MOF-2(Cu), in
which the copper centers are protected by a “jacket” formed by
the organic component of the MOF. The MOF was then
combined with GO in a reductive solvothermal process during
which interactions between the jacket and the faces of the GO
sheets allowed the latter to “take” the MOF onto their surfaces
while also being reduced to rGO, leading to the formation of an
intermediate composite material designated MOFs-Cu,O-rGO.
Annealing was then performed to take “off” the jacket, and the
resulting hybrid (Cu,0-rGO) was treated with Cu(I) ions and
NaBH, to obtain the final Cu nanoparticle-loaded Cu/Cu,O-
rGO catalyst. This catalyst was highly active in Sonogashira
coupling, providing a 91% yield of 1,2-diphenylethyne in the
reaction of iodobenzene with phenylacetylene. Its high activity
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was attributed to reversible oxidation and reduction of Cu
species by rGO-facilitated electron transfer between Cu’ species
and Cu,O (Cu") phases. The catalytic cycle of this Sonogashira
coupling is presented in Figure 28d, which shows that
intermediate I is formed by coordination of the alkyne to
Cu,0. Deprotonation by Cs,COj; then produces intermediate
IL In cycle B, the Cu’ phase reacts with the aryl iodide to form
intermediate III, which then reacts with II to form IV. The final
product is then formed by a reductive elimination process with
concomitant regeneration of the Cu nanoparticles. A similar
Cu,O0-rGO catalyst was used by Sun et al. to catalyze the
hydroxylation of C(sp*)—H bonds through a radical capture
mechanism.**® This catalyst was prepared via a solvothermal
reaction between MOF-2(Cu)-NH, (Cu,(NH,-bdc),) and GO
followed by annealing of the resulting MOF-Cu,O-rGO hybrid
at 500 °C under nitrogen. C—H bonds are relatively inert, but
they can be activated by *OH radicals, which have a strong
tendency for hydrogen-atom abstraction. The generation of
*OH radicals is the rate-determining step (rds) of this C—H
activation process, which is based on hydrogen transfer to form
carbon-centered radicals (Figure 29a). As shown in Figure 29a,
the Cu,O-rGO catalyst converts carbon-centered radicals into
hydroxyl compounds by enabling *OH radical attack. The
substrate conversion, yield, and cycling performance achieved
when using this catalyst in the hydroxylation of benzene are
shown in Figure 29b and 29¢, and the complete mechanism for
the hydroxylation of benzene is shown in Figure 29d. Briefly, the
Cu(I) centers of the Cu,O-rGO catalyst are the main catalytic
sites; they are oxidized to Cu(II)—OH by H,0,, releasing *OH
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radicals that then abstract hydrogen atoms from benzene to form
carbon-centered radicals that are captured by Cu(II)-—OH,
forming Ar—Cu(III)—OH adducts that finally undergo
reductive elimination to regenerate the catalyst and release the
product. The good performance of this catalyst demonstrates
the potential of Cu,0-rGO composites for C(sp*)—H bond
oxidation.

Biocatalysis is a relatively new area of application for
graphene@MOF hybrids. Enzymes catalyze a very wide range
of reactions with high activity and selectivity, but their catalytic
potential is limited by their low stability, reusability, and organic
solvent tolerance.””” To overcome these drawbacks, graphene@
MOF hybrids have been used as supporting materials for
enzyme immobilization. For example, Zhu et al. recently
immobilized the enzyme cytochrome c¢ (Cyt c) on a ZIF-8/
GO hybrid*”” using an in-situ process involving stirring a
methanolic solution of PVP, 2-methylimidazole, Zn(NOj),:
6H,0, GO, and Cyt c. The enzymatic activity of the resulting
Cyt c@ZIF-8/GO catalyst was evaluated by measuring its
performance in H,0, decomposition. Optimization of the
catalyst preparation parameters revealed that the highest activity
was achieved when the enzyme concentration during catalyst
preparation was S mg/mL and the enzyme was added after
stirring the other catalyst components for 7 h. In addition, the
rate of H,O, decomposition was highest when the H,0,
concentration was 1 mM. The Cyt c@ZIF-8/GO system also
suffered no appreciable loss of activity after being stored in buffer
for 11 days, which is important because the practical utility of
immobilized enzymes depends strongly on their stability.
Finally, immobilization in the ZIF-8/GO hybrid enhanced
both the enzyme’s organic solvent tolerance and its reusability;
the immobilized enzyme retained 100% of its catalytic activity
after four cycles. In another report, Farmakes et al. immobilized
the enzyme T4 lysozyme on the surface of ZIF-8 @GO using the
same one-pot synthetic strategy.’*® This allowed the enzyme to
be immobilized without chemical modification and thus
minimized its perturbation, which often reduces the activity of
enzymes immobilized through covalent linkages. The catalytic
activity of the enzyme immobilized on the graphene@MOF
hybrid (lysMOF@GO) was then studied by testing its ability to
degrade bacterial cells, which was measured by monitoring the
optical density of cells at 450 nm (OD450). This revealed that
the activity of lysMOF@GO greatly exceeded that of the same
enzyme immobilized on ZIF-8 alone (lys@MOF). In denatura-
tion experiments with urea, sites at both the C terminus (131R1
and 151R1) and the N terminus (44R1) of the immobilized
enzyme were unfolded, indicating that both termini are surface
exposed. However, the enzyme’s long helix (72R1) was largely
unaffected by urea treatment, indicating that it was inside the
GO/ZIF-8 composite. Interestingly, lysMOF@GO exhibited
poor activity at pH < 7. This was ascribed to the low stability of
ZIF-8 in acidic media, which caused degradation of its structure
and leaching of the encapsulated enzyme. Subsequent experi-
ments showed that the immobilized enzyme performed well in
reactions with various large substrates, suggesting that
immobilization on graphene@MOF hybrids is a promising
general strategy for improving enzymes’ activity in biocatalytic
applications.

5.2.2. Electrocatalysis. Electrocatalysis has become in-
creasingly important in recent years because of its potential role
in the transition from fossil fuels to green energy; it could serve
as an enabler for the wider and more efficient exploitation of
intermittent energy sources, such as wind or sunlight, by

allowing molecules such as N, and CO, to be converted into
valuable chemicals and fuels.*> Great efforts are therefore being
made to identify inexpensive and efficient electrocatalytic
materials.

MOFs have several qualities that are advantageous for
electrocatalytic applications, including high surface areas, high
porosity, and a high density of catalytic sites. Importantly, these
properties can be easily tuned by changing the metal ions of the
MOF, the linker, or both.*'* However, bulk MOFs are generally
not electrically conductive, which precludes their direct use as
electrocatalysts. Strategies for overcoming their poor intrinsic
electrical conductivity are therefore needed. One such strategy
involves using thin 2D MOF nanosheets that allow charge
transfer across MOF-modified electrode—electrolyte interfa-

es."'>*° Such ultrathin nanosheets can be obtained by
mechanical exfoliation.*'”*'® Another strategy uses highly
conductive catalyst supports, typically carbon materials such as
graphene, to construct high-performance hybrid materials.”!
The greatest challenge of using pristine molecular MOFs for
electrocatalysis is their instability in high- and low-pH
electrolytes. Moreover, there have been few studies on their
stability at the high temperatures relevant to practical
applications. To circumvent their low intrinsic conductivity
and inherent instability in low- and high-pH electrolytes and at
high temperature, MOFs have been used as precursors and
scaffolds for the fabrication of more stable catalyst materials
consisting of hi§hly dispersed catalytic sites embedded in a
carbon matrix.*' Unfortunately, however, this is often achieved
at the expense of the MOF’s structural integrity. Controlled
pyrolysis™* and electrochemical treatment’'” are among the
most commonly used methods of transforming molecular
MOFs into more active derivatives. Both MOFs and
graphene@MOF hybrids can be used in these processes to
fabricate derivatives with high performance in electrocatalytic
applications. In particular, metal oxides, metal sulfides, and
metal phosphides have shown promising catalytic properties in
various important electrocatalytic reactions and can be prepared
by heat treatment of MOFs and graphene@MOF hybrids in the
presence of a suitable source of the corresponding heteroatom.*’
Another approach involves using MOFs with heteroatom-
containing organic linkers as precursors for the preparation of
graphene@MOF hybrids and their derivatives.”' A third
powerful strategy for enhancing the catalytic activity of
graphene@MOEF derivatives is heteroatom doping of their
carbon matrices, particularly with P or S, which disrupts the
electroneutrality of the matrix and thus causes charge
redistribution.”’ A study on oxygen reduction catalyzed by S-
doped graphene showed that this can weaken O—O bonds.**’

The following subsections highlight important advances in
the design and use of graphene@MOF hybrids and their
derivatives as electrocatalysts for reactions important in
electrochemical energy conversion and environmental applica-
tions. For further information on the electrochemical
applications of graphene@MOF hybrids, we refer the reader
to specialized reviews.*””"**!

5.2.2.1. Hydrogen Evolution Reaction (HER). Hydrogen is
considered the ideal fuel in terms of sustainability because of its
high specific energy and the fact that it generates only water as a
byproduct when consumed for the production of electricity.**
It is also an important reagent in the refining and chemical
industries, thus demand for hydrogen is increasing continu-
ously.*”® At present, it is mainly produced using methods that
rely on fossil fuels and thus emit greenhouse gases. Water
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electrolysis, i.e, the electrocatalytic splitting of water into
hydrogen and oxygen, would be a more environmentally friendly
way of producing this fuel.**

Volcano-type plots are commonly used to identify potential
metal-based catalysts for the hydrogen evolution reaction
(HER), i.e., the cathode reaction during electrochemical water
splitting.””**® Pt group-based materials are currently the
benchmark catalysts for the HER, but their scarcity and
prohibitive cost make their large-scale use unattractive. The
HER is also catalyzed by a family of enzymes known as
hydrogenases, and a range of artificial hydrogenase mimics and
analogues have been developed. MOF-based HER catalysts have
been designed using these systems as models. This strategy takes
advantage of the molecular nature and tunable structure of
MOFs. Three different approaches to the design of MOF-based
HER catalysts have been explored: (1) mimicking the active
sites of natural HER catalysts, (2) optimizing the precious metal
loading in MOF-derived composites, and (3) fabricating MOF-
derived catalysts based on inexpensive and earth-abundant
components.””” Strategies of the second type have been
implemented using a wide variety of precious metal-containing
MOF/graphene hybrids,*”® and systems containing Pt,**”
Pd, """ and Ru*” have all shown good activity in the HER.
Strategies of the third kind make use of materials containing
nonprecious metals, particularly Ni, Fe, Cu, Mo, and Co, as low-
cost HER catalysts. For example, Makhafola et al. synthesized
the Cu-based MOF HKUST-1 via a hydrothermal route and
combined it with GO by impregnation to obtain a GO/MOF
composite that displayed higher HER activity than the same
GO-free MOF in acidic media."*

Among nonprecious-metal-based derivatives, metal sulfides
and phosphides have attracted increasing attention due to their
remarkable HER activity, which is generally attributed to high
intrinsic activity and corrosion resistance.”’ Xu et al. reported
the fabrication of a MOF-74(Co/Ni)-derived NiCo,S,@
NiCo,0, deposited onto rGO. The obtained material exhibited
remarkable activity and stability during HER in alkaline media,
which was attributed to strong synergies between the oxide and
the sulfide components, as well as the increased electrical
conductivity provided by rGO.*** Mo-based materials are seen

as particularly promising precious-metal-free HER catalysts, and
MOEF/graphene hybrids containing molybdenum have therefore
also been examined as potential HER electrocatalysts. For
instance, nanosized MoS, was incorporated into a Cu-MOF
based hybrid, HKUST-1/ rGO,** via a solvothermal process,
yielding a composite that benefited from the high activity of
MoS,, the high surface area and porosity of the MOF, and the
high electrical conductivity of rGO.**° Similarly, MoP
encapsulated in P-doped C nano-octahedrons supported on
rGO, fabricated by carbonizing polyoxometalate-based MOFs
with subsequent phosphidization, exhibited the advantages of all
its different components and achieved excellent HER perform-
ance and stability in acidic media.**”

5.2.2.2. Oxygen Evolution Reaction (OER). During water
electrolysis, the cathodic HER is necessarily balanced by a
parallel anodic reaction: the oxygen evolution reaction (OER).
The OER is currently seen as the main barrier to the
development of water electrolysis technologies due to its
sluggish kinetics (which reduce the efficiency of the overall
process) and the high cost of state-of-the-art precious-metal-
based electrode materials.*** There is thus an urgent need for
inexpensive and highly active catalysts that can efficiently drive
the OER.

The high porosity and surface area of graphene@MOF
hybrids and their derivatives are advantageous in gas-evolving
reactions like the OER because they increase the accessibility of
catalytic sites and the rate of oxygen diffusion in addition to
having high electrical conductivity. Moreover, the possibility of
varying the chemical composition and structural characteristics
of these composites allows their catalytic properties to be fine
tuned.”” Co- and Ni-containing hybrids have demonstrated
particularly promising performance in the OER. For instance,
Xie et al. reported a composite consisting of an Ni-based MOF
mounted on graphene (3D Gr/Ni-MOF) that exhibited high
OER activity after optimization of its synthesis and out-
performed the graphene-free Ni-MOF.**" A strong synergy
between graphene and a MOF leading to enhanced OER
performance was also demonstrated by Yaqoob et al.,** who
used a solvothermal route to prepare a Co** BTC MOF/rGO
composite that had an OER overpotential (17ogg) of just 290 mV
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Figure 31. Starting materials, intermediates, and final product in the synthesis of FeNC/rGO: (a) metal ions, linker, and graphene oxide; (b) Fe-doped
ZIF-8 (inset: crystallographic structure of ZIF-8); (c) FeNC/rGO (inset: structure of FeNx-doped carbons). (d) PXRD patterns of the precursor
rGO-Fe-ZIF-8 (top) and FeNC/rGO (bottom). Reproduced with permission from ref 459. Copyright 2020 John Wiley & Sons, Inc.

at the benchmark current density of 10 mA cm™. Huang et al.***
presented another example in which a series of sandwich-like
Co(OH), nanoarrays was derived from ZIF-67 grown on GO.
These composites showed high OER activity, with the most
active catalyst in the series achieving a #ogg of 259 mV. DFT
calculations indicated that synergistic effects between the Co-
containing component and GO in this material enhanced its
OER performance.

MOEF-graphene hybrids containing two or more metals have
also shown promising catalytic activity and stability. This is
generally ascribed to strong synergistic interactions between the
metal components together with synergistic interactions
between the metal centers and the graphene derivative. In
particular, bimetallic NiFe systems exhibit remarkable OER
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activity in alkaline media.****** For instance, PBA-derived (PBA
= Prussian blue analogue; Ni[Fe(CN)¢]) metal NiFe nano-
crystals encapsulated in N-doped few-layer graphene, fabricated
via a microwave-assisted CVD-like synthesis route, exhibited a
Nogr Of just 261 mV.** An even lower 7jogz of 240 mV was
observed for a sheet-like NiFeP/rGO composite fabricated by
pyrolysis and phosphidation of a porphyrinic MOF (Figure 30;
PCN-600-Ni, (Fe;O(OH)),Ni-TCPP; with PCN = porous
coordination network)**® and a lamellar NiFe MIL-53
encapsulated in graphene aerogel-grafted Ni foam.*” Other
bimetallic hybrids have also shown promising OER perform-
ance, including CoNi,**® FeCo,*” CoCu,™° and CeCu
systems.””' The exploitation of synergistic interactions between
the different components of multimetallic graphene@MOF
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hybrids is thus clearly a powerful strategy for designing high-
performance OER catalysts.452

5.2.2.3. Oxygen Reduction Reaction (ORR). The oxygen
reduction reaction (ORR) is the reverse of the OER and is
typically the cathode reaction in fuel cells where oxygen reacts
with protons and electrons from the anode to form water and
generate electricity. The ORR can proceed via (1) a direct
pathway, producing H,O or OH™ in acidic or alkaline media,
respectively, with the transfer of 4 electrons or (2) an indirect
pathway, producing peroxide species as intermediates with the
transfer of 2 electrons followed by either a second 2-electron-
transfer reduction step or chemical disproportionation of the
peroxide.*” The direct pathway is generally preferred due to its
higher energy efficiency, so ORR selectivity is an important
criterion to consider when evaluating electrocatalysts for this
reaction together with their catalytic activity and stability. The
fabrication of ORR catalysts using MOFs and graphene as
precursors enables control of the hybrid’s size, morphology, and
composition while providing high electrical conductivity and
surface area. In addition, heteroatom-doped carbon-based
systems can be obtained through graphene functionalization>*
and/or MOF pyrolysis,"> offering further possibilities for fine
tuning the properties of the composites including their
morphology, defect content, electrical conductivity, and
catalytic activity in the ORR.**® Materials containing Fe—N—
C and Co—N—C sites have emerged as the most promising
noble-metal-free ORR catalysts in terms of activity and
selectivity.*”**® In a work by Lv and co-workers, ions in ZIF-
8 were substituted by Fe** and the resulting bimetallic MOF was
modified with GO to obtain a sandwich-like heterostructure.**”
Upon heat treatment, highly active FeNxC moieties embedded
in rGO were obtained (Figure 31). The ORR activity of the
resulting hybrid was comparable to that of the benchmark
catalyst Pt/C (20 wt %) with a half-wave potential (E,/,) of 0.88
V vs RHE. The composite also proved to be superior to Pt/C in
terms of stability. On the basis of control experiments, the
authors ascribed its high performance to synergistic interactions
between FeNx sites and graphene. An interesting Fe-containing
ORR catalyst was reported by Sohrabi et al., who first modified
graphene nanosheets with pyridinium groups and then

combined them with the MOF PCN-222 (Zrg(u;-
OH),(OH)4(Fe-TCPP),) via coordination of the pyridine
nitrogen centers with the iron centers of the porphyrin units of
the Fe-TCPP linker. This yielded a hybrid with high catalytic
activity that was partly attributed to fast electron transfer
facilitated by the pyridine groups.*”® Other noteworthy Fe-
based hybrids for ORR electrocatalysis include a core—shell
hybrid comprising Fe/Fe;C@N-doped C decorated on
graphene that has an E,, value of 0.88 V vs RHE*' and an
assembly consisting of an Fe-porphyrin framework (Fe,(Fe-
TCPP)) and pyridine-functionalized rGO that exhibits
remarkable ORR selectivity in favor of the 4-electron-transfer
pathway over a wide potential range.162

Various Co-based graphene@MOF hybrids have also been
reported as catalysts for the ORR.**~*** An interesting example
comprising GO and two MOF structures was prepared by Wei et
al.*o* using a synthetic strategy that involved first depositing
Z1E-8 seeds on GO to obtain a sandwich-like ZIF-8/GO/ZIE-8
structure and then depositing ZIF-67 crystals on this material to
form ZIF-8@ZIF-67 core—shell crystals while preserving the
sandwich-like structure. This synthetic strategy proved superior
to direct deposition of ZIF-67 on GO (Figure 32) in terms of
control over crystal size and uniform distribution of ZIF-67 on
GO. Pyrolysis of this core—shell hybrid at 900 °C yielded a
composite containing highly ORR-active and well-distributed
Co-Nx-C sites that outperformed Pt/C in terms of overpotential
and showed preferential selectivity for the direct 4-electron-
transfer pathway.**> Other highly ORR active Co-containing
core—shell-type hybrids have also been reported. For instance,
Co@CoO nanoparticles supported on N-doped graphene,
fabricated by pyrolysis of GO-anchored ZIF-67, exhibited an
E, ), value similar to that of Pt/C (40 wt %) for alkaline ORR.***
In addition, ultrasmall Co nanodots wrapped with 2—S layers of
graphene codoped with Co and N were derived from 2D
Co,Zn,_,(bmim), to provide a hybrid that showed high activity
in both alkaline and neutral media along with high durability and
favorable ORR selectivity after optimization.***

Combining cobalt and iron into a single composite has proven
to be an effective strategy for improving the catalysis of oxygen

. : 466—468 A
conversion by various systems including graphene@
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MOF hybrids. For instance, Li et al. synthesized FeCo-
containing N-doped graphene/tubular graphene composites
using a cage-containing Co-based MOF, dicyandiamide, and
iron acetate as precursors.%9 Pyrolysis of these composites at
1000 °C yielded hybrids whose ORR performance was evaluated
in acidic and alkaline media, giving E, /, values 0of 0.76 and 0.88 V
vs RHE, respectively, and outperforming Pt/C in the latter case.

Graphene@MOF-based hybrids containing less commonly
used metals such as Cu'®”""° or Zn*"'~*"* have also been
reported as ORR catalysts. For instance, the synthesis of
HKUST-1 in the presence of rGO forms a system featurin
highly dispersed Cu NPs assembled on the graphene sheets.'®
This Cu/rGO hybrid displays higher activity and more favorable
ORR selectivity than its individual components (MOF and
rGO), demonstrating a strong synergy between them.”* In a
work by Zhuang et al,, ZIF-8 was modified with N-doped
graphene by nanoscale high-energy wet ball milling, forming N-
G/MOF composites with ORR activity and selectivity
comparable to Pt/ C.*' While these results are intriguing,
some caution is needed when evaluating the catalytic properties
of graphene@MOF hybrids featuring unconventional metals
because metal impurities could strongly influence their
activity.475

5.2.2.4. Bifunctional Electrocatalysis. Bifunctional electro-
catalysts (BEs) can promote two different electrocatalytic
reactions on decoupled electrodes or a single reversible
electrode. Common examples include full water splitting BEs,
which exhibit high activity in both the HER (cathode) and the
OER (anode), or so-called bifunctional reversible oxygen
electrodes (BOEs) that can efficiently drive both the ORR
and the OER. BEs provide some important practical advantages:
they eliminate the issue of incompatibility between different
catalysts that have to be integrated into the same device*’® and
may enable economies of scale that reduce the cost of fabricating
and using complex electrode materials."”” BOEs may have
applications in regenerative energy conversion systems such as
rechargeable metal—air batteries, which require that the OER
and the ORR take place at the same electrode during charging
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and discharging, respectively.””® The main challenge in the
design of BEs is that they must be both highly active and hi;hly
stable under the conditions of the two different reactions.*””

BEs typically contain active sites for the two reactions of
interest integrated into a hybrid material that is usually derived
from carbon- and/or transition-metal-based components.*”®
MOF/graphene-derived catalysts are therefore considered to
have outstanding potential in bifunctional electrocatalysis. In
particular, high bifunctional performance has been achieved
using heteroatom-containing composites that take advantage of
synergistic interactions between different types of active
centers.>'” For instance, a recent report described the fabrication
of bimetallic FeNi-based oxides supported by few-layer N-
graphene polyhedrons via pyrolysis of NiFe,; , MOFs with
various Ni/Fe ratios. By optimizing the metal composition of
these hybrids, a candidate BE for water splitting benefiting from
synergistic interactions was obtained.**” In a work by
Jayaramulu et al, a composite consisting of nanoporous N-
doped GO and Ni,S4 was prepared from a MOF (MOF-74(Ni))
via solvothermal synthesis and identified as a bifunctional HER/
OER catalyst whose groperties could be tuned by varying the
level of N doping.”>® Metal phosphide-based composites
derived from graphene/MOF hybrids have also shown
remarkable performance as HER/OER catalysts.*” For example,
Bu et al. reported the microwave-assisted thermal conversion of
FeNi-based Prussian blue analogues/GO in the presence of
NaH,PO, as the phosphorus source to form FeNiP/graphene
composites with adjustable heterostructures. One such
composite, FeNiP supported on P-doped graphene, showed
promising HER/OER performance that benefited strongly from
P doping and was proposed as a catalyst for a symmetric water
electrolysis cell.*

Strong catalytic synergies can also be realized using only trace
quantities of one of the synergistic components,**>** as
recently demonstrated by Parkash: a MOF-derived composite
containing graphene-wrapped Pt and Cu nanoparticles exhibited
outstanding bifunctional ORR/OER activity despite having a Pt
loading of less than 0.5 wt %."*
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Table 6. Activity Descriptors of Bifunctional ORR/OER Catalysts Derived from Heteroatom-Containing MOF/Graphene

Hybrids Investigated in KOH Solutions

catalyst precursors
Pt/Cu/NPC-900 Zn-MOE-74; Pt NPs; Cu NPs
CuCo/N-rGO metal nitrates; H;BTC; GO
S-Coy_,Fe,Ss@rGO CoFe-ZIF; GO
N-doped CoC,/FeCo@C/rGO Fe-doped Cos[Co(CN)4],; GO
GNCNTs-4 ZIF-67; GO
N-GC/Co@Co0O/rGO ZIF-67; rtGO

Co;Fe,@Fe,N/rGO Fe**- and Co**-coordinated H;BTC; rGO
Fe MOF@CNTs-G MIL-53; (NH,),5,05; melamine
FeNy-embedded PNC ZIF-8; PPy-coated graphene

i-CoNC@GF metal nitrates; 2-methylimidazole; GO
CoNi-MOF/rGO TCPP; M,(COO), paddlewheel motif; rGO

Ni,Co,0,/Co-NG ZIF-67; GO

MnBDC@rGO Mn benzene-1,4-dicarboxylate; GO
Co@N-CNT/rGO 2D ZIF-L; GO
CoO@C0304/NSG-650 ZIF-67; GO; Na,S-9H,0
ZnCo-ZIF@GO ZIF-67; GO

“E vs RHE at 10 mA cm™2 “Half-wave potential vs RHE. “Eqgy — E, n

KOH concentration Eqpr/V*” E, /Z/Vb AE/V°© ref
0.1 M 1.48 0.89 0.59 484
0.1 M (ORR) 152 0.86 0.66 488
1.0 M (OER)

0.1 M 1.52 0.84 0.68 489
0.1 M 1.62 0.92 0.70 490
0.1 M (ORR) 158 0.85 0.73 486
1.0 M (OER)

0.1 M (ORR) 1.59 ~0.87 ~0.73 491
1.0 M (OER)

0.1 M 1.60 ~0.85 ~0.75 332
0.1 M 1.65 0.87 0.78 492
0.1 M 1.64 0.86 0.78 485
0.1 M 1.66 0.87 0.79 493
0.1 M (ORR) 155 0.73 0.83 494
1.0 M (OER)

0.1 M 1.63 0.80 0.83 49§
0.1 M (ORR) 1.84 0.98 0.86 496
1.0 M (OER)

0.1 M 1.69 0.82 0.87 497
0.1 M 1.69 0.79 0.90 487
0.1 M (ORR) 1.66 0.76 0.90 498
1.0 M (OER)
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Figure 34. Preparation of Ni-NG-acid. Reproduced with permission from ref 500. Copyright 2021 American Chemical Society.

MOF/graphene-derived materials have attracted great
interest in the field of rechargeable air—metal batteries,
demonstrating high performance as BOEs for air electrodes. In
a study by Xu et al,, a 2D N-doped CNTs/graphene hybrid was
synthesized by annealing ZIF-67 nanocrystals supported on GO
in a reductive atmosphere to obtain a high-performance BOE
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with good ORR/OER activity and outstanding stability for
rechargeable Zn—air battery applications.**® In the same field,
Ma et al. reported the synthesis of FeN, embedded in highly
graphitic 2D porous N-doped carbon using polypyrrole-coated
graphene, ZIF-8, and Fe-coordinated 2,2-bipyridine as pre-
cursors; the resulting materials were used as bendable high-
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performance BOEs (Figure 33).*% The functionalization of
graphene with nitrogen and a second heteroatom has also been
explored as a strategy to enhance the activity of graphene/MOF
derivatives. For instance, CoO@Co;0, supported on N,S-
codoped graphene was synthesized by growing ZIF-67 in the
presence of GO and Na,S-9H,0 followed by carbonization at
different temperatures. The obtained derivatives exhibited ORR
activity and selectivity comparable to Pt/C, while their OER
performance matched that of IrO,. Their high performance was
attributed to the electrical conductivity provided by the
graphene derivative as well as the enhancement of ORR and
OER activity resulting from the presence of nitrogen and sulfur
dopants.**” Table 6 describes the activity descriptors of
bifunctional ORR/OER catalysts derived from heteroatom-
containing MOF/graphene hybrids.

The structural and functional flexibility of graphene@MOF
hybrids also enables the preparation of multifunctional materials
capable of catalyzing three or more reactions. For example,
Jahan et al. showed that a hybrid of a Cu-based MOF and GO is a
trifunctional catalyst of the HER, OER, and ORR.'®® The
authors also demonstrated that the presence of GO in the
composite increased its stability in acidic media relative to that
of the GO-free MOF."* Similarly, cobalt nitride anchored on N-
doped graphene aerogel was proposed as a trifunctional HER/
OER/ORR catalyst by Zou et al.*” This composite was
fabricated by annealing ZIF-67 under an ammonia atmosphere
in the presence of graphene aerogel and was used as a catalyst in
a device for self-driven water splitting comprising a water
electrolyzer and two Zn—air batteries."”” These results clearly
show that graphene@MOF hybrids have great potential as
multifunctional catalysts for diverse electrochemical applica-
tions.

5.2.2.5. Electrochemical CO, Reduction. The emission of
greenhouse gases due to human activities has tremendous
negative environmental impact. Consequently, there is an urgent
need to curb their emissions and reduce their atmospheric
concentrations, particularly in the case of carbon dioxide. The
electrocatalytic CO, reduction reaction (CO,RR) is a very
attractive way of removing atmospheric CO, because it allows
this pollutant to be converted into useful fuels and chemicals.™’
However, the conversion involves several electron-transfer steps
that occur in competition with less complex reactions that form
CO and H,. Achieving high selectivity for valuable products is
thus a major challenge in the development of CO,RR
technologies.”"!

Carbon-based electrocatalysts derived from MOFs have been
widely studied for the CO,RR because it is easy to vary their
dopants, metal composition, and textural characteristics.”’” In
particular, graphene@MOF hybrids have shown promising
capabilities as CO,RR catalysts. For instance, Ni—N—C sites
embedded in multilayer N-doped graphene fabricated by
annealing an amino-functionalized Ni-based MOF (Figure 34)
demonstrated a Faradaic efficiency above 90% in the conversion
of CO, to CO at relatively low potentials.””® A composite with
similar active sites was prepared by Pan et al.>” via thermal
decomposition of Ni-doped ZIF-8. The resulting material had
Ni—N-—C moieties located in the carbon basal plane and at the
edges of two layered graphene planes, allowing it to achieve a
Faradaic efficiency of 96% for the reduction of CO, to CO at an
overpotential of 570 mV.

Selective reduction of CO, to hydrocarbons has also been
achieved using composites based on graphene@MOF hybrids.
For example, Zhang et al. reported a composite prepared by

vertical growth of ZIF-L on GO nanosheets followed by
carbonization in the presence of a Cu precursor. Ethanol was
formed with a Faradaic efficiency of 70.52% when this material
was used to catalyze the CO,RR.>"* Similarly, Hwang et al.
evaluated the CO,RR performance of Cu-MOF (H-KUST-1)
grown via a hydrothermal method in the presence of GO. The
reaction was studied in a range of electrolytes, and formic acid
was the main product obtained in all cases. The highest Faradaic
efficiency (58%) was achieved using a mixture of tetrabuty-
lamrpoognium bromide and dimethylformamide as the electro-
Iyte.>™

Although CO,RR electrocatalysis using graphene@MOF
hybrids is a new field of research, interest in this area is expected
to increase rapidly because the vast diversity of possible catalyst
compositions and properties enables the use of a very wide range
of material design strategies.

5.2.2.6. Electrochemical Nitrogen Reduction. Ammonia is
an important bulk chemical that is used as a fertilizer, a precursor
for the synthesis of N-containing compounds, and an energy
carrier. Unfortunately, the Haber—Bosch process by which it is
produced industrially generates very high greenhouse gas
emissions.”*® Electrocatalytic ammonia production via the
nitrogen reduction reaction (NRR) powered by renewable
energy could be a more sustainable alternative to the Haber—
Bosch process. However, current state-of-the-art NRR catalysts
have very low efficiencies, so the development of highly active
NRR catalysts that are selective for ammonia formation will be
needed to enable energy transition and decarbonization.””’

Several groups have investigated the use of MOF-based
catalysts in the NRR. For example, Cui et al. recently presented
DFT studies on a series of 2D MOFs consisting of
hexaaminobenzene and various transition metals (Mo, Co, Ni,
and Cu). The molybdenum-containing MOF was predicted to
have potentially useful electrocatalytic activity with high
selectivity for the NRR over the HER® A separate DFT
study on 2D MOFs consisting of pyrenetetraone and octaamino-
derived phthalocyanine with diverse transition metals (Sc, Ti, V,
Cr, Mn, Fe, Co, Ni, Cu, Zn, Nb, Mo, Ru, Rh, Pd, Ag, W, Ir, Pt,
and Au) similarly identified an Mo-containing MOF as the most
promising candidate for experimental investigation.’”” Accord-
ingly, experimental studies on Mo-containing MOFs have
shown that these species can drive the NRR toward NH;
production. An MoFe catalyst supported on P-doped C was
prepared by coupled pyrolysis—phosphation of a bimetallic
Mo—Fe MOF precursor and achieved a Faradaic efficiency of
16.83% in the NRR experiments, giving an ammonia yield of
3423 ugh ' mg'at —0.5Vvs RHE.”'” MOE-derived materials
based on other transition metals have also shown promising
performance in ammonia synthesis. For example, Zhao et al.
reported a Cu-based MOF (JUC-1000) that acts as a
bifunctional catalyst capable of driving the NRR and sodium
gluconate oxidation at the cathode and anode of an electrolysis
cell, respectively, achieving a Faradaic efficiency of 11.90% for
ammonia formation and an ammonia yield of 24.7 yg h™" mg™"
at a cell voltage of just 0.4 V.>'" In addition, Bi-doped CeO,
nanorods derived from a Ce-MOF yielded 6.29 ug h™' mg™" of
ammonia with a Faradaic efficiency of 8.56% at —0.5 V vs
RHE.'* Other studies have shown that MOFs can be used as
precursors of NRR-active M-N-C materials with similar rates of
NH, production.”**~>""

Graphene-based hybrids containing transition metals have
also been reported to drive the NRR toward ammonia formation
under ambient conditions:*'® experimental and DFT studies
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conducted by Wang et al.”'” showed that MoO, nanoparticles

supported on rGO exhibited a Faradaic efficiency of 6.6% at
—0.35 V vs RHE for ammonia formation, achieving a yield of
37.4 ug h™' mg™". Thus, although there have not yet been any
published studies describing NRR catalysis using graphene@
MOF hybrids, the observation of NRR catalysis by both MOFs
and graphene-supported transition metals suggests that these
materials have great potential in this area.

5.2.3. Photocatalysis. Sunlight-driven photocatalysis is a
promising strategy with many potential environmental-,
industrial-, and energy-based applications. Because it enables
almost complete conversion of reactants into products without
generating secondary pollution, it is environmentally friendly.>*’
Moreover, it is driven by earth-abundant sunlight and is
therefore energy and cost efficient.””' However, the develop-
ment of effective solar photocatalysts is challenging and requires
careful optimization of both structure and composition.
Semiconductor-like TiO,-based photocatalysts have been
studied but generally suffer from problems including poor
light-harvesting ability, rapid electron—hole recombination, a
nonoptimal band gap for emerging applications of photo-
catalysis, and catalytic sites with relatively low activity.”*>">*
MOF-based photocatalysts have also been investigated,”*****
but their usefulness is limited by the low conductivity, poor
solar-light conversion ability, and moisture sensitivity of pristine
MOFs.”**7°*” It has been suggested that photocatalysts based
on graphene@MOF hybrids could avoid these problems
because of the synergistic effects arising from the high porosity
and large specific surface area of MOFs together with the high
conductivity of graphene and its derivatives.”>”>*' These hybrid
photocatalysts have potential applications in environmental
remediation, which has been demonstrated by testing their
ability to catalyze the degradation of dyes and the removal of
various other pollutants.””*~>*> Such photocatalysts have also
been used to catalyze oxidation and reduction processes and
other chemical transformations.”**** Table 7 summarizes the
performance of graphene@MOF hybrids for various photo-
catalytic applications. In addition, their ability to catalyze
hydrogen evolution reactions has been studied because of
hydrogen’s potential use as a solar fuel and energy carrier.”**~>**

5.2.3.1. Dye Degradation. Organic dyes are important
pollutants because they are both toxic and stable enough to be
persistent. A range of techniques have therefore been used to
remove dyes from water including ultrafiltration, absorgtion,
electrocoagulation, photodegradation, and ozonation.”*” Be-
cause light-assisted degradation is seen as a particularly effective
technique for this purpose, a large variety of graphene- and
MOF-based hybrids have been designed for the photocatalytic
degradation of dyes like rhodamine B (RhB), methylene blue
(MB), methyl orange (MO), triphenylmethane, gentian violet,
reactive yellow 145, rhodamine 6G, and malachite
green S31532543-547

Zhang et al. reported the solvothermal synthesis of a hybrid
photocatalyst based on graphene (GR) and microrods of MIL-
53(Fe) (MIL-Materials Institute Lavoisier).”>” The low rate of
recombination of charge carriers in the resulting composite GR/
MIL-53(Fe) was attributed to good interfacial contact between
the graphene and the MOF resulting from the in-situ reduction
of graphene oxide during the synthetic process. The photo-
catalytic performance of GR/MIL-53(Fe) was improved by
adding H,0, to form the GR/MIL-53(Fe)—H, 0, system. UV—
vis spectroscopic data on the photocatalytic degradation of RhB
catalyzed by this system are presented in Figure 35a. The main

reactive species in the photocatalytic system were *OH radicals
released by the decomposition of H,O,. Figure 35b compares
the RhB degradation activities of various photocatalysts with and
without light, showing that the most active catalyst was GR/
MIL-53(Fe) in the presence of H,O, under visible light.
Optimization studies showed that the photocatalytic activity of
this composite varied with its content of GR; the best
performance was achieved with the hybrid having S wt % GR,
which was designated GR/MIL-53(Fe)-S. Electrochemical
impedance spectroscopy confirmed that GR/MIL-53(Fe)-S
separated photogenerated charge carriers more efficiently than
hybrids with GR contents of 0, 7, or 10 wt %. The complete
process leading to the photocatalytic degradation of RhB is
shown in Figure 3S¢; briefly, excitation by incident light
produces charge carriers in MIL-53(Fe), after which electrons in
the conduction band (CB) of MIL-53(Fe) are transferred to GR
and react with H,O, to generate *OH radicals. Additional
radicals are generated by the interaction of surface-exposed iron
species in the composite with H,0,, which initiates the
degradation of RhB. Another graphene@MOF hybrid photo-
catalyst used for dye degradation was based on MOF-5
(Zn,O(BDC);, where BDC*™ = 1,4-benzodicarboxylate) and
reduced graphene oxide (rGO).”>> The MOF-5@rGO
composite was prepared via a hydrothermal process in which
rGO bound to MOF-S through electrostatic interactions
between the positively charged metal ions of MOF-5 and the
negatively charged oxygen functional groups of rGO. Photo-
luminescence analysis confirmed that the synergic combination
of MOEF-5 and rGO reduced the recombination rate of
photogenerated charge carriers, explaining the composite’s
good photocatalytic performance. Experimental measurements
of this composite’s activity in the photocatalytic degradation of
MB, MO, and RhB revealed that it outperformed several other
photocatalysts in the degradation of MB, as shown in Figure 35d.
Specifically, MOF-5@rGO caused 93% degradation of MB after
20 min, leading to a clear reduction in the dye’s absorption
intensity and decoloration of the aqueous MB solution (Figure
3Se). This composite also achieved degradation efficiencies of
97% and 92% after 20 min for RhB and MO, respectively. A
mechanistic analysis of the degradation pathway indicated that
reactive oxygen species (ROS) such as superoxide radicals,
hydroperoxyl radicals, and hydroxyl radicals were responsible for
the dye degradation ability of MOF-5@rGO.

5.2.3.2. Pollutant Removal. Industrialization, population
growth, and the concomitant rising demand for food have all
resulted in severe pollution problems around the world. Many
different pollutants with adverse effects on plant, animal, and
human life now exist in various environments. Graphene@MOF
hybrid photocatalysts have proven to be effective at removing
certain pollutants by photocatalytic degradation. Specifically,
hybrid photocatalysts of this type have been designed for the
degradative removal of herbicides (atrazine), drug pollutants
(amoxicillin, norfloxacin, diclofenac, and tetracycline), and
insecticides (malathion).>**>*¢7%%"

Wu et al. recently designed a three-component hybrid
photocatalyst for the photocatalytic degradation of the antibiotic
norfloxacin (NOR).>*” MIL-53(Fe) acts as a photocatalyst by
itself, but it suffers from rapid electron—hole recombination. To
overcome this limitation, ultrasmall nanoparticles (NPs) of y-
Fe,0; were incorporated into MIL-S3(Fe) particles, which
improved its light absorption ability and formed many
heterojunctions within the MOF. These heterojunctions
prevented the recombination of photogenerated charge carriers
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Table 7. continued
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form of graphene
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MIL-101(Fe)
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GQD/MIL-101(Fe) (G/M101)

rGO/NH,-MIL-125(Ti)
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CO production rate: 224.71 ymol h™* g™

GQDs

rGO
form of graphene

CH,0H production rate: 1.96 mmol h™" ¢!

application

NH,-MIL-125(Ti)

Sy
i
=

performance

on: 18.6% in 8 h
on: 85.4% in 3 h
on: 76% in 6 h

name of reactant

MOF
NH,-MIL-125(Ti)
MIL-LIC-1(Eu)

Ui0-66

graphene@MOF hybrid
tGO/NH,-MIL-125(Ti)

MIL@GO

o
Nl
vy

563
537
485

on: 50% in 80 min (NO) and 65% (acetaldehyde)

on: 92.6%

536

..........

% convers

oxidation reactions

benzyl alcohol

rGO
GO

% convers

benzyl alcohol

% convers;

benzyl alcohol

rGO
GO

PA@Ui0-66/rGO

% convers

nitric oxide (NO) and acetaldehyde

nitric oxide (NO)

NH,-MIL-125(Ti)
ZnCo-ZIF

GO/NH,-MIL-125(Ti)
rGO@ZnCo,0,

% convers

rGO

by facilitating their separation. The photocatalyst was further
improved by forming a hybrid with functionalized graphene
oxide (GO), which improved the dispersibility of the MOF
particles and reduced their size to 100—200 nm.

The electrical conductivity and large surface area of GO also
increased the abundance of active photocatalytic sites in the
hybrid photocatalyst. As a result, the hybrid photocatalysts
(designated x-MMIL-GO-y, where x and y denote the mass
ratios of y-Fe,O; and GO with respect to MIL-53(Fe),
respectively) degraded NOR very efficiently with a maximum
removal rate of 92.8% over 90 min. Figure 36a shows that 0.6-
MMIL-GO-50% had the highest NOR removal rate of the tested
photocatalysts. Importantly, these catalysts were easily removed
and regenerated after use because of their magnetic nature,
allowing 0.6-MMIL-GO-50% to be recycled S times, achieving
an NOR removal rate of 89.8% on the fifth cycle (Figure 36b).
Adding H,0, improved the photocatalytic performance of
MMIL-GO because it facilitated the separation of photo-
generated electrons and holes by capturing electrons and
generating *OH radicals. The degradation of NOR was primarily
attributed to ROS (particularly *OH radicals) and was proposed
to occur through three pathways (see Figure 36¢): defluorina-
tion and decarboxylation, piperazine ring cleavage, and quino-
line group conversion. In addition to graphene@MOF hybrids,
photocatalysts derived from these hybrids have been used for the
degradative removal of various pollutants.

5.2.3.3. Hydrogen Production. Environmental concerns and
the prospect of a global energy crisis have prompted extensive
research on hydrogen production processes that could provide
clean and environmentally friendly energy to replace conven-
tional energy sources such as fossil fuels. Photocatalytic water
splitting stands out as a promising way of producing hydrogen
fuel. Consequently, several hybrid photocatalysts have been
designed by hybridizing graphene and its derivatives with
MOFs, 5527555

Cadmium sulfide (CdS) is a photocatalyst whose photo-
catalytic activity for hydrogen production is limited by a low
density of catalytically active sites and a high recombination rate
of photogenerated charge carriers.”>® To overcome these issues,
Lin et al. introduced a three-component hybrid catalyst UiO-66/
CdS/1%rGO, which contains CdS, the MOF UiO-66, and 1 wt
% rGO.>* Neither rGO nor UiO-66 has photocatalytic activity
in the hybrid photocatalyst; instead, they improve the
performance of CdS. Due to the high surface area of UiO-66,
CdS is uniformly distributed in the hybrid catalyst, which
increases its density of catalytically active sites while also
preventing its agglomeration. Meanwhile, the high electrical
conductivity of rGO facilitates the transfer of photogenerated
electrons to suppress charge carrier recombination. As a result,
Ui0-66/CdS/1%rGO achieved a higher rate of photocatalytic
hydrogen evolution than a set of alternative photocatalysts, as
shown in Figure 37a. In particular, this catalyst’s hydrogen
production activity exceeded that of commercial CdS by a factor
of 13.1 because of the synergistic interactions between UiO-66,
rGO, and CdS. Another CdS-based ternary hybrid photocatalyst
was prepared by Bag et al. using the MOF Nu-1000 (NU =
Northwestern University, Zrg(u;-0),4(u,-
OH),(—OH),(—OH,),(PyTBA),, PyTBA :_4:4,;4”;4/”'(PYT'
ene-1,3,6,8-tetrayl)tetrabenzoate) and rGO.>*' The photo-
catalytic activity of the resulting hybrid, CdS@NU-1000/rGO,
was 12.1 times that of commercial CdS and was thus slightly
lower than that of the previously discussed UiO-66/CdS/1%
rGO (Figure 37b). Wang et al. further improved the H,
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evolution rate of graphene@MOF hybrids by wrapping
graphene around UiO-66-NH, octahedra. Three different
graphene-UiO-66-NH, hybrids designated RCGO/U6N,
RDGO/Ué6N, and RGOWUG6N were synthesized by single-
face interaction, simple mixing, and multiface interaction
pathways, respectively.”>* Water splitting was performed in
solutions containing triethanolamine (TEOA) as a sacrificial
electron donor and the erythrocin B (ErB) as a photosensitizer.
Under these conditions, the hybrid prepared by the multiface
interaction pathway gave a higher rate of H, evolution (41.4
mmol h™ g™') than the other two hybrids because it caused
graphene to be wrapped around the UiO-66-NH, octahedra in a
way that accelerated the separation of photogenerated charge
carriers. The rate of H, evolution by these hybrids was further
improved by treatment with a H,PtCly solution to induce the
incorporation of cocatalytic Pt particles. As shown in Figure 37,
the evolution of H, by RGOWUBGN is initiated by the generation
of electrons from ErB (adsorbed on UiO-66-NH,) upon visible-
light irradiation. These electrons are then transferred to the
graphene, either via the MOF or directly, enabling catalysis of H,
production by the Pt nanoparticles. The multiface interaction
between graphene and the MOF in RGOWUG6N suppressed
charge carrier recombination, leading to better performance
than was achieved with the RCGO/U6N and RDGO/U6N
hybrids.

Photocatalysts derived from graphene@MOF hybrids with-
out CdS are also known. For example, Liu et al. reported that
irradiating 10 mg of a rGO/UiO-66/Co-Mo-S hybrid with
visible light for S h led to a very high H, production of 339
pmol.>*® This was attributed to the formation of charge
transmission channels between rGO and the MOF resulting
from their modification with Co-Mo-S; the H, production of the
modified catalyst was 226 times that achieved with the
unmodified rGO/UiO-66 photocatalyst. Recognizing that iron
oxide is nontoxic with a narrow band gap and a valence band

17299

(VB) that is well positioned for photocatalytic hydrogen
production, Li et al. fabricated photocatalytic iron oxide-GO
composites by using the graphene@MOF hybrid MIL-88B/GO
as a template.””” Specifically, MIL-88B/GO was carbonized at
300 and 600 °C to obtain maghemite (y-Fe,O;)- and magnetite
(Fe;0,)-based carbonaceous Fe,O;/GO composites, respec-
tively. The position of the conduction band (CB) of the Fe,O,
particles was altered by their interaction with GO, improving
their ability to catalyze the reduction half-reaction in H,
formation. The synergic interaction between y-Fe,0; and GO
also increased the flat band potential of the y-Fe,O; composite,
allowing it to achieve a hydrogen evolution rate of 318 ymol h™
g~ ". Another report described a photocatalytic composite of
rGO and NH,-MIL-125(Ti) in which the graphene derivative
and MOF are bound by noncovalent interactions: Karthik et al.
fabricated the NH,-MIL-125(Ti)/rGO hybrid via z—n
interaction-assisted loading of rGO onto NH,-MIL-125 (Ti).'®?
The strong interaction between rGO and NH,-MIL-125(Ti) led
to efficient separation of photogenerated electrons and holes;
consequently, this hybrid’s photocatalytic hydrogen evolution
activity was 9.1 times that of pristine NH,-MIL-125(Ti).
Although the rate of H, production (91 umol h™" g, ")
achieved in this case was lower than that for the hybrid
photocatalysts discussed above, this was the first report focusing
on a hybrid photocatalyst based on NH,-MIL-125(Ti) rather
than UiO-66.

In addition to H, production by graphene@MOF hybrids,
some reports have examined the photocatalytic evolution of
oxygen. For instance, Li et al. recently reported the design of a
MoS,/MIL-101(Fe)-derived (MoS,, y-Fe,0;)/graphene com-
posite with Z-scheme heterojunctions.””’ Because Z-scheme
heterojunctions are very effective at separating photogenerated
charge carriers, the oxygen evolution rate achieved with this
hybrid (4400 umol g™' h™') was twice that for y-Fe,O5/
graphene. Effective electron—hole separation was confirmed by

https://doi.org/10.1021/acs.chemrev.2c00270
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Figure 36. (a) Changes in NOR concentration over time in the presence of various photocatalysts. (b) NOR degradation performance of MMIL-GO
in five successive cycles. (c) Three different pathways of NOR photodegradation in the presence of the MMIL-GO photocatalyst. Reproduced with

permission from ref 550. Copyright 2020 Elsevier.

ultraviolet photoelectron spectrometry, photoluminescence
spectroscopy, and photocurrent measurements, which showed
that the electron transport channels created by conductive
graphene facilitated the transfer of photogenerated electrons
from the CB of y-Fe,O; to the VB of MoS,. Electron transfer
from the CB of MoS, to the CB of y-Fe,O; was not possible due
to the absence of conductive graphene pathways, so electrons
are instead transferred to the VB of MoS, from the VB of y-
Fe,O; via the conductive graphene pathway.

5.2.3.4. CO, Reduction. The sunlight-driven reduction of
CO, to useful products such as CH,, HCOOH, and CH;0H
could be a powerful tool for reducing global warming.>*” The
first publication on this topic was presented in 1979 by Inoue et
al., who used the semiconductor TiO, as a photocatalyst for CO,
reduction.”® This report led to several efforts to prepare more
active photocatalysts. However, the activity of most photo-

catalysts for CO, reduction is limited by rapid recombination of
charge carriers and inefficient CO, conversion.”*” It has been
suggested that graphene@MOF hybrids could be designed to
overcome these problems by combining the photocatalytic
activity of MOFs with the electrical conductivity of graphene
derivatives. Consequently, several graphene@MOF hybrid
photocatalysts for CO, reduction have been prepared.

The first report on CO, photoreduction with a graphene@
MOF hybrid was presented by Sadeghi et al., who designed
hybrids of amine-functionalized rGO (NH,-rGO) and a
tetrakis(4-carboxyphenyl)porphyrin (TCPP) ligand-based Al-
porphyrin MOF (Al-PMOF).*** NH,-rGO/Al-PMOF hybrids
were prepared with varying NH,-rGO contents (S, 15, and 25 wt
%) and used to catalyze CO, reduction with TEOA serving as a
sacrificial electron source (see Figure 37d). The function of the
NH, groups in this photocatalyst is to covalently link the

https://doi.org/10.1021/acs.chemrev.2c00270
Chem. Rev. 2022, 122, 17241-17338


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig36&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig36&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig36&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig36&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

(@) *
—.': 16 UiO-66/CdS/1%RGO

138
Uio-66/CdS 1
1.2 1

>
"

N
h

P25/CdS/1%RGO
7.0

® °
Y

T
T

s o
L

| commercial cas:
2 1.0

ol NN
(b) 15

Hydrogen evolution rate / mmol g4

CdS@NU-1000
9.35

)
;

W
1

2

H, evolution rate

Commercial
Cds
1.0

o NN T
d) 559 |

]
= Dark &
S I Light
180 { €—
=] —
=~ 140 1 |

S *
S 100 : @)
X 60 1

20 L --""'"'..(‘#

0@ +"‘,Tlf?5ff£?‘rﬁ'"?

0 1 2 3 4 5 6
Time (h)

Figure 37. (a) Photocatalytic hydrogen production rates achieved with various photocatalysts. Reproduced with permission from ref $30. Copyright
2014 Royal Society of Chemistry. (b) Hydrogen evolution rates of different photocatalysts under visible-light irradiation. Reproduced with permission
from ref 541. Copyright 2017 Royal Society of Chemistry. (c) Electron-transfer mechanism leading to photocatalytic hydrogen evolution catalyzed by
RGOWUS6N. Reproduced with permission from ref 554. Copyright 2017 Royal Society of Chemistry. (d) Formate ion production under visible-light
irradiation catalyzed by NH,-rGO (S wt %)/Al-PMOF (1), AI-PMOF (2), and TCPP (3); 4—7 show formate ion production with no added catalyst
(4), without TEOA (§), without CO, (6), and with N, over NH,-rGO (7). (e) Diagrammatic representation of the electron-transfer process during
CO, reduction catalyzed by NH,-rGO(S wt %)/Al-PMOF. Reproduced with permission from 558. Copyright 2018 Royal Society of Chemistry.

graphene to the PMOF and thereby enable electron transfer
from the excited state of the PMOF to the graphene. The NH,
groups are also capable of light absorption, which facilitates the
electron-transfer process. Because of these features, NH,-rGO/
Al-PMOF showed high activity in the photoreduction of CO, to
HCOO7; 205.6 umol of HCOO™ was obtained in 6 h when
using this catalyst, whereas only 49.6 ymol was obtained with the
same quantity of pristine AI-PMOF. Moreover, XRD and FTIR
studies showed that NH,-rGO/AI-PMOF could be reused for 5
cycles without major loss of activity and is thus highly recyclable.
Mechanistic studies (see Figure 37e) on its photocatalytic
activity revealed that the binding of the TCPP ligands to the
PMOF via C—O—M (M = metal) bonds enabled electron
transfer from the ligand to graphene via metal nodes. When the
hybrid is in a CO, atmosphere, the graphene surface is covered
with CO, molecules because graphene adsorbs CO, quite well.
The electrons transferred to the graphene from the TCPP can
then be transferred further to the adsorbed CO,, causing its
transformation into HCOO™ in the presence of TEOA. In this
system, TEOA provides the basic environment needed to
support photocatalytic CO, reduction.

In addition to binary hybrid photocatalysts, three-component
hybrid photocatalysts have been studied. A Z-scheme ternary
heterostructure (O-ZnO/rGO/UiO-66-NH,) for the photo-
reduction of CO, to HCOOH and CH;OH was prepared by
Meng et al. via a solvothermal pathway.’®' UiO-66-NH, and
oxygen-defective ZnO (O-ZnO) are the active species

responsible for this hybrid catalyst’s photocatalytic activity,
while rGO acts as a conductive medium that enables facile
electron transport. The O-ZnO/rGO/UiO-66-NH, photo-
catalyst performed better than the corresponding catalyst
prepared with ZnO lacking oxygen defects because the oxygen
defects facilitated CO, adsorption and the separation of
photogenerated charge carriers. Figure 38a compares the CO,
reduction activity of O-ZnO/rGO/UiO-66-NH, to that of
selected other photocatalysts, showing that pristine O-ZnO and
UiO-66-NH, by themselves lack CO, reduction activity, but
their hybrids with rGO both exhibit some photoreduction
activity. This was attributed to the formation of Z-scheme
heterojunctions in the hybrid photocatalysts, which enabled the
effective separation of charge carriers. The ability of O-ZnO/
rGO/UiO-66-NH, to effectively separate charge carriers was
confirmed by its low photoluminescence intensity (see the
photoluminescence spectra presented in Figure 38b). In
addition, the photocurrent intensity of O-ZnO/rGO/UiO-66-
NH, (Figure 38c) was greater than that of both O-ZnO and
UiO-66-NH,, again indicating that charge separation is
enhanced in this graphene@MOF hybrid system. The rGO
content of the hybrid photocatalyst was optimized to 1.5 wt %;
higher quantities of rGO competed with the light-absorbing
activity of the catalyst’s other two components and thus reduced
its activity (see Figure 38d). The optimal hybrid photocatalyst
achieved CO, photoreduction rates of 6.41 and 34.83 ymol g™
h™" for the formation of HCOO™ and CH;OH, respectively.
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Although the rate of HCOO™ evolution for O-ZnO/rGO/UiO-
66-NH, is lower than that achieved with the previously
discussed NH,-rGO/AI-PMOF (6.41 vs 685.6 umol g~' h™"),
the O-ZnO/rGO/UiO-66-NH, catalyst is notable because it can
produce CH;OH as well as HCOO™. Photocatalytic CO,
reduction by O-ZnO/rGO/UiO-66-NH, could occur via either
aZ-scheme or a type-Il heterojunction mechanism (Figure 38e).
The former is more likely because the type-II pathway would
involve the use of electrons from the CB of O-ZnO, which is
implausible since the CB potential of O-ZnO is more positive
than the reduction potential of CO,.

CO, reduction is the most commonly studied reductive
application of photocatalysts based on graphene@MOF hybrids.
However, hybrids of this class have also been used to catalyze
nitroarene reduction.’®> Yang et al. designed a graphene/Ce-
Ui0-66 hybrid for this purpose®*® and showed that Ce increased
the system’s photocatalytic activity by acting as an electron-
transfer-facilitating mediator between graphene and UiO-66.

Another photocatalyst derived from a graphene@MOF hybrid
was fabricated specifically for the reduction of p-nitrophenol (p-
NP) to p-aminophenol (p-AP). This system was obtained by
hydrothermal synthesis of 3Dgraphene/NC@Co followed by
annealing at 600 °C under an argon atmosphere to obtain
graphene loaded with N-doped carbon-coated metallic NPs
(3DGraphene/NC@Co). Upon irradiating this photocatalyst
with a spectrum of UV, visible, and infrared radiation, free/hot
electrons are released from the 3DGraphene, enabling the
reduction of p-NP to p-AP.

5.2.3.5. Oxidation. Photocatalytic oxidation is a useful
process with various industrial and environmental applications.
Oxidation by graphene@MOF hybrid photocatalysts has been
used to synthesize industrially relevant chemicals and to remove
harmful gases from environment,**>#¢7537,563

The synthesis of ketones and aldehydes by the oxidation of
alcohols is important in the food, pharmaceutical, and perfume-
based industries. Cai et al. therefore designed MIL@GO, a
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Publishing.

hybrid photocatalyst for the oxidation of benzyl alcohol to
benzaldehyde.”> MIL@GO is based on the MOF MIL-LIC-
1(Eu), which was chosen because Eu’* is easily reduced and
then reoxidized. The oxygen source in this photo-oxidation was
H,O, which was confirmed by the finding that the yield of the
oxidized product was only 2.3% under anhydrous conditions.
The photocatalytic activity of the MIL-LIC-1(Eu) @GO hybrid
was highest when the loading of GO relative to MIL-LIC-1(Eu)
was 1 wt %, as shown in Figure 39a; the catalyst’s activity was
reduced when the content of GO was above this level because
the excess GO reduced its light-absorbing ability. The pH of the
reaction mixture also significantly affected the O, production
activity of MIL-LIC-1(Eu)@GO and was therefore optimized,
revealing that O, evolution peaked at pH 8.5, as shown in Figure
39b. Radical scavenging studies showed that *OH and holes
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were the key active species in alcohol oxidation because adding
scavengers such as tert-butyl alcohol (for *OH) and ethylenedi-
amine tetraacetate (for holes) reduced the hybrid’s photo-
catalytic efficiency (see Figure 39¢c). The oxidation of benzyl
alcohol was studied in detail, and a mechanism was proposed
based on the results mentioned above (see Figure 39d). Briefly,
irradiation of the photocatalyst with a light-emitting diode
(LED) lamp excites Eu**—O to the [Eu**—O]* state, leading to
the generation of electron—hole pairs. The holes then react with
H,O to form O, or *OH radicals that in turn oxidize benzyl
alcohol. During this process, [Eu**—O]* is converted back to
Eu**—O via its reaction with O, or *OH radicals. GO facilitated
the photocatalytic oxidation by capturing the photoinduced
electrons and thereby reducing the rate of charge carrier
recombination. Another study on the photocatalytic oxidation of
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300 in the presence of various trapping agents. Reproduced with permission from ref 536. Copyright 2018 Elsevier.

benzyl alcohol using oxygen as the oxidant was recently reported
by Li et al.,, who used a ternary hybrid photocatalyst based on
rGO, Pd NPs, and the MOF UiO-66. The synthesized
photocatalyst Pd@UiO-66@rGO was active enough to give a
high conversion efficiency of 76% with 99% selectivity in benzyl
alcohol oxidation. The optimal concentration of Pd NPs in the
catalyst was found to be 0.8%; higher concentrations restricted
contact between the active species, the substrate, and UiO-66.
The effective separation of photoinduced charge carriers in this
hybrid was confirmed by the fact that the intensities of the peaks
in its photoluminescence spectrum were lower than those in the
spectra of its individual components, as shown in Figure 39e.
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The hybrid was completely inactive under an argon atmosphere,
indicating that the main active species involved in benzyl alcohol
oxidation were holes and O,°”. A mechanism was proposed
based on these findings (see Figure 39f) in which electron—hole
pairs are formed upon visible-light irradiation of UiO-66. The
electrons are then transferred to Pd, which reduces molecular
oxygen to O,°". Meanwhile, the holes activate benzyl alcohol by
transforming it into the corresponding cation radical, which in
turn reacts with O,°" to form benzaldehyde. During this process,
rGO captures photogenerated electrons to prevent their
recombination with holes.
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The presence of harmful gases in the air is a serious problem
that could be resolved by converting them into species that are
less harmful or, ideally, harmless. This can be achieved through
photocatalytic oxidation of gases such as nitric oxide (NO) and
acetaldehyde using graphene@MOF hybrid photocata-
lysts.***° A recent report on photocatalytic oxidation of NO
and acetaldehyde was presented by Li et al., who hybridized the
amine-functionalized MOF NH,-MIL-125(Ti) with GO via a
solvothermal process to obtain GO/ NH,-MIL-125(Ti).>** As
in other cases, GO improved the photocatalytic activity of the
resultant hybrid, which was also shown to have a very low
charge-transfer resistance (indicated by a small semicircle radius
in a Nyquist plot). Samples of this hybrid photocatalyst prepared
with 10 mg of GO (10-GO/NH,-MIL-125(Ti)) showed a good
photocurrent response and had a photocurrent density exceed-
ing that of both their precursors and hybrid photocatalyst
samples prepared by mechanical grinding of GO and NH,-MIL-
125(Ti) in the same proportions used in the solvothermal
process (see Figure 40a). On the basis of these observations,
GO/NH2-MIL-125(Ti) was tested in the photocatalytic
oxidation of NO and acetaldehyde. Figure 40b shows the
conversion of NO to NO;~ by hybrid photocatalysts with
different GO contents, revealing that the 10-GO/NH,-MIL-
125(Ti) photocatalyst outperformed the hybrid prepared by
mechanical grinding. This highlights the strong interaction
between GO and NH,-MIL-125(T1i) in the solvothermal hybrid.
The 10-GO/NH,-MIL-125(Ti) was also used to catalyze the
oxidative degradation of acetaldehyde; Figure 40c compares its
activity in this reaction to that of various other photocatalysts. A
mechanistic study revealed that the photo-oxidation of
acetaldehyde and NO by 10-GO/NH,-MIL-125(Ti) is
mediated by holes and *O,~, as shown in Figure 40d. Visible-
light irradiation of 10-GO/NH,-MIL-125(Ti) causes the
generation of electrons from 2-aminoterephthalic acid, leading
to the reduction of Ti** to Ti’*. These electrons are then
transferred from Ti—O clusters to GO before reacting with O, to
generate *O,”. The oxidation process is accelerated in the
presence of water vapor, which enables the formation of *OH
radicals through the reaction of water with holes. Another study
on NO oxidation examined rtGO@ZnCo,0, (GZC-x) hybrids
formed by annealing rGO@ZnCo-ZIF (x represents the
annealing temperature, which was 100, 200, 300, 400, or 500
°C).>* In comparison to the previously discussed 10-GO/
NH2-MIL-125(Ti) photocatalyst, 300-tGO@ZnCo,0, was
highly active for NO oxidation, achieving a conversion of
83.8% (see Figure 40e); only S0% conversion was achieved with
10-GO/NH,-MIL-125(Ti) under same light source. The high
activity of 300-rGO@ZnCo,0, is due to the high energy of its
VB and the low energy of its CB, which facilitated the separation
of electrons and holes. Experiments using trapping agents such
as KI for holes, tert-butyl alcohol (TBA) for *OH, AgNO; for
electrons, and p-benzoquinone (p-BQ) for *O,” confirmed that
holes and O, are the active species during NO oxidation
because the conversion of NO to NO;~ was reduced in the
presence of KI and p-BQ (Figure 40f). Interestingly, the
conversion of NO by rGO@ZnCo,0, increased to 92.6% when
simulated sunlight was used as the light source.

5.3. Energy Storage/Conversion

Nanocarbons, particularly graphene-based composites, enjoy
prime importance in myriad applications. In particular, they are
seen as very promising materials for energy storage because they
have many properties that are beneficial in this context such as

high specific surface areas, porosity, and the exceptional
mechanical and thermal properties of graphene. Although
MOFs>*” and graphene-based materials**® have been studied as
electrode materials individually, their energy storage perform-
ance is limited by a few factors. For example, graphene-based
materials are prone to aggregation, while MOFs are inherently
poor conductors. As discussed in the preceding sections,
nanographene@MOF composites and their derivatives can
synergistically combine the benefits of both material types while
minimizing their drawbacks, enabling the fabrication of MOF-
based materials with improved electrical conductivity or
electrode materials with unique designs and architec-
tures.”*”~>"" Other benefits that can be achieved through the
formation of such composites include improved charge transfer
and electrochemical redox reaction kinetics. As such, these
materials could potentially offer solutions to longstanding
problems in electrode design and energy storage and conversion.
Many MOF-graphene composites have been successfully
prepared and tested as active materials for these purposes,”” ">
drawing on the large and growing library of known MOF-based
structures. The following sections review the uses of such
composites in supercapacitors and various battery chemistries.

5.3.1. Supercapacitors. Supercapacitors (SCs) use Far-
adaic and non-Faradaic processes to store energy. As energy
storage systems, they have several unique characteristics
including high power density, rapid charge/discharge rates,
long cycle lives, and a wide working temperature range.””*>”*
Graphene@MOF composites can enhance these properties by
combining physical and charge storage mechanisms in a single
electrode. In other words, the electric double-layer capacitance
(EDLC) originating from graphene-based materials and the
pseudocapacitance originating from the MOFs (metal-based)
could help deliver an optimal combination of energy and power
density.”>*°**7* Although few unmodified MOFs can be used in
electrochemical devices due to their poor electrical conductivity
and low chemical stability, metal—carbon nanostructures can
improve the electrochemical performance by enabling more
extensive contact between the electrode and the electrolyte
while also being highly porous and having many active sites to
improve ion diffusion.'®* In addition, when MOFs are
compounded with graphene-based materials, the latter act as
valuable nanostructured fillers and supporting structures, as
discussed in the preceding sections.

The carbon material may also form bonds with the MOF,
changing its coordination chemistry and thereby increasing the
composite’s conductivity. This in turn can create new pathways
for charge conductance within the composite. Accordingly,
pioneering studies conducted by Yaghi et al. showed that many
nanocrystalline MOFs (nMOFs) with multiple organic
functionalities and metal ions could be doped with graphene
sheets and used as supercapacitor electrodes.'®* Coin-cell-type
supercapacitor devices constructed with such composite thin-
film electrodes soaked in 1 M tetraethylammonium tetrafluor-
oborate electrolyte exhibited high capacities for ion storage
during charging and discharging. Although good capacitance
was achieved with several nMOFs, a zirconium-based MOF (a
composite of MOF 867 and graphene) yielded the highest stack
and areal capacitance while also being sufficiently robust to
exhibit no appreciable loss of performance after 10 000 charge/
discharge cycles. This was attributed to the composite’s high
porosity and open structure. Notably, the composite’s
capacitance was around six times that of supercapacitors made
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Figure 41. (a) Schematic depiction of nMOF/graphene supercapacitors, and (b) nMOF 867 along with the stack capacitance of nMOF-867/
graphene, activated carbon, and pristine nMOF-867. Reproduced with permission from ref 164. Copyright 2014 American Chemical Society. (c)
Photograph of GO/Fe-MOF aerogel, demonstrating the scalability of its synthesis. (d and e) TEM images of GO/Fe-MOF and rGO/Fe,O; composite
aerogel, respectively. (f) Long-term cycle life of the rGO/Fe,0; electrode at 50.4 mA/cm? for 5000 cycles with practical demonstration (inset).
Reproduced with permission from ref 232. Copyright 2017 American Chemical Society.

from commercial activated carbon, which was taken as a
benchmark (Figure 41a and 41b).

MOFs based on transition metals (Fe, Co, Ni) have also
shown promising electrochemical performance owing to their
large surface areas, low cost, and high mass density. Several
studies have therefore investigated the doping of such MOFs
with graphene-based materials to construct composite super-
capacitor electrodes.”’® For example, Zhou et al.””” grew Ni-
MOFs directly on graphene sheets to obtain a GO@MOF
structure with excellent electrochemical properties including
long-term cycling stability (3000 CD cycles), a good rate
capability (85% of the initial capacitance was retained upon
raising the current density from 1 to 10 A/g), and high
capacitance (21924 F/g at 1 A/g). A major challenge in
preparing high-performance electrodes using graphene@MOF
composites is in preparing the composite in a scalable manner
while controlling its surface characteristics. It is therefore
notable that Xu et al.*** achieved the large-scale synthesis of 3D
graphene/MOF composites using a simple “mixing” strategy
with several different MOFs including MOF-$, ZIF-8, ZIF-67,
K,Sn,(1,4-bdc);, and an Fe-MOF prepared from FeCl; and
H,bdc for which no structural data was provided. The GO/Fe-
MOF composite was subsequently used as a precursor for the
fabrication of rGO/Fe,O; aerogels by freeze drying and
calcination. Figure 41c shows a photograph of a large quantity
of the GO/Fe-MOF composite, demonstrating the scalability of
its synthesis. In addition, TEM images of the GO/MOF
composite and the derived rGO/Fe,0; aerogels showed that

their graphene sheets were homogeneously coated with
nanocrystals of the MOF and Fe, O, respectively (see Figure
41d and 41e). When used as an electrode, the rGO/Fe,0,
hybrid delivered capacitances of 869.2 and 289.6 F/g at current
densities of 1 and 20 A/g, respectively, as well as a long cycle life
without obvious capacitive decay after S000 cycles (Figure 41f).
A flexible all-solid-state SC based on the rGO/Fe,O; aerogel
assembled to investigate its practical utility achieved a
volumetric capacitance of 250 mF/cm?® at 6.4 mA/cm® and
retained 96.3% of its initial capacity after 5000 cycles when
measured at 50.4 mA/cm®. Benefiting from the synergistic
interactions between rGO and MOF-derived nanostructures as
well as their unique 3D framework, the rtGO/Fe,0; aerogels
thus delivered outstanding supercapacitive performance. Sim-
ilarly, Majumdar and co-workers synthesized Ni-doped MOF/
rGO (reduced graphene oxide) composites in gram-scale
quantities. Their strategy involved partially substituting Zn
metal clusters with Ni, which can participate in reversible redox
reactions in alkaline electrolytes. Interestingly, the presence of
Ni-doped MOEF-5 also circumvented the restacking issue
associated with graphene sheets. An electrode based on MOF-
S supported on rGO (with equal contents of Ni and rGO) had
an energy density of 37.8 W h kg™ at 226.7 W kg™" with low
charge transfer resistance.””® Li et al. used the ball-milling
method followed by calcination to prepare an rGO/Mn;0,
composite.579 The starting material in this case was a porous
rGO aerogel prepared by hydrothermal and freeze-drying
processes, which was then ball milled with an Mn-based MOEF.
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Figure 42. (a) Schematic representation of the synthesis of MIL-88(Fe) grown on graphene with two different nanostructures: (a) spindle-like MOF@
GA and (b) rod-like MOF@GA. SEM images of (c) spindle-like MOF@GA and (d) rod-like MOF@GA hybrid. Reproduced with permission from ref

580. Copyright 2018 John Wiley & Sons, Inc.

The optimized rGO/Mn;0, electrode delivered a capacitance of
420 F/g at 0.5 A/g with good cycling stability (89.6%
capacitance retention after S000 cycles). An all-solid-state
symmetric SC based on rGO/Mn;O, was subsequently
constructed, which had an energy density of 22.1 Wh/kg and
a power density of 3.0 kW/kg with good cycling stability (90.1%
capacitance retention after 5000 cycles). In this system, ion/
electron transport is facilitated by the integration of Mn;O, with
rGO to form a hierarchically porous matrix.

Another efficient way of increasing an electrode material’s
redox activity involves using synergistic activation to obtain a
material whose performance exceeds that of its individual
components. In one study using this approach, it was discovered
that the morphology and crystal structure of MIL-88(Fe) MOF
nanocrystals on graphene could be tuned simply by varying the
order of addition of Fe®* ions:**" a dispersion of spindle-like
nanocrystals (spindle-like MOF@GA) on graphene sheets was
obtained if the Fe’* and organic ligand were added
simultaneously (see Figure 42a and 42c), whereas oriented
rod-like nanocrystals (rod-like MOF@GA) were obtained when
GO was heated with Fe*" before adding the organic ligand (see
Figure 42b and 42d). The controlled growth of spindle-like
MOF crystals was attributed to the coupling of electrophilic Fe**
ions with graphene via p—x interactions to form uniformly

scattered seeds that nucleated crystal growth upon adding the
organic ligand. SCs constructed using spindle-like MOF@GA
had a capacitance of 353 F/g at 20 A/g, while SCs made with
rod-like MOF@GA had faster charge/discharge rates, greater
cycling stability, and remarkable capacitance retention (74.4%
after 10 000 cycles). This study showed that MOFs” morphology
and growth patterns on aerogel matrices significantly affect their
electrochemical properties. In addition to the surface morphol-
ogy, the size of the nanoparticles (nanostructures) in such
composites is important because short ionic and electronic
pathways enable efficient electrochemical processes. To max-
imize the benefit of small particle sizes, Xiao et al.”®' developed a
graphene-supported Co-based MOF with ultrasmall (<5 nm)
nanocrystals whose decomposition temperature was raised by
coating with a polymer, causing the formation of significantly
smaller MOF crystals than would otherwise be obtained. While a
graphene support can mitigate losses in performance arising
from longer ionic/electronic pathways, the best performance is
generally observed when the active materials are less than 10 nm
in size.

The interesting properties of graphene@MOF hybrids arise
partly from the fact that the MOF component prevents stacking
of the graphene sheets. However, this often depends on
comparatively weak 77—z interactions and hydrogen bonds
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Reproduced with permission from ref 76. Copyright 2021 John Wiley & Sons, Inc.

between the MOF and the graphene derivative, which may limit
the mechanical stability of the resulting composites. This
problem can be avoided by forming composites with function-
alized graphene derivatives that allow MOFs to be grown
selectively at the locations of specific functional groups and to be
covalently attached to the graphene, prov1d1ng stronger binding
and greater stability. Kolleboyina et al.”® demonstrated this
concept by covalently linking the amine-functionalized MOF
UiO-66-NH, to carboxylate-functionalized graphene (graphene
acid, GA). The resulting amide-linked GA@UiO-66-NH,
hybrid had a high specific surface area, a hierarchical pore
structure, and an interconnected conductive network. Electro-
chemical testing showed that GA@UiO-66-NH, is as an
effective charge storing material with a capacitance of 651 F/g
at 2 A/g and good cycling stability; it retained 94% of its initial
capacitance after 20 000 cycles, as shown in Figure 43a. Its amide
linkages enable the formation of a 7-conjugated structure that
facilitates charge transfer, explaining these outcomes. An
innovative asymmetric SC was subsequently constructed using
GA@UiO-66-NH, as the positive electrode and Ti;C,T,
MXene as the negative electrode. This cell achieved power
densities of up to 16 kW/kg and an energy density of up to 73
Wh/kg (Figure 43b) with 88% cycling stability over 10 000
cycles. In general, electrode materials for SCs should have high
contact areas and high conductivity to enable rapid transport of
ions and/or electrons. A material with these qualities was
prepared by growing vertically aligned Ni—Zn hydroxide
nanosheets on rGO to form a sandwich-like structure, providing
abundant electrolyte-accessible contact sites.”*” The heteroge-
neous doping of Zn into the Ni-based hydroxide of this
composite altered its electronic structure and greatly increased
its conductivity. Because of these properties, the Ni—Zn
hydroxide/rGO composite delivered a reasonably high
capacitance (615.4 C/g at 1 A/g), good stability (87.5% after
8000 cycles), and excellent capacity rate performance (62.3%
capacity retention when the current was increased from 1 to 30
Alg).

To demonstrate the composite’s practical utility, it was used
to manufacture a hybrid SC with an activated carbon (AC)
negative electrode. The resulting NiZn—OH/rGO//AC SC had
an energy density of 53.7 Wh/kg at a power density of 825.1 W/
kg. Moreover, at its maximum power density of 8276.7 W/kg, it
retained an energy density of 24.6 Wh/kg. The cell also retained
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89.7% of its initial capacity after 10 000 cycles when measured at
S A/g. Another polymetallic graphene@MOF hybrid electrode
material was studied by Ashourdan et al,”® who prepared
nanocomposite electrodes made from a trimetallic (nickel—
cobalt—manganese) MOF and high-quality graphene (HQG)
obtained by graphite peeling in the liquid phase. The as-
prepared G-HQG@NiCoMn-MOF hybrid contained several
functional groups at the graphene surface and had a fairly high
surface area (140 m*/g). As a supercapacitive electrode, the
composite delivered a capacity of 1263.6 C/g at a current
density of 1 A/g with 89.2% capacity retention after 5000
consecutive charge/discharge cycles. A hybrid SC was
constructed using positive and negative electrodes consisting
of this composite and AC, respectively. The SC was successfully
cycled at working voltages up to 1.6 V and delivered a specific
energy of 69.9 Wh/kg at a power of 1217.9 W/kg. It also had an
excellent rate capability, retaining 74.1% of its initial capacitance
when the current density was increased from 1 to 10 A/g and
had an outstanding cycle life (85.2% capacity retention after
5000 cycles).

In addition to growing MOFs on the graphene surface,
graphene sheets can be used as wrapping layers. Zhang et al.
demonstrated this wrapping strategy by synthesizing a
composite of graphene, carbon nanotubes, and cobalt
derivatives (Gr-CNT@Co).>** The innovative design of this
material and its highly interconnected porous structure gave it a
high surface area (253.9 m?/g), resulting in a capacitance of
1108 F/g at 1 A/g with high cycling stability (75% after 6000
cycles). Accordingly, an all-solid-state asymmetric Gr-CNT@
Co//N-doped rGO device delivered an energy density of 36.55
Wh/kg at 685.3 W/kg and an excellent capacitance retention of
78% after 6000 cycles at 1.5 A/g. At a high power of 9.4 kW/kg,
the device delivered an energy density of 7.6 Wh/kg. Cao et
al.>** similarly reported that graphene could be wrapped around
an Mo-based MOF simply by stirring a mixture of the two
components. The resulting composite had an excellent rate
capability (~61% of its initial capacitance was retained after
raising the current density from 1 to 10 A/g) and cycling stability
(~87.5% over 6000 cycles when recorded at 6 A/g). These
remarkable electrochemical properties can be attributed to the
graphene wrapping layers, which increased the material’s
electronic conductivity while preventing aggregation of the
active MoO; nanoparticles. Wu et al. reported another

https://doi.org/10.1021/acs.chemrev.2c00270
Chem. Rev. 2022, 122, 17241-17338


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig43&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig43&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig43&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00270?fig=fig43&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

Table 8. Graphene@MOF Hybrids Used in Electrodes for Supercapacitors and Batteries”

graphene@MOF hybrids used in electrodes for supercapacitors

surface area

active material (m*/g) electrolyte capacitance cycling stability ref
GA@UiO-66-NH, 780 1 M Na,SO, 615 F/gat1A/g 94% over 2000 cycles at 5 A/g 76
ZIF-8-supported 3D graphene 352.8 1 M H,SO, 238 F/gat1A/g 72% over 3000 cycles at 7 A/g 609
rGO-wrapped MoO; 79.9 1 M H,SO, 617 F/gat 1 A/g 87.5% over 6000 cycles at 6 A/g 58S
MOF-derived B/N-doped carbon-coated 798 1 M H,SO, 288 F/gat1A/g 610
graphene
1 MTEABF,/AN 126 F/gat 1 A/g
PEDOT-GO/(Ui0-66-CNT) 623 3 M KCl 102 mF/cm? at 10 mV/s 611
MOE-derived Mn;0,@N-doped 326 1 M Na,SO, 456 F/gat 1 A/g 98.1% after 2000 cycles at S A/g 612
carbon/graphene
rGO-NiCo,S, MOF 6 M KOH 972 F/gat 1 A/g 94.1% after 2000 cycles at 3 A/g 613
MOF-derived (Ni-Co-LDH)/rGNS 6 M KOH 2179 F/gat 1 A/g 88% after 3000 cycles at 1 A/g 614
G-HQG@NiCoMn-MOF 140 3 M KOH 1263.6 C/g at 1 A/g 89.2% after 5000 cycles at 7 A/g 583
MOF-derived rGO/CoS, 1 M KOH 460 F/gat 1 A/g 85.1% after 5000 cycles at 5 A/g 615
NiCo-MOFs/GO 89.68 2 M KOH 413.61 C/gat 0.5 A/g  85.89% after S000 cycles at 7 A/g 616
Ni-MOF-derived NiO/rGO 6 M KOH 43525 F/gat 1 A/g no loss after 25000 cycles at 617
50 mV/s
N-ZIF-67/rGO 1367 2 M KOH 962 F/g at 20 mA/cm*>  97% after 1000 cycles at 20 mA/cm> 618
GO/Zn-Co-Ni LDHs 1782 1 M KOH 843 C/gat 1 A/g 97.71% after 5000 cycles at 10 A/g 619
Mn;0,@C/rGO 0.5 M Na,SO, 328.4 F/cm? at 85% after 10 000 cycles at 4 A/cm® 620
0.5 A/cm’
NbOF-GO 3 M KOH 489 F/gat 1 A/g 88% after 5500 cycles at 5 A/g 621
rGO@C/Fe;C 1549 6 M KOH 95.3 mAh/g at 1 A/g 81.5% after S000 cycles at 5 A/g 622
conductive Cu-MOF/rGO 540 1 M KCl 44.6 mF/cm® at S mV/s  69% after 1000 cycles at 623
0.04 mA/cm
CoS,/GO 214.81 6 M KOH 842 F/g at 0.5 A/g 95% after 2000 cycles at 10 A/g 624
Ni/ZIF-67/rGO 369.1 1 M H,SO, 304 F/gat1A/g 98.9% after 1000 cycles at 10 A/g 625
Co,V,0,/graphene 1 M KOH 276.5 C/gat 1 A/g 93% after 10 000 cycles at 10 A/g 626
Co,_,S/CoFe,0,@rGO 290 2 M KOH 2202 F/gat 1 A/g 90% after 20 000 cycles at 10 A/g 627
(Ni,Co)Se,@rGO 36.79 3 M KOH 649.1 C/gat 1 A/g 90.5% after 5000 cycles at 10 A/g 628
Co030,-NiO/graphene 54.04 2 M KOH 766 F/gat 1 A/g 83% after 5000 cycles at 1 A/g 629
rGO@NiCoAl-LDHs 2 M KOH 2202 F/gat 1 A/g 92% after 2000 cycles at 10 A/g 630
Na/Zn-bimetallic MOF/rGO 83.62 0.5 M Na,SO, 4352 F/gat 1.6 A/g 100% after 4000 cycles at 40 A/g 631
Cu-MOF/rGO 1 M KOH 1871 F/g at 0.5 A/g 89% after S000 cycles at 4 A/g 38
N-GQD@cZIF-8/CNT 520 1 M H,SO, 540 F/gat 1 A/g 90.9% after 8000 cycles at 0.5 A/g 632
a-NiS nanorods/graphene 2 M KOH 744 C/gat 1 A/g 89% after 20 000 cycles at 20 A/g 633
rGO—Co;0, hexagons 98 0.1 M KOH 1300 F/g at 4 A/g 80.5% after 5000 cycles at 4 A/g 634
rGO/Co,Sq 1 M KOH 5759 F/gat 2 A/g 92% after 9000 cycles at 4 A/g 635
Ni-Co LDH/graphene 2189 1 M KOH 1265 F/g at 1 A/g 92.9% after 2000 cycles at 3.33 A/g 636
Ni,Co;_,0,/G 2 M KOH 2870.8 F/gat 1 A/g 81% after 5000 cycles at 4 A/g 637
(CoBTC MOF/G) 577.1 1 M KOH 608.2 F/g at 0.25 A/g 94.9% after 2000 cycles at 0.25 A/g 638
rGO/Ni,P 524.6 6 M KOH 890 F/gat 1 A/g 61.1% after 4000 cycles at 8 A/g 639
rGO/ZIF8 Ni-nanocone 1 M KOH 336 F/gat1A/g 96% after 10 000 cycles at 1 A/g 640
graphene@MOF hybrids used in electrodes for batteries
battery  operating voltage
active material type window initial discharge capacity cycling stability ref
MIL-101(Cr)@rGO/S Li-S 1.5-3V 12281mAh/g at 0.2 C at Ist  66.6% over SO cycles at 0.2 C 641
cycle
GS-S/Cyipsp Li-S 1.0-3V ~1171 mAh/g at 168 mA/g  48% over 120 cycles at 168 mA/g 642
at Ist cycle
graphene/chromium-MOF Li—S 1.0-3V ~1192 mAh/g at 0.1 C at 1st 95% over 134 cycles at 0.8 C 643
(MIL-101(Cr)) cycle
CoySg-3DGF/S Li—S 1.8-2.8V ~736 mAh/g at 1 C after 500 84.9% after 200 cycles at 0.1 C 644
cycles
77.2% after 500 cycles at 1 C
N-Co;0,@N-C/rGO Li—S 1.5-3V ~1223 mAh/g at 0.2 C at 77% over 300 cycles at 0.2 C or ~945 mAh/gat 645
initial cycle 0.2 C after 300 cycles
~611 mAh/g at 2 C after 1000 cycles
graphene-like (analogue) Ni;(HITP), Li-S 1.7-28V ~1302 mAh/g at 0.2 C at ~848.9 mAh/g at 0.2 C after 100 cycles 646
initial cycle
~65% over 100 cycles at 0.2 C
S-in-MIL-53-0n-rGO Li-S 1.8-2.7V ~1250 mAh/g at 0.1 C at 67% after 100 cycles at 0.5 C 647
initial cycle
17309 https://doi.org/10.1021/acs.chemrev.2c00270
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battery  operating voltage
active material type window initial discharge capacity cycling stability ref
MOF-808@S/GEC Li—S 1.6-29V ~688 + 56 mAh/gat 0.5 Cat 59% after 100 cycles at 0.5 C 648
Ist cycle
S/LDH/rGO Li—S 1.7-28 V ~958 mAh/g at 0.2 C at Ist  ~60% over 100 cycles at 0.2 C 649
cycle
RGO/ZnCo,0,-ZnO-C/Ni Li ion 0.01-3V ~930 mAh/gat 0.1 A/gat Ist >100% discharge capacity at 0.1 A/g due to 650
cycle electrode activation
Fe-MOF/RGO Li ion 0.01-3V ~2259 mAh/g at S00 mA/g  44% over 200 cycles at 500 mA/g 651
at 1st cycle
N-doped porous carbon-coated rGO Li ion 0.01-3V ~1391 mAh/g at 0.5 A/g at  74% over 200 cycles at 0.5 A/g 652
Ist cycle
3DGN/CuO Li ion 0.01-3V ~569 mAh/g at 100 mA/g at  ~72% over 50 cycles at 100 mA/g 653
Ist cycle
Co,(OH),BDC/CGr Li ion 0.01-3V ~2566 mAh/h at 100 mA/g  ~53% over 100 cycles at 100 mA/g 654
at 1st cycle
SnO,@N-RGO Li ion 0.01-3V ~2217 mAh/g at 200 mA/g  ~51% over 100 cycles at 200 mA/g 655
at initial cycle
Ni-Co-BTC MOF (flower-like Li ion 0.01-3V ~1544 mAh/g at 200 mA/g  ~75% over 100 cycles at 200 mA/g 656
NiCo,0,) at initial cycle
FePatNC@rGO Li ion 0.005-3V ~1442 mAh/g at 100 mA/g  ~57% over 100 cycles at 100 mA/g 657
at initial cycle
Fe,05/C0;0,/rGO from Li ion 0.01-3V ~1110 mAh/g at 1 A/g at ~72% over 110 cycles at 1 A/g 658
MIL-88-Fe/ZIF-67/GO initial cycle
Ni@NC-rGO Li ion 0.01-3V ~1977 mAh/g at 0.2 A/g at  ~67% over 120 cycles at 0.2 A/g 659
initial cycle
Al-MOF/graphene composite Li ion 0.01-3V ~481 mAh/g at 100 mA/g at  ~85% over 100 cycles at 100 mA/g 660
initial cycle
Ni,Ss/graphene nanosheet Li ion 0.01-2.5V ~1596 mAh/g at 0.12 A/g at  ~97% over 2000 cycles at 1 A/g 593
initial cycle
C@GQD Li ion 0.1-3V ~708 mAh/g at 100 mA/g at ~62% over 200 cycles at 100 mA/g 661
Ist cycle
SnO,@MOF/graphene composite Li ion 0.01-3V ~660 mAh/g at 100 mA/g at  ~75% over 100 cycles at 100 mA/g 662
Ist cycle
hollow SiO,@N-doped graphene aerogel  Li ion 0.01-2V ~2670 mAh/g at 0.1 C at 1st ~86% over 500 cycles at 10 C 663
(HSiOx@N-GA) cycle
3D hollow porous carbon/graphene Li ion 0-3V ~1237 mAh/g at 100 mA/g  highly stable for 1000 cycles at S A/g 664
composites at first cycle
Fe;0, QDs@C/rGO Li ion 0.01-3V ~144S5 mAh/g at 100 mA/g  ~92% over 300 cycles at 500 mA/g 665
Co-TCPP MOF/rGO composite Li ion 0.01-3V ~2316 mAh/g at 100 mA/g  ~45% over 100 cycles at 100 mA/g 31
FeS@carbon (FeS@C)-graphene Na ion 0.01-3V ~507 mAh/g in the initial ~97% over 300 cycles at 1 A/g 666

cycle at 0.1 A/g

“Abbreviations: G, glucose; HQG, high-quality graphene; rGO, reduced graphene oxide; LDH, layered double hydroxides; Ni-CAT, Ni-
catecholate; LSG, laser scribed graphene; N-GQDs, N-doped graphene quantum dots; GA, graphene aerogel; NG-A, N-doped graphene aerogels;

CoBTC, cobalt-benzene tricarboxylic acid; PET, polyester fabric.

innovative electrode design using the rGO/CoSx-rGO/rGO
composite, which was prepared from a nanocomposite
designated ZIF-GO obtained by mixing ZIF-67 nanocubes
with a GO solution. During this process, the ZIF-67 nanocubes
underwent a morphological change and were converted into 2D
nanoflakes. A sandwich-like GO/ZIF-GO/GO hybrid film was
then fabricated by the successive vacauum membrane filtration of
GO, ZIF-GO, and GO solutions followed by a hydrothermal
sulfidation/reduction process. The resulting freestanding rGO/
CoS,-1GO/rGO hybrid film demonstrated good electro-
chemical performance due to the Faradaic (battery-like)
properties of CoS, and the good conductivity and EDL
capacitance of rGO. An all-solid-state hybrid SC with the
rGO/CoSx-rGO/rGO film as the positive electrode and a
negative AC electrode had an energy density of 10.56 Wh/kg
and a power density of 2250 W/kg while retaining 92.8% of its
initial capacitance after 10 000 cycles. Building on these findings,
many other graphene-MOF hybrids have been prepared using
diverse strategies and tested in supercapacitors; these systems
are listed in Table 8.

Overall, it is clear that graphene@MOF hybrids are promising
electrode materials for SCs due to their outstanding electro-
chemical properties, which include high energy storage capacity,
high power, and excellent cycling stability. These exciting
features can be attributed to their unique architectures, which
typically confer high specific surface areas, an abundance of
active sites, favorable pore size distributions, and good
conductivity. However, it should be noted that despite the
promising performance of these graphene-based materials,
considerable improvements will be needed to obtain practically
useful supercapacitors. Therefore, more research is needed to
investigate graphene@MOF composites featuring various new
MOFs (e.g,, conducting MOFs and 2D-MOFs) and different
forms of graphene including heteroatom-doped, functionalized,
and 3D porous sponge-like graphene.

5.3.2. Li-lon Batteries (LIBs). Since they were introduced
into the market by Sony in 1991, LIBs have found applications in
a vast array of commercial products ranging from small portable
electronics to large electric vehicles and grid-scale energy storage
systems.”*® In general, the power and capacity of a LIB is
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dictated by the properties of its electrode materials. Unfortu-
nately, current LIBs suffer from low rate performance, sluggish
lithium diffusion, and poor cycle lives due to the low electrical
conductivity and poor structural stability of intercalation-based
electrode materials. Therefore, great efforts have been devoted
to developing new electrode materials with higher theoretical
capacities and greater long-term cycling stability. Several studies
have identified MOF/graphene-based composites as promising
materials in this context.

Solvothermal methods are commonly used to synthesize
graphene@MOF composites for battery electrodes. For
instance, a flower-like Co-TCPP MOF/rGO composite was
prepared by combining cobalt meso-tetrakis(4-carboxyphenyl)-
porphyrin (Co-TCPP MOF) with rGO in a one-pot process.587
Both Co-TCPP MOF and Co-TCPP MOEF/(15 wt %)rGO
performed well as anode materials in LIB. The flower-like Co-
TCPP MOF delivered a capacity of 854 mAh/g after 100 cycles,
which was significantly boosted to 1050 mAh/g at 100 mA/g by
the formation of a composite with rGO (15 wt %). The
introduction of rGO effectively prevents the stacking of MOF
nanoparticles and facilitates the formation of a continuous
conductive framework with entangled graphene that enables
rapid transport of electrons and ions. Interestingly, the
composite retained a specific capacity of 650 mAh/g after 300
cycles even at 1000 mA/g, which was attributed to its 3D
ultrathin lamellar structure, which exposes an abundance of
electroactive sites, reduces the diffusion distance of Li* to the
internal electroactive sites, and improves the overall electrical
conductivity. Fe-MOF/rGO was also reported to be a promising
LIB anode material. Pristine Fe-MOF undergoes various
irreversible reactions when used as an anode material, resulting
in a poor Coulombic efficiency (35.5%). However, the
incorporation of rGO (S5 wt %) improved the electrode’s
Coulombic efficiency to 43.3% while also increasing the rate
capability and cyclic stability. Accordingly, electrochemical
impedance analysis showed that incorporating 5 or 10 wt % rGO
reduced the resistance of Fe-MOF and thus facilitated ion
transfer at the electrochemical interface. A particularly
important parameter for LIB electrode materials is the cycling
life, which depends strongly on the structural stability of the
electrode material. It is thus notable that Gao et al.”*® developed
an AI-MOF/graphene hybrid that can serve as a highly stable
LIB anode material. An Al-based MOF (MIL-53) was
synthesized using a hydrothermal method in water and
combined with GO to form an AI-MOF/GO composite, after
which the GO was reduced to graphene with vitamin C. When
used as a LIB anode, the resulting AI-MOF/graphene composite
demonstrated significantly better electrochemical performance
than the pristine AI-MOF. Interestingly, it was found that Li
intercalation and deintercalation induced a structural change in
Al-MOF/GO that manifested as an order—disorder transition,
leading to more open channels for Li diffusion and storage.

The above discussion shows that growing MOFs with
graphene-based materials can improve their electrochemical
performance to a degree. However, their poor electrical
conductivity (due to the nonconductivity of their organic
linkers) still restricts their rate performance and cycle life when
used as LIB electrodes. To overcome this problem, several
researchers have transformed MOFs into carbon materials and
combined them with graphene derivatives to obtain new LIB
anode materials.”* For instance, a carbon-on-carbon composite
was prepared by combining a porous carbon material derived
from the MOF ZIF-8 with graphene quantum dots (GQDs)

using an in-situ self-assembly method.®* The resulting
composite exhibited an excellent SSA of 668 m*/g with tailored
micro- and mesopores. When used as a LIB anode, this
composite delivered promising reversible capacity and out-
standing cycle stability (493 mAh/g at 100 mA/g after 200
cycles). These exciting properties were attributed to its
hierarchical pore structure and high surface area, both of
which facilitate ion diffusion and thus accelerate Li insertion/
deinsertion. Similarly, N-doped porous carbon-coated graphene
(NPC@graphene) was synthesized by carbonizing in-situ grown
ZIE-8 on GO.>” The N doping, rich porosity, and high electrical
conductivity of this carbon-on-carbon hybrid created synergies
that resulted in outstanding performance when used as a LIB
anode: its initial discharge and charge capacities were 1391 and
873 mAh/g, respectively, with an initial Coulombic efficiency of
around 62.7%. These results are far better than those for
graphite-based anodes, which have a theoretical maximum
capacity of 372 mAh/g. The composite also exhibited a
reversible capacity of 1040 mAh/g after 200 cycles at 0.5 A/g
with excellent rate performance.

Anode materials based on metal chalcogenides (oxides/
carbide/phosphides) are attractive for LIBs due to their high
energy storage capacity and power output. However, most of
them suffer from poor electrical conductivity and structural
instability, which reduces their rate performance and cycling
stability. An emerging solution to these problems is to combine
porous metal oxides with conducting supports such as graphene.
MOFs with tailored porosity were recently proposed as ideal
precursors for highly porous metal oxides/sulfides with uniform
pore distribution. For instance, Wang et al.”>”' proposed an
innovative double-buffering strategy in which the MOF MIL-
100(Fe) was grown on graphene oxide and then calcinated to
obtain ultrafine and well-dispersed mesoporous carbon-coated
Fe;0, QDs (4 nm) embedded in rGO (Fe;0, QDs@C/rGO).
In this composite, the graphene and the mesoporous carbon
serve as a conductive scaffold for homogeneous anchoring of the
Fe;O, QDs that provides confined double buffering to
accommodate and control cyclic changes in volume resulting
from Li intercalation and deintercalation. This unique electrode
architecture with a hierarchically porous structure gives the
composite a high reversible lithium-ion storage capacity with
excellent long-term cyclic stability after 2000 cycles (505 mAh/g
at 2 A/g). In terms of rate performance, the Fe;0, QDs@C/
rGO composite achieved capacities of 878 and 234 mAh/gat 0.1
and 5 A/g, respectively. Moreover, when the current density was
returned to 0.1 A/g, its measured capacity was 890 mAh/g
(100% retention after 60 cycles at various current densities),
indicating that the introduction of GO and the composite’s well-
designed layered array architecture conferred good structural
stability and Li* storage reversibility. Similarly, Li et al.>”
synthesized ultrafine MnO nanoparticles on graphene-inter-
connected N-doped 3D carbon frameworks (MnO@NC-G) by
pyrolyzing a GO-wrapped Mn(II)-MOF composite and used
the resulting material in cathodes for Li-CO, batteries.
Benefiting from the combined merits of its individual
components, the MnO@NC-G composite delivered an
unprecedentedly high discharge capacity of 25021 mAh/g
between 2.0 and 4.5 V with a Coulombic efficiency of 95.6%. In
rate-performance tests, these electrodes completed 10 reversible
cycles with a cutoff capacity of 5000 mAh/g (1.33 mAh/cm?)
when measured at 400 mA/g. In addition, at 1 A/g, the electrode
could complete over 200 cycles with a capacity limit of 1000
mAh/g and was able to complete another 176 cycles without loss
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Figure 44. (a) Fabrication of POMOF/rGO composite with Keggin’s-type H;PMo,;,V,0,9 (PMo,,V,)-POM, Cu-MOF, and GO. (b) SEM image of
POMOF/rGO hybrid. (c) Stability test of POMOF/rGO hybrid over 400 cycles at current densities of 2 and 3 A/g. Reproduced with permission from

ref 597. Copyright 2017 Elsevier.

of performance after replacing the lithium anode and electrolyte.
This indicates that its cycle life within a battery is limited by
ineffective anode protection. These results suggest that effective
cathode materials for Li-CO, batteries should have (1)
dispersed catalytic species, (2) fast electron transport, and (3)
robust interconnected networks. Similarly, a polymer-templated
strategy was used to synthesize a Ni,S,/graphene compo-
site.'”"**® The first step in this composite’s preparation involved
hydrothermal treatment of a 2D nickel-based metal framework
[Ni(C,0,)(H,0),], obtained from Ni(OH), and squaric acid
(H,C,0,) in the presence of the structure-directing agent
polyvinylpyrrolidone (PVP). The resulting 2D Ni-MOF sheets
were then mixed with graphene and transformed into Ni,Ss/
graphene by in-situ sulfidation using thiourea as the sulfur
source. Spectroscopic and microscopic measurements showed
that the hybrid consisted of nickel sulfide layers intercalated
between graphene sheets. The Ni,Ss/graphene composite
showed a reversible capacity of 1010 mAh/g at 0.12 A/g with
a Coulombic efficiency of 98%. Moreover, when used as an
anode material, it exhibited remarkable cycle stability (~95%
capacity retention after 2000 cycles). Ex-situ characterization of
the electrode demonstrated that its charge storage is based on a
conversion mechanism, and the material exhibited good
structural stability even after many charge/discharge cycles.
These outstanding electrochemical features were ascribed to the
synergistic effects of Ni,Ss and graphene: graphene acts as a

17312

conductin§ matrix, while Ni,S¢ offers Faradaic charge storage.
Gao et al.>”* prepared a doubly carbon-coated FeP composite
(FeP@NC@rGO) by in-situ phosphorization of a Prussian
blue@GO (PB@GO) precursor. SEM images showed that FeP
nanocrystals were embedded in the nitrogen-doped porous
carbon matrix of the resulting material. When tested in LIBs,
FeP@NC anodes delivered a poor specific capacity of 89 mAh/g
after 100 cycles, but a significantly better capacity (830 mAh/g)
was achieved upon adding rGO. In addition, the FeP@NC@
rGO electrode had reversible capacities of 751 and 359 mAh/g
at 0.1 and 5 A/g, and its reversible capacity returned to 737
mAh/g upon reducing the current density to 0.1 A/g after 60
cycles at 5 A/g. It thus exhibits remarkable reversibility with
around 99.25% capacity retention. These results show that the
conductivity of FeP nanoparticles is greatly enhanced by
graphene coating and being embedded in porous carbon and
that the resulting material can accommodate their large changes
in volume during cycling.

Unlike transition-metal oxides/sulfides, graphene@MOF
hybrids have also been investigated in conjunction with
polyoxometalates (POM). POMs are an exceptional group of
inorganic redox-active materials consisting of multiple metal
oxide ions that are linked by oxygen atoms to form nanoclusters
within an ordered three-dimensional framework.””***® Their
rapid and highly reversible redox activity gives them remarkable
electrochemical properties. Wei et al.””" prepared POMOF/
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Figure 45. (a and b) SEM images of Fe-soc@GO at two different magnifications. (c) Galvanostatic charge/discharge profiles for the S/Fe-soc@rGO
hybrid over 70 cycles at 0.1 C. Reproduced with permission from ref $98. Copyright 2020 Elsevier. (d) Synthesis of self-supported CoP@G/CC-S
cathode. (e) SEM image of self-supported CoP@G/CC-S. (f) Cycling performance of CoP@G/CC-S, CC-S, G/CC-S, and CoP@CC-S cathodes at
0.5 C. Reproduced with permission from ref 599. Copyright 2020 Royal Society of Chemistry.

rGO using HyPMo,,V,0,, which is a Keggin-type POM
designated (PMo,,V,)-POM, together with HKUST-1 (Cu-
MOF) and GO, as shown in Figure 44a. In the resulting
POMOFs/rGO hybrid, the heteropolyanions of (PMo,,V,)-
POM provide multiple redox-active species while the MOF
HKUST-1 serves as a porous scaffold with a suitable size and
shape for POM adsorption, and the rGO films provide electrical
conductivity for ion transportation while preventing aggregation
of the nano-POMOFs particles. The POM-loaded MOF was
uniformly dispersed on the surface of rGO, as shown in Figure
44b. The resulting composite demonstrated remarkable electro-
chemical performance as a LIB anode, with a reversible capacity
0f 1075 mAh/g after 100 cycles and good rate performance with
100% capacity retention at both 2000 and 3000 mA/g after more
than 400 cycles (Figure 44c). Combining the multielectron
redox capabilities of POMs with the high conductivity of rGO
and the open structure of the MOF thus buffers the volume
expansion of the POMs during cycling and thereby delivers good
cycling stability.

Owing to their high crystallinity, large surface area, and
hierarchical porosity, graphene@MOF hybrids have also been
proposed as potential host materials for sulfur in Li—S batteries.
Although Li—S batteries are an attractive energy storage
technology due to their high theoretical capacity and energy
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density, sluggish reaction kinetics and rapid capacity decay have
obstructed their commercial use. To address these issues, Yao et
al>*® developed a sulfur host in which the MOF Fe-soc is
wrapped with rGO. SEM images (Figure 45a and 45b)
demonstrated uniform wrapping of the MOF, and the as-
prepared S/Fe-soc@rGO composite achieved an initial
discharge capacity of 1634.3 mAh/g with a stable capacity
retention of 865.3 mAh/g after 80 cycles (Figure 45c). The
composite also delivered discharge capacities of 638.8 and 334.3
mAh/g after 200 cycles at 0.5 and 1 C, respectively. In this
system, the unsaturated metal sites of Fe-soc efficiently adsorb
both elemental sulfur and polysulfides. At the same time, the
stable porous structure of the MOF facilitates fast ion transport
and thus increases the ion diffusion rate while also constraining
volume changes during charge/discharge cycling. Several MOF-
derived metal phosphides, carbides, and sulfides have also been
used as immobilizing agents and electrocatalysts to overcome
the shuttling effect.””*” For instance, Jin et al.””’ prepared a
composite of MOF-derived CoP anchored on vertical graphene
on a carbon cloth (CC) support (CoP@G/CC) as a
freestanding hybrid sulfur host (Figure 45d).

This material was obtained by growing 3D porous graphene
vertically on CC, which offers a conductive network for carrier
transport and electrolyte penetration while also enabling the
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adsorption of sulfur species and accommodating the associated
volume changes to ensure a high loading of active material.
MOF-derived CoP nanostructures were then grown on the
vertical graphene surface where they can efficiently immobilize
and participate in electrocatalytic interactions with Li-
polysulfides, thereby suppressing the shuttle effect and
promoting fast redox processes (Figure 4Se). This made it
possible to attain large capacities at high rates with low voltage
polarization. Accordingly, CoP@G/CC-S cathodes delivered a
capacity of 1195 mAh/gat 0.5 C and retained a capacity of 1135
mAh/g after 150 cycles, outperforming CC-S, G/CC-S, and
CoP@CC-S cathodes (Figure 45f). Cells using these cathodes
also retained a capacity of 1044.9 mAh/g after 500 cycles at high
rates of 2 C. Even at a high sulfur loading of 10.83 mg/cm?,
CoP@G/CC-S cathodes retained a high areal capacity of 8.81
mAh/cm? at 0.05 C. Importantly, the authors also prepared
flexible Li—S pouch cells with self-supported CoP@G/CC-S
cathodes that offered impressive rate and cycling performance
when subjected to various mechanical deformations. Similarly,
Xu et al.®’" prepared Ni—Co LDH-wrapped rGO using ZIF-67
as an effective sulfur host. The high specific surface area of
LDH/rGO (324 m?/g) allows easy polysulfide adsorption, and
the excellent conductivity of rGO facilitates electron transfer
between LDH and the insulating sulfur. When tested as a
cathode, S/LDH/rGO had an initial discharge capacity of 958
mAh/g at 0.2 C with a Coulombic efliciency of 99% and also
showed good rate capability with a capacity of 730 mAh/g at a
high current density of 1 C. In another study, a separator coated
with catalytic and conductive Fe;C nanoparticles dispersed over
conductive N-doped graphene was prepared using the bimetallic
MOF Fe/Zn-bio-MOE-100 to suppress the shuttle effect.’”" At
low mass loadings (1 mg/cm?), the composite delivered a
capacity of 1248.1 mAh/g. Moreover, after 300 cycles, cells with
Fe;C/NG-coated separators retained a capacity of 1020.6 mAh/
g and had a Coulombic efliciency of almost 100%, implying that
no shuttle effect occurred during cycling. Even at a high current
density of 6 C, Li—S cells with Fe;C/NG-coated separators
showed a capacity of 954.5 mAh/g in the first cycle, which was
reduced to 439.9 mAh/g after 500 stable cycles.

5.3.3. Beyond LIBs. Although LIBs currently outperform
alternative battery technologies, the limited and uneven
distribution of lithium resources and the high cost of raw
materials are barriers to their further development. Moreover,
the energy storage capabilities of LIBs are insufficient for
emerging applications such as the electrification of vehicles and
energy grids. Consequently, there is a clear need for another leap
in battery technology that will enable the production of safe,
inexpensive, and high-energy devices. Because they could
potentially be made using inexpensive and abundant resources
while offering greater safety than LIBs, Na-, K-, and Zn-ion
batteries have received considerable attention recently. Gra-
phene@MOF composites have many potential applications in
these battery types.

The major challenge in developing high-performance Na-ion
batteries (SIBs) is to find suitable electrode materials to host
relatively large Na ions. Composites of several MOFs and their
derivatives with graphene have therefore been explored as anode
materials for SIBs. For example, Wei et al.’” synthesized a
hollow urchin-like F-doped Co-MOF on rGO using a
solvothermal method and used it as a SIB anode. When tested
at current densities of 0.1,0.2, 0.5, 1, and 2 A/g, the F-Co-MOEF/
rGO electrode achieved average capacities of 354.5, 264.3,
2189, 174.8, and 128.9 mAh/g, respectively. It also demon-

strated good cycling stability, retaining a capacity of 181.6 mAh/
g at 0.1 A/g after 100 cycles with a Coulombic efficiency of
99.98%. MOF-derived metal chalcogenides are promising
electrode materials for SIBs due to their tunable porous
structure, which provides easy access to electrochemically active
sites and short diffusion lengths. An FeSe,@rGO composite was
therefore prepared using a template-assisted method with GO/
Fe-MOF (MIL-88-Fe) as the precursor.603 MIL-88-Fe was
formed by mixing ferric chloride and fumaric acid under heating,
then the MOF was stirred with a suspension of GO, and the
resulting material was subjected to selenization to provide the
FeSe,@rGO hybrid. In this material, the FeSe, particles are
tightly wrapped with GO, which limits their growth and causes
FeSe, to inherit the morphology of the precursor. When used as
a SIB anode, FeSe,@rGO exhibited 2—3-fold better electro-
chemical performance than either FeSe, or rGO with a capacity
of 392 mAh/g at 5000 mA/g (vs 172 and 98.6 mAh/g,
respectively). Because of its small nanoparticles and high surface
area, the FeSe,@rGO composite exhibits a high reversible
capacity of 350 mAh/g after 600 cycles at 5000 mA/g as well as
excellent rate performance as indicated by its discharge specific
capacities of 558.5 mAh/gat 0.1 A/g and 390.5 mAh/gat SA/g
(corresponding to the retention of 70% of the initial capacity).
In-situ structural characterization confirmed that the electrode’s
charge—discharge reactions were highly reversible, indicating
that the electrode material possesses excellent structural
stability. Tin-based materials are also seen as suitable anode
candidates with promising sodium-ion storage capacity for
rechargeable batteries due to their special alloying/dealloying-
type storage mechanism. An MOF-derived SnSe/C composite
wrapped with N-doped graphene (NG@SnSe/C) was therefore
designed for Na-ion storage.””* A Sn-MOF was prepared by a
simple wet chemistry method and then subjected to thermal
selenization to form SnSe/C, which was wrapped with N-doped
graphene using direct plasma-enhanced chemical vapor
deposition (PECVD). The resulting NG@SnSe/C composite
exhibited good electrical conductivity and structural stability
due to its “inner” carbon framework formed by thermal
treatment of the MOF together with its “outer” graphitic cage
from the PECVD synthesis. Consequently, NG@SnSe/C
anodes had a reversible capacity of 650 mAh/g at 0.05 A/g, a
favorable rate performance of 287.8 mAh/g at S A/g, and good
cycle stability with a negligible capacity decay of 0.016% per
cycle over 3200 cycles at 0.4 A/g. Their sodium-ion storage
properties were systematically investigated using first-principles
simulations, while the electrode’s structural stability was
confirmed by in-situ XRD and ex-situ TEM analysis. To
determine the practical utility of these electrodes, Na-ion
capacitor full cells were constructed using NG@SnSe/C anodes
and AC cathodes, delivering energy and power densities of 115.5
Wh/kg and 5742 W/kg, respectively. These cells also exhibited
stable cycling for 1100 cycles. Potassium is seen as another
promising alternative to lithium for batteries because its reserves
are effectively unlimited and its intercalation chemistry is similar
to that of lithium. The low standard reduction potential of K*/K
(=2.93 V versus E° which is close to the Li*/Li reduction
potential of —3.03 V versus E°) allows high energy densities and
fast ion transport kinetics in electrolytes. Graphene@MOF
composites have therefore been evaluated as potential electrode
materials capable of reversibly hosting large K* ions.””> ™" For
example, rGO-wrapped MOF-derived FeS, hollow nanocages
(FeS,@rGO) were tested in KIB anodes.””® This material was
obtained by using Prussian blue (PB) as a source of Fe and
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mixing it with a GO solution followed by thermal reduction to
obtain Fe@rGO, which was then transformed into FeS,@rGO
3D hollow nanocages via a sulfidation process. Owing to the
synergistic interaction between the FeS, nanocages and rGO
shells, the FeS,@rGO hybrid exhibited superior electrochemical
performance; it had a high capacity of 264 mAh/g after 50 cycles
at 50 mA/g and 123 mAh/g after 420 cycles at 500 mA/g,
implying 47% retention of its initial capacity.

The above discussion clearly shows that combining graphene
and its derivatives with a MOF matrix can improve the electrical
properties of the MOF and establish a conductive network in the
electrode. The resulting hybrids can significantly increase the
cycling stability of Li—S batteries by confining the polysulfide
species. In addition, unique electrode architectures such as
porous MOFs and conductive graphene scaffolds shorten the
diffusion paths for electrolyte ions and accelerate phase-transfer
reactions, resulting in enhanced rate performance and cycling
stability. Despite the advances that have been made in the field of
graphene@MOF composites for battery applications, several
challenges remain to be addressed. For instance, very few
solvothermal, hydrothermal, or direct mixing methods have
been used to prepare graphene@MOF hybrids. Newer synthesis
methods such as self-assembly and layer-by-layer fabrication
should also be investigated because they could provide
composites with novel morphologies and surface features.
Similarly, combinations of graphene derivatives with new MOFs
such as conductive MOFs should be explored to identify
materials with exceptional electrochemical performance.

6. FUTURE DIRECTIONS AND CONCLUDING
REMARKS

Graphene@MOF hybrids are a very interesting and extensively
studied class of MOF hybrids. While the pristine components of
these hybrids, i.e.,, graphene derivatives and MOFs, possess
useful properties, they also have distinct limitations that have
prompted researchers to shift their attention to the fabrication of
graphene@MOF hybrids. MOFs are fascinating functional
porous materials that have attracted great interest over the last
few decades because of their remarkable features, which include
high tunability, porosity, and large surface areas together with
low densities, giving them applications in diverse fields.
However, their instability under harsh and humid conditions
seriously limits their potential uses. One way of avoiding these
problems is to synthesize hybrids of MOFs with other materials.
Out of the different types of MOF hybrids, the graphene@MOF
hybrids are most interesting nowadays.

This review is based on a critical analysis, deep understanding,
and in-depth study of graphene@MOF hybrids and covers
almost all issues relating to these materials, ranging from their
synthesis to their applications. We have clarified the motivation
for synthesizing and studying graphene@MOF hybrids by
describing how the properties of pristine MOFs can be
enhanced or modified through hybridization with graphene
and its derivatives, expanding their potential range of
applications. Properties of pristine MOFs that can be modified
by hybridization with graphene derivatives include their texture,
morphology, stability, electronic properties, and surface proper-
ties as well as the accessibility, abundance, and characteristics of
their active sites. Moreover, the way in which these properties
are modified can be controlled by varying the content of the
graphene derivative in the graphene@MOF hybrid or by varying
the nature of the graphene derivative that is used. It is thus
possible to tune the properties of these hybrids for specific
purposes. The properties and applications of graphene@MOF
hybrids are also influenced by the synthetic methods used in
their fabrication. Several different synthetic methods have been
used to prepare graphene@MOF hybrids, ranging from the very
commonly used in-situ synthetic approach to the much rarer in-
situ polymerization approach. General protocols for all of these
methods have been presented, and their capabilities have been
illustrated by discussing the graphene@MOF hybrids obtained
in each case. These examples provide useful insights into
strategies that can be used to design graphene@MOF hybrids
for various applications.

In accordance with the main objective of this review, we have
also discussed the applications of graphene@MOF hybrids in
environmental remediation, catalysis, and energy storage and
conversion. Like pristine MOFs, graphene@MOF hybrids have
porous structures that make them suitable for gas adsorption
applications. These hybrids have thus emerged as capable
adsorbents of gases including CO,, CH,, NH;, and H,S. Because
of their permanent porosity, controllable pore size distributions,
and high surface areas, they have also been used in separation
applications including hydrocarbon separation, pollutant
removal from water, and oil—water separation.

The successful hybridization of graphene derivatives with
MOFs ensures uniform distribution of MOFs within the
hybrids, increasing the exposure of their catalytic active sites.
Consequently, such hybrids have also been used extensively as
heterogeneous catalysts for organic transformations and also as
photocatalysts and electrocatalysts in various photocatalytic and
electrocatalytic processes. Some MOFs have interesting photo-
catalytic activity, but their practical usefulness is often limited by
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issues such as poor conductivity, facile recombination of charge
carriers, and limited production of photogenerated charge
carriers, which cause them to suffer from poor efficiency.
Graphene@MOF hybrids can avoid these limitations and thus
offer superior photocatalytic efficiency. Similarly, graphene@
MOF hybrids can offer better electrocatalytic properties than
pristine MOFs, making them suitable for various electrocatalytic
applications. These hybrids also show fascinating performance
in energy storage/conversion applications because hybridization
with graphene derivatives yields materials that have greater
conductivity than pristine MOFs but also retain a porous
framework that allows fast diffusion of electrons and ions,
enabling outstanding performance in energy storage and
conversion devices such as supercapacitors and batteries. In
addition to graphene@MOF hybrids, materials derived from
these hybrids by controlled degradation of the MOF component
to obtain new carbon materials have shown great promise in
energy storage and conversion applications. As a result,
graphene@MOF hybrids and their derivatives have been used
to improve the performance of supercapacitors, lithium-ion
batteries, and batteries with alternative chemistries.

6.1. Future Perspectives

Given the remarkable advances that have been made in the field
of graphene@MOF hybrids, it might seem difficult to identify
directions for future research in this area. However, we are
confident that there remain several unexplored directions of
research on graphene@MOF hybrids. These directions are
illustrated in Figure 46 and discussed in more detail below.

(1) Graphene@MOF hybrids have found practical applica-
tions in many fields, but their use in biomedical science
has been very limited. However, given the biomedical
applications of pristine MOFs, it is very likely that
graphene@MOF hybrids will also show high performance
in various biomedical applications, particularly in drug
delivery. Since these hybrids have larger surface areas than
pristine MOFs while retaining a highly porous framework,
graphene@MOF hybrids based on nontoxic biocompat-
ible MOFs could be powerful vehicles for drug delivery.
Importantly, the ability to tune the properties of such
hybrids by varying their content of graphene derivatives
could enable tunable drug delivery.

(2) MOFs with the ability to function as solid-state proton
conductors (SSCs) have recently been investigated as
solid electrolytes for fuel cell applications. MOF-based
SSCs have high proton conductivity resulting from an
extensive H-bonding network. Because hybridizing
MOFs with graphene derivatives can improve their
stability and conductivity, it should be possible to develop
SSCs based on graphene@MOF hybrids for fuel cell
applications. The high conductivity of graphene@MOF
hybrids will enable rapid proton conduction, while their
high stability should enable their long-term use.

Dye-sensitized solar cells (DSSCs) use photosensitizing
dyes to generate electricity. Although MOFs have been
used in DSSCs, their poor conductivity and inferior light-
harvesting ability yielded uninspiring performance.””*
However, graphene and its derivatives have been
successfully used as photosensitizers in diverse applica-
tions.””” These observations strongly suggest that photo-
sensitizers based on graphene@MOFs could have
excellent performance. Indeed, one such hybrid was
recently used as a photosensitizer in a DSSC.*** This

3)
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represents a relatively new direction for graphene@MOF
hybrids, and we anticipate that further studies on their
photosensitizing capabilities will markedly improve the
performance of MOF-based DSSCs and related devices.

Like proton conduction, the fabrication of light-emitting
diodes is a relatively new application of MOFs.
Luminescent MOFs have been used to prepare
phosphor-converted white-light-emitting diodes (pc-
LEDs),”*® and mixed-MOF phosphors can be prepared
by incorporating luminescent emitters (e.g., metal
complexes, organic dyes, or quantum dots) into the
MOF framework; carbon dots have also recently been
used for this purpose.®®® However, the limited stability of
the MOF pore structure restricts their range of potential
applications in this area. Because graphene@MOF
hybrids have stable and conductive architectures, they
could be used to prepare more robust mixed-MOF
phosphors with interesting performance in white-light
emission applications.

(4)

6.2. Perspectives on Designing Graphene@MOF Hybrids

On the basis of interwoven structures and bespoke properties
thereof, we summarize the following design principles.

(1) Currently, most synthetic approaches rely upon the self-
assembly of MOFs and graphene (or its derivatives), and
for that reason, controlling the electronic properties of the
resulting hybrids has been challenging. In the future, we
expect that with the advances in atomically precise design
of nanographenes and graphene nanoribbons as well as
with progress in the design of layer-defined van der Waals
heterostructures, the tunability of the electronic band
structure of graphene@MOF hybrids will be further
increased.®”=°"® There are already examples where
nanographenes and graphene nanoribbons have been
used as coordinating linker molecules to construct MOFs
or framework architectures, whereas functionalized bulk
graphenes have been used to covalently build up more
precise hybrid structures. A lot of promise lays in such
materials, since they are atomically/molecularly precise
and they enable the observation of new electronic
phenomena or may allow one to improve the usability
of graphene@MOF hybrids in previously discussed
applications, particularly if synthetically controlled band
structure tuning is beneficial. The design of graphene@
MOF van der Waals heterostructures is closely
intertwined with the progress of MOF nanosheets. In
recent years, publications on conductive layered metal—
organic frameworks have surged like never before, and
such framework assembly (in a layer-by-layer fashion via
the Langmuir—Blodgett method or the Langmuir—
Schaefer method) seems promising to prepare layer-
precise graphene/MOF heterostacks.

Water-stable MOFs are a natural choice to afford water-
stable graphene@MOF hybrids, and in general, it is highly
unlikely that compositing water-labile MOFs, such as
HKUST-1, with graphenes will enable amenability to
function in aqueous media. X-ray diffractogram-based
stability claims for such graphene@water-unstable MOFs
notwithstanding, exhaustive stability evaluation, such as
adopting accelerated stability tests (a benchmark in
pharmaceutical industry), should be a common practice
in this area.”’®

()
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To conclude, graphene@MOF hybrids are an important class
of hybrid MOFs with several fascinating properties that have
been exploited in a wide range of applications. We anticipate that
this review will help accelerate the ongoing research on
graphene@MOF hybrids and encourage further development
of this class of hybrid materials.
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