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Abstract

Graphite oxide (GO) / metal-organic framework (MOF-5) nanocomposites are synthesized
with various ratios of the two components. In developing the concept of these new adsorbents,
it was expected that distorted graphene sheets would contribute to the enhancement in the
dispersive interactions, whereas MOF-5 component would contribute to the expansion of the
pore space where adsorbates could be stored. Moreover, taking into account the variety of
transition and noble metals, which can be used to form the MOF structure, those materials
have a potential to provide active sites for reactive adsorption or heterogeneous catalysis. The
composites have a unique layered sandwich-like structure where GO units divide the MOF-5
units. A possible scenario for the formation of such structures is the involvement of linkages
between epoxy groups of distorted graphene layers of GO and zinc oxide building units of
MOF-5. An increase in the content of GO leads to a greater distortion of the MOF-5 cubic
structure and visible changes in the texture of nanocomposites. The materials are
predominantly microporous with sizes of pores defined by the cavities of MOF-5 units.
Moreover, specific combination and synergy between GO and MOF-5 units also result in the

formation of a unique porosity characteristic of the nanocomposites.
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Introduction

Recently a great interest rose in the scientific community in graphene and graphene-based
materials.l'"! It is owing to the specific and very unique structural, mechanical, and electronic
properties of those one-atom-thin sheets. The common source of graphene is graphite, which
can be considered as three-dimensional crystals consisting of graphene layers. Separation of
graphite into graphene layers is not a trivial task and many attempts have been made based on
graphite oxide (GO). GO is formed by treating graphite with very strong oxidizing agents*’
and has a layered structure and a non-stoichiometric chemical composition. It has been used
recently to build various nanocomposites which exhibit enhanced electronic and adsorption

[>-19 The graphene layers of GO are stacked together with an interlayer distance

properties.
varying from 6-12 A depending on the level of hydration.!""! Oxidation of graphite causes
introduction of epoxy and hydroxyl groups to the graphene layers, as well as carboxylic
groups mainly located on the edges of the layers.!"> '*! Moreover, strong oxidation also leads
to defects in the layers in the form of incorporated oxygen atoms or vacancies.!'* '™ This
increase in hydrophilicity causes that GO is easily dispersed in water and delaminated in

12,16

alkaline media or alcohols.!"> ' Then the graphite layers can be restacked and their degree of

orientation depends on the method of drying.

Another group of materials which has recently open new possibilities of applications are

Metal-Organic Frameworks (MOFs).'"” ¥ Yaghi and coworkers were the first group

19-21

describing their synthesis and properties."”*!! During recent years it has been shown that a

large variety of 2-D and 3-D metal organic networks with high porosity, unusual ions
exchange and adsorptive properties can be designed using intermolecular interactions and

[22-25

metal-ligand coordination.”**! The structure of the materials obtained is the result of
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maximum degrees of freedom of both components, spherical shape of metal ions and well-

defined points of contacts in the organic linkers."*"!

In spite of the very high porosities of MOFs, their open framework is not able to provide
strong nonspecific adsorption forces to retain small molecules at ambient conditions. For this
kind of separation processes, a surface consisting of a dense arrangement of atoms and porous
network is needed. An ideal situation is when that dense surface creates an accessible porous
framework with pores similar in sizes to the target molecule. This is not an easy task and for
years various methods of sorbent synthesis and modifications have been explored to provide

the best suitable surface features.

To meet the above mentioned requirements in adsorption processes, the concept of graphite
oxide-MOF nanocomposite has been developed in our laboratory. Knowing the ratios of GO
and MOF in the composites, it is expected that distorted graphene sheets will contribute to the
enhancement in the dispersive interactions, whereas MOF component will contribute to the
expansion of the pore space where the adsorbate can be stored. Moreover, taking into account
the variety of transition and noble metals which can be used to form the MOF structure, those
materials have a potential to provide active sites for reactive adsorption or heterogeneous
catalysis. There are also other unforeseen applications where the presence of graphene can

increase the electrical conductivity of the resulting materials.

Examples of metal organic frameworks are MOF-n materials which are built from the
extended analogues of molecular metal-carboxylate clusters.'*”! They are stable at rather high
temperature and their porosity can reach 60 %.1*! The preparation of MOFs involves reaction

between solutions of metal ions salts and organic linkers. Besides, as mentioned above, a
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broad range of transition or noble metals can be used in the synthesis owing to their catalytic

properties.!*”!

Thus a major objective of this paper is to present the synthesis of MOF-GO nanocomposite
materials, which combine the favorable attributes of carbonaceous graphene surfaces and
MOFs. As a metal-organic framework, MOF-5 was chosen for this study, owing to its
relatively small sizes of pores (~ 8 A) and the chemistry of the linkages. In MOF-5, [Zn4O]**
tetrahedra form the corners of the resulting primitive cubic structure, while benzene
carboxylates (1,4 benzenedicarboxylate, BDC) allow the junction between these zinc oxide
clusters.”® The formula of the resulting material is ZnyO(H-BDC);.*? Since epoxy and
carboxylic groups are present on GO, it is expected that they might anchor zinc oxide clusters.
Synthesis of the parent materials and the nanocomposites is followed by their surface
characterization using a range of experimental methods. The different nanocomposites
consisting in 5, 10 and 20 wt % of graphite oxide are presented. To our best knowledge, the
synthesis of such materials has not been reported in the literature. We characterize the new
materials from the point of view of their structure, texture and porosity. The nanocomposites
are referred to as MOF-5-GO1, MOF-5-GO2 and MOF-5-GO3 where 1, 2 and 3 represent the

5, 10 and 20 wt % of GO in the samples, respectively.

Results and discussion

Since in our materials MOF-5 represents the major component of the nanocomposites, one
would expect a predominance of MOF-5 structure features on the X-ray diffraction patterns of
the nanocomposites. Of course, it should only happen when MOF-5 synthesis in the presence
of GO does no prevent the formation of linkages between the zinc oxide and BDC. In fact, in

our concept of composite formation, we envisioned the formation of small units of MOF-5,
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which would be linked to the distorted graphene sheets owing to the presence of epoxy groups
present on the graphene sheets or carboxylic groups located at the edges.'*"! The former
scenario would be more favorable for the formation of layered composites. As seen in Fig. 1,
the major diffraction pattern of MOF-5 is preserved in our composites and this pattern is in
agreement with those previously reported for MOF-5.1%*") For GO, the peak at 2 Theta about
9.29 ° represents the interlayer distance of 9.5 A.P" For MOF-5-GOn (n = 1, 2 or 3)
nanocomposites, the sharpness of the peak at 2 Theta about 9.7 ° is slightly reduced and the
splitting of that peak is noticed. This splitting increases in its visibility with an increase in the
content of GO. A similar feature was observed by Lillerud and coworkers on MOF-5. They
attributed it to a distortion of the cubic symmetry.”” Finding it for our composites indicates
that the presence of GO in the sample increases the distortion in the MOF-5 cubic
arrangement. One could expect such an effect since there are additional constraints in the
degrees of freedom during synthesis caused by the presence of GO, and they increase with an
increase in the content of GO. Other interesting features, quite unique for MOF-5-GO
composites, are sharp peaks between 2 Theta 30 and 40 °. They are much less sharp for MOF-
5 and almost not present for MOF-5-GO2. Thus they must represent differences in the

building units of MOF-5-GO2 and the two other composites.

The texture of the nanocomposites can be observed on SEM micrographs presented in Fig. 2.
For comparison, micrographs for GO and MOF-5 are also included. In the latter sample, the
cubic crystals of MOF-5 are clearly visible with some traces of amorphous phase. GO is seen
as dense agglomerates/flakes of graphene sheets stacked together by dispersive forces. On the
other hand, the agglomerates of MOF-5-GO1 nanocomposite look totally different. They
consist of regular square-shaped thin platelets of about 500 x 50 nm stacked together in an
organized way. Taking into account the differences in the texture between MOF-5-GOI,

MOF-5 and GO, it is plausible to assume that thin agglomerates of graphene layers act as
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dividers located between the thin platelets of MOF-5. This leads to the formation of that
sandwich-like structure. For MOF-5-GO2, although some indication of the layered structure
can be seen, the edges of the platelets are much less sharp. It is likely that more GO interfere
with the MOF-5 crystallization pattern. Those changes are even more visible for MOF-5-GO3
where 20 wt % GO is present. Owing to the pronounced differences in the densities of both
components in MOF-5-GO3, the physical contact of both phases must be extended and MOF-
5 crystallizes as about 50 nm in diameter worm-like structures connected to the edges on
graphene platelets. The EDAX element maps of the nanocomposites are presented in the
supporting information. They show that carbon, oxygen and zinc are well-dispersed on the
surface, which suggests that for all composites, GO and MOF-5 interact to form new
materials of homogenous structure and chemistry. Taking into account the chemistries of both
components of nanocomposites, we hypothesized the building process of the ordered structure
of MOF-5-GOl1. A schematic and simplified version of the mechanism is proposed in Fig. 3.
In a first step, MOF-5 “blocks” attach to a graphene layer by reactions with epoxy groups on
GO. This can happen similarly to water interactions with MOF-5, as analyzed by Greathouse
and Allendorf."? According to them, a replacement of an oxygen atom in ZnOy tetrahedron
by oxygen atom from water is a very important step leading to the decomposition of MOF-5
by water. In our case, we assume that oxygen atoms in epoxy groups on GO play the same
role as oxygen atoms in water. However, no collapse of MOF-5 structure occurs owing to the
limitations in the number of epoxy groups and their restricted spatial location compared to
free molecules of water. Hydrogen bonding between hydrogen atom from hydroxyl groups on
GO and oxygen atoms in ZnO4 tetrahedron might increase the degree of interaction between
graphene layers and MOF-5 crystal. Hydrogen bonding between water molecules and ZnO4
tetrahedron was also described by Greathouse and Allendorf.”*? In the subsequent steps of the
nanocomposite building process, an alternation between attachment of graphene layers and

MOF-5 “blocks” happens. The mechanism of the structure formation might be different for
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MOF-5-GO3. In this sample, more GO is present than for the other two composites and
consequently the amount of carboxylic groups on the edges of the layers is higher. Those
groups must have a greater affinity for zinc oxide tetrahedron than epoxy groups have.
Attachment of MOF-5 “blocks” on the edges of the GO layers might accompany the above
described mechanism or be a preferred mechanism, leading to the formation of worm-like

structures as seen in SEM images (Fig. 2F)

The textural homogeneity is reflected on nitrogen adsorption isotherms presented in Fig. 4.
They have well-defined Langmuir-type shape indicating microporosity and pores of uniform
sizes, which is in agreement with the structural model of cavities in MOF-5 in which the
passage of spheres of diameter up to 8.0 A have been defined.”® From these isotherms, the
parameters of porous structure were calculated. They are collected in Table 1. In this Table,
we also report the hypothetical values of the surface areas and pore volumes assuming the
physical mixture of the components. We report the surface area only for the sake of
comparison however for such materials as MOFs, having an open framework, reporting the
pore volume seems to be more appropriate because fewer assumptions are used for its

calculation. GO, as reported previously,”*

is nonporous from the point of view of nitrogen
used as a molecular probe. It is important to notice that the surface area of MOF-5 is smaller
than 3000-3500 m”.g" reported elsewhere.*” ) Nevertheless, surfaces of similar magnitude
were reported by Huang and coworkers, and Panella and coworkers.”* **! The difference in
the surface area can be related to the way of outgassing during preparation and thus the
completeness of solvent removal. Other factors such as the temperature at which crystals were

formed were also indicated as potentially affecting the porosity.[** !

The composites have a high volume of micropores and less than 10% total pore volume in

mesopores. The latter increases with an increase in the content of GO. The most developed
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porosity is found for MOF-5-GO2 which is an interesting finding since its texture, as seen
from SEM micrograph, is considered as ”in between” the ones for the samples formed from 5
and 20 wt % of GO. Apparently 10 wt % GO results in the most porous materials with about
12 % increase in the parameters of the porous structure compared to the porosity of the
hypothetical physical mixture of the components. For the other two materials, especially for
MOF-5-GO3, the measured volume of micropores is less than the hypothetical one. This can
be related to the distortion in the MOF-5 cubic arrangement which was observed on X-ray
diffraction. This was also reflected in the texture of the composite. The lack of the well-
defined trend in the porosity of the composites can be the result of the small differences in the
synthesis conditions. Although the maximum in the porosity is expected based on the
properties of GO and MOF-5, investigation only three composites does not allow us to

indicate the specific composition leading to the most developed porosity.

Conclusions

To conclude, nanocomposites containing graphite oxide and metal-organic framework (MOF-
5) have been prepared with various ratios of the two components. The structure of the
precursors is preserved in the composites. The latter ones show a well-defined and porous
structure where graphene layers from GO alternate with layers of MOF-5. The arrangement of
these materials is progressively modified and its porosity decreased when the amount of GO
in the composite increases. It is hypothesized that the formation of such structure occurs via
interactions between epoxy groups from graphene layers and zinc oxide clusters from MOF-5.
Due to their preserved porosity and well-developed and flexible functionality, these materials

might be tested for gas adsorption applications.

Experimental

Materials
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Graphite oxide was synthesized by oxidation of graphite (Sigma-Aldrich) using the
Hummers’ method [37]. Briefly, graphite powder (10 g) was stirred with cool concentrated
sulfuric acid (230 mL at 0 °C). Then, potassium permanganate (30 g) was added to the
suspension slowly to prevent a rapid rise in temperature (less than 20 °C). The reaction
mixture was then cooled to 2 °C. After removal of the ice-bath, the mixture was stirred at
room temperature for 30 min. Distilled water (230 mL) was slowly added to the reaction
vessel to keep the temperature under 98 °C. The diluted suspension was stirred for an
additional 15 min and further diluted with distilled water (1.4 L), before adding hydrogen
peroxide (100 mL). The mixture was left overnight. GO particles, settled at the bottom, were
separated from the excess liquid by decantation followed by centrifugation. The remaining
suspension was transferred to dialysis tubes (MW cutoff 6,000-9,000). Dialysis was carried
out until no precipitate of BaSO4 was detected by addition of BaCl,. Then, the wet form of
graphite oxide was centrifuged and freeze-dried. A fine brown powder of the initial graphite
oxide was obtained. The resulting material is referred to as GO.

MOF-5 was prepared by mixing zinc nitrate hexahydrate (104 g) and 14
benzenedicarboxylate (2 g) in N,N dimethylformamide (DMF, 140 mL) until complete
dissolution of the solids. Then, the mixture was transferred into a round flask connected to a
condenser and heated at 115-120 °C for 24 hours. After cooling, the supernate was removed
and crystals deposited on the bottom of the flask were collected, washed with DMF, and
immersed in fresh chloroform overnight. Chloroform was changed twice during two days.
Finally, crystals were collected, placed inside a closed filtering flask connected to an aspirator
used to create vacuum inside the flask, and heated at 130-135 °C for six hours. The resulting
crystals were then kept in a dessicator.

The composite materials were prepared by dispersing GO powder in the well-dissolved zinc
nitrate/BDC mixture. The resulting suspensions were subsequently stirred and subjected to the

same synthesis procedure as for MOF-5. The added GO consists of 5 wt %, 10 wt % or 20
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wt % weight final material. The synthesized composites are referred to as MOF-5-GO1,
MOF-5-GO2 and MOF-5-GO3, respectively.

Textural characterization

Textural characterization was carried out by measuring the N, adsorption isotherms at —196
°C. Before the experiments, the samples were outgassed under vacuum at 120 °C. The
isotherms were used to calculate the specific surface area, Sggr, total pore volume, Vi
volume of micropores, Vi, volume of mesopores, Vs, and pore size distributions. The
volume of pores, and surface in pores larger than 10 A were obtained using density functional
theory (DFT) [38].

Electron microscopy (SEM/EDAX)

Scanning electron microscopy was performed on a Zeiss Supra 55 instrument. The instrument
has a resolution of 5 nm at 30 kV. Scanning was performed on a sample powder previously
dried and sputter coated with a thin layer of carbon to avoid charging. EDAX analyses were
done on the same instrument with samples previously dried and coated with gold and
palladium (to avoid charging and allow carbon content determination more accurately). From
EDAX analyses, the content of elements on the surface was calculated and the maps of the
elements derived.

X-ray diffraction

X-ray diffraction (XRD) measurements were conducted using standard powder diffraction
procedures. Adsorbents were ground with DMF in a small agate mortar. The mixture was
smear-mounted onto a glass slide and then analyzed by Cu K, radiation generated in a Philips

X’Pert X-ray diffractometer. A standard glass slide was run for the background correction.
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Figure 1. X-ray diffraction patterns for the parent materials and the composites.
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Flgu re 2. SEM micrographs for the parent materials and the composites. (A): GO, (B): MOF-
5, (C): MOF-5-GO1, (D) MOF-5-GOl, (E): MOF-5-GO2 and (F): MOF-5-GO3.
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Figure 3. Schematic view of the steps (1-4) of the nanocomposite (MOF-5-GO1) formation.
In black: C atoms in MOF-5, in green: C atoms in GO, in blue: Zn atoms, in red: O atoms, in
grey: H atoms.

300

‘o
E
S
g=
8
S 150
%]
3 —— MOF-5
Py —&— MOF-5-GO1
SR —— MOF-5-G02
K —A— MOF-5-GO3
50
0 I I I T
0 02 04 06 0.8 1

PP
a

Figure 4. Nitrogen adsorption isotherms for the parent materials and the composites.
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Table 1. Parameters of porous structure calculated from adsorption of nitrogen and
hypothetical values (H) derived assuming the physical mixture of the nanocomposite
components.

Sample Seet Vot Vimeso Vmic SgerH Vit H Vmic H
m.g"] [cm®.g™] [cm®.g”] [em®.g"] m.g™"] [cm®.g”] [cm®.g™]
GO nil nil nil nil - - -
MOF-5 793 0.408 0.023 0.385 - - -
MOF-5-GO1 706 0.365 0.024 0.341 753 0.388 0.366
MOF-5-GO2 806 0.416 0.028 0.388 714 0.367 0.347
MOF-5-GO3 603 0.325 0.037 0.288 634 0.327 0.308
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enhanced porosity and dispersive forces of the composites compared to the precursors provide
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