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Abstract:  Superhydrophobic/superoleophilic ~ composites
HFGOQ@ZIF-8 have been prepared from highly fluorinated
graphene oxide (HFGO) and the nanocrystalline zeolite
imidazole framework ZIF-8. The structure-directing and
coordination-modulating properties of HFGO allow for the
selective nucleation of ZIF-8 nanoparticles at the graphene
surface oxygen functionalities. This results in localized nucle-
ation and size-controlled ZIF-8 nanocrystals intercalated in
between HFGO layers. The composite microstructure features
fluoride groups bonded at the graphene. Self-assembly of
a unique micro-mesoporous architecture is achieved, where the
micropores originate from ZIF-8 nanocrystals, while the
functionalized mesopores arise from randomly organized
HFGO layers separated by ZIF-8 nanopillars. The hybrid
material displays an exceptional high water contact angle of
162° and low oil contact angle of 0° and thus reveals very high
sorption selectivity, fast kinetics, and good absorbencies for
nonpolar/polar organic solvents and oils from water. Accord-
ingly, Sponge@HFGO@ZIF-8 composites are successfully
utilized for oil-water separation.

Oil spills in oceans and rivers are a serious danger to marine
species and human beings, leading to a long-term threat to
public health and the environment.?) The separation of oil
from water without causing environmental pollution is
a challenging task. The traditional oil-spill cleaning technol-
ogies include separation, filtration, centrifugation, floatation,
and electrochemical methods.”) Among the various methods
developed for the removal of oil from water, separation holds
great promise due to its simplicity, high efficiency, and
relatively low cost.’! Nature-inspired superhydrophobic
materials (lotus leaf, butterfly wings) have gained much
importance for application in oil-spill cleaning,!

It has been realized that not only superhydrophobicity (a
water contact angle more than 150°) but also superoleophil-
licity (an oil contact angle of less than 10°) is crucial for
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efficient oil absorption in the presence of water.” Traditional
materials of this kind can be obtained that have features like
rough structure on a waxy surface with low surface energy.
Design concepts include polymer sponges, porous graphitic
carbon and its composites, polymethylsilsesquioxane aero-
gels, membranes with nanowires, and steel meshes and fabrics
(Table S1 in the Supporting Information).**! However fab-
ricating such materials can be demanding and may have
limitations in terms of practical applications because of
expensive components and time-consuming and multistep
procedures. The development of superior superhydrophobic/
superoleophilic materials still represents a major challenge.
Facile, cheap, and scalable synthesis is desirable and a number
of key properties need to be integrated in one material such as
low density, large internal surface area with hierarchical pore
structure, low water uptake, and excellent reusability.

Recently, porous crystalline coordination polymers, also
called metal-organic frameworks (MOFs), in which a hybrid
array of inorganic metal ions chelated with various organic
linkers yields ordered pores with exceptional high internal
surface area, have become subjects of tremendous interest
across many disciplines.”” A number of very hydrophobic
MOFs based on (long-chain) alkyl substituents!'®! and/or
fluorine-containing linkers!"™ are known. Their adaptable
hydrophobic surfaces inhibit the penetration of water mole-
cules into pores. The early report by M. E. Omary on this kind
of fluorinated MOFs for oil-water separation is highlighted
here.'™ An idea going beyond the limitations of existing
concepts of tailoring the functional properties of MOFs based
on node/linker combination, topology, and linker design
would be the hybridization of MOFs with other suitable
components, such as graphene and its derivatives.'!! In
particular, fluorographene has recently received attention
due to its remarkable optical, chemical, and biological
properties.'” The decoration of oxygen functionalities over
highly fluorinated graphene oxide (HFGO) offers scope for
diverse chemical functionalization and loading capabilities.
Herein we report a new strategy to prepare functional porous
hybrids comprising HFGO and zeolite imidazole frameworks
(ZIFs) through a bottom-up solution-assisted self-assembly
route.

Zeolite imidazole frameworks (ZIFs) are very robust
porous coordination polymers (MOFs) exhibiting exceptional
chemical stability and flexibility, and used in attractive
applications in catalysis and in gas storage and separa-
tion.*) We selected ZIF-8 for hybridization with HFGO
because of its cheap and easy preparation and its well-
established nano-/mesoscale surface chemistry at various
substrates.'"¥ The in situ formed ZIF-8 nanocrystals act as
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pillars that intercalate between fluorinated graphene oxide
layers through selective nucleation and controlled growth
during liquid-phase nano-ZIF-8 synthesis (Scheme 1 and
Scheme S1 in the Supporting Information). The implementa-

HFGO@ZIF-8

Scheme 1. Illustration showing the concept of the formation and
structure of HFGO@ZIF-8 (see also Scheme S1 in the Supporting
Information). ZIF-8: Zn(melM),, melM = 2-methylimidazole, HFGO =
highly fluorinated graphene oxide.

tion of ZIF-8 nanopillars between the HFGO layers provides
the hybrid with additional mesoporosity. The low surface
energy of the polar C—F bonds at the graphene surface
considerably affects the wetting properties of the resultant
HFGO@ZIF-8 hybrid and endows it with excellent super-
hydrophobic along with superoleophilic behavior. The intrins-
ically hydrophobic ZIF-8 with its microscale roughness and
also the chemical composition of the HFGO surface contrib-
ute to this synergy.

Accordingly, HFGO@ZIF-8 was tested for the separation
of organic solvents and oils from water with high selectivity,
good recyclability, and fast absorption kinetics and a new
material Sponge@HFGO@ZIF-8 was exploited for the effec-
tive separation of oil (petroleum) from water. The HFGO@-
ZIF-8 hybrid samples were prepared by the addition of
a mixture of exfoliated HFGO sheets in chloroform during
the formation of ZIF-8 nanocrystals at the liquid-solid
interface in methanolic medium (see Experimental Section
in the Supporting Information). Few-layered HFGO sheets
are obtained by sonicating HFGO in chloroform for one hour.
These exfoliated sheets provide the host substrate for the
surface nucleation and growth of ZIF-8 nanocrystals. The
powder X-ray diffraction pattern of the resultant hybrid
shows all major crystallographic planes that can be indexed to
pristine ZIF-8 (Figure 1). The interfacial contact of ZIF-8
nanocrystals with HFGO is difficult to unambiguously
establish by X-ray diffraction data (see Figure S2 in the
Supporting Information).!"'?

The X-ray photoelectron spectrum (XPS) of HFGO
shows signals from the elements carbon, fluorine, and
oxygen (detailed structural and bonding information is
provided in Supporting Information, Figure S4). The C/F/O
atomic ratio in HFGO was found to be 1:0.78:0.17. The high-
resolution Cls and F1s core-level spectra of HFGO provide
more information on the C—F bonding, as shown in Figure S4.
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Figure 1. Powder XRD patterns of a) simulated ZIF-8; b) as-synthe-
sized ZIF-8; c¢) HFGO@ZIF-8 composite; d) activated HFGO@ZIF-8
composite at 160°C.

The structure consists almost entirely of covalent C—F
bonding, with minor contributions from C-F,, C-O, C=0,
C-F (ionic), and C=C bonding. The O 1s spectrum shows the
bonding associated with C-O, and C=0 bonding with minimal
contribution coming from O—F bonding.

For the HFGO@ZIF-8 composite we observe the ele-
ments Zn and N in addition to the C, F, and O components
(Figure S5). The characteristic Zn peaks at binding energies
1021.6 and 1045.6 eV were observed corresponding to Zn 2p3/
2 and Zn 2pl/2, respectively. N1s spectrum shows a peak
related to imine which corresponds to the imidazole func-
tional entity at 398.7 eV. Importantly the chemical nature of
the fluorine groups (covalent C-F bonds) of HFGO@ZIF-8
were not altered during the synthesis process. These crystallo-
graphic and spectroscopic data support the structural model
of successive HFGO layers and the coordination of exposed
Zn** cations to oxygen functionalities of HFGO (Figure S3).

The morphologies of HFGO, ZIF-8, and HFGO@ZIF-8
were evaluated by using various microscopic techniques
(Figure 2). The low-contrast (transparent) sheet-like form of
HFGO is clearly evident from the transmission electron
microscopy (TEM) image, with a few sheets being twisted
(Figure 2a). The TEM micrograph of ZIF-8 shows nano-
crystals with hexagonal morphology and sizes ranging from 70
to 160 nm. Importantly, the ZIF-8 nanocrystals are very well
dispersed and intercalated between HFGO layers (see
HRTEM image in Figure 2c, HAADF-STEM images in
Figure 2d and Figure S6, and AFM image in Figure S7).
Based on these observations it is concluded that HFGO acts
as a functional support (structure-directing) as well as
a coordination-modulating agent for nanoscale ZIF-8 growth.

Nitrogen adsorption—desorption isotherms obtained at
77 K proved that the ZIF-8 component exhibits the expected
type-I isotherm characteristic of microporous materials with
a specific surface area of 1150 m*g " (Figure S8a). Pristine
HFGO, on the other hand, exhibits a type-II isotherm
characteristic for nonporous materials with a low surface
area of 5m’g™" (Figure S8a). However, the HFGO@ZIF-8
hybrid shows both type-I (micropores originating from the
surface of the ZIF-8) and type-IV isotherms (mesopores due
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Figure 2. TEM images of a) HFGO and b) ZIF-8 nanocrystals

c) HRTEM image of the HFGO@ZIF-8 composite; ZIF-8 nanocrystals
intercalated between HFGO multilayers indicated by arrows.

d) HAADF-STEM image and EDS chemical mapping of the HFGO@-

ZIF-8 composite showing the spatial distribution of the elements C, F,
Zn, N, and O. Scale bars correspond to 70 nm.

to the stacking of ZIF-8 nanocrystals between HFGO layers)
with a sharp capillary condensation step in the relative
pressure range of 0.5-0.7. The BET surface area of the
composite was found to be quite high with 590 m*g'
(Figure 3). The pore size distribution calculated by using the
nonlocal density functional theory (NLDFT) method gives
a binodal pore size distribution. Pore sizes of 1nm are
assigned to ZIF-8 and the 3 nm range is assigned to
mesopores in the composite structure (see Figure S8 and
Figure 3 inset).

The various characterization techniques indicate the
homogeneous dispersion of ZIF-8 nanocrystals between
HFGO layers. Young’s equation suggests that the surface
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Figure 3. Nitrogen adsorption (black circles), desorption (white circles)
isotherm of the HFGO@ZIF-8 composite; inset shows the pore size
distribution.
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energy of the solid surface is a key factor for its hydro-
phobicity. Contact angle measurements were performed to
investigate the wettability of the HFGO@ZIF-8 composite. A
pellet of pristine ZIF-8 showed a water contact angle of about
56° (Figure 4a). HFGO showed a water contact angle of 125°
(hydrophobic nature) due to the high proportion of covalent
C—F bonds (Figure 4b). For the HFGO@ZIF-8 composite the
water droplet assumes a remarkably large contact angle of
162°, indicating the superhydrophobic behavior of the com-
posite (Figure 4c); this value ranks HFGO@ZIF-8 among the
top five known materials for oil-water separation
(Table S1).) Indeed, water droplets deposited on the
HFGO@ZIF-8 surface were observed to form almost perfect
spheres (Figure S9a,b). Videos demonstrating the superhy-
drophobic behavior of the HFGO@ZIF-8 composite are
available in the Supporting Information and the time-
dependent contact angle measurements confirm constant
super-hydrophobicity (Figure S10, ca. 3 min). Interestingly, an
oil droplet rapidly penetrates into the composite in less than
15s, and the oil contact angle was measured to be 0°
suggesting the superoleophilic nature (Figure 4d and Fig-
ure S11).

The self-cleaning ability of a HFGO@ZIF-8 pellet was
demonstrated by placing it in a volume of 1 L water followed
by the addition of silicone oil (Figure S12a—c). The composite
material HFGO@ZIF-8 (activated at 160°C) was further
exploited for the absorption of oils and various organic
solvents. The relative absorption capacity of the samples was
calculated using the following equation: (W — Winga)/ Wingial X
100 %, where W, ;. and W are the weights of initial and wet
samples, respectively.

ZIF-8 itself shows an absorption capacity in the range of
10-150 wt %, while HFGO shows negligible uptake. In
contrast the absorption capacity of HFGO@ZIF-8 is much
enhanced and ranges between 20 and 280 wt %. These values
are superior to those reported for resins and other porous
composites.!'®! The absorption capacity of the composite is
much better than that of the two individual pristine compo-
nents due to the micro-mesopore structure along with the
effective dispersion of the nanoparticles between HFGO
layers; this distribution is controlled by the distribution of
oxygen-atom-containing surface nucleation centers for ZIF-8
growth. The powder XRD image confirms that the structural
properties of the HFGO@ZIF-8 composite are fully retained
after absorbing these polar and nonpolar organic solvents (SI,
Figure S13), highlighting the robust nature of the composite
assembly.

Based on these results, we fabricated Sponge@HFGO@-
ZIF-8 by immersing a commercial sponge into the reaction
mixture of exfoliated HFGO and a methanolic solution of the
ZIF-8 growth components and letting it sit in solution
overnight (see the Experimental Section in the Supporting
Information). The choice of a sponge as the support material
is due to its macroporous nature and its absorption of both
water and oil. Sponge@HFGO@ZIF-8 shows excellent
absorption capacities for nonpolar and polar organic solvents
and oils achieving 150-600 wt% depending on the oil or
solvent (Figure 4 f). Furthermore the sponge floats on water
and the extraction of oil or organic solvent can be easily
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Figure 4. Photographs demonstrating the hydrophobicity of ZIF-8 with a water contact angle of 56° (a) and HFGO with a water contact angle of
125° (b), and the superhydrophobicity of the HFGO@ZIF-8 hybrid showing water contact angle of 162° (c) and an oil contact angle of 0° (d).
e) Absorption of oil and organic solvents with ZIF-8 and the HFGO@ZIF-8 composite (DCB:dichlorobenzene) and f) oil absorption with

Sponge@HFGO@ZIF-8.

achieved (Figure S12d). This demonstrates a perspective for
practical applications of HFGO@ZIF-8 and related materials.

In summary, a simple and scalable method is reported for
the fabrication of a superhydrophobic and at the same time
superoleophilic and as well hierarchical micro-mesoporous
hybrid material based on ZIF-8 nanocrystals intercalated
between highly fluorinated graphene oxide sheets. Among
the existing materials for oil-water separation, this is the first
in which fluorographene serves as a functional scaffold for
immobilizing MOF nanoparticles (Table S1). The synergistic
properties of the surface energy of C-F groups, the alkyl-
substituted imidazole groups, nanoscale roughness, and
micro-mesoporous nanoarchitecture yield a composite mate-
rial for the selective absorption of polar and nonpolar organic
solvents from water with excellent absorption capacities. The
materials design concept is based on the selective nucleation
and controlled growth of ZIF-8 nanocrystals due to Zn"
chelation with the surface oxygen functionalities of the
HFGO structure. Our results suggest an avenue for the
preparation of novel multifunctional composites of 2D
graphene materials and nanocrystalline MOFs, with an
application potential not only in water purification but also
for advanced solar cells, biosensors, photocatalysts, and
magnetic and electronic devices.
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