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KEYWORDS Abstract Metal-organic frameworks (MOFs) are a promising class of nanoporous crystalline
Metal-organic frameworks materials with potential applications in gas storage, catalysis, biomedical and clean energy. How-
(MOFs); ever, moisture adsorption dampens their structure and therefore capacity and selectivity. Improving
Carbon nanotubes; the hydrostability of MOF-5 without compromising on its characteristic features can be a potential
Aspect ratio; way to make the best use of this material. In this work, we used a solvothermal method to precip-
Nanocomposite; itate MOF-5 in well-dispersed carboxy derived MWCNTs. By inspiring from the hydrophobic
Molecular statics simulations properties of carbon nanotubes (CNTs), we have successfully utilized a solvothermal approach

to precipitate MOF-5 in well-dispersed carboxy functionalized multiwalled carbon nanotubes
(FMWCNTs) to produce a MOF-5@FMWCNTSs nanocomposite. The experimental results in this
study reveal that the FMWCNTs form stable nanocomposite with MOF-5 particles and the resul-
tant hybrid MOF-5@FMWCNTs nanocomposite indicated an increase in the moisture stability
and even after prolonged exposure to ambient moist environment (55% humidity at 28 °C) showed
less degradation as confirmed by the BET surface area, and powder XRD studies. So, our findings
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demonstrate a simple synthetic route to make use of FMWCNTs to stabilize the MOF-5 and it can
be a choice for many other MOFs without much compromise on the surface area.

© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Metal-organic frameworks (MOFs) have been seen as one of the most
widely studied class of ordered porous solids (Bennett et al., 2016; Cui
et al., 2016; Zhang et al., 2016). MOF structure is composed of metal-
oxide units connected by organic linkages through strong covalent
bonds that often have an extensive open-framework structure and
enclosure of guest (usually solvent) can also take place during synthesis
(Yang et al., 2014). To date, a wide range of metal ions and organic
linkers have been utilized to design thousands of MOFs with a variety
of topologies (Yue et al., 2015a, 2015b; Mihaly et al., 2016). The
intense interest gained by these materials is rendered to their unsur-
passed surface area and pore volume, which makes them a promising
media for adsorption, storage and purification of gases, gas-sensing,
biomedical imaging, drug delivery, secondary batteries, optical sensing,
photovoltaics and other catalytic applications (Zhao et al., 2016; Zou
et al., 2016). Recently many groups reported MOFs conversion on cal-
cination into different carbonaceous materials such as carbon nan-
otubes, nanorods and graphene (Liu et al., 2008; Hu et al., 2012;
Tang and Yamauchi, 2016). MOFs can also serve as light-weight
molecular selective sieves, because of their extremely high surface areas
and very narrow pore size distributions (Li et al., 1999; Yaghi et al.,
2003; Kitagawa et al., 2004; Rowsell and Yaghi, 2004; Férey et al.,
2005; Saha et al., 2009; Wei et al., 2013).

Different strategies have been opted to enhance framework struc-
tural stability of MOFs (Zhang et al., 2014). Gadipelli et al showed
that postsynthetic thermal annealing at different temperatures affects
MOFs structure and can enhance their gas sorption properties
(Gadipelli and Guo, 2014). Recently, some attempts have been made
to introduce polymer units to stabilize water sensitive MOFs (Ding
et al., 2016; Gamage et al., 2016). Another way to boost up the water
resistant properties is to dope with various metals and nonmetals. Li
et al. have reported that Ni-MOF-5 showed increased water resistance
and their MOF-5 framework starts decomposing after two days but
still showed some MOF-5 peaks after a week at a relative humidity
of 30-37% (Li et al., 2012). Carbon-based materials and nanoparticle
loading efforts for hydrostability of MOFs have also been utilized, and
Kim et al. have used carbon black and platinum nanoparticles (CB/Pt/
MOF-5) to increase hydrogen storage capacity and hydrostability of
their CB/Pt/MOF-5 composite (Kim et al., 2015). Recently, MOF-
derived carbons have been proposed for electrochemical applications
and once the MOFs are converted to pure carbon, the structural stabil-
ity is increased (Torad et al., 2013; Tang et al., 2015; Tang and
Yamauchi, 2016). Nguyen et al. have investigated post-synthetic mod-
ification (PSM) for various MOFs and reported superhydrophobicity
by post-synthetic tailoring with alkyl and amide groups (Nguyen and
Cohen, 2010). Yang et al used MOF-CNTs composites with high sur-
face area and reported MOF-5 crystal reflections after exposure to a
33% relative humid environment (Yang et al., 2009).

MOF-5 [Zn4sO(BDC);3: BDC = 1,4-benzenedicarboxylate] is one of
the most promising and well-studied MOF (Rosi et al., 2003). It con-
sists of tetrahedral Zn4sO units connected by linear 1,4-
benzenedicarboxylate struts to form a cubic network structure.
MOF-5 has been chosen for the present study because MOF-5 is quite
thermostable, shows high porosity and has a high adsorption capacity
for CO, and H,, suggesting it to be a promising gas storage medium.
However, like other MOFs, MOF-5 is extremely water-sensitive and it
shows a sharp reduction in structural stability, gas adsorption capacity
and surface area after exposure to humid air (Kaye et al., 2007; Tsao
et al., 2007; Han et al., 2008; Zhao et al., 2009). Enhanced hydrostabil-

ity, molecular recognition, signal transduction and gas adsorption
properties make metal loaded MOFs and MOF nanocomposites very
useful materials for several device applications (Burtch et al., 2014;
Wang et al., 2015; Yue et al., 2015a, 2015b). As a matter of fact, car-
bon nanotubes (CNTs) are known to have a hydrophobic nature (Lu
et al., 2009; Pasieka et al., 2014). By functionalizing CNTs, the prop-
erties can be tailored further and therefore, functionalized multiwalled
carbon nanotubes (FMWCNTSs) even show improved dispersion in dif-
ferent media (Sheikholeslam et al., 2012; Chang et al., 2015). It has
been reported that the MOF-S@FMWCNTs nanocomposite has
much higher structural stability, surface area and H, storage capacity
(Yang et al., 2009; Petit et al., 2011; Li et al., 2012; Dai et al., 2013;
Kang et al., 2015; Kim et al., 2015; Petit and Bandosz, 2015a, 2015b).

The present attempt has been made to further explore the affinity
of FMWCNTs for MOF-5 particles, we have used a simple and unique
synthetic strategy to see the nature of the interaction between
FMWCNTs and MOF-5 particles. Our results reveal that the
FMWCNTSs develop mostly hydrogen bonding interactions with
MOF-5 in MOF-5@FMWCNTs nanocomposite that plays a major
role in the formation of stable nanocomposite material with improved
adsorption capacity and retention of MOF framework along with
enhanced surface properties as compared to water sensitivity of
MOF-5 framework reported earlier (Yang et al., 2009).

2. Experimental

2.1. Materials

A.R. grade terephthalic acid, zinc nitrate hexahydrate (Zn
(NO3),-6H,0), sulfuric acid, nitric acid and chloroform
(CHCl;, HPLC grade) were obtained from Merck, Germany.
Diethyl formamide (DEF) and ethanol (anhydrous grade)
were obtained from Sigma-Aldrich, Germany, whereas triethy-
lamine (TEA) and hydrogen peroxide (H,O,) were purchased
from RDH, Germany. In addition, cellulose nitrate membrane
filters (0.22 um) were obtained from Sartorius Stedim, Biotech,
Germany, and MWCNTs were obtained from China. All the
chemicals were used as received without any further
purification.

2.2. Functionalization of MWCNTs

Functionalization of MWCNTSs was carried out by a previ-
ously reported method adapted from the literature (Rehman
et al., 2013). At first, 200 mg of MWCNTs were oxidized in
air at 400 °C for 30 min to remove any amorphous carbon
and adsorbed species present in the material. In order to
remove the metal catalyst impurities, which have been incorpo-
rated into the MWOCNTs during the synthesis process,
MWCNTs were sonicated and refluxed in 3 M HCI at 70 °C
for 3 h. These purified MWCNTSs were sonicated and refluxed
with a 100 ml mixture of 5 M HNOj; and 30% H,0, (1:1) for
8 h. Finally, the MWCNTs were filtered by cellulose nitrate
membrane and washed with deionized water up to neutral
pH. The resulting FMWCNTSs showed an increased dispersion
in DMF and DEF.
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2.3. Synthesis of MOF-5 and MOF-5@FMWCNTs

The synthesis of MOF-5 was carried out by following the pre-
viously reported procedures with slight modifications such as
using DEF as solvent (Tranchemontagne et al., 2008; Khan
and Jhung, 2009; Lu et al., 2010). In brief, 15.2 mM of tereph-
thalic acid was dissolved in 200 ml of DEF, followed by the
addition of 3 ml of TEA into this solution mixture. Similarly,
30.0 mM of Zn(NO3),.6H,O was dissolved in 200 ml of DEF.
The zinc solution was dropwise added to the terephthalic acid
solution under sonication at 60 °C, resulting in white precipi-
tates. The mixture was poured in glass vials, which were
capped tightly and irradiated in a commercial microwave oven
for 30 min. The precipitates were filtered and washed with
300 ml of DEF and immersed in CHCI;. The solvent was
exchanged daily for 3 days. The product was filtered and dried
under vacuum overnight at 120°C. Similarly, MOF-
S@FMWCNTs nanocomposite was synthesized by adding
5wt.% of FMWCNTs to the above terephthalic acid solution,
followed by sonication and dropwise addition of zinc solution
and later for microwave treatment for 30 min as above for
MOF-5. The nanocomposite sample was filtered, washed and
dried in the same way as done for the MOF-5 earlier.

2.4. Sample characterization

Powder X-ray diffraction (XRD) measurements were under-
taken using PANalytical X’pert PRO MRD XL. For Fourier
transform infrared (FT-IR) spectroscopy, Thermo Scientific
Nicolet-6700 spectrometer was utilized. Surface area and pore
size analysis were made from Quantachrome, USA,
NOVA200e using nitrogen adsorption measurements at liquid
nitrogen temperature (77 K) and samples were degassed at
110 °C for 12 h to remove any entrapped guest molecules.
For surface morphology studies, JEOL, JSM5910 for scanning
electron microscope (SEM) and EFI-Titans for transmission
electron microscope (TEM) were used. All samples were first
dispersed in ethanol, sonicated in an ultrasonic bath, followed
by dropwise loading of supernatant suspension onto a carbon
coated copper TEM grid for analysis.

3. Results and discussion

Fig. 1 displays the XRD patterns for raw and HCI treated
MWCNTs. The diffraction peaks centered at (ca.) 20 values
of 24.6° (002) and 42.4° (100) in the diffraction pattern of
MWCNTs can be attributed to the hexagonal graphite struc-
tures. The sharpness of the peaks implies that the amorphous
carbon content was significantly less, which is in accordance
with the results obtained from SEM and TEM techniques, as
described later. In particular, the diffraction peak ca. 24.6°
20 in the XRD pattern of HCI purified MWCNTs was more
sharp and intense, indicating a more ordered graphitic network
of sp>hybridized carbon atoms in this material (Yang et al.,
2008).

The XRD patterns for MOF-5 (synthesized by microwave
technique), MOF-5@FMWCNTs (as synthesized) and MOF-
S@FMWCNTs (exposed to the ambient environment for
one week) are shown in Fig. 2. All the samples can be indexed
to cubic phase with a space group of Fm-3m having
a = 25.7023 A and V = 16949.3 A. The XRD pattern matches
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Fig. 1 XRD pattern of raw and functionalized MWCNTs.
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Fig. 2 XRD of MOF-5, MOF-5@FMWCNTs (as synthesized)
and MOF-5@FMWCNTs (after one week).

with the MOF-5 pattern derived from single crystal structure
data (Li et al., 1999). The main diffraction peaks ca. 6.9° 20
and 9.8° 20 confirm the successful synthesis of MOF-5 crys-
talline phases. Another characteristic peak ca. 24.8° 20 repre-
senting MOF-5 crystalline plane was present in both MOF-5
and MOF-S@FMWCNTs nanocomposite, indicating the
retention of the MOF-5 crystalline phases after the formation
of the nanocomposite. However, the intensities of the two
peaks at 6.9° 20 and 9.8° 20 were overturned that can be attrib-
uted to some alterations of atomic orientations in the crystal
planes by absorbed species (solvent and water molecules),
unreacted zinc centers and framework interpenetration. The
framework interpenetration also makes sense due to the pres-
ence of peak at 13.8° 20 along with some unidentified peaks,
which do not belong to MOF-5 crystal planes, suggesting the
presence of an unidentified framework along with MOF-5
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(Huanget al., 2003; Panella and Hirscher, 2005; Hafizovicet al.,
2007; Kaye et al., 2007; Saha et al., 2009). The splitting of the
peak at 9.8° 26 is also an indication of the distortion in the cubic
symmetry. A small peak appearing at 8.9° 20 indicates that the
decomposition of the MOF-5 structure is less intense in freshly
prepared MOF-5 and MOF-5@FMWCNTs nanocomposite
but increases in case of MOF-5 and MOF-5@FMWCNTs
nanocomposite exposed to moist air conditions for one week.
In addition, the ratio of the two peaks at 6.9° 20 to 9.8° 260 is also
an indicator for the surface area of the MOF-5 and MOF-
S@FMWCNTSs nanocomposite.

From Fig. 3, the comparison of the FT-IR traces for the
raw and FMWCNTs confirms the functionalization of
MWCNTs after the acid treatment. The small difference of
charge states on the highly symmetrical carbon atoms of the
MWCNTs gives rise to a very small induced electric dipole,
resulting in a silent spectrum and C—C peak at around
1600 cm™! that are normally absent in the spectrum of raw
MWCNTs. When MWCNTs are subjected to acid treatment,
the high symmetry of MWCNTs is altered and induced electric
dipoles are generated and infrared signals of C=C can be
detected. The FT-IR spectrum of the functionalized MWCNTs
displayed characteristic bands at 3641.6 cm™' (corresponded
to O—H stretching), 2976.6 and 2878.1cm™!' (assigned to
CH, stretching), 1748.5 cm™" (assigned to C=0 stretching of
the carbonyl groups), 1606.3 cm™! (corresponded to conju-
gated C=C stretching), 1361.3 cm™' (associated with O—H
bending deformation in —COOH) and 1300-1000 cm ™" (may
be assigned to C—O stretch in carboxylic acid or alcohols).

The FT-IR spectrum of MOF-5 displayed two absorption
bands ca. 2948.2 and 2870.7 cm~!, which were assigned to
C—H stretching vibrations of the methylene group. The vibra-
tion bands appearing at 1700-1400 cm ' are assigned to the
carboxylic functionality of the 1,4-benzenedicarboxylate. The
strong peak appeared at 1758.1 cm™! can be attributed to
C=0O0 stretching vibration of the carboxylate group of MOF-
5. The contribution from the carbonyl CO bonds from the
entrapped DEF solvent might also have contributed to this
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Fig. 3 FT-IR spectra of (a) raw MWCNTs, (b) functionalized
MWCNTs, (c) MOF-5, and (d) MOF-5@MWCNTs.

peak. The carboxylate stretching peaks are likely to be decom-
posed into several components, having asymmetric vibration
components displaying peaks at 1658.1, 1583.3, 1540.4 and
1489.3 cm™!, while the symmetric stretching vibration appears
at 1395.7cm™!. The symmetric stretching vibration of Zn,O
appearing at 608.7 cm™! is also consistent with that of the lit-
erature (Bordiga et al., 2005; Greathouse and Allendorf, 2006;
Sabouni et al., 2010).

In FT-IR spectrum of MOF-5@FMWCNTs, the majority
of peaks for MOF-5 and FMWCNTSs are retained. The
appearance of a new broad vibration band ~3550-
3250 cm™', which is not found in both MOF-5 and
FMWCNTs, can possibly be linked to the formation of a
hydrogen bond between O-atom of carboxylate moiety or
ZnQ, subunit of the MOF-5 framework and the H-atom of
the —COOH functionality in FMWCNTs. This assumption
is also supported by TEM results.

In the SEM image of MOF-5 (Fig. 4), uniformly sized cubic
crystals are clearly evident. It is seen that the crystal sizes were
smaller and well-structured than MOF-5 synthesized by other
methods.

Fig. 5SA displays the TEM image of FMWCNTs that
clearly indicates the functionalization of MWCNTs as a result
of acid treatment of the nanotubes, which also leads to some
degree of shortening of these nanotubes. In Fig. 5B, C it is evi-
dent that FMWCNTs have been efficiently loaded with the
MOF-5 and these functionalized nanotubes also get clustered
around MOF-5 particles, possibly due to the formation of
hydrogen bonding between O-atom of MOF-5 and H-atom
of —COOH of the functionalized MWCNTs. Fig. 5D displays
the EFTEM of the nanocomposite material, representing the
special distribution of FMWCNTs in the MOF-5 particles.
The silicon impurity that is likely present in small amounts
could also be linked to the MWCNTSs during their synthesis
process, which confirms the effective and homogeneous load-
ing of the FMWCNTs in the nanocomposite.

During the growth of MOF-5 crystals, the FMWCNTs
might have incorporated in the structure in a way that the
polymeric structural units of MOF-5 get interrupted mainly
by short length nanotubes during the aging of the crystals as
seen in Fig. 5SE and point analysis of EDX. The encircled
regions in Fig. SE show that the larger FMWCNTSs are ran-
domly clustered around the MOF-5 particles instead of being
entrapped in the MOF-5 crystals. This difference can be attrib-
uted to the varying degree of functionalization of the
MWCNTs, while the clustering behavior can be rendered to
the hydrogen bonding interactions as discussed earlier from
the FTIR spectra of these materials.

A simplified molecular structure of MOF-5@MWCNTs is
depicted in Fig. 6. A plausible explanation of this nanocom-
posite structure can be understood in a way that MOF-5
attaches to the FMWCNTSs by interacting with carboxylic
groups, epoxy groups and the hydroxyl groups present on
the FWCNTSs surface. Recent studies have shown that the car-
boxyl functionalities on graphene oxide act as nucleation sites
for the growth of MOF crystals and also affect the porosity
(Jahan et al.,, 2010; Liu et al., 2013; Petit and Bandosz,
2015a, 2015b). The MWCNTs used in the present study were
functionalized using acid treatment and therefore achieve a
high number of carboxyl groups attached to the surface. In
addition, there are some short length MWCNTs that contain
more carboxyl functionalities than the high aspect ratio
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Fig. 5 TEM of (A) functionalized MWCNTs (B) and (C) MOF-S@FMWCNTs showing FMWCNTs clustering around MOF-5
particles (D) EFTEM of MOF-5@FMWCNTs and (E) HRTEM of FMWCNTs attached to MOF-5 particle with associated EDX.

MWCNTs. Both these types of functionalized MWCNTs seem
to behave in a different manner in regard to their presence in
the MOF-5 nanocomposite. MWCNTs with low aspect ratio
are predominantly involved in providing the nucleation sites
for the MOF-5 particles and forming intense hydrogen bond-
ing than the peripheral MWCNTs with larger aspect ratio hav-
ing no role in nucleation also supposed to be linked with
hydrogen bonding with ZnO, tetrahedra of MOF-5, as shown
in molecular model of the nanocomposite in Fig. 6 which sug-
gest that the MOF-5 is surrounded by high aspect ratio

FMWCNTSs network and provides peripheral stability to the
nanocomposite, which can partially stabilize the MOF-5
nanocomposite upon exposure to ambient moisture condi-
tions. The presence of low aspect ratio MWCNTs, anchoring
the MOF-5 nanocomposite, imparts greater stability to the
MOF, possibly involved in intermolecular hydrogen bonding
with ZnOy tetrahedra.

MOF-5 synthesized by DEF approach in the current study
displayed sufficiently high BET surface area and large pore
volume. Table 1 summarizes the pore textural properties of
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Fig. 6 Molecular model of MOF-5@FMWCNTs.

Table 1 Pore textural properties of MOF-5 and MOF-
5@FMWCNTs.

No. Sample BET SSA  “Pore volume
m’g™h)  (em’g™h

1 MOF-5 713 0.48

2 MOF-5(2h) 121 0.07

3 MOF-5@FMWCNTs 728 0.50

4  MOF-5@FMWCNTSs (I week) 449 0.31

% Pore volume calculated by DR method.

freshly prepared MOF-5, MOF-5 after 2 h exposed to ambient
environment, freshly prepared MOF-5@FMWCNTs and
MOF-5@FMWCNTs after 1 week exposure to an ambient
environment at a relative humidity of 55% at 28 °C.

The BET surface area of the freshly prepared MOF-5 was
713 m? g~ ! that was reduced to 121 m? g~ ! after 2 h exposure
to the ambient environment, due to the decomposition of the
MOF-5 framework. After the formation of MOF-
S@FMWCNTs nanocomposite, the surface area changed
from 728 m? g~ ! to 449 m? g~ ! even after exposure to an ambi-
ent environment for 1-week. It is reasonable to attribute the
extra stability of the nanocomposite to the attached
FMWCNTs that were attached to the MOF-5 through hydro-
gen bonding and imparted their role in increasing the
hydrostability of MOF-5.
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4. Conclusion

The present study reveals that the microwave synthesis offers a good
way to architect uniform sized cubic MOF-5 particles and MOF-
S@FMWCNTs. The nanocomposite formed displays higher stability
against atmospheric moisture due to the unique attachment of
FMWCNTs. The hydrogen bonding interactions between ZnOy4 sub-
unit of the MOF-5 framework and H-atom of the functionalized
MWCNTSs have been found to play a crucial role in stabilizing the
MOF-5@FMWCNTs nanocomposite that has been confirmed by
FTIR studies and supported by non-amorphization in XRD peaks
of MOF-5@FMWCNTs. The experimental results reveal that the
shorter MWCNTSs containing a higher number of functionalities pro-
vide more nucleation sites for the MOF-5, while the longer MWCNTs
provide peripheral stability to the MOF-5 nanocomposite structure.
The hybrid MOF-5@FMWCNTSs nanocomposite offers better adsorp-
tion capacity and retention of surface properties as compared to the
high water sensitive bare MOF-5 framework, which can also be attrib-
uted to the intrinsic nature of the hydrophobic nature of MWCNTs.
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