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Synthesis and water sorption properties of a series
of exfoliated graphene/MIL-100(Fe) compositest
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A novel composite composed of exfoliated graphene nanoplatelets (Ex-GNPs) incorporated in a MIL-
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100(Fe) framework has been synthesized using an in situ molecular-level interaction approach. The

resulting Ex-GNP/MIL-100(Fe) composite, with varying Ex-GNP contents, has been characterized for
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Introduction

Metal Organic Frameworks (MOFs) have attracted immense
attention owing to their high specific surface area and pore
volume apart from the unprecedented versatility in metal-cluster-
linker combination reported for these materials.*® However, in
the context of water adsorption, very few amongst the wide variety
of these novel materials have been observed to retain structural
stability in aqueous environments. MIL-100(Fe) and MIL-101(Cr)
represent two such water-stable MOFs which have not only been
characterized by high water vapour uptakes of 0.65 and 1.4 g g~ "
respectively, but also excellent stability under repeated cyclic
adsorption-desorption in humid environments up to 140 °C.**°
However, owing to the presence of an organic portion which is
present in significantly larger proportion than the metal ion
centers, the thermal conductivity exhibited by both these water-
stable MOFs is still insufficient in the context of use as an
adsorbent in a chiller application."™**

Multi-walled carbon nanotubes (MWCNTs) have been
recently utilized as supports for the nucleation and growth of
MIL-100(Fe) crystals in order to improve the heat transfer
characteristics of the MWCNT/MIL-100(Fe) composite.*
However, the inherent tendency of MWCNTs to agglomerate
inside aqueous suspensions has been observed to lead to
a discontinuous trend of variation in water sorption character-
istics of the composite material with increasing content of
MWCNTs inside MIL-100(Fe). Unlike MWCNTs, graphene
nanoplatelets (GNPs) incorporate a plate-like morphology
which not only offer a higher surface area for the growth of MOF
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crystals, but also exhibit a much lesser tendency towards
aggregation inside an aqueous medium. In this work, we have
proposed GNPs as a potential replacement of MWCNTSs as
additives inside the MIL-100(Fe) matrix with the same objective
of improving the thermal characteristics of the base MOF. For
achieving a robust chemical interface between the supports and
the crystals, a prior acid-treatment of GNPs resulting in the
formation of exfoliated GNPs (Ex-GNPs) has been conducted.
The water sorption kinetics of the resulting Ex-GNP/MIL-100(Fe)
composite have been evaluated in the context of its potential
use in an adsorption chiller application.

The synthesis and activation of MIL-100(Fe) was carried out
according to a previously reported procedure (see ESI, Section
S37t).* For the Ex-GNP/MIL-100(Fe) composites, the first step of
synthesis involves the attachment of carboxyl (O=C-OH and C-
OH) moieties on the surface of graphene nanoplatelets (GNPs)
using acid-functionalization resulting in the formation of
exfoliated graphene nanoplatelets (Ex-GNPs). The attachment
of these carboxyl groups on the surface of GNPs was chemically
proven using Fourier Transform Infrared Spectroscopy (FT-IR)
(ESI, Fig. S31). These carboxyl functionalities are later con-
verted into C-O-Fe linkages upon sonication-assisted interac-
tion with Fe’" ions in a common solvent (Scheme 1c). The
subsequent hydrothermal synthesis in the presence of 1,3,5-
benzenetricarboxylic acid (H3;-BTC) finally results in MIL-
100(Fe) crystals which are either wrapped by the covalently
attached Ex-GNPs in order to attain the minimum energy
configuration (Scheme 1d), or are embedded on the neigh-
bouring Ex-GNPs if the added content of Ex-GNPs is sufficiently
large. The synthesized Ex-GNP/MIL-100(Fe) composites are
referred to as MIL-G1, MIL-G2 and MIL-G3 based upon the
added content of Ex-GNPs in the MIL-100(Fe) precursor during
synthesis (70, 180 and 300 mg respectively). The final content of
Ex-GNPs in Ex-GNP/MIL-100(Fe) composites was evaluated
using both elemental analysis (EA) and thermogravimetric
analysis (TGA). Based on EA data, the contents of Ex-GNPs were
found to be 1.88, 5.56 and 15.10 wt% for MIL-G1-3, respectively
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Scheme 1 (a) Chemical functionalization of a graphene nanoplatelet
resulting in the attachment of negatively-charged carboxyl groups
(Ex-GNPs), (b) dissociation of precursor salt in agueous medium, (c)
sonication-assisted interaction of carboxyl groups on Ex-GNPs with
Fe** ions in aqueous medium, (d) hydrothermal synthesis resulting in
Ex-GNP/MIL-100(Fe) composites in which the Ex-GNPs are wrapped
around the MIL-100(Fe) crystals.

(ESI, Section S5t). The corresponding values measured using
TGA data were observed to be 6.54, 12.93 and 16.16 wt%,
respectively (ESI, Table S17). For this study, the values obtained
using TGA data have been preferred since the accuracy of EA
data in the determination of Ex-GNP content has been observed
to rely upon the efficiency of the activation procedure."”
However, the chemical formulation of each of the activated
MOF materials has been determined using the percentages of C,
H and N in the framework obtained using EA. It has been
observed that the MIL-G3 framework loses virtually all of its
water of crystallization upon activation and thus transforms
from a hydrated to a completely dehydrated structure due to the
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Fig. 1 PXRD patterns of MIL-100(Fe) and Ex-GNP/MIL-100(Fe)
composites.
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Fig. 2 SEM micrographs of MIL-100(Fe) and Ex-GNP/MIL-100(Fe)
composites (red arrows in the inset of MIL-G3 show an isolated MIL-
100(Fe) crystal embedded on a neighbouring Ex-GNP).

incorporation of a substantially large amount of Ex-GNPs inside
the MIL-100(Fe) framework (ESI, Section S5t).

Fig. 1 shows a comparison of the powder X-ray diffraction
(PXRD) patterns of MIL-100(Fe) and MIL-G3. It can be seen that
the PXRD pattern of MIL-100(Fe) is in good agreement with the
simulated pattern from the single crystal structure. It is observed
that the addition of Ex-GNPs does not result in any noticeable
peak shifts in the PXRD patterns of MIL-G1-3 (ESI, Fig. S27).
Hence, the introduction of graphene up to 16 wt% does not
disrupt the intrinsic crystal structure of MIL-100(Fe). However, an
extra peak at 26 = 26.06° has been observed in the PXRD profiles
of MIL-G1-3 owing to the reflections from the (001) planes of
graphitic carbon inside Ex-GNPs (ESI, Section S97). The intensity
of these reflections has been observed to be much greater in Ex-
GNPs as compared to the pristine GNPs owing to the higher
interaction volume available to incident X-rays due to the exfoli-
ation of GNPs upon acid-treatment (ESI, Section S47). From the
nitrogen adsorption-desorption isotherms measured at 77 K, the
Brunauer-Emmett-Teller (BET) surface area for MIL-100(Fe) has
been evaluated to be 1360 m* g~ which is in good agreement
with literature (ESI, Fig. S51).* The highest specific surface area
and pore volume are exhibited by MIL-G3, while both MIL-G1 and

(A)

Fig. 3 TEM micrographs of (A) MIL-100(Fe) and (B) MIL-G2 (black
arrows point at MIL-100(Fe) crystals embedded on the neighbouring
Ex-GNPs).

This journal is © The Royal Society of Chemistry 2017
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Fig.4 Water adsorption—desorption isotherms of (A) MIL-100(Fe) and
(B) MIL-G3 at 298 K.

Table 1 Water sorption properties of MIL-100(Fe) and Ex-GNP/MIL-
100(Fe) composites

Water uptake Uptake loss b/w

Sample ID (%) first and last cycle (%)
MIL-100(Fe) 42.45 48.20

Ex-GNPs 2.653 N.A.

MIL-G1 40.62 27.57

MIL-G2 33.92 48.24

MIL-G3 53.05 29.00

MIL-G2 have been noticed to show lower surface areas and pore
volumes than MIL-100(Fe) (ESI, Table S27).

The repulsive forces between the COOH™ groups helps to
overcome the inherent van der Waals attraction between the
neighbouring platelets, thus facilitating their dispersion in an
aqueous medium (ESI, Section S111). The morphologies of MIL-
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100(Fe) and Ex-GNP/MIL-100(Fe) composites as observed by
Scanning Electron Microscopy (SEM) are shown in Fig. 2. The
incorporation of Ex-GNPs is observed to preserve the intrinsic
octahedral morphology of MIL-100(Fe) crystals. It is observed that
the crystals are predominantly wrapped by the surrounding
platelets for the case of MIL-G1 and MIL-G2 (Scheme 1d);
however, since the size of MIL-100(Fe) crystals becomes suffi-
ciently small in case of MIL-G3 due to the higher added content of
Ex-GNPs, they are primarily observed to be embedded on the
surrounding Ex-GNPs as apparent in the inset shown in the SEM
image of MIL-G3."* Fig. 3 shows the Transmission Electron
Microscopy (TEM) micrographs of MIL-100(Fe) and MIL-G3. The
TEM micrograph of MIL-G3 shows a number of MIL-100(Fe)
crystals (black arrows) embedded on the neighbouring Ex-GNPs
owing to the sufficiently smaller crystal size in accordance with
a large added content of Ex-GNPs. In contrast, the micrograph of
MIL-G1 clearly shows a dark-coloured corner of a single platelet
reflected on the rear side of an isolated MIL-100(Fe) crystal which
is a confirmation of the partial wrapping of the crystal by Ex-GNPs
in accordance with the proposed scheme of synthesis (ESI,
Fig. S131). The Fourier Transform Infrared (FT-IR) spectrum
measured for MIL-100(Fe) is in good agreement with the already
reported literature for a similar method of synthesis (ESI,
Fig. S167)."® However, for MIL-G1-3, a relatively wider vibration
band noted around 3445 cm™ " which is assignable to the O-H
stretch of the carboxylic acid groups attached on the surface of Ex-
GNPs (ESI, Fig. S3T). Aweak signal observed in the spectra of MIL-
G2 and MIL-G3 around 500-515 cm ™', which is absent in the
spectrum of MIL-100(Fe), confirms the existence of the proposed
C-O-Fe linkage between the MIL-100(Fe) crystals and the Ex-
GNPs in the Ex-GNP/MIL-100(Fe) composites (ESI, Fig. S17t).*
This was further confirmed using the X-ray photoelectron spec-
troscopy (XPS) analysis conducted on MIL-100(Fe) and MIL-G2
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Fig. 5 Cyclic adsorption—desorption profiles for 21 cycles — (A) MIL-100(Fe), (B) MIL-G1, (C) MIL-G2 and (D) MIL-G3.
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(ESI, Table S37).** The thermogravimetric analysis (TGA) profile of
MIL-100(Fe) exhibits three major weight losses between 30 and
700 °C,' whereas an additional weight loss is observed between
350 and 700 °C in case of MIL-G1-3 owing to the oxidation of
graphene (ESI, Fig. S197). The residue recovered after the TGA was
identified using PXRD to be predominantly o-Fe,O; (ESI,
Fig. S2071)."* The TGA profiles of MIL-G1-3 do not reveal any
noticeable differences between 40 and 140 °C, which marks the
useful working temperature range of a typical adsorption chiller.*

Fig. 4 shows the water adsorption-desorption isotherms of
MIL-100(Fe) and MIL-G3 measured at 298 K. The water sorption
kinetics observed for MIL-100(Fe) are in agreement with the
already published literature."** For MIL-G1-3, it can be noticed
that the adsorption branch remains more or less unaffected by
the addition of Ex-GNPs up to 16 wt% (ESI, Section S177).
However, the desorption profiles of MIL-G1 and MIL-G2 show an
abrupt loss in uptake for 0.4 < P/P, < 0.5, which shifts to 0.3 < P/P,
< 0.4 for the case of MIL-G3. This is attributable to the increased
hydrophobicity of the framework due to the incorporation of
graphene which accelerates the desorption of water molecules
when a critical value of P/P, is reached.>® The highest uptake has
been recorded for MIL-G3, which is observed to be 22% higher
than that measured for MIL-100(Fe) (Table 1). For MIL-G1-3, it is
noticed that the desorption branch intersects the adsorption
branch at a critical value of P/P,. This is also attributable to the
presence of graphene since the water sorption isotherm of Ex-
GNPs has also been observed to show the same behaviour (ESI,
Fig. S207). It can be seen that MIL-G3 not only results in the
lowest value of P/P, corresponding to half of the maximum
uptake amongst the three composites, but also a degree of
hysteresis between the adsorption and desorption phases which
is almost 120% lower as compared to the value measured for
MIL-100(Fe) (ESI, Table S4f). Since the existence of a minimum
hysteresis is considered to be a major prerequisite for any
adsorbent material designed for a chiller application,' MIL-G3
thus presents an attractive alternative to the more conventional
silica-gel- and zeolite-based adsorbents in this context. The cyclic
water adsorption/desorption test results based on 21 consecutive
cycles for MIL-100(Fe) and Ex-GNP/MIL-100(Fe) composites are
shown in Fig. 5. The best cycling performance is exhibited by
MIL-G1 which results in an uptake loss of only 28 wt% measured
between the first and the last cycles. It is observed that MIL-G3
results in an almost 50% lower uptake loss between the first and
the last cycles as compared to MIL-100(Fe) (Table 1). SEM and
PXRD analyses conducted on the cycled samples indicate that
each retains its characteristic octahedral morphology following
the cyclic adsorption-desorption test (ESI, Section S207).

In conclusion, the molecular-level approach proposed for the
synthesis of Ex-GNP/MIL-100(Fe) composites has been observed
to preserve the characteristic lattice structure and chemistry of
the MIL-100(Fe) framework for an addition of Ex-GNPs up to 16
wt%. The composite containing 16 wt% Ex-GNPs has been
evaluated to result in an almost 10% higher specific surface
area, a 22% higher water vapour uptake at 298 K, a 50% higher
hydrothermal cyclic stability, and a 120% lower degree of
hysteresis between the adsorption and the desorption phases
than the corresponding values measured for unmodified MIL-
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100(Fe). The proposed Ex-GNP/MIL-100(Fe) composite thus
presents an attractive alternative to the more conventional silica
gel- and zeolite-based adsorbents for use in commercial-scale
adsorption chillers using water as refrigerant.
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