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Abstract
Adsorption heat pumps can be used for generatiatjrtgg cooling, seasonal energy storage and water

desalination applications. Metal-organic framewo(k4OFs) are hybrid porous materials with high
surface area and superior adsorption characteristmpared to conventional adsorbents. MIL-101(Cr)
has a large pore size with water vapour adsortigracity up to 1.5:8o G.ss - and high cyclic stability
thus has the potential to be used in adsorptiohgweaps. This work investigates the enhancemetiteof
thermal conductivity and water adsorption charasties of MIL-101(Cr) using hydrophilic graphene
oxide. Two methods have been used to develop MIL(AG/GrO composites. The first method was
through incorporating the GrO during the synth@secess of MIL-101(Cr) while the other was through
the physical mixing. The composites and MIL-101(@gre characterized in terms of their structure,
water adsorption uptake, BET surface area, parsizke, thermal gravimetric analysis, SEM images and
thermal conductivity measurements. Results shoWwatlibtroducing low amounts of GrO (<2%) to the
neat MIL-101(Cr) enhanced the water adsorptionatdtaristics at high relative pressure but enhatteed
heat transfer properties by 20-30% while using nilba@ 2% of GrO reduced the adsorption water uptake
but significantly enhanced the thermal conductitagymore than 2.5 folds.

Keywords: Metal-organic framewotlcharacterization, adsorption, heat pump, thermatlaotivity.
1. Introduction

The concept of adsorption heat pump cycle is basethe phenomenon that when the working fluid is
evaporated; taking evaporation heajQrom the surroundings useful cold effect is produced when the
cycle is used as a chiller. When vapour of the wngriuid is adsorbed into a porous material, gatiag
adsorption heat £ this can be released to the environment when yhtem is used in a heat pump
application. The main advantages of adsorptionesystare that they can be driven by low temperature
heat sources such as solar energy or waste hegtath environmentally friendly as there is almust
CQO, emissions, the simplicity of the system and at&oldng operating life.

Metal-organic frameworks (MOFs) have attracted rsitee attention due to their ultrahigh surface area
tunable pore structures and surface functionalitene functional groups such as -OH and ;N#Nn be
incorporated in the structure to improve the pen@mmce. These exceptional properties, endow MOFs

with great potential in a number of applicationsrsas catalysis [1], gas separation and storagern@]



sensors3]. MOFs have been investigated in"adsorption haatpapplications where they showed good
performanceJeremias et al [4] synthesized a coating of microporous aluminifumarate on a metal
substrate via the thermal gradient approach, which was stable deer 4500 water vapour
adsorption/desorption cycles showing its poterttgbe used in heat transformation applicatidezk et

al [5, 6] compared the performance of HKUST-1 and MIL-100(tée$ilica gel showing that HKUST-1
outperformed silica gel RD-2060 with 93.2% higheater uptake, while MIL-100(Fe) showed an
increase of 26.8%. The authors suggested that tisasg two MOFs can lead to a considerable increase
in the refrigerant flow rate, the cooling capaatyd eventually reduction in the size of the adsompt
system. The MIL-100 family showed adsorption cajité#s of 0.75 2o Gugs - for MIL-100(Fe) and 0.5
Oh2o Gaas - for MIL-100(Al), in addition to the small hysterssand the very good cycle stability, make
both MIL-100(Al and Fe) very suitable candidates fbermally driven heat pumps and adsorption
chillers [7]. Henninger et al [8] compared another MOF material, ISE-1, to silgel and 5 types of
zeolites. ISE-1 outperformed all the other 6 materat low desorption temperatures and showedbtesta
performance over 10 successive adsorption/ desarpticles, making it a promising candidate for heat
transformation applications. A later study byenninger et al [9] investigated the potential of MIL-
100(Fe), MIL-100(Cr), HKUST-1, ISE-1, Basolite C30Basolite A100 and Basolite F300. It was
concluded that the high hydrothermal stabilitylge materials (except for HKUST-1), and the ahitit
change their water vapour capacity, by varying eéhganic linker and the metal cluster resulting in
tunable properties, make them a promising classatérials to be used in adsorption heat transfoomat
processes.

MIL-101(Cr), is a mesoporous material with two types of cages ofa@f 34 A diameter and is
considered to be one of the most investigated M@ to its high pore volume of 28y, the
exceptionally high surface area of 4508grh high water uptake of 1-1.43,8.0.4s* (at high relative
pressure > 0.35) and high cyclic stability [9-1Bhe adsorption performance of MIL-101(Cr) and other
MOF materials was further improved by means of mdzioation with expanded natural graphite (ENG),
multi-walled carbon nanotubes (MWCNT), graphitedex{GO) and graphene oxide (GrO). The addition
of expanded natural graphite (ENG) to MOF-5 [14)doed the hydrogen storage capacity, while the
addition of zeolite-templated carbon to MIL-101(Ghowed H uptake enhancement of 43% [15].
Kumar et al [14] synthesized a composite of a ZIF-8 MOF andeme oxide where the BET surface
area of the composites decreased with increasing@f@nt. The CQadsorption performances of the
synthesized composites showed an enhanced behapolar 72wt% in the composite with 20wt%GO
(ZG-20). The incorporation of graphite oxide ineveral MOFs [MOF-5, HKUST-1 and MIL-100(Fe)]
also produced an enhanced performance for the @asonof NH;, H,S and NQ [17-21]. The CQ and
CH, adsorption performance of HKUST-1 [22] and MIL-68) [23] were enhanced through using
MWCNT. Similarly, graphene oxide (GrO) has beeromorated into MIL-101(Cr), showing an increase
of 44.4% for the adsorption of acetone comparethéoneat material [24]. Another composite of MIL-
101(Cr) but with GO showed an increase of 25-29%hémn-alkanes adsorption capacity compared to the

neat material [25]. A comparison between the watksorption capacity of MIL-101(Cr) and a composite



MIL-101(Cr) and graphite oxide showed that the @tcmal water uptake of 1.22.% G.gs > Was even
increased to reach 1.58,g g.qs - for the 6% GO composite [26]. However, these etioapl properties

of MOFs come with the price of extremely low thefmanductivity due to their large pore sizes arghhi
free volumes. The low thermal conductivity limiteetability of the heat transfer processes to reheh
desired operating temperatures quickly during bb#h adsorption and desorption phases. A molecular
simulation study was conducted BEjpang et al [27] to calculate the thermal conductivity of zéali
imidazolate framework (ZIF-8). It was reported thia thermal conductivity varies from 0.165 to @19
W (m K) " in the temperature range of 300 to 1000 K. Thentlaéconductivity has been experimentally
measured for MOF-5 [28] and found to be only 0.1(WK)™ at room temperature. The low thermal
conductivity was enhanced through the use of tlenhlly conductive Expanded Natural Graphite
(ENG); the additions of 10 wt % ENG resulted inixa ffolds enhancement in the thermal conductivity
relative to neat MOF-5, increasing it from 0.1M0t66 W (m K) ™.

Graphene oxide is a derivative of the highly thdlynaonductive graphene which is one-atom-thick
planar sheets of bonded carbon atoms that are lggraazked in a hexagonal crystal lattice. The otk

of the graphene gives a graphene layer with funatigroups such as epoxide (-O-), hydroxyl (-Ohtd a
carboxyl (-COOH). The thermal properties of grapghexide and its reduced form have been used in
multi-wall carbon nanotube (MWCNT)/epoxy composit@®], organic phase change materials (n-
eicosane) in silica microcapsule®], producing nanofluids with ethylene glycol [3pplymer (epoxy)

for printed electronics [32] and epoxy resin (br&mbn862) B6].

The thermal properties in addition to the hydraphit (as the oxygen in the epoxide group strongly
binds to water molecules through hydrogen bondntgractions) of the graphene oxide have motivated
the authors to assess the effect of GrO on the rwadsorption characteristics and the thermal
conductivity of a series of MIL-101(Cr)/GrO compies.

2. Experimental work
All chemicals were of reagent-grade quality obtdirfeom commercial sources. Chromium nitrate

(Cr(NGy)3.9H,0, Acros organics, 99%), terephthalic acisBBC (GH4(CO.H),, Sigma-Aldrich, 98%),
tetramethyl ammonium hydroxide (TMAOH, (gNOH, Sigma-Aldrich, 25%), graphene oxide (Sigma-

Aldrich) and absolute ethanol (Fisher Scientifi@revused without further purification.

Synthesis of MIL-101(Cr)
MIL-101(Cr) was synthesizedia a hydrothermal method reported b$4] where terephthalic acid

(H.BDC, 4 mmol) was added to an alkali solution ofgetethyl ammonium hydroxide (TMAOH, 16 ml)
and stirred at room temperature for 10 minutes) ENG;)3.9H,0 (4 mmol) was added to the mixture
and stirred for another 20 minutes. The resultingtume was transferred into a 45 ml Teflon-lined
autoclave and heated at 453 K for 24 h. After capBlowly to ambient temperature, a solution oéfin
green powder as the major product was obtained avitlgnificant amount of recrystallizedBDC. To
eliminate the traces of carboxylic acid, the migtwas first filtered using a large pore glass ffilfehe

water and the fine powder of MIL-101(Cr) passedtigh the filter while the free acid stayed on tlesg



filter. After that, the solution was centrifugeddeparate the MIL-101(Cr) particles; the collectetids
were then suspended in absolute ethanol, stirr883K for 1hr and centrifuged again. This proogas
repeated at least 2 times. The collected solide wace again suspended in water, stirred at 338 KHr
and finally the green powder was separated fronstiation using a small pore filter paper. The pid

was dried in air at room temperature.

Synthesis of MIL-101(Cr)/GrO composites

Composites were synthesized through two differeatas: the first route was through the mixing oLMI
101(Cr) and graphene oxide to obtain GrO_physioatposites. To ensure the complete homogeneity
between MIL-101(Cr) and GrO patrticles, the GrO wasledin different ratios to the pre-synthesized
MIL-101(Cr) with few drops of water. The mixture svariefly sonicated, filtered and left to dry im.ai
The other route was through incorporation of graghexide into MIL-101(Cr) during synthesis process.
Typically, the composites were prepared by usirgggame method employed in the synthesis of MIL-
101(Cr). After thorough mixing of the reactantsr@@hium nitrate, tetramethyl ammonium hydroxide and
terephthalic acid), the GrO was added in differatips based on the expected mass of the prodbet. T
suspension was sonicated for 30 minutes and theedstat 313 K for 15 minutes. Finally, it was
transferred into a 45 ml Teflon-lined autoclave &edted at 453 K for 24 h. After cooling slowlythe
ambient temperature, the product was purified exshime manner as the neat MIL-101(Cr) obtaining the

GrO_synthesis composites.

Material characterization

The neat material MIL-101(Cr) and the compositesewgharacterized using powder X-ray diffraction
(XRD), BET surface area through nitrogen adsorptieater adsorption characteristics, particle size,
thermal gravimetric analysis (TGA), Raman specwpg¢c Scanning Electron Microscopy (SEM) and
thermal conductivity measurements.

The powder XRD patterns were measured using a Siemens D500aadmeter with Cu K radiation
(1.5418 A). The samples were scanned from 3 td®80¥ith a step size of 0.02°.

Water adsorption characteristicswere measured usireg dynamic vapour sorption (DVS) gravimetric
analyser (Advantage DVS, Surface Measurement SgstéiK) using the methodology previously
described [5].

The N, adsorption isotherm at 77 K was used to measure the BET surface &@88h Using a
Quantachrome NOVA surface area analyser. Each sangs evacuated at 393 K. The BET surface area
was obtained in the relative pressure range frdd8 @ 0.3, the total pore volume was calculated at
relative pressure of 0.95, the micropore volume wasulated using t-plot method and the pore size
distribution was calculated using DFT method. Thesaporous volume can be calculated as the
difference between the total pore volume and thteopore volume.

The particle sizewas measured using a Delsa™Nano Particle Sizgsaralsing water as the solvent.



Thermal gravimetric analysis (TGA) was used to investigate the thermal stabilityhefinaterials using

a Perkin Elmers Pyris 1.

Raman spectroscopywas carried out using Renishaw in Via Raman Mioope laserA= 633 nm).
Scanning electron microscopy (SEMjmages were taken using a CFEI Quanta 3D FEG FIB-SE

The thermal diffusivity was measured using a NETZSCH-LFA 427 in a temperatinge of 303K to
473 K. The samples were evacuated at 453 K undmruva for 6 hours, pressed under a pressure of
20MPa to give pellets with an average diameter2® Inm and 1.6 mm average thickness. The pellets
produced were coated with graphite to improve ig@ lbsorption.

The specific heat capacitywas measured in the same temperature range udii§TaLER TOLEDO
DSC2.

3. Results and Discussion

I. Powder XRD
The powder X-ray diffraction (XRD) patterns of Gr@@eat MIL-101(Cr), composites prepared through

the physical mixture route and composites prep#nesugh the incorporating route are all shown in
Fig.1. It can be noticed that the peaks of MIL-101(Ceravpreserved as it is the major component of all
the composites. This indicates that during the tsgits process of the composites, the presencesof th
GrO did not prevent the formation of the MIL-10Y/stals even though a notable decrease in the ityens
of the peaks for the composites was observed. mhisbe attributed to the partial distortion of M#_-
101(Cr) structure owing to presence of GrO durhmg drystal growth process [36]. From the figureQGr
is amorphous as there is only one visible peaklatwlhich did not appear in any of the composite
patterns. A similar behaviour was attributed to lihe content of GrO used [20] or its high dispensio
[17,18].

ii. Nitrogen adsorption isotherms and BET surface area
The N, adsorption isotherms at 77 Kig.2) showed that the 2%GrO_synthesis composite hatigest
capacity. The measured surface areas are illudtratiéable 1.
The highest surface area was observed for the 2%§r@hesis composite which was more than 6%
higher than the neat MIL-101(Cr). This supportsghggestion that the 2%GrO_synthesis composite had
additional porosity as the total pore volume inseghfrom 1.75 to 2.14 ¢hg™". The increase in the pore
volume was due to the increase in the mesoporesneéWhich increased from 1.33 to 1.69°@ while
a negligiblancrease was observed in case of the microporenalu
Such increase in the surface area and the poreneakidue to the interaction between the framework
and the GrO structure through the coordination betwthe epoxy groups of the GrO and the metal ions
from the structureig.3). Higher GrO showed a lower surface area which beaglue to that in the
spherical crystal shape of MIL-101(Cr), GrO shdwtge more than one possible orientation to attach t
the crystal. This not only restrains the attachnaéiirther proper attachment of GrO layers bub als
cause the distortion of the MIL structuféd. 3). This caused the surface area to decrease fr@h 86
g for the 2%GrO composite to or?g10 ni g *for 5%GrO.



For the physical composites, a significant redurctiothe surface area and the pore volume wasetbtic
This supports the suggestion that the GrO may bibekpores of the MIL-101(Cr) and hence the pore
volume is reducedrig. 4 shows the pore size distribution calculated froe DFT method. It is evident
that pore size distribution curves of the physigatl synthesis composites were similar to the parent
material. It can be noticed that the 2%GrO_synthesmposite has a higher pore volume than the paren
material while the rest of the composites are Wgther pore volume. This was shown as well in the
measurement of the surface area and total poreneolu

Table 1surface area of MIL-101(Cr) and GrO composite.

Material BET surface area Total pore Mesopores  Micropores
(m%g™ volume (cntg™) volume volume
(cm’g™) (cm’g™)
GrO Nil Nil Nil Nil
Neat MIL-101(Cr) 3460 1.753 1.33 0.41
0.5%GrO_synthesis 3137.8 1.641 1.39 0.24
0.5%GrQO_physical 2608.5 1.346 1.22 0.12
1%GrO_synthesis 3028.1 1.619 1.32 0.29
1%GrO_physical 2425.7 1.265 1.11 0.15
2%GrO_synthesis 3674 2.14 1.69 0.45
2%GrO_physical 2077 1.035 0.80 0.23
5%GrO_synthesis 2810 1.879 1.56 0.28
5%GrQO_physical 2626 1.33 1.05 0.31

lii. Water adsorption characteristics
Fig.5 shows the water adsorption isotherms of the net¢maband the composites which exhibited type

IV isotherm. At low relative pressure.4), the water vapour adsorption is mainly dutheopresence of
unsaturated metal centres (UMCs). These UMCs atal ineding sites formed after the removal of axial
ligands from metal atoms attracting water molecudesl offering extra binding sites to the guest
molecules, especially at low pressure values. Negksss, the limited water uptake is related to the
dominant effect of the hydrophobicity of the orgahnker. At higher relative pressure (0.4-0.5xteep
increase in the water uptake took place due tac#pgllary condensation which usually takes place in
mesoporous materials. Because of this phenomenost, agdsorption isotherms of large pore materials
are accompanied by a hysteresis loop between tar@ibn and desorption branches [37-38]. At high
relative pressure>Q.5), the pores are almost filled exhibiting a Ealptake. Also, it can be observed, all
the physical mixtures have a lower water vapouakgthan the neat material, which may be attribtded
the low uptake of GrO in addition to other facteteh as the lower crystallinity and the potentiaies
blocking by the GrO. It was observed that the twatlsesized composites (2%GrO_synthesis and
5%GrO_synthesis) showed an increased uptake ihigerelative pressure range, which suggests that
the oxygen functionalities of GrO (hydroxyl, carlggxepoxy) were able to coordinate to the metallic
centres of the MIL-101(Cr) structure and hence pewes were created at the interface of the streictur
and the graphene layers. Such conclusion was il ggoeement with the increase in the mesopore
volume of the two composites. The 2%GrO_synthesraposite showed a maximum water uptake of

1.56 gﬂo.gad;l while the 5%GrO_synthesis reached 1.411Zoggads’l. It can be concluded that the GrO



content of 2 wt% is considered as an optimum camaton as increasing or decreasing the GrO would
adversely affect the water uptake. This may bébated to the fact that GrO is non-porous matexial
may cause pore blocking, and thus it will lower @mxessible surface area and pore volume of the
composites if more GrO is incorporated into MIL-{Of). As a result, it cannot improve the water
vapour capacity of a composite any further [26].

Another explanation could be adopted from a previstudy done on the incorporation of GO on MIL-
100(Fe) [20]. With the spherical shape of the pae#1IL-101(Cr) as shown irFig.3, the graphene
layers have more than two modes of coordinatiotheoOMOF units. As well as that, the presence of a
high amount of GrO creates additional constraiatsgfowth of the crystal during the synthesis pssce
(Fig.3) and therefore, the graphene layers may prevenpttbper building of the MIL-101(Cr) structure
by blocking the assembly of several cages intoditedike network.At a very low GrO content, the
probability of having two or more graphene layénkdd to the MIL cages is reducedt may not be
sufficient to produce the coordination bonds witte tMIL structure (as in 1%GrO and 0.5%GrO
composites), hence the water adsorption capaciptismproved. Not only that but increasing the GrO
content may cause a partial distortion of the stmgcwhich may narrow the pore size of MIL-101 (Cr)
[15]. In the case of the physical composites, thing the GrO appears to adversely affect the
adsorption capacity of the MIL-101(Cr). This may dee to the GrO blocking some of the pores and
hence decreasing its capacity for water vapour.

The effect of incorporating GrO on adsorption cyplerformance can be better understood using a
comparison between the 2%GrO_synthesis composdetlan parent MIL-101(Cr). For an adsorption
system working at an adsorption and a condensepeieiure of 298 K, an evaporation temperature of
293 K and a desorption temperature of only 343 Kctwimeans working at a relative pressure of 0.75 in
the adsorption phase and 0.1 in the desorptioneptessed on the equilibrium data, the water loading
difference, which is the difference between the am@f water adsorbed in the adsorption process and
the amount of water remained in the pores afted#s®rption process, in the case of the parentriabte
is 1.36 g|20.gads_l while it is 1.33 gzo.gads‘l in the case of the composite. Those values aré igher
than that of other types of MOFs at the same opgrabnditions. Aluminium fumarate can have a water
difference load of 0.45,g0 Gugs * [4] while MIL-100(Al) has 0.4 go Gus * and MIL-100(Fe) has 0.65
Onzo Guas - [7]. The water loading difference is a crucial amaeter affecting the performance of the
adsorbent in any adsorption system as increasingl iincrease the efficiency of the adsorptiontsys.
This shows that introducing the GrO kept the sarngh lwater adsorption characteristics at that
temperature range. At higher evaporation temperaiwhich corresponds to a higher relative pressure
the 2%GrO_synthesis composite is expected to dotperthe neat material. The above data show the

great potential of MIL-101(Cr) and its compositesatsorption heat pump application.



iv.  Particle size measurement:
The particle size of samples was measured by gaiamall amount of dry samples and suspend it in

water, sonicated briefly and placed for analysischEmeasurement was repeated 5 times to give the
average particle sizeTable 2 shows the particle size distribution of every slEmp50 (particle size
reaching 50% of the cumulative volume)

Regarding the patrticle size of the synthesis coitgmst can be observed that increasing the comten
GrO decreased the size of the particles produceid. Supports the suggestion that the presence ©f Gr
may create constraints on the crystal growth durihg synthesis process as shown Fig. 3.
Nevertheless, the particle size of the 5%GrO_swmhmmposite was found to have a similar sizé¢o t
neat material. This may be due to the partial disto of the MIL structure or that the formed cialst
restacked into larger particles.

For the physical mixing samples, it can be notited all the samples have almost the same pasiipde
with a slightly higher diameter than the neat MIL1{Cr) particles. This may be attributed to tha th
presence GO caused the coating of MIL crystalstl@@dgglomeration to form larger particles.

Table 2Particle size of MIL-101(Cr) and GrO composites.

Material D50 (um)

Neat MIL-101(Cr) 0.92

GrO 1.48
0.5%GrO_synthesis 0.70
0.5%GrQO_physical 1.11
1%GrO_synthesis 0.58
1%GrO_physical 0.98
2%GrO_synthesis 0.68
2%GrO_physical 1.00
5%GrO_synthesis 0.94
5%GrO_physical 1.10

v. Thermal gravimetric analysis (TGA):
The analysis was carried out in the temperaturgedrom 298 K to 873 K, using a heating rate of 10

K.min™* under a nitrogen flow (60 mL.ni.

Fig.6 shows the TGA patterns of the neat MIL-101(Cr)Q@mnd the different composites showing there
are three stages of weight loss. The first stagerevthe material loses its guest or free watepadpn

the pores. The parent MIL-101(Cr) shows that iefogiore than 50% of its weight at 410 K while the
synthesis_composites show less adsorbed waterghdie lost at lower temperatures. The
physical_composites showed a much lower weighttluess the neat material and the other composites.
The second stage is due to the departure of thelioated water molecules where a relatively lowghiei
loss takes place. This stage took place in the ¢eatppre range of 410 K to 610 K for the neat materi
and was shifted to higher temperatures in casermposites. This indicates that the composites show
improved thermal stability over the neat mateifidle final stage is where the weight loss is duia¢o

combustion of the terephthalic acid and the decaitipo of the structure.



vi. Raman spectroscopy:

Fig.7 shows the Raman spectra of MIL-101(Cr), GrO, sysithcomposites and physical composites. The
GrO exhibited two characteristic bands at 1337 'camd 1587 crit while MIL-101(GrO) had five
characteristic bands at 1611, 1454, 1142, 864 88ct61”. In the synthesis composites, it is evident that
the synthesis composites preserved the main bantse dMIL-101(Cr) with the presence of a small
shoulder before the 1454 chband as the GrO increased. This proves the sdotéssorporation of
GrO into the MIL structure without preventing thdlMrystal formation.

In case of the physical composites, the main bahd4lL-101(Cr) were found to be very weak with the
two characteristic bands of the GrO at 1337'and 1587 critoverlapping the MIL bands at 1611, 1454
cm™. This may be attributed to that the grains of MILt(Cr) are being sheltered by the GrO layers. A

similar behaviour was observed Byou et al. [24].

vii. Scanning electron microscopy (SEM):
Fig. 8 shows SEM images of MIL-101(Cr), GrO and the conitess The neat material had a well-

defined octahedral crystala) while the evident wrinkles on the GrO shé@t have been ascribed to the
presence of the carboxylate, epoxide and hydrouykctional groups [29]. Regarding the synthesis
composites, it can be observed that as the GrGeobiricreased to reach 0.5, 1 and 2%, the sizheof t
crystals started to decrease which was observed fhe particle size measurement. Also, as the GrO
content increased, the crystals slowly startease kheir octahedral shape. This may be attribiatede
additional constraints on the crystal growth of thil-101 crystals during the synthesis of the
composites caused by the presence of the GrO kpéalim partial distortion in the crystal morphologyg

the concentration increased to 5%, the crystalamecirregular as the crystals restacked into larger
particles.

The physical composites showed a less smooth sutifiean that of the parent MIL-101(Cr). This may be

due the presence of graphene layers covering thephtticles.

viii. Thermal conductivity
One of the main drawbacks of MOFs in general andl-MI1(Cr) in particular is the poor thermal

conductivity due to the large pore size and higle frolumes. Such property is crucial in adsorpénd
desorption processes:ig.9 shows the thermal conductivity of the materiabésinction of temperature.

It can be seen that the thermal conductivity oft iH -101(Cr) is 0.05 W (m K)* at 303 K and it
increased linearly to reach 0.103 W (m Kt 473 K. The effect of the presence of graphetiéecat
different ratios was also investigated. Despitepfesence of the oxygen atoms, which typically ecbka
phonon scattering, the enhancement of the theramaluctivity observed can be attributed to the iasee

in the interlayer coupling due to covalent intei@ts between the oxygen atom of the GrO and the-MIL
101(Cr) framework [39].

In the case of the 0.5%GrO and 1%GrO compositesthtermal conductivity was almost the same as the
neat material. Increasing the GrO content to 2vitireased the thermal conductivity by 20-30%. Ass th

GrO increased to 5% in the physical compositettibemal conductivity was enhanced by a factor bf 2.



to reach 0.126 W (m K}at 303 K and 0.243 W (m Kjat 473 K. On the other hand, increasing the GrO
content to 5% in the synthesis composites adveedtdgted the thermal conductivity, a similar bebav
was observed bim et al [29]. It was attributed to the insufficient intecka between the GrO and the
parent material which increased the interfacialstasce. Another reason is the crystal defectsechby

the presence of the GrO that may affected the palyproperties of the material.

Conclusions

MIL-101(Cr) has exceptional high water adsorptiqrtake of around 1.47.g, Qugs* due to its high
surface area and pore volume. Nevertheless, likst porous materials, it suffers from poor thermal
conductivity due to the large pore volume. Therefahis work investigated the effect of incorpargti
the high density hydrophilic graphene oxide on waer adsorption and thermal conductivity of MIL-
101(Cr). Two methods were used to develop a cortg@o$iMIL-101(Cr) and GrO namely; mixing the
two materials and integrating them through the fsgsis process. It was found that the composites
produced from the mixing route gave a lower watatake due to the low porosity of the GrO. In the
synthesis approach, the 2%GrO_synthesis compdsiwesl a similar water uptake in the low relative
pressure range and outperformed the neat matdriblgh relative pressure. The 5%GrO_synthesis
composite showed a lower water uptake due to tertion of the crystal structure.

Regarding the thermal conductivity, all the compmmsiamples outperformed the parent neat material as
the thermal conductivity increased by up to 2.5f$oin case of the 5%GrO_physical composite and
almost 20-30% increase in case of the 2%GrO corgsosFor the 2%GrO_synthesis composite,
introducing GrO to the neat MIL-101(Cr) improvebetwater adsorption characteristics and signiflgant
enhanced the heat transfer properties. This impnew¢ in thermal conductivity can improve the heat
transfer between the heating and cooling fluids taedMOF adsorbent material in the adsorbent beds

thus improving the system outputs.
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Fig.3 GrO layer, MIL-101(Cr) cage and configuration of the GrO layer on the MIL-101(Cr) at
different concentrations.
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Fig. 8 SEM images of a. MIL-101(Cr), b. GrO, ¢. 0.5% GrO_synthesis, d. 0.5% GrO_physical, e.
1% GrO_synthesis, f. 1% GrO_physical, g. 2% GrO_synthesis, h. 2% GrO_physical, i. 5% GrO_synthesis
and j. 5% GrO_physical .
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Highlights:

» Composites MIL-101(Cr)/Graphene oxide were synthesized with different GrO content.
*  The 2%GrO_synthesis composite showed enhanced water adsorption characteristics.

e MIL-101/GrO showed higher thermal conductivity than parent material.

* MIL-10VY/GO isapromising candidate for adsorption heat pump applications.



