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� Thermal events in metal-organic

frameworks (e.g., HKUST-1) can

be modulated through the incor-

poration of graphite flakes.

� The presence of GF in the com-

posites improves the mechanical

stability of HKUST-1 upon a con-

forming step.

� HKUST-1@GF monoliths possess

excellent adsorption properties for

hydrogen at cryogenic

temperatures.
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a b s t r a c t

HKUST-1-based composites have been synthesized through the incorporation of synthetic

graphite flakes in the MOF synthesis media. The presence of flakes gives rise to high quality

HKUST-1 crystals, combining different morphologies (octahedral-shape crystals,

cauliflower-shape crystals and truncated pyramids). The incorporation of graphite in the

composites improves the structural stability of the embedded nanocrystals upon a con-

forming step at 377 kg/cm2 (0.5 tons), with limited structural damage (below 10% BET

surface area reduction as compared to the 40% observed for pure HKUST-1). Furthermore,

composites exhibit a significant improvement in thermal management, associated with

the excellent thermal and electrical properties of the graphite microdomains incorporated.

The improved stability of the composites is also reflected in the adsorption performance

for hydrogen at atmospheric pressure and cryogenic temperatures, with a significant

preservation of the adsorption properties (gravimetric capacity, <15% decrease vs powders)

in the monoliths containing graphite. The best adsorption performance is achieved with
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sample HKUST-1@10GF, in monolithic form, with a volumetric excess uptake at 0.1 MPa

and �195 �C close to 18.7 g/L. This value is among the best described in the literature for

monolithic MOFs under similar adsorption conditions.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Recent changes in global weather patterns and the increase

number of natural disasters worldwide is raising up the soci-

etal concern towards climate change and the necessity to find

renewable and less contaminant energy sources [1]. Among

the different possibilities, hydrogen is emerging as a prom-

ising energy vector for mobile and stationary devices through

the well-known fuel cell technology [2]. One of the critical

aspects in the hydrogen technology is the necessity to design

proper storage devices able to concentrate a large amount of

hydrogen in a minimum volume [3]. In this sense, concen-

tration of hydrogen in the cavities of nanoporous materials is

a very promising approach to reach high storage values at

medium pressures and cryogenic temperatures. This is, for

instance, the case of metal-organic frameworks (MOFs)

combining a proper porous structure and surface chemistry

[4]. Using properly designed MOFs, hydrogen storage values

around 5e10 wt% have been easily reached at high pressures

(~10MPa) and low temperatures (�195 �C) [4,5]. Unfortunately,

these gravimetric values are precluded by the low density of

the powder samples, thus given rise to volumetric values

below 10 g/L under high-pressure conditions [6]. Densification

of metal-organic frameworks can be achieved through a me-

chanical compaction. However, these conforming processes

are traditionally associated with a significant deterioration of

the porous network through plastic deformation and/or

amorphization [7]. Recent studies from Tian [8] and Connelly

[9] et al. have anticipated that MOFs densification can also be

achieved through a sol-gel approach, minimizing the insta-

bility issues associated with the conventional conforming

approach. HKUST-1 monoliths synthesized using the sol-gel

approach can adsorb up to 24 g/L at atmospheric pressure

and cryogenic temperatures and up to 45 g/L at higher pres-

sures [10].

Despite the excellent results achieved so far in terms of

gravimetric and volumetric capacity, a critical issue not

widely evaluated in the MOF field is the thermal management

upon adsorption. Gas adsorption is an exothermic process and

the heat generated during the adsorption step must be

immediately dissipated to avoid large thermal spikes in the

adsorption bed. A similar scenario occurs during the desorp-

tion step due to the endothermic nature of the process. These

thermal events are even more critical for large-scale storage

beds and fast refueling (e.g., storage tanks for mobile appli-

cations) with temperature spikes around 40e70 �C or above

(for instance, for methane) [11,12]. The presence of a widely

developed porous structure and large intergranular spaces

infers to MOFs a thermal insulator character, with thermal
conductivities below 2 W m�1 K�1 [13]. Thermal management

in MOFs is not an easy task due to the large phonon scattering

in voids and cavities, and the detrimental effect of remaining

and/or adsorbed molecules as secondary scattering centers

[13]. These limitations have been minimized through the

incorporation of expanded natural graphite (ENG) in the MOF

formulation [6,14]. Using this approach, Liu et al. managed to

improve the thermal conductivity of MOF-5 in monolithic

form in a factor of five (up to 0.56 W m�1 K�1), although at the

expenses of a lower gravimetric adsorption capacity [14].

Although the newly developed monoliths had a higher ther-

mal conductivity than theMOF single crystal (0.32Wm�1 K�1),

the obtained values are still too small for a practical applica-

tion, similarly to the hydrogen adsorption values (3e4 wt%)

[15]. HKUST-1 constitutes another example of a promising

MOF for hydrogen storage (up to 20 g/L at 2 MPa), but associ-

ated with a low thermal conductivity (single crystal conduc-

tivity ca. 0.69 W m�1 K�1) and a low mechanical stability upon

mechanical compaction [7,13]. Previous studies from some of

us have anticipated that structural properties of HKUST-1 and

the associated adsorption properties can be highly improved

through the nucleation and growth of HKUST-1 crystals in the

nanocavities of high surface area activated carbon materials

[16]. Despite these excellent findings, to our knowledge there

are no studies in the literature dealing with the modification

of the thermal properties of HKUST-1 using thermalmodifiers,

while trying to preserve their excellent adsorption perfor-

mance. Based on these premises, the main goal of the present

study is the modification of the thermal properties of HKUST-

1 crystals through the incorporation of high conductivity

graphite flakes (GF) in the synthesis media. To get a clear

overview of the structural, mechanical and thermal properties

of the composites (HKUST-1@xGF), in powder and monolithic

shape, different compositions have been evaluated from pure

MOF to samples with x ¼ 10 wt%, 25 wt%, 50 wt% GF and pure

GF. The synthesized monoliths have also been evaluated in

the adsorption of hydrogen at atmospheric pressure and

cryogenic temperatures. The obtained values (ca. 19 g/L at

0.1 MPa) are among the best described in the literature for

hydrogen storage in monoliths, with the additional advan-

tages of improved thermal and mechanical properties.

Materials and methods

Materials

High conductivity synthetic graphite flakes with anisometric

particle shape (TIMREX®SFG150) were supplied by Imerys

Graphite & Carbon Ltd. Trimesic acid (C6H3(CO2H)3, Benzene-

http://creativecommons.org/licenses/by-nc-nd/4.0/
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1,3,5-tricarboxylic acid, BTC), was purchased from Sigma

Aldrich Corporation. Copper nitrate hydrate (Cu(NO3)2$3H2O)

was purchased from Panreac Quimica SA and Ethanol (CH3-

CH2OH, 96%) was purchased from VWR International.

Synthesis of the composites in monolithic and powder form

Pure HKUST-1 and HKUST-1 based composite materials have

been prepared using a modified hydrothermal method, based

on recipes already reported in the literature [17,18].

For HKUST-1, 0.84 g of BTC (BTC ¼ 1,3,5-

benzenetricarboxylate) were dissolved in 24 mL of ethanol.

In a separated flask, 1.75 g of Cu(NO3)2$3H2O were dissolved in

24 mL of ultrapure water. The BTC solution was slowly added

to the copper solution and maintained under stirring for

30 min at room temperature. The resulting solution was

transferred into a 100 mL Teflon-lined autoclave and cooked

at 110 �C for 18 h. After allowing the autoclave and its contents

to cool down to room temperature, a blue crystalline solid was

collected and washed with ethanol several times. Finally, the

sample was dried at 80 �C for 12 h.

The same procedure was used to synthesize HKUST-1

based composite materials (named HKUST-1@xGF), but add-

ing different amounts of graphite flakes 15 min after mixing

the linker and metal solutions. More specifically, 0.13 g, 0.38 g

and 1.15 g of graphite flakes (TIMREX®SFG150) were added to

obtained composites with 10 wt% (HKUST-1@10GF), 25 wt%

(HKUST-1@25GF) and 50wt% (HKUST-1@50GF) graphite flakes.

The different powders synthesized, i.e. HKUST-1, HKUST-

1@10GF, HKUST-1@25GF, HKUST-1@50GF and pure graphite

flakes were conformed into disk-shaped monoliths under a

load of 0.5 Tons (corresponding pressure 40 MPa or 377 kg/m3

after considering the cross-sectional area of the monolith (ca.

1.32 cm2)).

Physicochemical characterization of the synthesized
composites

The textural characteristics of the synthesized composites

(powder or monoliths) were evaluated using nitrogen

adsorption at cryogenic temperatures (�195 �C). Gas adsorp-

tion measurements were performed in a home-built fully

automated manometric equipment designed and developed

by the LMA (Advanced Materials Lab) group at the University

of Alicante. Prior to the adsorption measurements, samples

were outgassed at 150 �C for 12 h under ultra-high vacuum

conditions. Specific surface area was obtained after applica-

tion of the BET equation to the nitrogen adsorption data. In the

specific case of the monoliths, samples were crashed and

sieved down to 3e4 mm, to fit the adsorption reactor.

The crystallographic quality of the synthesized composites

was evaluated using X-ray diffraction (XRD). XRD patterns

were recorded using a Bruker D8-Advance instrument equip-

ped with a Goebel mirror and a high temperature chamber. X-

rays are generated in a KRISTALLOFLEX K tube equipped with

a copper anode. X-ray photoelectron spectroscopy (XPS)

measurements were performed in a k-Alpha spectrometer

from Thermo-Scientific. Thermogravimetric experiments

were obtained in a Mettler Toledo TGA/SDTA instrument. To

obtain the thermograms, an alumina crucible containing
10 mg of sample was heated up to 975 �C under an air flow of

100 mL/min (heating rate 10 �C/min). Thermal conductivity of

the synthesized monoliths was evaluated using a thermal

analyzer C-Therm TCi from Mathis Instruments ltd. based on

the modified transient plane source (MTPS) principle. Before

performing the thermal conductivity measurements, samples

were heat treated at 150 �C for additional 12 h to remove

adsorbed species andminimize alterations in the conductivity

values. Electrical conductivity values were performed under

similar conditions using a Keithley 2700 multimeter.

The compressive strength measurements were performed

in a 5 KN Instron Universal testingmachinemodel 4411, using

parallel plates. The tests were performed at a 0.1 mm/min

deformation rate using cylindrical samples of 1.3 cm diameter

and 2 mm height. Compressive modulus was calculated from

the slope of the stress/strain curve in the linear region.

Compressive strengthwas determined as themaximum value

of stress in the stress/strain curve before the failure of the

sample.

The photothermal heating of the samples was performed

using a MDLeIIIe808 R NIR laser working with an 808 nm

wavelength and 0.6 W cm�2 irradiation power. The thermal

heating of the samples was carried out using a LLG-

uniSTIRRER 7-inch ceramic hotplate heater for sample heat-

ing and a similar ceramic plate at room temperature for

sample cooling. For all the experiments, the temperature in-

crease and sample cooling were monitored using a FLIR E6-XT

thermographic camera and the images were treated with the

FLIR Tools software. Video files were built up using time-

monitored thermographic images using the software VSDC

video editor.

Hydrogen adsorption measurements

The synthesized samples in powder andmonolith shape have

been evaluated in the adsorption of hydrogen at cryogenic

temperatures (�195.8 �C) and up to atmospheric pressure.

Prior to the adsorption measurements, samples were out-

gassed at 150 �C for 12 h under ultra-high vacuum conditions

(monoliths were crashed and sieved).
Results and discussion

Structural and chemical characterization of the powder
composites

It is well-known in the literature that morphological charac-

teristics of metal-organic frameworks (size and shape of the

crystals) can be modified in the presence of secondary species

incorporated in the synthesis media or when electrodeposited

in supports [19,20]. To identify the potential interference of

graphite flakes (GF) in the nucleation and growth of the MOF

crystals, X-ray diffraction measurements have been performed

in the synthesized powder composites. Fig. 1 shows that all

samples exhibit the characteristic peaks of the parent MOF

with maxima at 6.7�, 9.5�, 11.6�, 13.4� and 19.1�, corresponding
to (200), (220), (222), (400) and (440) diffraction peaks, respec-

tively [21]. The intensity of the main diffraction peaks is rather

similar among composites, and similar to that of the parent

https://doi.org/10.1016/j.ijhydene.2023.05.357
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Fig. 1 e (Right) X-ray diffraction pattern of the synthesized composites (HKUST-1@xGF) in powder form and (left)

representative FE-SEM images of the composite material with 10 wt% GF.

Fig. 2 e Thermogravimetric analysis of the evaluated

composites under an air atmosphere and in the

temperature range 25 �C up to 975 �C.
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MOF (XRD pattern for all samples has been normalized to the

intensity of the (222) peak). These observations confirm the

high quality of the HKUST-1 crystals grown in the composites,

despite the presence of graphite flakes. XRD pattern of the

composites also reflect the main peak of graphite (002) at 26.5�.
The high quality of the synthesized crystals has been

confirmed with FE-SEM images. Original HKUST-1 crystals

show the typical octahedral shape with crystal sizes in the

micrometer range (ca. 10 mm) (Fig. S1) [21]. Incorporation of

graphite flakes in the synthesis media gives rise to a similar

growth patterns, independently of the MOF@GF ratio selected.

Three different growth patterns can be observed for all com-

posites (Fig. 1), i.e. octahedral crystal grown on the graphite

substrate (dotted square), cauliflower-shape morphology

(dotted circles), and truncated pyramids grown on the basal

planes of the graphite flakes (dotted ovals). These results

confirm the success in the synthesis of HKUST-1 crystals in

the presence of a graphite flakes and the effect of the carbon

media in the morphology of the resulting MOFs.

The textural characteristics of the synthesized samples

have been characterized by nitrogen adsorption at cryogenic

temperatures. Results in Fig. S2 show that the original MOF in

powder form exhibits the highest porosity, with a BET surface

area of 1330 m2/g, and a micropore volume of 0.5 cm3/g (Table

S1). On the contrary, graphite flakes are non-porous, with a

BET surface area close to zero. Composite materials exhibit an

intermediate performance. Incorporation of a small amount

of graphite (10 wt% GF) does not infer appreciable changes in

the textural properties, i.e. surface area and micropore vol-

ume are rather similar to pure MOF. Larger contents of

graphite flakes (25 wt% and 50 wt%) become detrimental for

the textural properties due to the null contribution from the

flakes. BET surface area of the composites ranges from

1327 m2/g down to 734 m2/g, for the lowest and largest GF

content, respectively. However, the normalization of the ni-

trogen adsorption isotherms to the amount of HKUST-1

incorporated shows a relatively similar performance for the

pure MOF and the composites, thus confirming the success in

the synthesis of HKUST-1 in the presence of graphite.

An open question at this step concerns the quantification

of the amount of MOF grown in each of the formulations
evaluated, as compared to the nominal value. To this end, the

thermogravimetric performance of the different composites

and the raw materials has been evaluated in an air atmo-

sphere in the temperature range from 25 �C and up to 975 �C.
As it can be appreciated in Fig. 2, the thermal performance of

the different composites differs considerable from their

parent components. Graphite flakes exhibit a high thermal

stability in an oxidizing atmosphere up to 700 �C [22]. Above

this temperature, graphite burns in a small temperature

window (700e950 �C), with no residues formed (complete

combustion). On the contrary, HKUST-1 exhibits an initial

weight loss at 100e200 �C due to the removal of moisture and

remaining solvent. Above 280 �C, HKUST-1 exhibits a sudden

weight decrease due to the decomposition of the MOF, the

final residual weight being ca. 30 wt% (due to the reaction

Cu3(BTC)2 / CuO) [23]. Interestingly, the composites exhibit a

more complex thermogravimetric profile. In addition to the

removal of humidity/solvent below 280 �C, composites exhibit

two well-defined losses at 280 �C and 600 �C. The first step

corresponds to the decomposition of the MOF, in close

agreement with the results in the pure MOF, while the second

https://doi.org/10.1016/j.ijhydene.2023.05.357
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step at higher temperatures correspond, unambiguously, to

the oxidation/combustion of the graphite flakes promoted by

CuO nanoparticles from the decomposed MOF. These results

constitute another confirmation about the synergetic effects

between the graphite substrate and the supported MOF

nanocrystals. After proper correction of humidity, the weight

loss associated with graphite corresponds to 11%, 27% and

54% weight percent, values that are rather close to the nom-

inal content. The residual mass at 975 �C due to remaining

CuO increases with the amount of MOF in the composite,

ranging from 30.8 wt% (original HKUST-1) down to 26.6, 24.1

and 15.9 wt%, for samples HKUST-1@xGF, x ¼ 10, 25 and 50,

respectively.

The chemical composition of the original samples and the

composites has been evaluated using X-ray photoelectron

spectroscopy analysis (XPS). As expected, the original MOF

and the composites are composed of Cu, C, O and N (Table S2).

In general, the atomic percentage of these elements decrease

after the incorporation of graphite, except the carbon content

that increases. The estimated Cu/C ratio progressively de-

creases with the GF content in the composites, in agreement

with the thermogravimetric measurements.

Packing and mechanical properties of the monoliths

Upon characterization of the synthesized composites in

powder form, sampleswere compacted intomonoliths using a

conforming pressure of 0.5 tons, i.e. 377 kg/cm2. For a constant

mass of composites (0.3 g), the monoliths were prepared in a

pellet die hydraulic machine (Specac) using stain-steel wafers

with a cross-sectional area of 1.32 cm2. The height of the

monoliths differs depending on the density of the final com-

posite, ranging from 2.01mm (pure HKUST-1), 2.07mm (10GF),

1.98 mm (25GF), 1.61 mm (50GF) and 1.27 mm (pure GF) for
Fig. 3 e (Left) Variation of the packing density for the different co

of the applied pressure (MPa). The real packing density upon re

Compressive stress (MPa) e strain tests in the different monoli
pure components and composites, respectively. The density

of the monoliths was estimated using two different ap-

proaches. In a first approach, a given amount of sample was

incorporated in the powder pressing mold and the compac-

tion process was performed using a mechanical testing ma-

chine with precise control of the applied pressure and the bed

height. Packing density over the whole process (under pres-

sure) has been estimated from the height and the amount of

sample incorporated. Fig. 3 shows that the packing density

under pressure highly depends on the sample evaluated. The

density is higher for graphite flakeswith a density at 38MPa of

ca. 2.30 g/cm3, a value very close to the crystallographic den-

sity of graphene and graphite (Table 1) [24]. The density of the

composites under pressure is rather similar among them (ca.

1.7e1.8 g/cm3), although some divergencies are appreciated

for samples HKUST-1@50GF (1.98 g/cm3) and HKUST-1@10GF

(1.40 g/cm3). The higher density of the HKUST-1@50GF com-

posite is clearly associated with the large content in high

density graphite. However, the performance of the HKUST-

1@10GF sample, with a lower density than the original MOF

is, a priori, unexpected. This behavior could be explained by

the interference effect of graphite flakes in the packing of the

MOF nanocrystals. In the second approach, the packing den-

sity has been measured upon releasing the applied pressure,

i.e. from the geometric dimensions of the obtained monoliths

(star symbols in Fig. 3). Although the last value is the real

density of the monoliths, the comparison between both col-

umns in Table 1 provides information about the swelling of

the monoliths when releasing the pressure. Interestingly, the

release of the applied pressure gives rise to an expansion of

the monoliths (decrease in the packing density), indepen-

dently of their composition. As expected, the swelling is much

larger for graphite. In close agreement with the dynamic tests,

the geometric packing density is larger for GF (1.73 g/cm3),
mposites, including the pure HKUST-1 and GF, as a function

leasing the pressure has been included as a star. (Right)

ths.
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Table 1 e Packing density and mechanical properties for the different monoliths evaluated (experimental errors at 95%
confidence are included).

Sample Packing properties Mechanical properties

Packing density
(g/cm3)

Packing density
under pressure

(g/cm3)

Compressive strength
at failure (MPa)

Compressive
modulus (MPa)

HKUST-1 1.13 ± 0.05 1.74 ± 0.05 20 ± 0.5 190 ± 5

HKUST-1@10GF 1.10 ± 0.05 1.40 ± 0.05 15.2 ± 0.5 200 ± 5

HKUST-1@25GF 1.15 ± 0.05 1.76 ± 0.05 15 ± 0.5 201 ± 5

HKUST-1@50GF 1.41 ± 0.05 1.98 ± 0.05 13.8 ± 0.5 125 ± 5

GF 1.73 ± 0.05 2.30 ± 0.05 7.2 ± 0.5 51 ± 5

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 3 6 4 7 4e3 6 4 8 4 36479
followed by sample HKUST-1@50GF (1.41 g/cm3). The com-

posites with a lower GF content resemble the pure MOF with a

packing density around 1.13 g/cm3. The monolithic density

achieved is very similar to the density of monoHKUST-1 sam-

ples prepared through the sol-gel approach [10].

Incorporation of graphite flakes in the composites could be

detrimental for the mechanical properties and the integrity of

the monoliths due to the different morphology of the carbon

and MOF grains and the absence of a linker. Upon the con-

forming step, the compressibility performance of the mono-

liths was tested using an automated mechanical testing

machine (Fig. S3). Experimental results show that the original

HKUST-1 monoliths exhibit an extraordinary performance

with a high compressive modulus and a high compressive

strength at failure even in the absence of a binder (Fig. 3 and

Table 1). In other words, HKUST-1 nanocrystals exhibit self-

sintering ability giving rise to highly robust monoliths. Incor-

poration of 10 wt% and 25 wt% graphite flakes does not alter

significantly these extraordinary properties, with compressive

modulus close to 200 MPa. Larger GF contents (above 25 wt%)

become detrimental for the mechanical properties of the
Fig. 4 e N2 adsorption/desorption isotherms at cryogenic temper

(powders) and after a confirming stress at 377 kg/cm2 (monolith
composites with significant losses in the compressive

modulus and strength.

Textural properties of the monoliths

Another critical aspect in the conformation of some MOFs

concerns the limited structural stability of the inner porous

structure under mechanical stress. HKUST-1 constitutes a

typical example, with a poor mechanical stability even after a

low-pressure mechanical conformation [7]. The structural

stability of the synthesized composites has been evaluated

through nitrogen adsorption isotherms before and after the

conforming step (see experimental information for further

details). Fig. 4 compares the performance of the original

HKUST-1 sample with the performance of the composites

with (a) 10wt%, (b) 25wt%, and (c) 50wt%GF. As anticipated in

the literature, a conforming pressure of ca. 377 kg/cm2 be-

comes detrimental for the pure MOF with a decrease in the

adsorption capacity close to 45%. This observation confirms

the limited stability of 3D network in HKUST-1 upon pressure.

Contrariwise, the incorporation of graphite flakes gives rise to
atures (¡195 �C) for the different samples evaluated, before

s).
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a significant improvement in the structural stability of the

encapsulated MOF crystals. Independently of the amount of

graphite incorporated, the structural deterioration upon

pressure ranges from 8% (for sample HKUST-1@10GF), down

to 16% (for sample HKUST-1@50GF). In other words, these

results confirm that the incorporation of only 10 wt% GF in the

formulation is sufficient to largely preserve the structural

integrity of HKUST-1 after a conforming step, thus giving rise

to highly stable and robust (e.g., mechanical properties in

Fig. 3) monoliths.

The improved structural stability of the composites is also

reflected in the textural parameters (Table S1). BET surface

area and micropore volume confirm the beneficial effect of

only 10 wt% GF in the preservation of the 3D microporous

network of the parent MOF upon a conforming step.

Thermal and electrical properties of the monoliths

Thermal management in gas storage tanks is a key issue for

scale-up and implementation [25,26]. Tanks filled with porous

solids suffer from sharp thermal spikes during refueling due

to the exothermic nature of the dynamic adsorption process

in a short timescale (fast filling). Consequently, materials able

to extract this heat from the tank in a fast and reliable way are

needed to mitigate the drawbacks associated with thermal

events [27]. Recent studies from Grande et al. have shown that

thermal effects in a gas storage tank filled with activated

carbon as a sorbent can give rise to a temperature increase

around 70 �C when dosing methane at 4 MPa [12]. The

extraction of the heat generated in the adsorption bed is

mandatory to preserve the adsorption capacity of the sorbent,

i.e., thermodynamics decrease physisorption capacity at high

adsorption temperatures. Previous studies described in the

literature have anticipated that the addition of expanded

natural graphite (ENG) to MOF-5 is a promising approach to

improve the thermal conductivity by a factor of 5 [6,14]

To identify the potential of the synthesized hybrid mono-

liths for adiabatic adsorption processes, thermal and electrical

properties have been evaluated. Table 2 reports the thermal

conductivity measured for the different monoliths evaluated.

The thermal performance of the pure MOF is very poor with a

conductivity as low as ca. 0.49 W m�1K�1, thus confirming the

thermal insulating properties of MOFs (conductivities below

2 W m�1K�1 at room temperature). As expected for a poly-

crystalline sample, the reported value is slightly lower than

the thermal conductivity measured for the HKUST-1 single
Table 2 e Thermal and electrical properties measured at
25 �C for the synthesized monoliths (experimental errors
at 95% confidence are included).

Sample Thermal
properties

Electrical
Properties

Conductivity
(W$m�1K�1)

Resistivity
(U$m)

Conductivity
(S$m�1)

monoHKUST-1 0.489 ± 0.004 ∞ 0

monoHKUST-1@10GF 0.500 ± 0.006 0.02381 42 ± 4

monoHKUST-1@25GF 1.06 ± 0.02 0.01250 80 ± 8

monoHKUST-1@50GF 3.15 ± 0.05 0.00124 805 ± 48

monoGF 14.2 ± 0.6 0.00009 11,345 ± 1050
crystal (0.69Wm�1K�1) [13]. Similar values have been reported

in the literature for other MOF powders, such as IRMOF-1

(0.32 W m�1K-1), ZIF-8 (0.32 W m�1K-1), and HKUST-1

(0.26 W m�1K-1) [28e30]. Recent studies from Babaei et al.

have anticipated that the thermal conductivity highly de-

pends not only on the structure and composition of the MOF

but also on the presence of remaining adsorbed molecules

(e.g., solvent) in the network [13]. To mitigate these effects,

samples were thermally treated before the conductivity

measurements. According to Table 2, small contents of

graphite flakes (10 wt%) incorporated does not modify the

thermal performance. Only composites with 25 wt% and

above give rise to a significant increase in the thermal trans-

port properties (thermal conductivity values above

1e3 W m�1K�1). The limiting case corresponds to the pure

graphite monolith with a thermal conductivity above

14 W m�1K�1.

HKUST-1@GF monoliths have also been tested in terms of

electrical conductivity. Interestingly, the electrical conduc-

tivity is more sensitive to the chemical composition of the

hybrid materials. While pure MOF exhibits infinite resistivity,

i.e. the electrical conductivity is rather zero, the incorporation

of graphite flakes gives rise to significant changes even at low

concentrations. The higher sensitivity of the electrical con-

ductivity vs thermal conductivity upon graphite incorporation

must be associatedwith the different propagationmechanism

(electron mobility towards phonon propagation) in both con-

stituents of the monolith, i.e., graphite and MOF. Electrical

conductivity in graphite is attributed to delocalized P elec-

trons, while thermal conductivity is attributed to lattice

waves. Scattering of electrons and waves at the crystalline

boundaries or atomic imperfections explain the thermal and

electrical performance of graphites [31]. ConcerningMOFs, the

presence of cavities or pores and adsorbed molecules reduce

the thermal conductivity due to the scattering of the frame-

work phonons [13].

At this point it is important to highlight the large electrical

conductivity achievedwith the graphite flakemonolith (above

1.1$104 S m�1). This value is an average between the electrical

conductivity of graphite in the parallel (ca. 3$105 S m�1) and

perpendicular (ca. 3.3$102 S m�1) directions to the basal plane,

thus confirming the random orientation of the microdomains

in the monolith and the proper compaction achieved at the

applied pressures [32].

To further evaluate the response of the monoliths under a

thermal event (e.g., a massive adsorption process), heat

dissipation processes have been evaluated in the different

monoliths after irradiation with a NIR laser. To this end, two

different experiments have been designed: i) direct NIR laser

irradiation of the monoliths (808 nm wavelength and

0.6 W cm�2 power irradiation) and ii) thermal heating of the

samples deposited on a ceramic surface pre-heated to 90 �C.
The main goal was to evaluate the thermal response of the

monoliths upon a thermal event and the subsequent cooling

step. In both approaches, a thermographic camera was used

to measure the temperature of the monoliths as a function of

time during heating and cooling process.

Fig. 5a depicts the heating-cooling curves for samplesmono-

HKUST-1; monoHKUST-1@10GF; monoHKUST-1@25GF and mon-

oHKUST-1@50GF. The graphite sample (monoGF) is not included
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Fig. 5 e (a) Heating-cooling curves for samples monoHKUST-1; monoHKUST-1@10GF; monoHKUST-1@25GF and monoHKUST-

1@50GF upon irradiation with NIR laser irradiation (808 nm wavelength and 0.6 W cm¡2 of power irradiation), (b) Heating-

cooling curves upon thermal heating on a ceramic surface at 90 �C, (ced) Snapshots of the thermogravimetric camera in the

cooling process at (c) t ¼ 0 and (d) t ¼ 10 s (complete video is provided as a complementary material).
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here because the NIR laser irradiation conditions does not pro-

duce an appreciable temperature increase for this sample.

In the first approach, one can take advantage of the pho-

tothermal effect to induce local sample heating, and more

specifically about the thermal effects after excitation of the Cu

clusters (d-d transitions of the Cu(II) in the paddlewheels) [33].

The NIR laser source creates a heating spot of around 3 mm

diameter in the surface of 13 mm diameter monoliths. The

measured temperatures correspond to the whole monolith

surface. The samples were irradiated during 90 s and then

they were allowed to cool down (Fig. 5a). These experiments

reflect clear differences in the temperatures reached by the

samples after NIR irradiation. While HKUST-1 sample reaches

the highest temperature of ca. 92 �C, the incorporation of

graphite flakes in the composites greatly reduces the

maximum temperature reached down to ~65 �C for mono-

HKUST-1@10GF, ~40 �C formonoHKUST-1@25GF and ~33 �C for

monoHKUST-1@50GF. Notably, the NIR light irradiation did not

give rise to any temperature increase in the graphite mono-

lith. After irradiation, samples were cooled down in less than

60 s, this cooling being faster for monoliths with a larger

amount of graphite in the formulation. However, the com-

parison among samples is not straightforward since the

starting point (initial temperature) was different for each of

the samples evaluated. In any case, these results anticipate

that the incorporation of graphite flakes in the formulation of
the HKUST-1 monoliths increases the thermal conductivity of

the monoliths, leading to a more efficient heat dissipation of

the local photothermal heating generated within the mono-

liths upon irradiation for 90 s.

To evaluate themonoliths under similar thermal conditions,

in a second approach themonoliths were exposed to a ceramic

surface previously thermally treated at 90 �C. Fig. 5b depicts the

heating-cooling curves for the different monoliths, including

the pure graphite monolith. As described in the experimental

section, the ceramic plate was heated at 90 �C during 240s and

the different monoliths were deposited on the hot surface until

thermal equilibrium was reached. Afterwards, the laser was

stopped and the monoliths were allowed to cool down during

additional 240s. The measured temperatures correspond to the

wholemonolith surface (Fig. 5bed). According to Fig. 5b, during

the stabilization step all monoHKUST-1-based samples reach a

temperature around 75.6e81.5 �C, except pure graphite flakes

where temperature is limited to 57.6 �C. As expected, the time

needed to reach thermal equilibrium decreases with the GF

content in the monoliths. Focussing in the cooling step, exper-

imental results showthat sampleswith the largest contentofGF

exhibit an increased heat dissipation rate. For instance, sample

monoHKUST-1@25GF is able to reduce the temperature more

than 54.1 �C in 30s, while in the same time interval pure mono-

HKUST-1 only decreases 24.9 �C in temperature. Overall, these

results confirm that the incorporation of graphite flakes
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increases the thermal conductivity of the composites and,

hence, heat dissipation rates, leading to a faster heating when

the ceramic surface is heated up to 90 �C and to a faster cooling

when the ceramic surface is at RT.

Cooling rates have been estimated from the cooling profiles

using theNewton's coolingmodel. According to themodel, the

heat loss rate in a hot body is directly proportional to the

difference in the temperatures between the body and its

environment, following equation (1):

T¼Tenv þðTmax �TenvÞ$eð�ktÞ equation 1

where T is the temperature of the monolith surface at a given

time;Tenv is the temperatureof the environment andTmax is the

temperatureatwhichthecoolingprocessstarts.Table3displays

the cooling rates obtained for the different samples evaluated.

The obtained rate constant values support the observed

cooling trend in Fig. 5b and in the thermographic images

(Fig. 5c&d) and videos (complementary material). These re-

sults confirm that samplesmonoHKUST-1@25GF,monoHKUST-

1@50GF andmonoHKUST-1@10GF have the highest dissipation

rate. In other words, these results anticipate that 25 wt% of

graphite is the minimum content in HKUST-1 monoliths to

behave like pure graphite, in terms of heat dissipation rate

(i.e., to have proper contact between graphite microdomains

in the monolith).

Hydrogen adsorption performance

Although hydrogen storage in a potential application (e.g.,

transportation sector) is traditionally considered at cryogenic
Fig. 6 e Hydrogen adsorption/desorption performance at ¡195

monolithic form, both in gravimetric (a,b) and volumetric (c) ba

Table 3 e Cooling rates and thermal management parameters

monoHKUST-1 monoHKUST-1@10GF mon

Tmax (�C)a 76.9 80.2

Tenv
a 20.5 20.5

k (s�1) 0.012 ± 1$10�3 0.013 ± 3$10�4

a Temperatures are determined with an accuracy of ±2.0 �C.
temperatures (�195 �Corabove) andhighpressures (ca. 10MPa),

changes in the inner porous structure of the sorbent (e.g., MOF)

will bemore clearly reflected in the low relative pressure range,

whenmicroporehaveamajorcontribution. Fig. 6 clearly reflects

that in powder form (left) pure HKUST-1 is the best performing

sample with an excess (and total) uptake of 2.3 wt% [21]. Incor-

poration of graphite flakes (non-contributing to the adsorption

performance) gives rise to a significant reduction in the total

uptake down to 2.0 wt%, 1.4 wt% and 1.0 wt% for samples with

10,25and50wt%GF,respectively.After theconformingstep, the

scenario changes completely. For monoliths, sample mono-

HKUST-1@10GF exhibits the best adsorption performance with

a total uptake above 1.7 wt%, followed by monoHKUST-1@25GF

and the pure MOF. These results confirm the promoting effect

of GF in the preservation of the 3D network in HKUST-1 upon a

conforming step and the improved adsorption performance of

thecompositeswitha lowGFcontent. Inanycase, the isotherms

are fully reversible and exhibit a proper working capacity,

independently of the formulation evaluated and the final

conformation (powder or monolith).

In a final step, the volumetric adsorption capacity has been

estimated from the gravimetric uptake for the monoliths using

the real density (geometric density) calculated from the ob-

tained monoliths. Fig. 6c clearly shows that the synthesized

monoliths with 10 wt% GF are able to reach up to 18.7 g/L at

�195 �C and atmospheric pressure (0.1 MPa). The volumetric

uptake reached with our monolithic HKUST-1 containing 10 wt

% GF is much higher than the value achieved with the powder

material (7e8 g/L), higher than the simulated uptake for powder

and monolithic HKUST-1 (15.3 g/L), and slightly lower than the
�C for the different composites in (a) powder and (b)

sis.

obtained from the Newton's model.

oHKUST-1@25GF monoHKUST-1@50GF monoGF

81.5 75.6 57.6

20.5 20.5 20.5

0.024 ± 4$10�3 0.019 ± 2$10�3 0.022 ± 1$10�3
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bestvalue reported in the literature forpuremonoHKUST-1 (24g/

L), obtained using a completely different approach (sol-gel pro-

cess) [10]. These values are also larger than those obtainedwith

otherMOFs in powder format atmospheric pressure (MIL-53 Al,

5.2 g/L; MOF-5, 4.1 g/L; MOF-177, 3.4 g/L) [34]. Overall, these re-

sults confirm that high conductivity graphite flakes incorpo-

rated in the synthesis media for HKUST-1 constitute potential

additives to i) infer “protection” of the MOF networks upon

compaction, and ii) provide proper electrical and thermal

properties, without significantly compromising the excellent

adsorption properties of the parent MOF in powder form.
Conclusions

A series of HKUST-1 based samples modified with high con-

ductivity graphite flakes (GF) have been synthesized using the

conventional hydrothermal approach. Incorporation of GF to

the synthesis media promotes the growth of high-quality MOF

crystals with differentmorphologies. A subsequent conforming

step at high pressure (377 kg/m3) anticipates the promoting ef-

fect of the incorporated GFs in the protection of the embedded

HKUST-1 crystals towards amorphization and/or plastic defor-

mation. Furthermore, thepresenceofgraphitemicrodomains in

the formulation infers to the monoliths with excellent thermal

and electrical properties. These properties are crucial for a fast

and efficient dissipation of the adsorption heat generated in

potential high storage tanks. Last but not least, the presence of

GF in low concentration give rise to monoliths with excellent

adsorption properties for hydrogen at cryogenic temperatures

and atmospheric pressure, with values close to 19 g/L.
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