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� A new class of HKUST-1/graphene-
like composites was produced.

� High amount of graphene-like does
not interfere with the HKUST-1
crystal growing.

� Composites exhibit a new porosity.
� Strong increase of the dc conductivity
as a function of graphene-like
content.
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a b s t r a c t

Metal-organic framework (MOF) incorporating conductive graphene-like layers were synthesized and
characterized. The selected MOF, HKUST-1, combines high surface area, water stability, simple prepa-
ration and low costs. Graphene-like layers incorporated into the MOF structure were obtained by a two-
step oxidation/reduction wet treatment of a high surface carbon black. MOF composites were produced
at different carbonaceous layers content. It was shown, through a wide characterization of the samples,
that the composites preserve the main features of the parent MOF, additional exhibiting a tunable
electrical conductivity.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Metal-organic frameworks (MOF) are coordination networks
characterized by a high crystallinity and uniform porosity, ob-
tained by the assembly of metallic centers and organic linkers
through strong covalent bonds. MOF attracted in the last years a
great attention due to their high surface area (up to 4500 m2 g�1)
[1] and the possibility to vary their metallic centers and organic
functionalities [2] in order to tune chemico-physical and textural
properties for a large array of specific applications. Because of
such features (large internal surface area and high porosity and
crystallinity) MOF are often compared with zeolites: similarly to
zeolites, MOF have been utilized in some applications including
adsorption and separation of specific gases [3], gas storage [4e8],
heterogeneous catalysis [9] drug delivery [10] and chemical
sensors [11]. The principal disadvantages of MOF are the tendency
of reversible binding of water, the air- and moisture sensitivity
and a lower chemical and thermal stability compared to zeolites
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and other porous inorganic solids [1]. The electrical properties of
MOF were very rarely studied due to their insulating nature. The
preparation of composites combining MOF and carbon-based
materials (carbon nanotubes, CNT [12], graphite oxide, GO [13],
graphite [14]) has been proposed as a solution to overcome the
weak points of MOF and to expand their field of applications.
Studies on a zinc-based MOF (MOF-5) show that MOF-5 interca-
lated with graphene decorated at the basal plane with carboxylic
groups exhibit new electrical properties [15]. These composites
combine the properties of carbonaceous surfaces and MOF. The
introduction of carbonaceous material into MOF structure
potentially leads to an enhancement in non-specific adsorption
improving the kinetics of adsorption. Moreover, the conductivity
and high specific surface area of graphene can strongly affect the
dielectric and conducting properties of host materials, which
could fulfill the recently highlighted request for MOF with con-
ducting properties for several applicative purposes [15e16].

This paper focuses on the synthesis and description of the
structure of MOF in which conductive graphene-like layers are
embedded. We chose a copper-based MOF containing Cu2þ dimers
as the metallic units linked to oxygen atoms from benzene tri-
carboxylate (BTC) [17e18], and referred in literature as HKUST-1 or
MOF-199. HKUST-1 combines high surface area, water stability [19],
simple preparation (anhydrous conditions are not required) and
low costs (precursors are easily available and not expensive).
Graphene-like layers used to prepare the compositeswere obtained
by a two-step oxidation/reduction wet treatment of a high surface
carbon black (CB), according to the procedure described in Alf�e
et al. [20]. This procedure offers high reproducibility and control of
the results and it is extremely inexpensive. In this work we show,
through a wide characterization of samples with several carbona-
ceous layers content, that the obtained composites preserve the
main features of the parent MOF, additionally exhibiting a tunable
electrical conductivity.

2. Experimental section

2.1. Sample preparation

HKUST-1 preparation. The MOF HKUST-1 was prepared
applying the synthetic procedure reported by Petit[13]: 1 g of
copper nitrate hemipentahydrate and 0.5 g of 1,3,5 benzene-
tricarboxylic acid (BTC, 0.5 g) were mixed in 8.5 mL of N,N
dimethylformamide (DMF) under stirring and sonication (5 min).
8.5 mL of ethanol were then added to the mixture, which was
stirred and sonicated 5 min more. Finally, 8.5 mL of deionized
water were added too and the mixture was kept under stirring
and sonication for 30 min. The mixture was then heated at 85 �C
for 21 h under stirring. After cooling, the crystals were recovered
by filtration, washed and immersed in dichloromethane for three
days and finally collected by filtration. All chemicals were pur-
chased from SigmaeAldrich of the purest quality and used
without further purification.

Graphene-like (GL) layers preparation. GL layers in water sus-
pension were prepared according to a two-step procedure pro-
posed in Alf�e et al. [20]. Briefly, CB (Phillips Petroleum Co., furnace
carbon black, 15e20 nm primary particles diameter, specific BET
area 151m2 g�1) was oxidizedwith nitric acid (67%) at 100 �C under
stirring for 90 h. The oxidized carbon nanoparticles were recovered
by centrifugation and namedHNP90. The product had a dark brown
appearance and it was not as opaque black as the pristine CB. The
HNP90 was dispersed in water and treated with hydrazine hydrate
(50%) at 100 �C under reflux for 24 h. At the end of the reaction the
excess of hydrazine was neutralized with nitric acid and the
resulting black solid recovered by centrifugation and named
HNP90R. The HNP90Rmass yield was 55%. It is noteworthy that the
dried HNP90R resulted to be insoluble in water and in the most
common organic solvents, both polar and apolar (water, ethanol, N-
methyl pirrolidinone, dichloromethane, heptane, DMF) [20]. This
was attributed to an increase of hydrophobicity of the material
caused by a decrease in the polar functionalities on the surface and
consequent intimate self-assembling interaction between the
restored graphitic planes leading to the formation of a graphene-
like assembling. For this reason freshly prepared HNP90R in wa-
ter suspension was readily used for the preparation of the
composites.

MOF/GL (MGL) preparation. HNP90R suspension was added to
the well-dissolved MOF precursors and solvent mixture during the
final step of the MOF preparation, in substitution of the volume of
deionized water. The synthesis conditions were kept the same as
those used for the preparation of the HKUST-1. Four MGL com-
posites were prepared with a different HNP90R loading and named
MGL-1, MGL-2, MGL-3 MGL-4 (5, 15, 30, 40 wt.% of HNP90R,
respectively). In all cases the liquid phase recovered after the
filtration of the crystals resulted colorless, indicating a complete
incorporation of the GL material into the MOF structure. The per-
centage of the incorporated GL was checked by elemental analysis
and inductively coupled plasma mass spectrometry (ICP-MS).
2.2. Methods

Elemental composition of the samples (C, H, N) was estimated
by a PerkineElmer 2400 CHNSO elemental analyzer. The quanti-
tative determination of the Cu was obtained by an Agilent ICP-MS
7500ce spectrometer. For the ICP-MS measurements, 50 mg of
the powdered sample was suspended with 5 mL of deionized water
and digested with 5 mL of HNO3 (65%) and 1 mL of H2O2 (30%) for
30 min by microwave heating. The digested sample was filtered to
remove any particulate or solid contaminant which may interfere
with the analysis, diluted with deionized water and analyzed. The
quantitative determination of copper was achieved extrapolating
from a four point calibration curve. Each measurement was
repeated thrice.

The thermal stability of the samples was evaluated by ther-
mogravimetric analysis (TGA) on a PerkineElmer Pyris 1 Ther-
mogravimetric Analyzer. The samples were heated both in oxidant
(air) and in inert (nitrogen) environment (30 mL min�1) from 30 �C
up to 750 �C at a rate of 10 �C min�1.

Fourier Transform Infrared (FTIR) spectra were recorded on a
Nicolet iS10 spectrometer using the attenuated total reflectance
(ATR) method by using a germanium crystal. The spectra were ac-
quired on the powdered samples without KBr addition.

BET specific surface area and pore size distribution of the sam-
ples were evaluated using a Quantachrome Autosorb 1-C by Ar
adsorption at 87 K in order to limit the p/p0 range in comparison to
N2, requiring lower p/p0 value for adsorption into micropores [21].
The samples were outgassed under vacuum at 110 �C before the
analysis. Data of the adsorption branch of the complete isotherm
were processed according to NLDFT method to evaluate the pore
size distribution and pore volume.

X-ray diffraction (XRD) analyses were carried out using a Philips
PW1710 diffractometer operating between 5�2q and 60�2q with a
Cu Ka radiation (l ¼ 1.54056 Å). The sample powder was grounded
and then loaded into a glass holder and leveled with a glass slide
before mounting it on the sample chamber. A diffraction experi-
ment was run on standard glass slide for the background
correction.

Scanning electron microscopy (SEM) was performed on a FEI
Inspect™ S50 Scanning Electron Microscope. SEM was performed



Fig. 1. XRD patterns of the parent materials and the MGL composites.
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on the powdered sample, previously dried and sputter coated with
a thin layer of gold to avoid charging.

Basic electrical characterization shows the effect of the reduc-
tion on the transport properties. The electrical dc conductivity was
measured in a four contact geometry (low currents recorded
through a Keithley picoammeter model 6485). The measurements
were carried out on samples obtained by compacting the powder in
a compression setup. A pellet of 1 cm diameter with a polished
mirror-like surface was obtained at a compacting pressure of 5 atm.
The thickness of each pellet was estimated by SEM images and it
was found to be in the range of 100e200 mm height. Experiments
for each material were carried out in triplicate and characterized by
a reproducibility of 10%.

3. Results and discussion

Table 1 reports the elemental composition of the four MGL
composites together with the pure MOF and HNP90R. The oxygen
amount was evaluated by difference. The elemental analyses of the
HNP90R precursors (CB and HNP90) are reported elsewhere [20].
Elemental analysis indicates that the oxygenated functionalities in
HNP90R are not completely removed upon the chemical reduction
step, leading to an oxygen content quantifiable as 39.61 wt. %. The
presence of nitrogen (likely in the form of nitrogroups or hydra-
zones) is also observed (6.09 wt. %). The O/C atomic ratio is 0.56
(comparable to the graphene layers obtained from the reduction of
GO by hydrazine [22]) and the number of surface acidic site content
(performed applying a sensitive and fast fluorimetric assay with
thionin acetate [20]) is 1.7 � 10�7 molCOOH mg�1.

The measured values of C, H, Cu and N in the composites were
compared with the “hypothetical” ones, calculated combining the
fraction of HNP90R and HKUST-1 in the composite with the per-
centages of each element in HNP90R and HKUST-1 according with
the following equation:

Xtot ¼ XHNP90R � fHNP90R þ XHKUST-1 � fHKUST-1

where Xtot (X ¼ C, O, H, Cu, or N) is the element percentage in the
composite (expressed as wt. %), XHNP90R and XHKUST-1 are the per-
centage (wt. %) of the same element in HNP90R and HKUST-1
respectively, and fHNP90R and fHKUST-1 are the weight fractions of
HNP90R and HKUST-1 in the composite (fHKUST-1 ¼1� fHNP90R). The
good accordance between the measured and the “hypothetical”
values is a good indication of a complete incorporation of the
carbonaceous layers into the composite. Trends are provided as
supplementary info.

Fig. 1 reports the XRD patterns of the parent materials as well as
the composites. In the case of HNP90R, a single broad peak around
2q 23� is observed. The MOF diffraction pattern is in accordance
Table 1
Samples composition. “Hypothetical” composition of the composites is reported in
the brackets.

Sample HNP90R
amount wt.%

Elemental composition

C wt.% O wt.% H wt.% Cu wt.% N wt.%

HKUST-1 0 26.64 34.69 2.45 35.7 0.52
HNP90R 100 52.9 39.61 1.4 0 6.09
MGL-1 5 29.64

(27.95)
31.19
(39.3)

2.47
(2.39)

35.5
(33.9)

1.2
(0.80)

MGL-2 15 32.07
(30.6)

29.05
(38.8)

2.01
(2.29)

35.1
(30.3)

1.77
(1.35)

MGL-3 30 38.33
(34.5)

32.51
(38.1)

2.03
(2.13)

24.4
(24.9)

2.73
(2.19)

MGL-4 40 39.22
(37.1)

33.38
(37.6)

1.65
(2.03)

22.7
(21.4)

3.05
(2.75)
with those reported in the literature for HKUST-1 [17,23]. Although
the agreement with the HKUST-1 X-ray diffraction pattern [17] is
quite good, deviations in the relative intensity (i.e. the peak at
2q¼ ~6e7� due to the (111) reflection) are attributable to variations
in the degree of hydration, as reported in Ref. [24]. The HKUST-1
diffraction pattern is similar to the composites revealing the exis-
tence of the well-defined MOF units in the composites themselves.
This indicates that the presence of HNP90R in the reaction mixture
does not prevent the formation of linkages between Cu ions and the
BTC molecules, leading to the formation of HKUST-1 crystals. Be-
sides the high degree of crystallinity that can be inferred by the
sharp HKUST-1 diffraction peaks, the pattern also indicates a
negligible presence of the competing Cu2O phase, whose charac-
teristic 2q peaks (around 36� and 43�) are extremely weak or even
absent.

The SEM images, reported in Fig. 2, provide information about
HKUST-1 and MGL microstructure. Our HKUST-1 sample exhibits
typical octahedral crystals [23] of different sizes, with relatively
smooth surface. This ensures a high morphological and crystalline
quality of the HKUST-1 sample, and makes us confident that the
observed different features on the realized MGL composites can be
ascribed to the new built structures. In MGL-1 (corresponding to
5 wt.% of incorporated HNP90R), crystals of octahedral shape are
still observable. With the increasing quantity of HNP90R in the
composites, the octahedral shape characteristic of the HKUST-1
crystal tends to disappear and or to be partially hidden by some
different formations. In the case of the MGL-4 (40 wt.% of HNP90R
loading), small agglomerates are observable in which the octahe-
dral shape of the pristine HKUST-1 crystal is not clearly discernible.
The sharp XRD pattern still indicates crystal order in this sample: it
is therefore not easy to understand if the small observed agglom-
erates are mainly due to small HKUST-1 crystals or to some
spurious phases (which from XRD measurements seem to be still a



Fig. 2. SEM images of the HKUST-1 and the MGL composites.
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minority in MGL-4). It must be noticed that the SEM images did not
reveal the typical Cu2O formations reported in Biemmi et al. [23],
consistently with the XRD pattern features. Moreover elemental
mapping analysis (EDX) evidenced a chemical uniformity on a large
area (Supporting info).

The surface of the composites seems to be affected by the
presence of HNP90R. SEM imaging of the composites shows “lace-
like” arrangement in the vicinity of the carbonaceous layers
embedded within HKUST-1 crystals, similar to those observed by
Zhao et al. [25].

The pH of a sample suspension was measured in order to pro-
vide information about the acidity and basicity of the surface. About
10 mg of the pure HKUST-1 and composites has been added to 2 mL
of distilled water. The suspension has been stirred for 30 min to
reach equilibrium before recording the pH. In all cases pH is about
4.15 indicating that, although a morphological effect is evidenced,
the incorporation of HNP90R does not alter the surface chemistry of
the HKUST-1.
Fig. 3. ATR-IR spectra of the parent materials and the MGL composites.
The ATR-IR spectra of the parent materials and the composites
are plotted in Fig. 3 in the 2000e700 cm�1 wavenumber region.
Spectra are baseline corrected and shifted for clarity. The HNP90
and HNP90R highly conjugated p-network caused peak broad-
ening in the ATR-IR spectra due to the overlapping of several vi-
bration in the 1000e1500 cm�1 range [26]. Both spectra exhibit
bands at 1750e1650 cm�1 (C]O stretching vibrations from
carbonyl and carboxylic groups) and 1600e1500 cm�1 (skeletal
vibration of the sp2 graphitic domains). The HNP90 spectrum
presents an enhanced broad band in the 1300e1100 cm�1 region
ascribable to the overlapping of CeOH and CeO stretching vibra-
tions. The intensity of the C]O band and of the C]O broad band
are significantly weaker in the HNP90R as a consequence of the
partial removal of carboxylicecarbonylic functionalities upon the
reductive treatment. The spectrum of HKUST-1 is quite similar to
those reported in literature [13,27]. The bands at 1645 and
1590 cm�1 and at 1450 and 1370 cm�1 correspond to the asym-
metric and symmetric stretching vibrations of the carboxylate
groups in BTC, respectively. In agreement with the XRD data, the
ATR-IR spectra of the composites exhibit features similar to the
HKUST-1 spectrum. The absence of the C]O bands in the com-
posites ATR-IR spectra suggests that the carboxylic functionalities
of the HNP90R have interacted with the copper dimers and
chemical interactions are involved in the formation of the com-
posites. It can be speculated that the presence of residual car-
boxylic groups, located at the edges of the graphene-like basal
planes, helps the interaction with the MOF crystals, similarly with
those observed for MOF/GO composites [13]. Interestingly, this
seems to not interfere with the MOF crystal formation, as shown
by XRD investigation (Fig. 1).

The TGA profiles obtained in inert environment (nitrogen) for
HNP90R, HKUST-1 and the composites are reported in Fig. 4a. In the
case of HNP90R a slow weight loss (~40% of total weight loss) is
observable and it is consistent with the progressive decomposition
of oxygenated functionalities (carbonylic/carboxylic). The TGA
curves of HKUST-1 and the composites exhibit a high weight loss at
300e350 �C corresponding to the collapse of the structure
accompanied by the release of CO2 [13,27]. The behavior of the
composites resembles that observed for HKUST-1 indicating a good
dispersion of the HNP90R into the composite, confirming the in-
dications coming from the previous characterizations.



Fig. 4. Thermal analyses of the parent material and the composites in inert (nitrogen, a) and in oxidative environment (b).
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As concerns the TGA profiles in oxidative environment (Fig. 4b),
on HKUST-1 and on the composites the trend is qualitatively similar
to those observed in inert environment. In the case of HNP90R, the
TGA curve shows two main weight losses between 150 and 500 �C
(20e40% weight loss) and 550 �C (bulk oxidation of HNP90R
graphitic core).

Interestingly, the absence of weight loss after 300 �C even for
composites with a high load of HNP90R suggests that the Cu ion
coordinated with the HNP90R catalyzed the HNP90R oxidation
causing the HNP90R to react at temperatures lower than the parent
material. This behavior represents a further indication that the
HNP90R is well-mixed within the composite. If the composites
were a physical mixture of two non-interacting components
(HKUST-1 and HNP90R) they would behave in a quite different way
after progressive heating in oxidative environment. TGA was per-
formed on ‘real’ physical mixtures of two components built by
mixing at the appropriate % wt. the two pure components. TGA
present a distinct weight drop around 500 �C attributed to the
combustion of HNP90R component (Supporting info). The absence
of such weight drop in the composites, even at a high HNP90R load,
indicates a good incorporation of HNP90R into the composites.

In Table 2 the values of BET surface area and the pore volume
evaluated from Ar adsorption isotherms are reported. “Hypotheti-
cal” values of the BET surface area of the composites, calculated
according to a weighted average of the two components, are re-
ported in the brackets.

HKUST-1 has a BET surface area of 1989 m2 g�1, comparable to
the values reported in the literature [1,13] whereas pure HNP90R
exhibits a lower surface area (76 m2 g�1). In the composites both
surface area and pore volume decrease with the progressive
incorporation of HNP90R. A considerable lower reduction of BET
area is observed with respect to a weighted average of the two
components (Table 2) indicating non-additive effects due to the
incorporation of the HNP90R component. Moreover the analysis of
the values of BET surface area suggests that after the first incor-
poration of HNP90R into HKUST-1 in a low amount (5%wt.) a dra-
matic reduction of surface area occurs. Further incorporation of
HNP90R causes a reduction of the surface area roughly proportional
Table 2
BET surface area and pore volume (from Ar adsorption isotherms) of the parent
materials and the composites. “Hypothetical” values of the BET surface area of the
composites are reported in the brackets.

Sample BET area (m2 g�1) Pore volume (cm3 g�1)

HKUST-1 1989 0.98
MGL-1 906 (1893.35) 0.74
MGL-2 709 (1702.05) 0.67
MGL-3 582 (1415.1) 0.62
MGL-4 570 (1223.8) 0.45
to the fraction of HNP90R indicating that a small fraction of
HNP90R is sufficient to modify the HKUST-1 structure, creating a
new kind of porosity at the interface between the HNP90R andMOF
components.

In Fig. 5 the Ar adsorption/desorption isotherms of the parent
material and the composites are reported. All curves are type I
isotherms typically associated to microporous materials; however,
a small hysteresis accounts for the presence of some mesopores
which tend to decrease in the samples with HNP90R incorporation.
This is in agreement with Petit et al. [13] who also observed a more
pronounced hysteresis loop for HKUST-1, which decreases by
increasing the incorporation level.

The data were processed according to NLDFT method which
allows an accurate analysis over the complete micro and mesopore
size range in contrast with macroscopic thermodynamic ap-
proaches or semi-empirical methods which do not provide a good
description of micropore filling [28]. A zeolite/silica model was
used to evaluate the pore size distribution and volume. This
adsorption model provided the best fitting (fitting error always
<0.5%) assuming spherical/cylindrical pores [29]. In Fig. 6 the pore
size distribution of the HKUST-1 is compared to that of the com-
posites: the size distributions reflect the lower average size of the
pores in composites than in the pure HKUST-1.

The HKUST-1 sample exhibits a typical bimodal micropores
distribution with maxima centered at about 5 and 7 Å. This pore
structure is altered by even a small fraction of intercalated HNP90R
(5% wt.) causing the arise of a new kind of porosity at about 6 Å.
This new porosity is likely due to the interaction between the re-
sidual carboxylic functionalities of the HNP90R and the copper
dimers. Nevertheless, MGL-4 sample surprisingly shows a pore
structure distribution more similar to the original material
although less definite. This trend can be interpreted as a saturation
of the accessible sites on HKUST-1 due to the high amount of
HNP90R (40% wt.). The high percentage of HNP90R causes a
collapse of the BET surface area (570 m2 g�1, Table 2) probably due
to a HNP90R partial agglomeration that prevents the formation of
the porosity centered at 6 Å, exhibited by the composites produced
with at a lower HNP90R loading. Similar behavior is reported for
GO/HKUST-1 composites [13] whereas the excess of the organic
intercalant (GO) tends to restack together, decreasing the overall
porosity and preventing the instauration of different kind of
porosity due to the interaction between MOF crystals and GO
oxygenated functionalities, as in the case of GO/HKUST-1 com-
posites with a lower GO loading. In addition to micropores, repre-
senting the dominant type of pores, all materials also show some
mesopores in the region 40e60 Å and a few larger pores around
160 Å. The mesopores contribution is quantitatively less significant
(about 20% total pore volume) for HKUST-1 sample whereas ac-
counting for 40e60% total pore volume for MGL materials roughly



Fig. 5. Ar adsorption/desorption isotherms of the parent material and the MGL composites.
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proportionally to the fraction of HNP90R in the material. In other
words, the micropore volume, strictly related to the fraction of
HKUST-1, decreases with HNP90R incorporation, the mesopores
volume being quite constant.

The electrical dc conductivity or resistivity of HKUST-1 and
MGL is a useful macroscopic characteristic for a preliminary
comparative analysis on the transport properties, since it is gov-
erned by both the microstructures and chemical composition. The
electrical properties of HKUST-1 are very rarely studied due to its
insulating nature: we performed such measurements (evaluating
the electrical resistivity according to the Van der Pauw method
[30]) in order to understand a possible effect or trend due to
HNP90R incorporation.

On HPN90R sample we measured a dc resistivity of about
1.3 U m (corresponding to a conductivity of 0.77 S m�1), while the
evaluated sheet resistance and bulk resistivity reveal a substantially
insulating character as concerns the pristine HKUST-1. As concerns
the composites, the electrical conductivity rapidly increases with
the added graphene-like percentage (Fig. 7), ranging over 5 orders
of magnitude when the HNP90R amounts changes between 5% and
40% wt. The increase does not follow a linear behavior: our esti-
mations indicate a conductivity of the order of 10�7 Sm�1 when the
graphene-like percentage is 5% or 15%, increasing about ten times
at 30% wt. of HNP90R content, and becoming 10�2 Sm�1 when the
graphene-like percentage is 40%. So large variations were reported
also in experiments with CB filling polymeric or epoxy matrices,
leading to a conductivity increasing up to 10 order of magnitudes
Fig. 6. Pore size distribution of the HKU
for filling percentage of the order of 10% or less [31e33]. An
increasing trend so strongly superlinear with doping is usually
interpreted under percolation theory. Some models, based on 2D/
3D network description, bond percolation, or statistical/geomet-
rical properties of mixtures [33e35], applied to insulating matrices
filled with conducting microstructures, demonstrate that a slight
increase of electrical conductivity should be observed at low
doping, and then, increasing the amount of the filling materials, a
critical threshold is expected (corresponding to a full percolating
path) for the doping level, above which the conductivity should
exhibit a sudden increase. The threshold percentage strongly de-
pends on the specific features of the compounds under investiga-
tion; our results resemble this general behavior, and the threshold
seems to stand around 20%. For higher filling levels, a saturation
trend of the electrical conductivity should take place (corre-
sponding to a complete filling of the available sites in the host
matrix), in a characteristic S-shaped curve. TheMGL composites did
not show saturation up to the highest investigated concentration of
HNP90R. However, extrapolating the pure HNP90R as an indication
of a hypothetic 100% filled composite, the resulting plot (inset in
Fig. 7) seems to indicate a possible saturation occurring at HNP90R
content not yet investigated. The relatively large threshold and
saturation values for the HNP90R concentration (compared to the
ones reported in the mentioned works) suggest a weak interaction
between the filler particles inside the matrices, probably due to a
good dispersion triggered by the high porosity of the host material
[33]. This point surely deserves further investigation, and its
ST-1 (a) and MGL composites (b).



Fig. 7. Electrical conductivity of HKUST-1 and MGL composites.
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detailed analysis and discussion are beyond the purposes of the
present experimental work.

4. Conclusions

A new class of copper-based metal-organic framework/
graphene-like composites were produced starting from the
HKUST-1 metal-organic framework. The composites were pro-
duced by varying the graphene-like loading and were character-
ized by XRD and FTIR spectroscopy, TGA, SEM, BET specific surface
area and elemental analysis. It was found that the main features of
HKUST-1 in the composites are preserved, indicating that the
interaction of the HKUST-1 units with the carboxylic functional-
ities of HNP90R does not interfere with the HKUST-1 crystal
growing. It was shown that the incorporation of HNP90R in-
troduces a new porosity in the composites although the surface
area of the composites is lower than the HKUST-1 suggesting a
distortion in the porous structure of the materials. Preliminary
electrical measurements revealed a strong increase of the dc
conductivity in the samples as a function of HNP90R content. The
conductivity and the new porosity distribution arising by
graphene-like incorporation, together with high specific surface
area of the composites, can impart new properties to the pristine
HKUST-1. The production of electrically conducting porous phases
would be of great interest for possible applications in molecular
sensing and selective electrode materials as well as proton ex-
change membrane fuel cells: the indication of tunable electrical
conductivity while the remaining features of the parent HKUST-1
are left substantially untouched opens the perspectives for
developing such applications.
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