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Abstract

We developed a new approach for producing graphene-like (GL) materials through
a two-steps oxidation/reduction method starting from a nanostructured (high
surface) carbon black, a versatile carbonaceous material prone to be structurally and
chemically modified in quite mild wet conditions. Atomic Force Microscopy and zeta-
potential measurements allowed to model the assembling mechanisms and the role
of hydrophobic interactions, demonstrating the possibility to easily tune the surface
morphology. GL materials have been then employed in a large variety of hybrid
materials for innovative applications, and characterized by chemical, electrical,
structural and spectroscopic techniques. With Metal-Organic Frameworks, GL
produced conducting composites with electrical conductivity tunable by changing
the concentration of the parent materials; Eumelanin/GL and TiO,-nanoparticles/GL

were also studied for photocatalysis and biosensors applications.

1. Introduction

The term graphene refers to a single-layer
graphite with peculiar physical, chemical, and
mechanical properties [1-8]. Graphene is largely
employed for the fabrication of electronic devices,
and it is considered a promising candidate for op-
toelectronic devices. The usage of graphene is now
covering several fields of application: graphene-
based window electrodes can be used in the pro-
duction of solid-state dye sensitized solar cells [9]
and of light-emitting diode (LED), as well as in
liquid crystal technologies [10]; graphene is also
involved in the fabrication of energy-storage mate-
rials [11] and mechanical resonators [12]; it can be
used as channel material for the next generation of
field emission transistors (FET), or as conductive
sheet upon which nanometer scale devices may be
patterned to create single- or few electron transis-
tors [13]; graphene is also used as nanofiller in the
production of polymeric nanocomposites with im-
proved functional features [14].

Besides the isolated, single-atom-thick carbon
sheets (universally referred to as graphene), relat-
ed two-dimensional sheet-like or flake-like carbon
forms, possibly exhibiting different surface func-
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tionalities, are gaining increasing interest for fun-
damental and applied research. As a consequence, a
large number of graphene-related systems are now
studied: ultrathin multilayer materials produced
by graphite exfoliation are already of significant
commercial interest as composite fillers; few-lay-
er materials with either ABA stacking or rotational
faulting giving rise to electronic decoupling of the
individual layers [15]; other chemically modified
graphenes (the simplest one being the graphene ox-
ide) [16], or different carbon materials realized us-
ing graphene or graphene oxide as atomically-thin
precursors, can be used to build a large number
of three-dimensional (3D) architectures [17, 18].
Together with monolayer graphene, these systems
constitute a family of ultrathin, two-dimensional
carbon materials, most of which are new, and with
established or potential scientific and technologi-
cal interest. In addition to the specific aggregation
form of carbon layers, surface functional groups (in
particular the oxygen-based ones) are also recog-
nized to play a great role in many possible applica-
tions of carbon materials [19-24]. For example, the
acidic surface functional groups constitute the main
factor governing the dynamic adsorption of hexane
by activated carbons under humid conditions [25];
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oxygen surface complexes, possibly lactone and
carbonyl groups, have been found to be the active
sites for Hg-0 capture [26]; microorganism fixing
is enhanced by the increase in the number of some
acid functional groups and by the surface wetting
quality [27].

Another remarkable research field involving
graphene and graphene related materials is the re-
alization of composites and heterostructures [28].
The presence of oxygen-containing functional
groups as a consequence of different synthesis pro-
cesses from several precursors, makes possible the
tuning of graphene derivatives properties. Such a
powerful possibility allows to employ graphene
derivatives in conjunction with a large class of ma-
terials to build composites with different features.
As a consequence, incorporation of graphene-like
materials has been realized in organic and inor-
ganic crystals or nanostructures [29-33], polymers
[14, 34], biomaterials [35-37], carbon nanotubes
[38—42], metal-organic frameworks [43—45].

At the present, the bottleneck for the develop-
ment of a large scale graphene-based technology is
its production on a large scale. Several approaches
have been reported for the production of graphene
or graphene-like materials: one-step graphite exfo-
liation [46], chemical vapor deposition (CVD) of
methane gas [47], graphite stamping [48], graphite
oxide reduction [49], and carbon nanotube unzip-
ping [50]. Among the reported fabrication meth-
ods, the production of graphite oxide (GO) from
graphite powder and its further reduction (through
chemical [49-51], thermal [52, 53], or ultravio-
let-assisted reduction [54] methods) to graphenic
material is considered a convenient and economic
way for the fabrication of graphene sheets.

Here, we illustrate a method to produce
graphene-like (GL) layers starting from water sus-
pension of oxidized carbon black (CB), through a
two-steps oxidation/reduction process. CB is main-
ly constituted of hydrophobic material organized,
at nanoscale level, in graphene layers with various
degree of deviation from planarity [55, 56], with a
certain amount of less organized areas (amorphous
and disordered carbons) that makes CB particles
more reactive than graphite. We report basic and ad-
vanced characterization of the synthesized samples,
to infer their main chemical, physical structural and
morphological properties. In particular, we studied
the effect of pH of the starting suspension on the
morphology of self-assembled GL films, showing
how it is possible to tune it and how such behavior
can be effectively interpreted from a microscopic
point of view. As an example of potential techno-
logical application of our GL layers, we describe

their incorporation in MOFs matrices and the re-
sulting properties; we also mention the first studies
concerning the realization of composites with TiO,
nanoparticles and of hybrid structures with eumel-
anin pigments, in view of applications in catalysis
and biosensors technology respectively.

2. Experimental and Discussion

CB was purchased from Phillips Petroleum Co.
and classified as N110 (corresponding to aggregates
of rounded primary particles with a diameter of
10—15 nm) carbon black (furnace carbon black), ac-
cording to ASTM classification. Its density at 25 °C
is 1.8 g/mL and the specific BET area is 151 m%g.

Transmission electron microscopy shows that
CB is arranged in chainlike aggregates of spherical
primary particles [57]. The particle average diam-
eter is 15-20 nm, with a narrow size distribution.
The nanoscale organization of carbon black prima-
ry particles is typical of a disordered carbon. More
organized regions are observed with a concentric
organization of the stacked graphitic layers extend-
ing throughout each primary particle. H/C atomic
ratio is 0.058 and the temperature of the maximum
combustion rate is 690 °C. The hydrodynamic
diameter of each CB aggregate is narrow (180 +
20 nm) as confirmed by dynamic light scattering
(DLS) performed on CB suspension in N-meth-
ylpirrolidinone (NMP), a solvent very effective for
the coal extraction [58].

The oxidation step follows the procedure report-
ed by Kamegawa et al. [59]. 500 mg of CB powder
was treated with 10 mL of nitric acid (67% wt.)
at 100 °C under stirring for 90 h. After cooling at
room temperature, the aqueous suspension was
centrifuged (at 3500 rpm for 30 min) obtaining an
acid-soluble fraction (AS) and an acid-insoluble
fraction (AI). The AS fraction, containing mostly
unreacted acid and hexacarboxylic acid (mellitic
acid), was discarded. The Al was washed with dis-
tilled water (100 mL) and recovered after centrif-
ugation (3000 rpm, 30 min). This purification step
was repeated until acid traces were successfully re-
moved. The product had a dark brown appearance
and it was not as opaque black as the pristine CB.
The hydrophilic product was dried at atmospheric
pressure at 100 °C and labeled as GLox.

The reduction of GLox was performed by apply-
ing the procedure with hydrazine hydrate proposed
for GO by Stankovich et al. [49]. In GO treatment,
the reduction is an essential step in order to trans-
form it back into a conductive graphitic material as
a consequence of the partial restoration of the gra-
phitic structure. The solution route through chem-
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ical reduction with hydrazine is the more advan-
tageous one because a large amount of GO in the
solution phase can be easily converted to graphene-
like nanosheets through the partial removal of ox-
ygenated functional groups present in the structure
of GO [60, 61]. We adopted a similar procedure for
GLox. The GLox powder (20 mg) was suspended
in 20 mL of distilled water in a 50 mL round-bot-
tom flask yielding a homogeneous dark brown dis-
persion. The dispersion was treated with 450 pL of
hydrazine hydrate (50%). The dispersion was heat-
ed in an oil bath at 100 °C under reflux for 24 h ap-
plying a constant stirring. At the end of the reaction
the excess of hydrazine was neutralized with nitric
acid (4 M) and the resulting black solid recovered
by centrifugation (3000 rpm, 30 min). To remove
traces of reagents and acid, the solid was washed
with distilled water and recovered by centrifuga-
tion three times. The product was dried at atmo-
spheric pressure at 100 °C and labeled as GL. The
dried GL was insoluble in water and in the most
common organic solvents, both polar and apolar
(water, ethanol, NMP, dichloromethane, heptane,
dimetilformammide). This was attributed to an in-
crease in hydrophobicity of the material caused by
a decrease in the polar functionalities on the surface
and consequent intimate self-assembling interac-
tion between the restored graphitic planes. For this
reason the preparation of the film for investigation
by atomic force microscope (AFM) was performed
allowing a drop of the GL water suspension drying
directly on the mica plate.

An advantage of the adopted selected oxidative
treatment, is that it provides the partial demolition
of the CB microstructure and the functionalization
at the edge of the basal planes of the graphitic lay-
ers [62], and not on them. Inside water suspension,
GL layers are made by small flat nanoparticles dec-
orated at the edge with oxygen functional groups
(mainly carboxylic/carbonylic and hydrazones),
and the graphenic basal planes are untouched [63].
Therefore, differently from what happens for GO,
the original graphitic network is preserved in the
oxidized CB, which represents a clear advantage
for the conductivity and the electronic properties.
In addition, this method allows scalability and po-
tentially large-amount production of GL layers at
reduced costs.

The effects of the reduction process on the syn-
thesized films have been investigated also by Ra-
man spectroscopy and UV-visible spectroscopy,
whose main results are reported elsewhere [63].
Briefly, the features of the Raman spectra are con-
sistent with the occurrence of a multilayer struc-
ture. D ad G bands have, in the spectra, compa-

rable heights, indicating a significant structural
disorder. We also found that the reduced GL layers
and the unreduced ones have very close values for
the D-band to the G-band ratio, a clear indication
that the oxidation process preserves the presence of
the graphitic network, and that the chemical func-
tionalization occurs at the edge and not at the basal
planes of the GL layers. The preservation of the
graphitic network in the reduction process is con-
firmed by UV-visible spectroscopy; furthermore,
the collected spectra on GL layers are blue-shifted
compared to the ones on CB, indicating a decrease
in the size of the 7 conjugation domains. H/C atom-
ic ratios changed from 0.058 in raw CB, to 0.27
and 0.32 in GLox and GL respectively. Electrical
dc-measurements, realized in a standard four-con-
tact van der Pauw geometry, revealed that reduced
samples (GL layers) exhibit quite good conducting
behavior, their resistivity being of the order of 1
Q-'m. Such conducting properties can be exploit-
ed, for example, for the incorporation in insulating
matrices to enhance their conducting properties. A
sketch of the two-step method is reported in Fig. 1.
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Fig. 1. Sketch of the two-step method for the preparation
of GL layers from CB.
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The pH of the as-prepared GL layers water sus-
pension was 3.70. We studied the effect of pH vari-
ation on the morphology and on assembling prop-
erties of GL films.

An investigation of residual functional groups
on the surface of GL, and of its acid-base behavior,
was performed by coulometric—potentiometric titra-
tion for 2.7 < pH < 7 (into an air thermostat at the
temperature of 25 °C), in NaCl 0.25 M, measuring
the potential of a glass electrode sensitive to proton
activity. The current intensity was accurately deter-
mined by reading the potential drop at the ends of
a calibrated resistance coil, connected in series to
the coulometric device. We identified two function-
al groups on the surface in the carboxylate region
(pK 2.0-5.0) [64], having pK, = 3.40 £ 0.05 (num-
ber of sites: 900 + 30 mmol/g) and pK, = 5.5 £ 0.1
(number of sites: 240 = 30 mmol/g) respectively.
The higher pK, value (5.5) is ascribable to the pres-
ence of lactones and carboxylic anhydride groups
that tend to hydrolyze in the presence of acids and
bases [65]. More technical details can be found in
[66]. The presence of residual carboxylic groups is
also confirmed by X-ray Photoemission Spectros-
copy (XPS) performed on the GL surface [66].

The stability of the GL layers water suspensions
was evaluated by zeta potential analyses. Figure 2
shows the measured zeta potentials as a function
of pH of the suspension. The zeta potential value
of the GL dispersion was negative in all the range
of investigated pH, indicating the presence of part-
ly preserved anionic charge. Its dependence on pH
value can be interpreted in terms of ionization of
residuals of carboxylic groups: such ionization is
indeed responsible of the anionic charge, and it is
strongly related to pH. Zeta potential values lower
than —30 mV are conventionally considered as an
indication of sufficient mutual repulsion to ensure

pH of water suspension
0 2 4 6 8 10 12

0 L L L 1 1 -

A0 A
20
30 A
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Fig. 2. Zeta-potential of the GL layer suspensions (0.05
mg/mL) as a function of the pH of the suspension itself.
(adapted from [66]).

the stability of dispersions [67]. By adopting this
criterion, we concluded that GL dispersion was sta-
ble in a wide range of pH values: zeta potential was
below —30 mV for pH greater than 2, and it reached
—45 mV when the pH approached 12, with a mini-
mum of about —55 mV for pH between 4 and 5.

For a deeper investigation we selected four pH
values, particularly meaningful: 2.0, 3.7, 4.6 and
9.5, which in the following are indicated as Sam-
ple A, B, C, D, respectively. Sample A (pH = 2.0)
corresponds to GL layers in acid suspension at the
limit of the stability range of the suspension (zeta
potential very close to —30 mV); Sample B (pH =
3.7) represents “as prepared” GL layers suspension;
Sample C (pH =4.6) is obtained from the GL layers
suspension on which the minimum zeta potential
was recorded; Sample D (pH = 9.5) is a representa-
tive of GL layers in basic suspension.

Mica plates, atomically flat, were used as sub-
strates for AFM morphology measurements to
infer information about the surface quality of the
films after drying. Each GL layers water dispersion
at the selected pH points, at the concentration of 1
mg/mL, was drop-casted onto freshly cleaved mica
substrates and dried at room temperature.

The topographic images acquired on the four in-
vestigated samples are reported in Fig. 3. All the
shown images are recorded on a 5 pum X 5 um area,
acquired in the True Non ContactTM mode of op-
eration of the XE-100 Park system. Line profiles,
indicative of the surface morphologies, are also re-
ported.

The surface of Sample A (Fig. 3 a), prepared in
acid suspension at the limit of the stability range,
appears very rough, and characterized by grains
having width of the order of one or few hundreds
nanometers. The resulting peak-to-peak roughness
of the surface is about 50—100 nanometers.

The granular appearance of the surface of Sam-
ple A is extremely different from the morphology
measured on the other three samples prepared in
suspensions with higher pH.

Both Sample B and Sample C exhibit atomically
flat surface over large areas (Fig. 3 b and c¢). On
the surface of Sample C, however, there are some
isolated “islands” having different lateral sizes.
A comparison of statistical roughness from these
samples with sample A reveals than on Sample A
the grains lead to a root mean square roughness of
about 43 nm, while on the collected image on Sam-
ple B it is less than 1 A and on sample C it is about
9 A. We selected a line profile crossing the larg-
est island on the surface of Sample C; the profile
shows steps of vertical height slightly more than 4
nm, and terraces characterized by the same flatness
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Fig. 3. 5 um x 5 ym AFM images on the four investigated GL samples, together with line profiles: a) Sample A;
b) Sample B; ¢) Sample C (in the inset, the phase contrast profile on a line crossing the large “island” on the top-right of
the image); d) Sample D (in the inset: histogram of the distribution of measured height values on the image). (adapted

from [66]).

of the surrounding surface. Such flatness suggests
that the observed islands and the surrounding car-
bon surface are actually made by the same materi-
al, and seems to exclude that the island are consti-
tuted by spurious phases or unrelated particles. The
phase contrast image confirms this conclusion: the
phase image in the noncontact AFM scan (repul-
sive van der Waals regime, amplitude modulated
oscillation) is indeed able to provide qualitative in-
formation about the chemical nature of the imaged
surface, the phase shift of the induced oscillation
being sensitive to the chemical functionalities of
the surface itself (through differences in the me-
chanical interaction between the tip and the surface
itself). The inset in Fig. 3¢ shows a phase profile
taken across the edge of the island, showing that
non significant phase shift is detected between the
main surface and the island: it has been shown on
graphene nanosheets produced by chemical reduc-
tion of graphene oxide [68] that the different de-
gree of hydrophilicity and hydrophobicicity or dif-
ferently oxidized regions are revealed by a phase
upper-shift of the order of 2°-3°, which are well

above the sensitivity of our instrument, as can be
seen in the inset of Fig. 3c.

Sample D, representative of samples obtained
in basic suspension, shows an “uncompleted” lay-
er over an underlying flat surface: the topographic
image (Fig. 3d) exhibits regions with lacks in the
topmost surface. The histogram (in the inset of Fig.
3d) of the measured relative heights forms a clearly
bimodal distribution, confirming this circumstance.
The peak of the histogram at the higher height value
is associated to the upmost layer, while the presence
of the second peak at a lower height value indicates
that all the “holes™ in this layer have basically the
same depth. Interestingly, from the peak separation
of the histogram as well as from the reported topo-
graphic profile, it can be seen that the vertical sep-
aration between these two layers is between 4 and
5 nm. The same value or doubled is measured on
the isolated “brighter” spot on the surfaces, also re-
sembling what already described for the surface of
Sample C. These observations suggest that the un-
completed layers of Sample D, as well as the large
island imaged on the surface of Sample C, could be
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seeds for further layers. Surprisingly, these layers
seem to have a “fundamental” vertical thickness of
more than 4 nm: in Ref. [63], AFM scans on our
fractured flat GL samples seemed to show steps
having the same basic vertical unit.

The dependence of the morphological features
of the GL samples on the pH of the water solution
can be interpreted in terms of forces acting into
the water suspension and the resulting aggregation
processes between GL particles. The increase of
the pH of the solution corresponds to an increase of
the charge density due to the progressive deproton-
ation of the residual carboxylic functional groups
(the carboxylic groups are progressively converted
in the anionic form —COO"). The GL layers acquire
therefore a more hydrophilic character going from
Sample A to Sample D, monotonically. A greater
hydrophilicity makes the formation of GL—water
interfaces energetically more favorable, leading to
a positive spreading coefficient [68] and to the con-
sequent formation of “wet” GL layers. Different-
ly speaking, the energetically favorable interface
formation corresponds to a low surface tension
between GL layers and water, and to the conse-
quent tendency to maximize the contact surface.
This is the situation occurring in Samples B, C, D,
for which flat layers are formed in the solution. On
the contrary, in Sample A, grown in a suspension
with lower pH, the surface charge tends to decrease
as a consequence of the presence of the carboxyl-
ic groups at the edge of the GL layers in the neu-
tral form (COOH). The result is that GL layers are
forced to aggregate to minimize the contact with
the polar solvent, producing the grains observed
in the AFM image. An interpretation of the cross-
over between the two regimes in terms of micro-
scopic forces between elementary constituents, i.e.
in terms of competition between van der Waals
(vdW) and electrostatic double layer (DL) forces,
is reported in ref. [66].

One potential application of our GL films that
we explored was their incorporation inside met-
al-organic frameworks (MOFs) [70]. MOFs are
obtained by the assembly of metallic centers and
organic linkers in a coordination network, through
strong covalent bonds. They are characterized by
high crystallinity and uniform porosity. MOFs at-
tracted a strong interest in the last years, because of
their high surface area (up to 4500 m* g') [71] and
the possibility to tune their chemico-physical and
textural properties by varying their metallic centers
and organic functionalities [72], that makes them
suitable for a large array of specific applications.
For the large internal surface area and high porosity
and crystallinity, MOFs are often compared to zeo-

lites. Similarly to zeolites, MOF have been utilized
in some applications including adsorption and sep-
aration of specific gases [73], gas storage [74—78],
heterogeneous catalysis [79] drug delivery [80]
and chemical sensors [81]. Compared to zeolites
and other porous inorganic solids, however, MOFs
have some disadvantages, such as the tendency of
reversible binding of water, the air- and moisture
sensitivity and a lower chemical and thermal sta-
bility [71]. In addition, MOFs exhibit an electrical-
ly insulating character, which made their transport
properties rarely studied. In order to overcome the
weak points of MOFs and to expand their field of
applications, it has been proposed the preparation
of composites involving MOFs and carbon-based
materials (including carbon nanotubes [82], graph-
ite oxide [45], graphite [83]), in which the proper-
ties of carbonaceous surfaces and MOFs are com-
bined. Studies on MOF-5 (a zinc-based MOF), for
example, show that its intercalation with graphene
decorated at the basal plane with carboxylic groups
exhibits new electrical properties [43]. The intro-
duction of carbonaceous material into MOF struc-
ture can lead to an enhancement in non-specific
adsorption improving the kinetics of adsorption.
Furthermore, the conductivity and the high specific
surface area of graphene can positively affect the
dielectric and conducting properties of host mate-
rials, which could fulfill the recently highlighted
request for MOFs with conducting properties for
several applicative purposes [43, 84].

Following this ideas, we incorporated our con-
ductive GL layers in a copper-based MOF, con-
taining Cu®" dimers as the metallic units linked to
oxygen atoms from benzene tricarboxylate (BTC)
[85-86], and referred in literature as HKUST-1 or
MOF-199. HKUST-1 combines high surface area,
water stability [87], simple preparation procedure
(anhydrous conditions are not required) at low costs
conditions (since precursors are easily available
and not expensive). We prepared and character-
ized HKUST-1 samples and MOF/GL composites
(MGL) as described in [70]. Four MGL compos-
ites were prepared, indicated as MGL-1, MGL-2,
MGL-3, MGL-4 in the following, having different
GL percentages: 5, 15, 30, 40% wt., respectively.
For all the produced composites, the liquid phase
recovered after the filtration of the crystals resulted
colorless, indicating a complete incorporation of
the GL material into the MOF structure, and the
percentage of the incorporated GL was checked by
elemental analysis and inductively coupled plasma
mass spectrometry [70]. The elemental composi-
tion of all the investigated samples of this com-
parative study is reported in Table 1. Table 1 also
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Table 1
Elemental composition, BET area and pore volume of MGL composites and parent compounds.
Sample GL content Elemental composition (wt.%) BET area | Pore volume
(Wt.%) C 0 H Cu N (m’g™) (cm’g™)

HKUST-1 0 26.64 34.69 245 35.7 0.52 1989 0.98

MGL-1 5 29.64 31.19 2.47 355 1.20 906 0.74

MGL-2 15 32.07 29.05 2.01 35.1 1.77 709 0.67

MGL-3 30 38.33 32.51 2.03 24.4 2.73 582 0.62

MGL-4 40 39.22 33.38 1.65 22.7 3.05 570 0.45

GL 100 52.60 39.61 1.40 0 6.09 76 -

reports the BET specific surface area and pore size
distribution of the samples (Ar adsorption at 87 K).
The measured BET surface area on HKUST-1 is
comparable to the values reported in the scientif-
ic literature [45,71] whereas pure GL exhibits a
much lower surface area. In the composites, both
surface area and pore volume decrease, compared
to HKUST-1, with the progressive incorporation of
GL. The first incorporation of GL into HKUST-1
in a low amount (5% wt.) produces a dramatic re-
duction of surface area. On the other hand, further
incorporation of GL causes smaller reduction of the
surface area, roughly proportional to the fraction of
GL. These occurrences indicate that a small frac-
tion of GL is sufficient to modify the HKUST-1
structure, creating a new kind of porosity at the in-
terface between the GL and MOF components.
Figure 4a shows the ATR-IR spectra of the par-
ent materials (HKUST-1 and both GLox and GL)
and of the MGL composites, in the 2000—700 cm™
wavenumber range. Spectra are baseline correct-
ed and shifted for clarity. The highly conjugated
p-network of GLox and GL caused peak broaden-
ing in their ATR-IR spectra due to the overlapping
of several vibrations in the 1000—1500 cm™' range
[88]. Both spectra exhibit bands at 1750—1650 cm™!
(ascribable to C=O stretching vibrations from car-
bonyl and carboxylic groups) and 1600—1500 cm™
(skeletal vibration of the sp? graphitic domains). In
the GLox spectrum, an enhanced broad band in the
1300-1100 cm™" region is observed, ascribable to
the overlapping of C—OH and C-O stretching vi-
brations. The intensities of the C=0 band and of the
broad band are significantly weaker in the GL as a
consequence of the partial removal of carboxylic—
carbonylic functionalities upon the reductive treat-
ment. In the ATR-IR spectrum on HKUST-1, the
bands at 1645 and 1590 cm™ and at 1450 and 1370
cm' correspond to the asymmetric and symmet-
ric stretching vibrations of the carboxylate groups
in BTC, respectively [45, 89]. The features in the

ATR-IR spectra of the composites are similar to
those observed on HKUST-1: a remarkable differ-
ence, however, is the absence of the C=0 bands in
the composites ATR-IR spectra. This circumstance
suggests that the carboxylic functionalities of the
GL interacts with the copper dimers, and chemi-
cal interactions are involved in the formation of the
composites. It can be speculated that the presence
of residual carboxylic groups, located at the edges
of the graphenic basal planes, favors the interaction
with the MOF crystals, similarly to what observed
for MOF/GO composites [45]. Interestingly, the
formation of the MOF crystal seems to be not af-
fected, as shown by X-ray diffraction (XRD) inves-
tigation [70], by the inclusion of GL. Indeed, Fig.
4b shows that the XRD patterns on composites is
similar to the one recorded on HKUST-1, reveal-
ing the existence of the well-defined MOF units in
the composites themselves. This represents a clear
indication that the presence of GL 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. Considering
the limitations of composite formation addressed in
some works [83, 90], this represents a remarkable
result.

We performed electrical dc measurements on
MGL composites pressed in pellets (evaluating the
electrical resistivity according to the van der Pauw
method) in order to understand a possible effect
or trend due to GL incorporation. The electrical
dc conductivity (or resistivity) of HKUST-1 and
MGL is a useful macroscopic characteristic for a
preliminary comparative analysis of the transport
properties, since it is governed by both the micro-
structures and chemical composition.

As expected, the pristine HKUST-1 exhibited
a substantially insulating behavior, while on the
carbonaceous “counterpart” GL we measured a dc
resistivity of about 1.3 Q-m (corresponding to a
conductivity of 0.77 S'‘m™"). On the composites, we
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Fig. 4. a) ATR-IR spectra and b) XRD patterns on parent compounds and MGL composites. (adapted from [70]).

found that the electrical conductivity is a rapidly
increasing function of the added graphene-like per-
centage (Fig. 5): changing the GL amount between
5% and 40% wt. makes the electrical dc conductiv-
ity increasing of about 5 orders of magnitudes. The
increase does not follow a linear behavior: we mea-
sured a conductivity of the order of 10”7 S'‘m' when
the graphene-like percentage is 5% wt. or 15% wt.,
increasing about ten times at 30% wt. of GL con-
tent, and becoming 10> S'm™! when the graphene-
like percentage is 40% wt.

Comparable or even larger variations of electri-
cal conductivity were reported also in experiments
with CB filling polymeric or epoxy matrices (filling
percentages of the order of 10% or less can lead to
a conductivity increasing up to 10 order of magni-
tudes [91-93]). So strongly superlinear increasing
trends with doping are usually attributed to perco-
lation mechanisms. Theoretical results on insulat-
ing matrices filled with conducting microstructures,
through models based on 2D/3D network descrip-
tion, bond percolation, or statistical/geometrical
properties of mixtures [93-95], 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
in the doping level is expected (corresponding to the
creation a full percolating path), above which the
conductivity should exhibit a sudden increase. The
specific value of the threshold doping strongly de-
pends on the particular features of both matrix and
filling materials. Our results resemble this general
qualitative behavior, with the threshold standing
around 20% wt. Filling levels much higher than the

threshold should lead to a saturation of the electrical
conductivity (corresponding to a complete filling of
the available sites in the host matrix), producing a
characteristic S-shaped curve of conductivity vs.
doping. Our MGL composites did not show satu-
ration up to the highest investigated concentration
of GL. However, extrapolating the pure GL as an
indication of a hypothetic 100% filled composite,
the resulting plot (inset in Fig. 5) seems to indicate
a possible saturation occurring at GL content not
yet investigated. The relatively large threshold and
saturation values for the GL concentration (com-
pared to the ones reported in the mentioned works)
suggest a weak interaction between the filler par-
ticles inside the matrices, probably due to a good
dispersion triggered by the high porosity of the host
material [93]. The reduced surface area and pores
volume lead, obviously, to a reduced adsorption ca-
pacity, as measured in [70]. However, it is worth to
note that the increase of 5 order of magnitudes in
the dc electrical conductivity from MGL-1 to MGL-
4 corresponds to a decrease in the Ar adsorption/
desorption isotherms of only 30%; furthermore, the
Ar adsorption reduction from HKUST-1 (which,
from the electrical point of view is basically insulat-
ing) is of a factor 3—4. These remarks prove that the
class of composites of Cu-based MOF and GL lay-
ers developed in our work, exhibits an enormous in-
crease of dc electrical conductivity with only slight
reduction in the porosity and adsorption properties.

In addition to what reported, we would like to
mention some preliminary studies that reveal how
our GL samples are of potential interest for future
technological different applications.

Eurasian Chemico-Technological Journal 18 (2016) 263-274



Roberto Di Capua et al. 271

1074 10° ¢
10°1 107 .
'TE »
— 1074 @1 0
= ] 5] 10° .
w 10" 4 . ®
6 ] 0 20 40 B0 B0 100
10'9_: GL content [wt. %] *
107 *
10 HKUST-I' o <3x10° Sm®
I\ Sl

—r
0 5 10 15 20 25 30 35 40
GL content [wt.%]

Fig. 5. (color online) electrical conductivity of HKUST-1
(blue), MGL composites (green), and GL (black).
(adapted from [70]).

We studied the possibility to realize biocom-
patible and conductive interfaces for bioelectron-
ics applications by an efficient interfacing of two
materials featuring z-7 systems, namely the human
pigment eumelanin (EU) [96] and GL layers. The
hybrid material (EUGL) exhibited adhesion, water
stability, biocompatibility towards stem cells and
microglia cells [97]. Comparative AFM inspection
of the morphologies of EU, GL and EUGL thin
films indicates a consistent modification induced
by EU to the GL self-assembling. The hybrid film
has locally a more granular surface compared to
the EU film. EUGL showed strongly improved dc
electrical conductivity (more than four orders of
magnitude) with respect to the pure pigment due to
the presence of embedded GL layers, which could
be a key feature in view of biosensing applications.
A time-decay of dc electrical conductivity in the
eumelanin and hybrid samples was also detected
(while this phenomenon is absent in the GL film).
On both EU and EUGL samples, such decay seems
to be composed by two contributions, exhibiting
two different time scales and different quantitative
amounts. This double time-scale decay suggests
the presence of a double contribution to the elec-
trical transport in both eumelanin and EUGL sam-
ple: ionic and electronic. In the GL film the ionic
transport (as well a huge trapping of electrons) is
missing [97].

Finally, GL layers have been also used to pre-
pare composites with TiO, nanoparticles by liquid
phase deposition. The photocatalytic activity of the
TiO,/GL composites has been tested for the selec-
tive conversion of 3-pyridine methanol to 3-pyri-
dine carboxyaldehyde and nicotinic acid (vitamin
B3), under de-aerated and UV/solar simulated con-

ditions, in the presence of cupric ions. Two differ-
ent composite morphologies have been explored
and a dependence of the photocatalytic activity has
been assessed, revealing an enhanced photocatalyt-
ic activity, with respect to the neat TiO,, attributed
to the broader variety of stable free-radical species
generated, at a given photocatalyst morphology,
within the delocalized z-electron systems [98]. The
antibacterial properties of GL layers also open new
possibilities in their exploitation for the fabrication
of new biocompatible materials [99].

3. Conclusions

We developed a two-step method for produc-
ing graphene-like materials, with some advantages
over the conventional method based on graphite
oxidation and reduction:

1) graphene-like layers were produced in mild
conditions with high yields without the use of hy-
drazine vapor for the restoring of the graphitic net-
work;

2) all procedures are performed in aqueous envi-
ronments, which is environmentally advantageous
and highly compatible to an industrial scale-up
process.

Our approach provides capability for manipulat-
ing the physical properties of thin films. In particu-
lar, we demonstrated, though combined zeta-poten-
tial and AFM measurements, that the quality and
the features of the produced self-assembled films
are strongly affected by the pH of the water suspen-
sion from which the films themselves are prepared.
The observed morphologic differences are con-
sistent with the interactions features expected for
surfaces having different hydrophilic character as
a consequence of a different amount of deprotona-
tion of carboxylic groups: the observation of grains
or of flat surfaces can be easily understood in terms
of consequent surface tension (macroscopic point
of view) or, equivalently, in terms of microscop-
ic interaction between the fundamental units in the
water suspension (in particular, related to the car-
boxylic groups on the film surface).

The graphene-like layers are promising con-
stituents for composite materials. In particular, we
explored their incorporation in MOF structures.
Thus, we produced and characterized a new class
of copper-based-MOF/graphene-like composites,
starting from the HKUST-1 metal-organic frame-
work and by varying the graphene-like loading.
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 GL does not interfere with the HKUST-1

Eurasian Chemico-Technological Journal 18 (2016) 263-274



272

Graphene-Like Layers from Unconventional Carbon Sources: New Perspectives on Hybrid Materials

crystal growing. The incorporation of GL intro-
duces 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 GL
content. The tunable conductivity and the new po-
rosity distribution arising by graphene-like incor-
poration, together with high specific surface area
of the composites, can impart new properties to the
pristine HKUST-1. The realization of further pos-
sible composites with other materials (such as TiO,
nanoparticles and eumelanin) for different applica-
tions (catalysis and biosensing) is also a realistic
option.
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