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Abstract

A wide range of carbon allotropes exists, each with
different properties and characteristics that make them
appealing for various practical applications. In this
brief review, our work on carbon-based nanomaterials
is presented. Particular attention is given to hybrid
materials, characterized by a simultaneous growth
of different carbon allotropes, which in turn allows
to integrate the often-complementary properties
of each one in the same material. Using chemical
vapour deposition (CVD) as a basis, the synthesis
conditions, properties, and potential applications of
these hybrids are described. Additionally, ongoing
work on other carbon materials, such as CVD-grown
and laser-induced graphene is presented.

Keywords: CVD; Nanocarbons; Carbon Hybrids;
Nanocrystalline diamond; Graphene; Sensors.

1. Introduction

The possibility of synthesizing diamond from a
gas mixture using the chemical vapour deposition
(CVD) technique triggered an intense area of
research, allowing to obtain monocrystals and
a wide range of crystal sizes in the form of thin
films [1], [2]. The synthesis is generally performed
at relatively low pressures and temperatures,
prompting the production of multifunctional films
(from nanocrystalline to microcrystalline diamond)
by tuning the growth parameters towards a specific
application. The purely covalent nature of diamond,
along with its strong atomic structure and low mass
density, offers excellent mechanical properties [3].

Exploring these characteristics was the original
motivation behind the work performed by our group,
focusing on the synthesis of diamond films towards
a wide range of applications. Some examples are:
i) highly adherent CVD diamond coatings on Si3N4
based materials [4]-[7]; ii)) CVD diamond deposition
on steel substrates using suitable interlayers [8],
[9]; iii) cutting tools made of free-standing thick
diamond plates brazed to hard metal inserts [10],
[11]; and iv) CVD diamond for medical applications,
taking advantage of the chemical inertness, good
biocompatibility, and resistance to harsh cleaning
processes [12]-[15].

This knowledge, along with the existence of a
wide range of stable carbon allotropes with distinct
properties, encouraged the group to developed new
functional materials by integrating different carbon
nanostructures in the form of hybrid materials [16]—
[20]. The CVD technique, allowing the synthesis of
different allotropes by properly selecting the growth
parameters, is ideal for exploring this new approach.
Indeed, the integration of different nanocarbons in

the form of hybrids could benefit from the conjugation
of the unique properties of each allotrope. The
strong connection between the allotropes due to
the simultaneous synthesis allows to obtain specific
properties which may exceed those obtained from
just the individual contributions of each component.

In this context, the group explored the synthesis
of different hybrids, namely the integration of: i)
carbon nanotubes (CNTs) well interconnected with
nanocrystalline diamond (NCD) clusters [16]; ii)
diamond-graphite nanoplatelets (DGNPs) composed
of vertically aligned crystalline diamond nanoplatelets
as thin as 5 nm, covered by a highly conductive
nanographite coating [21]-[23]; and iii) graphene-
diamond hybrids (GDHSs), formed by highly crystalline
longitudinal few-layer graphene (FLG) sprinkled with
NCD clusters [17], [24].

More recently, the group has been dedicated to the
production of CVD graphene and also laser-induced
graphene (LIG) by the irradiation of polyimide
films with a laser (wavelengths of 10.6 ym or 355
nm), under ambient conditions [25]. Under the
laser source, the polymer graphitizes and forms a
graphene-like foam with interesting characteristics
for many applications, namely for electrodes, as a
platform to pattern piezoresistive strain sensors, and
for electrochemical biosensors.

Itis worthwhile to note that all these structures can be
integrated with other materials, namely intermetallic
oxides, envisaging a wide range of composites’
applications. Previous works [26], [27] already
explored the synergistic properties of ZnO with
carbon-based materials. Indeed, an enhancement
of the ZnO photoluminescence was observed when
nanostructures of this semiconductor were deposited
on a forest of vertically-aligned carbon nanotubes
(VACNT)[27].Also, ZnO/CNT buckypaper composites
were seen to maintain the strong luminescent
properties of the ZnO structures, while exhibiting
the electrical properties associated with the CNTs
[28]. More recently, an approach for the synthesis of
ZnO-decorated LIG samples through a direct-laser
scribing was developed, allowing the simultaneous
production of ZnO and LIG [26]. The idea is to
explore the simplicity of the fabrication process and
the interesting electrochemical and optical properties
that result from the combination of ZnO with graphene
in flexible and miniaturized devices, to develop cheap
and disposable biosensors, combining both optical
and electrochemical transducing mechanisms in the
same device.

The main goal of this paperistoreportthe development
of some multifunctional nanocarbon hybrid materials
able to be applied in specific applications.




2. Carbon synthesis by Chemical Vapour
Deposition

The broad spectrum of application possibilities
offered by carbon materials is highly dependent on
the synthesis techniques by which such materials
are obtained. Chemical Vapour Deposition (CVD)
has a long history in the context of carbon materials’
growth, with a vast amount of experience and deep
understanding of the intervening processes having
been accumulated in this field along the years [29],
[30].

The basic principle behind CVD growth is the
decomposition of a precursor followed by the
deposition of the resulting species. These processes
occur by means of chemical reactions in the vapour
phase, which can be activated by an appropriate
energy input (thermal, electromagnetic, plasma)
and may also be facilitated by catalysts. Thus, the
control of temperature, precursor and environment
chemistry, activation power, pressure, and substrate
nature are key factors for successful CVD growth.

Methane is by far the most often selected carbon
precursor, although other ones are also frequently
referred in the literature (ex.: ethanol [31], methanol
[32], acetone [33], and even tequila [34]). Hydrogen
is also commonly employed in CVD synthesis
of carbons, namely to provide chemical etching,
passivation of the growth surface, and assistance in
hydrocarbon precursor breakdown [35], [36]. Argon
and oxygen are also often used to dilute the gas
mixtures [37] and to reduce the energy barrier for
growth [38], respectively. Furthermore, the addition
of other specific gases enables in-situ doping [39],
[40].

As for the precursor breakdown, this can be enabled
by external energy sources, through, for instance,
direct exposure to a hot filament (HFCVD) [41]-[43]
or by radiative heating coming from heating elements
(TCVD) [44], [45]. The precursor breakdown can also
be achieved in a plasma (either induced by DC or
microwave) [46]—-[48], or by heating the substrate
through induction (another form of TCVD) [49], [50].

In what concerns the substrate, its choice must be
compatible with the chemical and physical conditions
of the growth process. Moreover, substrates with
very low carbon solubility are typically preferred, one
exception being the CVD growth by carbon dissolution
and consequent precipitation at the latter’s surface
[51], [52].

In CVD synthesis of carbons, the growth parameters
can be tuned to favour a specific allotrope, by
promoting a particular hybridization of the carbon
bonds.

For diamond, composed by highly stable sp®
carbon bonds, the sp2 forms are to be suppressed.
Typically, this can be achieved by decreasing the
concentration of the precursor in hydrogen super-
saturated mixtures, thus enhancing the etch rate of
the sp2 phases [53]. The main species contributing
to diamond growth are believed to be the [CH3]e
radical and C2H2 [54]. A particular case of diamond
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growth is the synthesis of nanocrystalline diamond
(NCD) [53]. Here, the small crystallite size is typically
promoted by a constant renucleation mechanism
[55], [56]. A carbon-lean precursor mixture chemistry
typically results in higher quality materials, although
growth in high hydrocarbon/hydrogen ratio mixtures
is also possible [54].

In the case of carbon nanotubes (CNTs), on the
other hand, the desired carbon bond hybridization
is sp2. Here, the synthesis process differs in that
it requires a catalyst on top of the substrate, which
is typically composed by metal particles with high
carbon solubility, such as Fe, Co, or Ni [57]. The
growth is achieved by the carbon saturation of these
particles, followed by carbon precipitation which then
results in CNTs growth. By properly selecting the
size and morphology of the catalyst particles, as well
as the rest of the CVD process parameters, CNTs
with different diameters and number of walls (either
single-wall, SWCNTs, or multi-wall, MWCNTs) and
varying morphologies can be achieved [58].

For graphene, another sp?-carbon-based allotrope,
the important aspects are the number of layers
and the nucleation density. These are controlled
by choosing an appropriate substrate, with Ni, for
example, typically resulting in multilayer graphene
films, by a growth process somewhat similar to that of
CNTs (carbon saturation and precipitation) [52]. On
Cu, on the other hand, the growth is, in principle, self-
limited, due to the fact that once the entire surface
of the substrate is covered by graphene, no further
catalytic breakdown of the precursor can occur [45].
In practice, however, secondary layers are typically
observed in CVD graphene grown on copper, with
different mechanisms having been proposed for this
effect [44], [59]-[61].

Other allotropes can be grown by CVD, such as, for
example, graphite [62]-[64], highlighting the versatility
of this synthesis technique. Moreover, by a carefully
controlled interplay between the conditions required
for the growth of each allotrope, their simultaneous
synthesis can be achieved, resulting in hybrid
carbon-based nanomaterials. The different hybrids
synthesized by our group are briefly discussed below.

3. Carbon-based hybrids

3.1. Nanocrystalline diamond/carbon nanotubes
hybrids

As stated above, the accurate control of the CVD
synthesis parameters, envisaging a given specific
carbon allotrope, is of crucial importance. This leads
to the definition of parameter windows that, for some
particular CVD techniques, can be very narrow, yet still
overlap in a way that allows simultaneous synthesis of
different carbon allotropes. Although this fact typically
represents a limitation, it also opens the possibility of
combining more than one carbon allotrope in a hybrid
approach, taking advantage of the best features in
each one. When grown simultaneously, different
carbon forms potentially develop strong chemical
links in a closely interconnected structure, especially
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if this connection takes place at the nanoscale.

Inside the parameter window for microcrystalline
diamond (MCD) grown by MPCVD, when the upper
limit for methane concentration is crossed, the new
diamond crystallites grow to much smaller sizes
[29, p. 35]. Alongside, graphitic material develops
at the grain boundaries, resulting in an sp? rich
nanostructured diamond layer, formerly regarded as
poor-quality CVD diamond [16]. Under these strict
conditions, if catalytic particles of adequate sizes and
nature are present, carbon nanotubes start to form,
and both nanocrystalline diamond and CNTs grow at
the same time.

According to the above described mechanism, hybrid
films combining NCD and CNTs were successfully
synthetized on silicon substrates using the MPCVD
technique [16]. This was accomplished by producing
an initial thin layer (~2 pm) of nanocrystalline diamond
in a setup where the Si substrate was surrounded by
millimetre-sized castiron particles. These supplied the
substrate surface with nanoparticles of Fe (it being a
wellknown catalyst element for the growth of CNTSs),
formed by both co-deposition and diffusion. During
the deposition process of the diamond layer, the Fe
nanoparticles spread uniformly throughout the surface
began to promote the nucleation and growth of CNTs,
after the methane flow was increased. This eventually
resulted in a diamond film with a surface comprising
a neuronal-like network of diamond nanocrystalline
clusters interconnected by CNTs [19], as shown if
Figure 1-a. The presence of both carbon allotropes
is evidenced by Raman spectroscopy (Figure 1-b).
Additionally, since the obtained surface exposes a
porous CNTs network, we were able to undertake an
NCD overgrowth, filling the empty spaces between
the clusters, thus embedding the CNTs structure in
an NCD matrix (Figure 2). The resulting material
resembles that of reinforced concrete, where NCD
plays the role of the cement matrix and the CNTs
correspond to the reinforcing metal bars [20]. This
structure, composed by a brittle intrinsic electrical
insulator (diamond) and a tough electrical/thermal
conductor (CNTs), evokes applications where this
combination can be useful, such as in cold cathodes,
nano- and microelectromechanical systems (NEMS/
MEMS), and sensors (gases, biochemical species,
etc.).

Figure 1. a) Scanning Electron Microscopy (SEM) micrograph of
the NCD/CNT hybrid, where the straight CNT structures define a
network connecting nanocrystalline diamond clusters. Although
the average diameter of these multiwall CNTs is some tens of
nanometres, some can get as thin as ~5 nm. The inset shows
a High Resolution Transmission Electron Microscopy (HR-TEM)
image showing one of these CNTs with 3 walls. b) UV (325 nm)
micro Raman spectrum taken from the surface of the NCD/CNT
hybrid. The assignment of diamond is well patent in the peak at
~1332 cm-1, along with the typical CNT features, the D and G
bands at ~1390 cm-1 and 1581 cm-1, respectively.

Figure 2. The hybrid surface after diamond overgrowth. CNTs can
still be seen protruding from the diamond surface and embedding
into it. The inset corresponds to a cross section view of the same
structure where CNTs, surrounded by a continuous NCD layer, are
evident.

3.2. Diamond/graphite nanoplatelets hybrids

Interfaces of crystalline diamond and graphene/
graphite have been studied theorethically before [65]—
[70], in order to gain insights into their mechanisms of
formation, stability, expected properties, and possible
applications. Some experimental studies regarding
their synthesis and fundamental properties were
also conducted [71]-[73]. NCD/graphite multilayer
structures, obtained after thermal annealing of
nanodiamond particles in vacuum, were observed
to greatly influence the electric conductivity and field
electron emission characteristics of these structures
[71]. Hence, this class of hybrids is interesting for
applications in micro and nanoelectronics [71], [72].
Recently, diamond/graphite hybrids were employed
as electrodes for trace-level detection of heavy
metal ions, providing low background currents and
detection limit, as well as good sensor linearity within
the 10 ppb to 1 ppm range [73].




The proper combination of nanographite and
nanodiamond allotropes in a hybrid could unite
important physico-chemical properties, such as
mechanical strength and electrical conductivity,
whilst retaining chemical stability and biocompatibility
in a wide range of conditions generally attributed to
both allotropes. A particularly interesting morphology
of these hybrids synthesized by our group are the
diamond-graphite nanoplatelets (DGNP), which can
be obtained via high temperature (> 1000 °C) MPCVD
in a single-step procedure, using appropriate growth
parameteres without the need of catalysts [20]-[23].

SEM images of the DGNP hybrids (Figure 3-a) depict
a porous-like structure defined by nearly vertically-
aligned nanoplatelets. The platelets are about 100
nm thick, with lengths of about 1-2 ym, having walls
and top edges covered with irregular, non-faceted
particulates. Transmission Electron Microscopy (TEM)
observations (Figure 3-b — d) clarify the allotrope
arrangement in the DGNP, which is composed of
a thin (<10 nm) inner diamond platelet covered by
nanographite grains. The presence of both allotropes
was also confirmed via Raman spectroscopy [20]-
[22]. Hence, nanodiamond acts as a mechanically
strong and chemically stable template onto which
the nanographite can be formed, providing electrical
conductivity to the hybrid. Interestingly, it has been
shown that the addition of N, to the H,/CH, growth
chemistry greatly increases the DGNP film electrical
conductivity (by more than one order of magnitude),
associated to a better crystallinity degree of the

nanographite phase, while also promoting the vertical
growth of the platelets [22].

These materials have been studied in a wide range
of applications with promising results regarding
their multifunctionality. The preferential vertical
alignment and particular arrangement of the sp?
and sp® carbon allotropes of the DGNPs presents
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two main advantages compared to smooth films,
namely a much higher surface area and sharp edges.
Vertically-aligned nanocarbons, in general, are of
interest for electrochemistry, as, for example, bio-
analytical surfaces [74] or enzyme-free amperometric
biosensors for glucose and dopamine [75], [76].
Similar arguments led to the widespread application
of vertically-aligned nanocarbons in field emission
studies, given that the ridge geometry is known to
lower the turn-on electrical fields for electron ejection
to vacuum [77], [78]. Another application area where
this material can play an important role is heat
management. In particular, our group has shown that
DGNP coatings improve heat dissipation compared to
smooth nanodiamond, enhancing the heat flux from
heated surfaces under natural convection-governed
conditions [21]. This effect is expected to be more
pronounced in forced convection conditions due to
added turbulence on the high aspect ratio DGNPs.
Hence, the morphostructural aspects of these
hybrids, combined with their low production cost,
thickness, and weight, are conceptually appealing
to be employed as heat dissipators in miniaturized,
high-power density devices such as computer chips.
Taking advantage of the conductivity provided by
nanographite, DGNP are shown to be an interesting
alternative in the field of biomedical applications
(Figure 4). Indeed, the DGNP films provide a high
degree of bhiocompatibility concerning eukaryotic
preosteoblastic cells [22] (see viability in Figure
4-a, at the bottom). Furthermore, the films’ electric
characteristics allow to build simple prototypes to
induce morphological and functional alterations
in cells, such as induced differentiation as well as
increased proliferation and metabolic activity (see
proliferation and metabolic activity (MTT) in Figure
5-a, at the bottom), thus constituting an interesting
platform for tissue regeneration and growth purposes
[22].

Figure 3. a) SEM micrographs of DGNP thin films. b) Low energy region of the electron energy loss spectra acquired from a nanographite
(green) and nanodiamond (blue) sites. Energy windows are adequately chosen to form the energy-filtered images of c) and d), where the
brighter contrast identifies nanographite and nanodiamond, respectively.
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DGNPs have also shown an interesting
electrochemical response, particularly concerning
stability, reproducibility and fast faradaic electron
transfer rates (faster than other carbons in the
literature, such as some types of CNTs, glassy
carbon, and graphene) [23]. Using the biotin-avidin
affinity pair, biotin-functionalized DGNP electrodes
are able to quantify avidin molecules at nM levels

(Figure 4-b, at the bottom) using electron impedance
spectroscopy (EIS, see Figure 4-b, at the top).
Although several aspects can be further optimized,
the results are encouraging regarding the fabrication
of simple and efficient electrochemical biosensors for
the point-of-care detection of several analytes, from
cancer biomarkers to biological cells [23].

Figure 4. Biomedical applications of DGNP films. a) Top: SEM micrograph of a murine MC3T3-E1 preosteoblast (mouse bone-
forming cell) adhered to DGNP substrates. Bottom: MC3T3-E1 cell viability, proliferation and metabolic activity calculated via MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) test, expressed as function of percentage of control (standard cell culture
plates). The cells were cultured on DGNP substrates with and without application of DC periodic stimuli.

b) Top: EIS spectra of biotin-functionalized DGNP electrodes after incubation in solutions of different concentrations of avidin in

phosphate buffer saline. Bottom: From the EIS spectra, charge transfer resistances (RCT) values can be extracted and used to produce
the calibration curve (at green), which clearly differentiates from control samples after incubation in avidin solutions.

3.3. Graphene/diamond hybrids

Catalytic graphene synthesis on copper substrates is
one of the most successful routes to produce high-
quality single layer graphene films [79]-[81]. In the
pursuit of a way to promote a faster alternative to
conventional thermal CVD, our group tried to explore
the high efficiency in the dissociation of gaseous
species in the plasma of the MPCVD technique. This
improved efficiency in creating highly reactive carbon
radical species was also expected to allow for a
decrease in the substrate temperature. However, the
first attempts revealed that it was still necessary to
have the copper substrates close to the melting point,
at around 1000 °C, to be able to deposit graphene
by this technique. More interestingly, in certain
conditions, we found that besides the multilayer
graphene films that can be obtained by this technique
[82], [83] with very short growth times in the minute
range, nanocrystalline diamond clusters appeared
sprinkled all over the surface of the sample [17].
These clusters are dome-like structures of diamond
that, with increasing growth time, evolve into flower-
like clusters with diamond petals (Figure 5-a). The
linkage between these cluster and graphene was
found to be a strong covalent bonding between the

sp2 multilayer graphene films and the sp3 diamond
clusters, as can be observed in the TEM micrograph
in Figure 5-b. Micro Raman spectroscopy allows for
the specific identification and characterization of the
two allotropic phases, with graphene exhibiting strong
G and 2D peaks, as well as a non-negligible D peak,
associated to disorder and defects (Figure 5-c). In
this case, due to the narrow FWHM of the bands, that
should increase with disorder, we believe that the fact
that the hybrid is formed in a highly reactive hydrogen
plasma induces a certain degree of hydrogenation
of the sp2 phase of this hybrid. These hydrogen
plasma conditions are also what contributes to the
simultaneous growth of diamond with graphene. In
terms of applications for this material, we explored
its potential use as cold-cathode field emitter [24].
Diamond has a negative electron affinity [84], which
makes it a good candidate for electron emission
under an applied electric field. However, due to its
poor electrical conduction properties, charge injection
is a challenge. So, to supress this hindrance, the
covalently bound graphene should allow a good
charge transfer to the diamond clusters, while the
latter would act as the electrode emitters. To better
control the density of diamond without increasing




too much the number of graphene layers, a pulsed
methane deposition was explored. As sp3 carbon
bonds are more stable to the etching produced by
the hydrogen radicals during growth than their sp2
counterparts [29, p. 59], [85], by controlling the
methane to hydrogen ratio it is possible to tune
the etching or growth of graphene. Thus, diamond
growth is promoted in hydrogen-rich atmospheres,
while graphene is etched in the same conditions. So,

a phased growth with alternating periods with and
without methane flow allows the growth of diamond
clusters without the formation of graphite. The field
emission properties of these hybrids were explored for
different cluster sizes and densities and it was found
that, by fitting the emission with a Fowler—Nordheim
relationship, there were two emission mechanisms:
one from the diamond cluster and another from the
edges and defects of the underlying graphene film.

Figure 5. a) Raman spectra of the graphene/diamond hybrids (GDH). Red represents the spectrum over a diamond cluster, with some
contribution from the underlying graphene while green is a spectrum from the graphene sheet. b) TEM micrographs of the hybrids, with
a detailed region showing epitaxy between the diamond (111) planes and graphene basal plane. c) SEM micrographs of a hybrid film
over copper with the diamond clusters sprinkled over the graphene. The inset shows the structure of a cluster after a long deposition run.

4. Other carbon-based materials

4.1 CVD Graphene

Graphene, a single-atom-thick sheet of sp2-bonded
carbon atoms arranged in a honeycomb pattern [86],
is known for its wide range of outstanding properties
and characteristics, from extremely high electron
mobility [81], [87] and impressive thermal conductivity
[88], to a large Young’s modulus and intrinsic tensile
strength [89].

This material has been playing an important role
in our group’s research efforts for the last several
years. CVD is the employed technique for the
growth of graphene, building on our experience in
CVD synthesis of carbon-based nanomaterials. The
growth is performed on copper substrates which act
as a catalyst, at temperatures close to its melting
point. The heating of the substrate can be achieved
by means of a plasma, resistive heating, or induction.
Atypical CVD growth process of graphene consists of

a controlled heating stage, followed by an annealing
of the substrate (typically in a reducing atmosphere)
to clean its surface and promote grain reorientation
and growth, with a subsequent growth stage in which
the carbon precursor is introduced into the reactor,
and finished with a cooling stage which can either be
fast or controlled [44].

Regarding the synthesis process itself, we have
focused on optimising the process parameters. In
particular, attention was given to the treatment of the
substrate, which led to a low graphene nucleation
density and, consequently, millimetre-sized large
single-crystal domains (Figure 6).

The application of CVD grown graphene in a wide
range of devices has been an important focal point
of our group’s research. Suspended graphene
membranes have been employed for the transduction
of acoustic waves into an electrical signal in graphene-
based microphones. The use of CVD graphene for
fast and broadband third-harmonic generation is




also being explored, as are impedimetric biosensors
using CVD graphene as a sensing platform.

In summary, the unique properties of graphene make
it a highly attractive material for a wide spectrum of

applications, with CVD synthesis being a particularly
useful tool for the development of these applications,
thanks to its ability to grow high quality graphene in
fairly large quantities.

Figure 6. a) SEM image and b) Raman spectrum of CVD graphene on a copper substrate, showing millimetre-sized hexagonal graphene

domains and a spectrum typical of single-layer graphene.

4.2 Laser-Induced Graphene

In many applications, non-pristine graphene-
based materials are interesting, either because of
characteristics conferred by the presence of defects,
such as hydrophilicity due to a high degree of
oxidation of the material, or by the ease of production
and ability to directly pattern a device onto a
substrate. Historically, the majority of such materials
are chemically exfoliated graphene oxides (GO), that
may or may not be reduced to form a less defective
reduced graphene oxide (rGO) [90]-[93]. However,
there is an alternative method to produce graphene

foams with properties similar to rGO that relies simply
on the irradiation of an organic material with a laser.
This material, known as Laser-Induced Graphene
(LIG) can be produced using a wide range of laser
sources and relies on the rapid heating of a polymer,
usually polyimide, and subsequent release of gases
trough the dissociation of its molecular bonds and

formation of a localized plasma at the surface of
the polymer [25], [94]. This quick release creates a
porous network (Figure 7-a) of multilayer graphene
sheets with a low oxygen content, similarly to rGO,
as can be attested by Raman spectroscopy in Figure
7-b. The ability to pattern virtually any geometry
of a conductive graphene foam over an insulating
platform hints at the large potential of this technique in
the production of sensors. Traditionally, this material
is produced using a CO2 laser (10600 nm), but our
group showed that it is possible to produce LIG with
a 355 nm laser, with higher resolution and lower
depth of penetration into the polymer [25]. With this
material we produced piezoresistive strain gauges
and explored their applications in health monitoring,
namely on the detection of the arterial pressure
waveform (Figure 7-c). Some of the ongoing works
are focused on the usage of LIG as a platform for
electrochemical biosensors.

Figure 7. a) Raman spectra
of LIG produced in Kapton
with different thicknesses,
showing an independence
of the substrate thickness
to the quality of the produce
foam. b) Arterial pressure
wave as measured by aLIG
strain gauge at the carotid.
c) SEM micrographs of a
LIG stripe over Kapton.
The last figure is a cross
section image showing the
short penetration length.




5. Conclusion

The large variety of carbon-based allotropes, with
different properties and characteristics, allows to
explore them for a wide range of applications. But
perhaps more interestingly, the ability to synthesize
hybrids based on a close interplay between these
allotropes expands the possibilities offered by carbon
nanomaterials,throughcombinationofcomplementary
properties of the different phases. In this brief review,
our work on carbon-based nanomaterials, with a
particular focus on hybrids, has been presented,
along with the conditions and underlying processes
inherent to their synthesis, their properties, and their
potential applications. In particular, the importance of
chemical vapour deposition as a versatile synthesis
technique that allows for an overlap between the
growth conditions’ windows for each allotrope has
been highlighted. Moreover, ongoing work on other
novel carbon materials, such as CVD-grown and
laser-induced graphene has been presented. Thus,
and on the basis of the results shown here, it is our
belief that this field continues to offer a lot to explore,
from growth studies to practical applications.
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