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PRIX DE CHIMIE APPLIQUÉE
À l’initiative de la Société de Chimie Industrielle Branche Belge, asbl désormais dissoute
dont le capital a été transféré au F.R.S.-FNRS, le Fonds de la Recherche Scientifique-FNRS
décerne, tous les deux ans, depuis 2010, le Prix de Chimie appliquée.
Ce Prix vise à récompenser une thèse de doctorat portant sur de nouveaux concepts
et/ou applications dans le domaine des industries chimiques.

Le Prix de Chimie Appliquée 2018 est attribué à :

Claudia STRUZZI
Docteur en chimie – UMONS
Master en physique – Sapienza University of Rome, Italy
Chercheuse Postdoctorale – Lund University, Sweden
pour son travail :
Spectromicroscopy investigation of plasma fluorinated carbon nanomaterials for gas
sensing application.
In this PhD Thesis, plasma functionalization was proposed as a valid solution to prompt
the grafting of fluorine functionalities that are characterized by thermal stability under
vacuum and by limited ageing effect under ambient conditions. The fluorination of
carbon nanostructures using various fluorine-based precursor gases was studied. A
combination of multiple spectroscopy and microscopy techniques was employed for a
detailed analysis of the fluorinated samples, in particular the use of advanced
synchrotron-based techniques was fundamental for a thorough investigation of the
electronic properties with high energy resolution. Subsequently, plasma fluorinated
carbon nanostructures were tested as sensing platforms: the stability and the
responsiveness towards low concentrations of selected pollutants (NO 2 and NH3 in the
ppm range) were demonstrated under variable experimental conditions, as different
humidity levels and diverse geometry of the sensing layers. This PhD work proves that
fluorinated carbon nanotubes and graphene are promising materials for the engineering
of chemical sensors due to their surface area per unit volume, leading to a high
adsorption capacity, and to the improved hydrophobicity of the fluorinated sites that
can reduce the sensor moisture cross-sensitivity.
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UMONS

Spectromicroscopy investigation of plasma fluorinated carbon
nanomaterials for gas sensing application.
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Spectromicroscopy

investigation

of

plasma fluorinated carbon nanomaterials
for gas sensing application
Over the last decades, the astonishing properties of carbon nanomaterials attracted
scientific interest and efforts to improve their potential were made. The unique
electrical, optical and mechanical properties encouraged the continuous research
breakthroughs, hence accelerating the commercialisation process. To meet the specific
requirements demanded by an application or expand their use to different areas such
as opto-electronics and photonics, the carbon nanomaterials are often modified using
different functionalization strategies. Among the various functionalization methods
available to date, plasma technologies enable a fast and reliable process for the
chemical functionalization of carbon nanomaterials widening the potential of
innovative

two-dimensional

structures.

A

key

advantage

of

using

plasma

functionalization is the possibility to functionalize surfaces after their integration in a
device. Fluorine-based plasma represents a promising solution for engineering carbon
systems, it is therefore essential to understand the fluorination mechanism and the
subsequent perturbation of the carbon lattice. The investigation of this post-synthesis
engineering route is highly demanded to shed light on the modification of electronic
properties and structure of fluorinated carbon nanomaterials, being of large interest
due to the broad spectrum of application fields embraced.
This doctoral work represents a multi-disciplinary investigation allowing a broad and
deep understanding of the fluorination mechanism, of the controlled covalent
modification of carbon nanotubes and graphene chemistries as well as of the gas
sensing performance of these materials. For the fundamental study, advanced
spectroscopy, microscopy and spectromicroscopy techniques were used, culminating
with an acquired knowledge in the practical realization and operation of gas sensing
devices.
Three key objectives of the PhD Thesis are reported with a description of the results
achieved during the doctoral work.
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Understanding and optimizing the fluorination of carbon nanomaterials
The fluorination of carbon nanostructures was obtained using a plasma-based postsynthesis process to achieve a controlled fluorination that is stable with time and in
ambient condition. The study was performed to establish whether the fluorination
introduces irreversible ion-induced defects or if it promotes the grafting of fluorine
functionalities at the carbon surface. Different experimental conditions were studied to
determine the effect of the gas precursor and the influence of the ion energy in the
fluorination process
Plasma fluorination prompted the grafting of fluorine functionalities at the carbon
nanotube surface, these functionalities are characterized by thermal stability and by
reduced ageing effect. For the graphene fluorination, the discharge had to be
confined inside the plasma source body allowing the location of the sample in a remote
position and limiting surface damage. Therefore, proper experimental conditions have
to be carefully selected especially when plasma fluorination of 2D materials, as
graphene, is envisaged. Among the critical plasma parameters, the exposure time, the
distance from the discharge and the ion energy plays a crucial role relatively to the
creation of different fluorine species and defects in the carbon lattice. From the results
obtained using various precursor gases during the plasma functionalization of graphene,
the fluorination achieved using SF6 was more effective than the fluorination via CF4
plasma due to the tendency of fluorocarbon polymerization during prolonged
treatment time in the latter case.

Investigating the modification of the structural and electronic properties of
fluorinated carbon nanomaterials
The functionalized carbon nanostructures were studied using microscopy, advanced
synchrotron-based spectroscopy and spectromicroscopy techniques leading to a
complete surface analysis. The surface chemistry, the modification of the electronic
properties and the instauration of the super-hydrophobic character in vertically aligned
carbon nanotubes were outlined after exposure to Ar:F2, CF4 and SF6 plasma. In
particular, the potentiality of advanced synchrotron-based techniques was exploited to
probe the electronic properties of the fluorinated carbon nanostructures with high
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energy resolution. Additionally, the analysis performed using a scanning photoelectron
microscope enabled the evaluation of the chemical bonding environment within a
spatial resolution of 120 nm and the analysis of the functionalization homogeneity at
individual graphene flakes. A detailed study has given insights into the fluorination of
suspended graphene and supported graphene on copper foil by assessing specific
effects: the gas precursors used and the identification of different functional groups; the
energetic ions’ role in causing impact-driven physical defects; the backscattering and
recoil process due to the presence of the supporting substrate.
Furthermore, the engineering of a band-gap energy observed in the electronic band
structure of fluorinated graphene favours a potential use in the semiconductor industry.
The opening of the band gap was obtained when fluorinating graphene grown on
iridium films, and the phenomenon was explained considering the presence of a
crystalline order in the supporting iridium metal. The role of the moiré superstructure was
established comparing it with the unchanged electronic band structure of fluorinated
graphene on copper foil. An ordered functionalization was driven by the presence of
moiré and, consequently, the regular fluorine pattern reduced the charge in the
conducting π orbitals and introduced scattering centres leading to the opening of the
band gap. Theoretical calculations have confirmed the rounding of the cone apex
and its disruption in concomitance with the appearance of the gap opening with
increasing F content.
To complete the fundamental investigation, the perturbation of the phonon modes was
also evaluated. Combining the analysis of the fragmentation of the CF 4 and SF6 in the µwave plasma discharge with the impact in the electronic band structure and the
phonon modes of the plasma fluorinated graphene, the role of the different fragmented
species in reducing the photo- hole lifetime was determined. A higher amount of defect
was observed in the Raman spectra after CF4 plasma indicating that the crystallinity of
the carbon lattice was more affected after this functionalization. In addition, a holedoping and a controlled fluorination were found when using SF6 plasma. The chemical
reactivity was observed to be linked to the number of graphene layers.
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Evaluating the use of fluorinated carbon nanostructures as active layers in
gas sensing device
Beside the fundamental investigation, the fluorinated carbon nanostructures were
integrated in gas sensing devices in order to evaluate their performance as sensing
platforms. The aim was to reduce the moisture interference during the sensing
mechanism, thanks to the achieved hydrophobicity. The sensitivity towards nitrogen
dioxide (NO2, an oxidizing gas) and ammonia (NH3, a reducing gas) was tested; the
fluorinated nanostructures revealed a sensor response to concentrations as low as 100
ppm at room temperature. The stability and the responsiveness towards low
concentration of selected pollutants (between 10 and 100 ppm of NO2 and NH3) were
demonstrated under variable experimental conditions, as different humidity levels and
diverse geometry of the sensing layers. The fluorinated nanotubes showed selectivity
towards ammonia with respect to the pristine samples and the higher adsorption
energies on the fluorinated carbon lattice was explained by the hydrogen bonding
interaction between ammonia and the fluorine atoms. The higher interaction with
ammonia was demonstrated using X-rays photoelectron spectroscopy when fluorine
atoms were present on the surface of the carbon nanostructure. The fluorinated carbon
nanostructures have shown a higher stability during gas sensing measurements in humid
condition due to the improved hydrophobic character of their surfaces. It was also
shown that the sensor response was affected by the nanotubes geometry: a higher
response was observed in the vertically aligned system with respect to the planar
dispersion of nanotubes confirming the remarkable role played by the tips in the forest.
This doctoral work represents the groundwork for future studies toward the amelioration
of carbon- based sensor performance.
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