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En palabras del mismisimo Presidente
de la Federacion de Jovenes
Investigadores de este pais, “cuando
hablamos de jovenes investigadores
en Espana, estamos hablando de
las mentes mas formadas de cada
rama del conocimiento”. Si, un
talento indudable, pero también unas
condiciones de trabajo duras, unas
expectativas de futuro muy oscuras, y
un dia a dia que tiene que apoyarse
en gran medida en una enorme
vocacion para poder sobrellevar las
dificultades. No podemos negarlo, ser
joven y dedicarse a la ciencia en este
pais es una profesion de riesgo. Y si
entendemos como “joven” el hecho de
ser menor de 40 afos ya se ve donde
esta el problema... Nos enfrentamos
a problemas como la excesiva
burocratizacion (que es de toda la
ciencia, pero que castiga mucho mas
a l@s jovenes), la falta de estabilidad
o el envejecimiento de las plantillas sin
apenas reposicion, teniendo ademas
que demostrar para ello muchisimo
a cambio de muy poco... 0 nada.
La solucion de un problema debe
comenzar irremediablemente por la
identificacion del mismo, y esto a su
vez pasa por darle visibilidad. Por lo
tanto, de nuevo, en este segundo
numero del “especial” dedicado a
jévenes que investigan en tematicas
relacionadas con el carbono, se
mostraran excelentes trabajos que
vuelven a poner de manifiesto la gran
calidad que tienen los talentos que
nacen en Espafa, y que, a pesar de
todas las dificultades, y del escaso
reconocimiento institucional y/o
gubernamental, aqui sigue habiendo
excelentes mimbres que merecen un
futuro acorde a su valia.

Asi, en el presente numero se recoge
el trabajo de la Dra. Nuria Alegret
(CIC-BiomaGUNE), donde se revisan
los ultimos avances en andamiajes
basados en nanotubos de carbono
para aplicaciones biomédicas; también
el trabajo del Dr. Adrian Barroso

(Universidad de Salamanca), que
presenta resultados de investigacion
en el campo de los catalizadores de
6xidos metdlicos soportados sobre
carbon activado; el trabajo de la Dra.
Susana Garcia (RCCS; Heriot-Watt
University, UK), donde se muestran
herramientas computacionales para
el cribado sistematico de materiales
utiles en captura de CO,; el trabajo de
la Dra. Maria Isabel Lucio (Universidad
Politécnica de Valencia), que revisa
el estado del arte de materiales de
carbono para holografia; y por ultimo,
y no menos importante, la revision de
la Dra. Cristina Martin (Universidad
Carlos Ill de Madrid), que versa sobre
nanomateriales de carbono para
aplicaciones relacionadas con la piel.

La calidad de estas contribuciones (tal
como sucedié en el niumero anterior)
es, nuevamente, un ejemplo de lo
mucho que I@s cientific@s jovenes
espafoles pueden (podemos) aportar
a cualquier campo de la ciencia y la
tecnologia y, mas en concreto, al
campo de los materiales basados en
carbono.

#materiales_de_carbono
#jovenes_investigadores
#talento

#investigacion_y ciencia

José Miguel Gonzalez
ICB-CSIC
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Abstract

Since carbon nanotubes (CNTs) or conducting
polymers (CPs) have been used in thin film for
biomedical applications, the field have required the
evolution to more real and complex matrices. 3D
structures enhance effectivity and increase ratio/
surface at the same time that provide complexity
and heterogeneity of real systems. However, the
manufacturing of structures composed of this two
outstanding materials is still a challenged due to their
poor processability. In fact, the general way to include
one or both material is based on post-processing
steps. In this review we presented conventional
method based on fiber meshes, hydrogels, porous
scaffold or post processing and non-conventional
methods highlighted by the structure formation in-situ

during the polymerization process. It is noteworthy
remark that there are not many examples of the
combination of both materials for the biomedical
field, most of the examples reported in literature are
focused in energy storage applications.

Introduction

Up to date, applications in the biomedical field has
been focused in the construction of bidimensional
materials. However, this type of planar substrates

CONVENTIONALMETHODOLOGIES

Fiber derivative scaffolds

Freeze dried scaffolds

Hydrogels scaffolds

does not provide the complexity and heterogeneity
of real systems, therefore the formation of three-
dimensional structures has turned essential for this
field. Mainly, tridimensionality enhance effectivity
and increase ratio/surface aspect at the same time
that provide complexity and heterogeneity of real
systems. "2

Particularly, tridimensionality has gain importance in
applications ranging from sensor, tissue engineering
and bioelectronics within the biomedical field. Tissue
engineering is focused on the repair or replacement
of damaged or diseased tissues with synthetic and/
or natural implants. The conductive scaffolds must
be biocompatible and reduce immune reactions of
the body. Furthermore, the material should assist
the adhesion and extension of cells while mimic
the biological environment.*-% Therefore, scaffolds
should provide suitable porosity, permeability
and mechanical stability to mimic the biological
environment.

Carbon nanotubes (CNTs) are considered 1D
nanomaterials due to their nanoscale geometry
formed by tubular and thin shape. Moreover, CNTs
possess high electrical conductivity and high ratio
weigh/strength that outstand it capabilities.*! The
manufacturing of 3D structures made uniquely of
CNTs presents many drawbacks, mainly because

NON-CONVENTIONALMETHODOLOGIES

1

Vapour Phase
Polymerization

Electro
Polymerization

Electrode-supported

Porous scaffolds scaffolds

Figure 1. Schematic representation of the two main ways for the manufacturing of different materials
composed of CNTs and CPs. Those methodologies can be divided in conventional and non-conventional

methodologies.




their poor processability. Therefore, their combination
with polymers represents a suitable option to
make them more processable while maintain or
even enhance properties such as conductivity
and biocompatibility. In this line, the polymers that
could confer these requirements are the conducting
polymers. Poly pyrrole (PPy), polyaniline (PANI) and
poly 3,4-ethylenedioxytiophene (PEDOT) are the
most used polymer in the biomedical field because
its high conductivity, biocompatibility, heterogeneity
and chemical stability. CPs poses a positive charge
when are oxidized, that is generally used for doping.
The most representative example is PEDOT doped
with polystyrene sulfonate (PSS), however it can be
substitute by other electroactive or charged species,
as carbon-based materials or biopolymers, among
others.

The number of methodologies described for hybrids
3D scaffolds made of CNTs and CPs for biomedical
applications are limited to fiber derivative methods,
freeze-dried and hydrogel-synthesis methods.
The materials that stands out are papers or fibers,
foams and hydrogels. However, there are other
non-conventional methods that engineer the CP
polymerization within the tridimensional template.
Basically, they are vapor phase polymerization (VPP)
and electropolymerization (EP) that have not been
explored in detail literature.

1. Conventional methodologies

1.1. Fiber-derivative scaffolds

Fibers are tridimensional structures ranged from
Mm to mm size. There are two main methods
for the manufacturing of meshes: paper-like
composites and electrospinning. Fibers composed
of PPy, CNTs and polyacrilonitrile (PAN) were
prepared by electrospinning and investigate its
biocompatibility with human keratinocytes in vitro.
PPy concentration modulated the electrospun fiber
and CNTs aggregates formed beads and disordered
parts along the surface of nanofibers. The role in
biocompatibility of the CNTs was studied comparing
PAN/PPy and PAN/PPy/CNT scaffolds. Besides,
both scaffolds presented good biocompatibility and
provided adhesion and proliferation of keratinocytes.
¥ PAN/PPYy/MWCNT fibers were also used to
modulate screen-printed carbon electrodes (SPCEs).
In this case, CNT-embedded PAN electrospun with
diameter above 200 nm were coated with a PPy via
vapor-phase polymerization. The device was used
for biosensing of glucose oxidase (GOX) without
redox mediator with a limit of detection of 15.51
MM and a sensitivity of 5.41 A/mM-cm?."lcopolymer
networks have been prepared sequentially by
partially curing at low temperature followed by a final
cure at high temperature. A single exothermic peak
was observed in the differential scanning calorimetry
(DSC Kobayashi et al. synthesized in a first step
polyaniline/carbon nanotube (PANI/CNT) composite
by oxidative method. Then they dispersed PANI/
CNT material in poly (N-isopropyl acrylamide-co-
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methacrylic acid) (PNIPAm-co-MAA) and spinned at
high voltage on an aluminum collector to forms three-
dimensional (3D) fiber meshes. L929 fibroblasts was
used to study the cellular response and cell viability
at 7th day. The presence of the CNT enhance the
cell viability of the scaffolds observed by calcein-
AM and PI dye concluding their high suitability for
tissue engineering applications.® On the other hand,
Nayagan and coworkers manufactured densely
paper-like scaffolds of aligned multiwalled carbon
nanotubes embedded in a flexible and biocompatible
block copolymer. The scaffold of 1 mm thickness was
implanted intramuscularly were implanted in pairs
in three locations of guinea pig’'s back, i.e. rostral,
middle, and caudal along. They demonstrated that
immobilization of multiwalled ACNTs did not incite
a significant foreign-body reaction in post-chronic
implantation. ® In a next study, they developed a
simple and economical method for making flexible
electrodes by coating polypyrrole (PPy)—multiwalled
carbon nanotube (CNT) composites on cellulose
membranes. They used this bio-batteries concept,
capable of working as dry body implants, which can
be activated by the body fuids in-vivo. Various protein
concentrations of bovine serum albumin (BSA) were
applied as electrolytes in the system. The battery can
be charged up to 35.1 hours (1.26 W h) in the protein-
containing electrolyte.[')

1.2. Freeze-dried scaffolds

Freeze-dried are a common method used for this field
due to most of the materials synthesized for biological
purposed are synthesized in water. Therefore, water
can be removed by freeze-dried/tawing cycles and
generate porous materials. MWCNT/PEDOT:PSS
with hierarchical microstructures was manufactured
by freeze-drying method forming foam-like structures.
Then, polydimethylsiloxane (PDMS) was introduced
into the MWCNT/PEDOT:PSS foam to form a self-
standing structure with thermally and electrically
conductive.l'! There are many examples based on
freeze-drying method subsequently after mixed,
however mostofthem are notapplied in the biomedical
field. As exception, PEDOT.PSS/CNT mixture
crosslinked with  glycidoxypropyltrimethoxysilane
(GOPS) to form porous scaffolds after freeze drying.
Mechanical properties, porosity, biocompatibility
and excellent conductivity rendered suitable for
biosensing and monitoring applications. Alongside
the enhancement in the electrical conductivity,
the MWCNT-modified scaffolds exhibited good
cytocompatibility and biofunctionalization (i.e.,
PLL) capability, important for biosensing and cell
attachment (i.e.,, to promote adhesion of specific
cell types). Overall, such high-performance systems
can be useful for applications where electronic
performance is particularly important, such as in
applications for tissue stimulation and electronic
implants.l'?
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1.3. Hydrogels scaffolds

Hydrogels can be synthesized via covalent
crosslinking or supramolecular interactions. This type
of materials is characterized because its softness,
insulation and swelling capability.®! Therefore,
inclusion of CNTs and CP as fillers forms composite-
like material with new properties. CNT was
physically crosslinked with N-isopropylacrylamide
(NIPAM), embedding PPy throughout an oxidative
polymerization in a post-processing step. These
hydrogels, also containing B-cyclodextrin (B-CD),
exhibit high conductivity, self-healing properties,
flexible and elastic mechanical properties and rapid
stimuli-responsive properties both to temperature
and near-infrared (NIR)-light. Moreover, cytotoxicity
test with L929 fibroblast cells and C2C12 myoblast
conclude it low toxicity. Taken together, these
multifunctional hydrogels are excellent candidates
for artificial organs.['™¥ In a third approach, oxidative
cross-linking was employed to simultaneously
include catechol-functionalized hyaluronic acid (HA-
CA) with PPy and CNT to forms three-dimensional
gels. This gels promote differentiation of human
neural stem/progenitor cells (hNNSPCs) and improve
electrophysiological functionality compared to HA—
CA hydrogel cells differentiated. The results suggest
formation of mechanism for stem cell neurogenesis
and pointed out as promising cell-culture platform for
neuronal regeneration.'4

2. Non-conventional methodologies

2.1. Vapour phase polymerization

Vapor phase polymerization (VPP) of CPs was
developed at the earliest of 2000 and is generally
employed for the manufacturing of CP-thin films. As
well as polymerization in solution, VPP is a chemical
oxidative polymerization that use iron reagents.
However, this technique presents limitation within the
manufacturing of 3D structures due to the formation
of oligomers that presents low reticulation degree
and low mechanical properties. Hence, the use
of nanocomposites is an alternative approach to
form 3D structures. For example, 3D PEDOT-SIO,
porous structure were synthesized via vapour phase
polymerized in situ using polystyrene microparticles
as template.'™ Besides SiO2, polyurethane
fabricated sequentially gas foaming and vapor phase
polymerization methods produce 3D flexible foams
with biocompatibility evaluated by MC3T3-E1 cell
culture along 7 days.!"®

Inafirstwork carried outin ourlab, VPP was modulated
in order to obtain three-dimensional PPy/CNT
scaffolds for neural prostheses candidate. Crystal
sugar grains were used as sacrificial template which,
in comparision with other proogens, sugar crystal
grain are high friendly with biological applications.
VPP method is very versatile as morphology,
composition, porosity, mechanical properties and
shape can be easily modulated throughout the
reaction conditions. The composition, porosity and
electrical conductivity confer C8-D1A astrocytic cell

biocompatibility after 6 days of incubation.['? Apart
from PPy, the PEDOT polymerization is challenged
because the polymerization rate and oligomerization.
Proof of this, PEDOT scaffolds without CNT were not
manufacture because collapsed easily. The presence
of CNT gives more stability to the structure while very
soft mechanical properties with Young’'s modulus
ranged between 20 and 50 kPa. Scaffolds presented
good biocompatibility at 3-6 days of C8-D1A astrocyte
and very high cell attachment.["®

2.2. Electrochemical polymerization

While VPP requires the action of an oxidantfor PEDOT
polymerization, electropolymerization (EP) require
an electrical input to perform the polymerization. EP
provides several advantages vs chemical methods
as: it is faster, controlable, does not require toxic
oxidant and doping can be modulated. The addition of
the CNTs within the reaction can produce nucleation
processes in the electrode assisting the formation
of 3D structures. Therefore, template agents can be
added to allow polymerization along the interstices.
In our lab, we manufacture large 3D PEDOT/CNT
scaffolds using this technique. From the best of our
knowledge, we have manufacture by first time real
3D structures thicker than 1mm of height. Besides,
the role of CNTs during the polymerization observed
by SEM as well as in the impact in the conductivity.
SH-SYS5Y cells were culture on the scaffolds during
3 and 7 days. The in vitro analyses suggest the
differentiation into neuronal cells due to the presence
of B-tubulin class Il and MAP-II target proteins
mainly expresses in neurons.' This technique is
very modulable thanks to different monomers can be
used. In the same manner, we developed different
scaffolds of copolymerization with a bi-functional
EDOT (bisPEDOT) monomer forming PEDOT-
co-bisPEDOT scaffolds. Moreover, due to the
copolymerization rates, composition, porosity and
thickness of the material was modulated. As well, the
electrochemical performance changed between the
different percentages of the scaffolds.?”

3. Conclusion and future perspectives

The combination of CNTs and conjugated polymers
into 3D scaffolds have demonstrated to improve the
resulting hybrid behavior in terms of conductivity
and mechanophysical properties and, at the same
time, produce new properties such as increased
thermal characteristics. The synergy of CNT and
CP strengthens the nanocomposites, creating new
generation of devices with unique capabilities and
ease to tune their properties in a reproducible manner.

In our experience, we have overcome the low
processability and dispersibility of both materials,
CNT and CPs, developing new strategies to obtain
a good homogeneity and mixed structures, thus
yielding novel and advanced hybrid composites
with an excellent symbiosis between the properties
provided by each of the conductive materials.
Furthermore, they have huge potential for up-scaling




and industrialization in numerous applications.

The brilliant interface between CNT and neuronal
networks, together with their inherent conductivity,
large surface area and functionalization ability,
have placed them as one of the most promising
nanomaterials with great potential for engineering
of constructs to promote the growth of electroactive
tissues. More specifically, the ability of CNTs to
change the electrical properties of neurons makes
them great candidates for novel tissue engineering
of other electroactive cells, in particular, of myocyte
cells, that have not yet been fully exploited. In
particular, CNT/CP hybrids may yield mainstream
technologies that require stretchable, self-healing,
wearable and waterproof electronic devices in the
near future, for multifunctional supercapacitors with
an extremely long lifespan. On the other hand, 3D
printing of carbon nanomaterials has not been
explored yet, being this one of the pending paths in
3D biomedical technologies. 2"

Overall, the large list of combinations and approaches
to fabricate new conductive CNT/CP-containing
hybrid materials is increasing exponentially every
day. However, above all, the challenge is to find
an outstanding combination of one of the CNT with
a CP in a determined architecture for each specific
combination. The possibilities are almost infinite and,
therefore, the game has only just begun.
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Abstract

The present work is aimed at unveiling the evolution
and changes undergone by the surface chemistry
of a carbon support, with special attention to the
oxygen-containing functionalities, during the different
steps involved in the preparation of activated carbon
(AC)-metal oxide (MO) catalysts by the conventional
wet impregnation method. For such an aim, three
series of catalyst samples have been prepared
by impregnation of a commercial AC (Merck) with
Fe(NO,), and Zn(NQO,), aqueous solutions at 80 °C
for 5 h, followed by oven-drying at 120 °C for 24
h, and then heat treatment at 200 or 850 °C for 2
h under inert atmosphere. Both the raw AC and the
resulting samples were characterised in terms of
their surface chemistry by FT-IR spectroscopy and
measurement of pH of the point of zero charge.
Chromene, pyrone, and ether type structures are
by far dominant in the AC surface. The hydrolysis of
Fe3* and Zn* cations markedly influences the pH of
the impregnation solution and thereby the oxidation
of surface functional groups and structures of AC by
the nitrate ion present in such solutions. Thus, the
degree of oxidation is larger for the Fe** aqueous
solution than for that of Zn?*. During the impregnation
step, phenolic hydroxyl or carboxylic acid groups as
well as C-O-M bonds are usually formed on the AC
surface by oxidation of chromene, 2-pyrone, and
ether-type structures. Concerning the heat-treated
samples, chemical changes are much stronger for
the catalysts prepared at 850 °C as compared to
those obtained at 200 °C. At the higher temperature,
carboxylic acid groups, 4-pyrone, metal carboxylate
structures, and C-O-M atomic groupings are formed.

Resumen

El presente trabajo tiene como objetivo desvelar
la evolucion y los cambios experimentados por la
quimica superficial de un soporte carbonoso, con
especial atencion a las funcionalidades oxigenadas,
durante las diferentes etapas implicadas en la
preparacién de catalizadores carbon activado

(AC)-6xido metdlico (MO) mediante el método
de impregnacion humeda convencional. Para
este propésito, tres series de catalizadores se
han preparado mediante impregnacion de un AC
comercial (Merck) con disoluciones acuosas de
Fe(NO,), y Zn(NO,), a 80 °C durante 5 h, seguida
de secado en estufa a 120 °C durante 24 h y, por
ultimo, tratamiento térmico a 200 o 850 °C durante
2 h bajo atmodsfera inerte. Tanto el AC de partida
como las muestras resultantes fueron caracterizadas
en términos de su quimica superficial mediante
espectroscopia FT-IR y medida del pH del punto de
carga cero. La superficie del AC esta dominada por
estructuras tipo cromeno, pirona y éter. La hidrdlisis
de los cationes Fe** y Zn?' influye decisivamente
sobre el pH de la disolucion de impregnacion y, en
consecuencia, sobre la oxidacion de los grupos
funcionales y estructuras superficiales del AC por
el ion nitrato presente en tales disoluciones. Asi,
el grado de oxidacion es mayor para la disolucion
acuosa de Fe® que para la de Zn?. Grupos
hidroxilo fendlico y acido carboxilico, asi como
enlaces C-O-M, se forman sobre la superficie del
AC durante la etapa de impregnacién por oxidacion
de estructuras tipo cromeno, 2-pirona y éter. En
cuanto a las muestras tratadas térmicamente, los
cambios quimicos son mucho mas intensos para los
catalizadores preparados a 850 °C en comparacion
con los obtenidos a 200 °C. A la maxima temperatura
de tratamiento se forman grupos acido carboxilico,
4-pirona, estructuras de carboxilatos metalicos y
grupos atomicos C-O-M.

1. Introduction

Activated carbon (AC, hereafter) is a porous carbon
material widely employed not only as adsorbent but
also as catalyst and catalyst support [1-3]. Such
an extensive use chiefly arises from its unique and
excellent properties, among which the high specific
surface area, tunable porous structure, and very rich
surface chemistry are worth mentioning. Concerning
this latter, a number of works have revealed the
pivotal role played by the surface chemical features
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of AC in catalytic processes due to its broadly
varied reactivity, thus governing the dispersion of
the catalytic active phase, its loading, and even the
catalytic activity and/or selectivity [4-9]. In the field of
carbon-based materials, the term “surface chemistry”
commonly refers to the chemical nature and
properties of their surface, which is essentially made
up of unpaired electrons and several heteroatoms
[10]. These latter are present in markedly different
quantities and bonded to the carbon skeleton, thus
forming a variety of surface functional groups and
structures identical to those typically described for
aromatic organic compounds [10,11]. Among the
various heteroatoms found in ACs, oxygen is by
far the most abundant and important, followed by
nitrogen and to a much lesser extent hydrogen and
phosphorus. In fact, carbon-oxygen functional groups
not only influence the surface behaviour, wettability,
or electrical, adsorptive, and catalytic properties of
ACs, but also allow tailoring and tuning the surface
chemistry for a given specific application by means
of functionalisation [12].

On the other hand, metal oxides (MO, henceforth) are
ubiquitous materials in heterogeneous catalysis due
to their redox and acid-base properties, which allow
them to take part in chemical processes involving
the exchange of electrons, protons, and oxide ions.
Therefore, a combination of AC and MO properties in
a single hybrid catalyst may render it more versatile
in catalysis processes and this redounds the number
of applications.

The present work is aimed at preparing a series of
AC-MO catalysts by conventional wet impregnation
of a commercial AC support with Fe(NO,), and
Zn(NO,), aqueous solutions under mild conditions
and subsequent heat treatment of the resulting
products at higher temperatures. Then, the as-
prepared catalysts are characterised by means of
FT-IR spectroscopy and measurement of the point
of zero charge with a view to shedding light on the
evolution and changes undergone by the surface
chemistry of the carbon support, with special attention
to the oxygen functional groups and structures, during
the set of steps involved in the preparation of the
samples (i.e., soaking, oven-drying, and calcination).
The results obtained in previous characterisation
studies of both AC and the freshly prepared AC-MO
catalysts have been previously reported elsewhere
[13-18].

2. Experimental

2.1. Materials and reagents

As received without any additional treatment, a
commercial granular AC purchased from Merck
(Darmstadt, Germany), 1.5 mm average grain size,
was employed as support. This carbon material
had been previously characterised by our research
group in terms of its elemental chemical composition,
surface chemistry, and textural features, the results
being reported elsewhere [13,14,17]an attempt is
made here to identify not only pyrone and chromene

type structures but also their isomers in a commercial
activated carbon (Merck; AC. Briefly, AC possesses
a much lower ash content (i.e., around 4.7 wt.%)
as compared to other activated carbons, and it is
an essentially microporous material (micropore
volume, 0.36 cm?®-g”'; apparent surface area, 711
m?-g”') with a noticeable contribution both of meso-
and macroporosity (mesopore volume, 0.15 cm3-g";
macropore volume, 0.21 cm®-g™).

Metal nitrates (i.e., Fe(NO,),"9H,0 and
Zn(NO,),'6H,0), which are as a rule readily soluble
in water, were selected as metal oxide precursors
and supplied by Panreac (Barcelona, Spain; reagent
grade).

2.2. Preparation of the AC-MO catalysts

Metal oxide phases were supported on the pristine
AC material by using a conventional wet impregnation
method in two successive stages, according to the
procedure previously described in detail elsewhere
[14,16]activated carbon (AC. Briefly, AC was soaked
at 80 °C for 5 h in an aqueous solution prepared by
dissolving the appropriate amount of the metal nitrate
precursor (i.e., precursor to AC mass ratio of 1:1).
Then, the resulting impregnated solids were oven-
dried at 120 °C for 24 h and finally heat-treated at
either 200 or 850 °C for 2 h under dynamic inert
atmosphere. Overall, three series of AC-MO catalysts
were obtained depending on the heating temperature
(i.e., 120, 200, and 850 °C) and therefore three
samples for each employed metal precursor (i.e.,
Fe(NO,),"9H,0 and Zn(NO,),-6H,0). These samples
have been denoted as MT, with M standing for the
initial letter of the symbol for the metal and T for the
heat treatment temperature.

2.3. Characterisation of the AC-MO catalysts

The as-prepared AC-MO catalyst samples were
characterised in terms of their surface chemical
features by means of FT-IR spectroscopy and
measurements of the pH of the point of zero charge.
These jointly provided a detailed picture of the
evolution and changes undergone by the surface
chemistry of the carbon support as a result of the
soaking, oven-drying, and heating steps involved in
the preparation of the supported catalysts.

2.3.1. Fourier-FT-IR spectroscopy

FT-IR spectra were registered for both the raw
AC support and the freshly prepared catalyst
samples by using a PerkinElmer Spectrum 100
spectrophotometer, in the wavenumber range from
4000 to 400 cm™ and averaging the data from 8
successive scans taken at 2 cm™' resolution. Prior to
acquiring these spectra, sample/KBr pellets with a
total mass of 238 mg and a sample to KBr mass ratio
of 1:1900 were prepared following the procedure
described in detail elsewhere [13]an attempt is made
here to identify not only pyrone and chromene type
structures but also their isomers in a commercial




activated carbon (Merck; AC. The spectrum for a
pure KBr pellet with approximately the same mass
as the sample pellets was recorded and employed
as background.

2.3.2. pH of the point of zero charge (pHpZ )

The pHpZC for both the AC and the supported catalysts
was measured by using the procedure proposed by
Newcombe et al [19]. In brief, a set of 0.01 mol-L"
NaCl aqueous solutions at pH of around 2, 4, 6, 8,
and 10 were prepared by adjusting these values with
either 0.1 mol-L-' HCI or NaOH aqueous solutions.
Then, the pHpZC for each sample was determined
from the plot of pH of the initial solution against pH of
the corresponding supernatant after a soaking time
of 48 h.

3. Results and discussion

3.1. Infrared analysis

The results obtained in the study of the pristine AC
employed as support by means of FT-IR spectrosco-
py have been previously discussed elsewhere [13]an
attempt is made here to identify not only pyrone and
chromene type structures but also their isomers in a
commercial activated carbon (Merck; AC, so they are
herein summarised only for the sake of comparison.
The infrared spectrum recorded for the AC is depict-
ed in Figure 1, while the main band assignments and
positions are summarised in Table 1. The most prom-
inent feature of this spectrum is the very strong band
centred at around 1720 cm™', which is ascribed to the
v(C=0) vibration of both carboxylic acid groups and
2-pyrone structures, which are involved in hydrogen
bonding. Moreover, the presence of carboxylic acid
groups in the carbon support is further evidenced
by the couple of bands registered at 1279 and 901
cm'. On the other hand, a large number of spectral
features, such as the bands and shoulders at 1657,
1636, 1249, 1024, 740, and so on, cm™', are tentative-
ly attributed to chromene and/or pyrone type struc-
tures (which are henceforth referred to as CPS in the
text). Furthermore, the band appearing at about 1024
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cm-1 is associated with ether type structures. Finally,
the total content of phenolic hydroxyl groups (C-OH)
in the AC surface is expected to be low, according to
the small absorption of infrared radiation observed at
around 1200 cm™.

The infrared spectra registered for the three catalyst
samples of FT series are plotted together in Figure
2 for comparison purposes. As compared to that
obtained for the raw AC (see Figure 1), the spectrum
of F120 displays two stronger and well-defined bands
located at 1726 and 1283 cm™, whereas the band at
1021 cm™ is markedly weaker. Accordingly, it is likely
that during the impregnation of the AC support with
the Fe®*" aqueous solution (starting pH 1.54) CPS are
oxidised as well and transformed into carboxylic acid
groups. In addition, infrared absorption decreases
in the range from 1236 to 1165 cm™ while the band
at 1112 cm™ is significantly broader and stronger,
all these spectral changes being consistent with
the presence of C-O-Fe atomic groupings. These
latter are formed by C-OH and Fe-OH condensation
reactions accompanied by water release. Also,
O, chemisorbed in the F120 sample may absorb
infrared radiation nearby 1112 cm™'. Furthermore, the
scarcely visible shoulder at around 1386 cm reveals
that the content of residual nitrate groups (NO,) is
rather low in F120.
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Figure 1. FT-IR spectrum registered for the raw AC support.

Figura 1. Espectro FT-IR registrado para el soporte AC.

Table 1. FT-IR spectrum of the AC support. Main band assignments.
Tabla 1. Espectro FT-IR del soporte AC. Asignaciones de bandas principales.

Spectral feature | Position / cm™!

Assignment®

Functional group / structure

4(C-H)

Chromene structures

Peaks 2972-2823

+(0-H)

Quinone oximes

Band 1720

v(C=0)

Carboxylic acid group,
Z2-pyrone structures

Shoulder 1657

+(C=0)

Pyrone and chromene structures,
carbonyl structures

Shoulder 1636

v(C=C)

Pyrone and chromene structures

Band 1566

vs(C=C) skeletal

Aromatic ring

v(C=C)

2-pyrone structures

Band 1279

5(0-H}+(C-0)

Carboxylic acid

vas(=C-0-C)

4H-chromene

Shoulders ca. 1249

vas(=C-0-C)

2H-chromene, 2-pyrone

Band 1024

v(=C-0-C)

Chromene, pyrone, ether structures

aAbbreviations: v, stretching; 8, bending (in-plane); as, asymmetric; s, symmetric.
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Figure 2. FT-IR spectra registered for the catalyst samples of
FT series.

Figura 2. Espectros FT-IR registrados para las muestras de
catalizador de la serie FT.

The greater intensity of the bands at 1726 and
1283 cm' for F200 than for F120 suggests that the
heat treatment of this latter sample at 200 °C for 2
h under inert atmosphere promotes the formation
of carboxylic acid groups to some extent. Similarly
to the preparation of F120, these groups are likely
generated from CPS since their total content is
lower for the F200 catalyst sample than for F120,
as revealed by the noticeably decreased intensity of
the band at 1019 cm™ observed in the F200 infrared
spectrum. In this latter, infrared radiation absorption
clearly decreases between 1232 and 1169 cm™, so
phenolic -OH groups may also be involved in the
oxidation processes. In this case, the oxidising agent
should be any chemical species remaining up-taken
after the preparation of F120, as the heat treatment of
this sample at 200 °C in the preparation of the F200
catalyst is accomplished in nitrogen atmosphere.

As most prominent modifications, the spectrum
recorded for the F850 catalyst sample displays a
couple of medium intensity bands at 1636 and 1445
cm, together with the weaker band centred at 1377
cm'. Moreover, this spectrum exhibits the band at
1125 cm™ with increased intensity in comparison to
that peaked at 1040 and 1021 cm™. In the case of
the F850 catalyst, carboxylic acid groups, 4-pyrone
structures as well as metal carboxylates could be
formed due to the heating of F120 sample at 850 °C in
inert atmosphere. Nevertheless, this heat treatment
seems to favour the formation of C-O-M atomic
groupings rather than of M-O-M atomic groupings.
In this regard, the former groups may be generated
with involvement of carboxylic acid groups, as for
metal carboxylates with unidentate coordination [20],
rather than of phenolic -C-OH groups, in view that
the absorption increases nearby 1200 cm™' for F850.
In accordance with these results, it is likely that the
main factor controlling the changes produced in the
surface chemical composition of the catalyst samples
is the reactivity of the metal oxide at high temperature.

The FT-IR spectra recorded for the catalyst samples
of the ZT series are gathered in Figure 3. As far

as the spectrum for Z120 is concerned, it displays
three shoulders at around 1657, 1636, and 743 cm™.
Moreover, the strong band located at 1024 cm-1 for
the raw AC support is absence in the spectrum for
Z120, likely because of overlapping bands. However,
the increase in the absorption of infrared radiation
observed between 1226 and 1161 cm™ is indicative of
the formation of phenolic C-OH groups from CPS as
a result of the oxidation process. Such assumption is
supported by the noticeable shift to lower frequencies
and intensity decrease for the band appearing at
1714 cm™ in the Z120 spectrum (i.e., for the carbon
support it is centred at around 1720 cm). Phenolic
C-OH groups may also transform into C-O-Zn atomic
groupings, as suggested by the development of the
strong band at 1048 cm™'. In this connection, it is also
worth highlighting that the degree of hydrolysis is
smaller for the Zn?* cation as compared to Fe®* cation,
which should render the condensation reaction of
C-OH and M-OH less likely. On the other hand, the
band centred at 1048 cm™ is also ascribable to O,
chemisorbed on the Z120 surface. In any event, from
the FT-IR spectrum registered for the Z120 sample it
becomes evident that the effect of the impregnation of
the AC with the Zn?* precursor solution on the surface
chemistry of the carbon support is less relevant than
when a Fe** aqueous solution is employed. The much
stronger band located at 1384 cm-1 for the Z120
spectrum than for its F120 counterpart reveals that
the content of residual nitrate groups is much higher
in the former catalyst sample.
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Figure 3. FT-IR spectra registered for the catalyst samples of ZT
series.

Figura 3. Espectros FT-IR registrados para las muestras de
catalizador de la serie ZT.

From the comparison of the FT-IR spectra registered
for the Z120 and Z200 catalysts, it follows that the
heat treatment of the former at 200 °C for 2 h in inert
atmosphere leads to an increased concentration of
carboxylic acid groups in the surface of the resulting
Z200 catalyst sample. Regarding the spectrum for
Z850, the presence of a large number of well-defined
bands centred at 1726, 1634, 1446, 1368, 1126,
1074, 1041, 876, and 746 cm™ is worth mentioning.




In addition, an absorption decrease is also noted
for the band peaked at 1020 cm™. Accordingly, it
becomes apparent that the heat treatment of the
oven-dried Z120 sample at 850 °C brings about
a significant development of oxygen-containing
surface groups. To sum up, from the FT-IR spectra
recorded for the couple of catalyst samples prepared
by heat treatment at 850 °C (i.e., F850 and Z850) it
is concluded that their surface chemistries are rather
similar. Furthermore, according to the relative band
intensities, the concentration of surface functional
groups and structures or atomic groupings for these
latter catalysts varies in the following order: Z850 >
F850, carboxylic acid; F850 = Z850, 4-pyrone; F850
=~ 7850, C-O-M.

3.2. pH

pzc

ThepH_, is 10.50 forthe raw AC support [14]activated
carbon (AC. As can be seen from Table 2, for the as-
prepared AC-MO catalysts it is markedly lower than
for the carbon substrate, irrespective of the metal
oxide precursor and the heat treatment temperature.
This observation is fully consistent with the increase
in the content of acidic surface groups and decrease
in the content of basic surface structures, as
previously inferred from the corresponding FT-IR
spectra. Furthermore, it is also found that the PH .
depends on the metal oxide precursor and the heat
treatment temperature. Thus, samples prepared by
impregnation with the Fe® aqueous solution exhibit
pHpZC values slightly lower than those observed for
their counterparts obtained by impregnation with the
Zn?* aqueous solution. Such variation appears to
be compatible with a greater presence of carboxylic
acid groups in samples of FT series and of phenolic
hydroxyl groups in those catalysts of ZT series.
Concerning the influence of the heat treatment
temperature, as compared to the samples oven-dried
at 120 °C pH. . first slightly increases for catalysts
prepared by heat treatment at 200 °C and then much
more sharply for those obtained by heating at 850 °C,
thus becoming close to the value measured for the
AC support. Finally, it should be noted that although
basic structures present in these latter samples must
contribute to their basic character, band intensities
associated with CPS do not directly correlate with
pH,,. values. Therefore, it is expected that other
factors, such as the concentration of carboxylic acid
groups and whether these functionalities are found as
carboxylates or not, must also influence the surface
basicity of the catalysts.

Table 2. pHpZC values measured for the raw AC support and the
as-prepared AC-MO catalyst samples.

Tabla 2. Valores de pHpZC medidos para el soporte AC y las
muestras de catalizador AC-MO preparadas

Sample | pHpze | Sample | pHpze | Sample | pHpz:
AC

Bol. Grupo Espafiol Carbén

4. Conclusions

The preparation of three series of AC-MO catalyst
samples has been carried out by means of the
conventional wet impregnation method, consisting in
three stages: (i) soaking of a commercial AC support
with Fe(NO,), and Zn(NO,), aqueous solutions at 80
°C for 5 h, (ii) oven-drying at 120 °C for 24 h, and
(iii) heat treatment at 200 or 850 °C for 2 h under
inert atmosphere. The characterisation of the surface
chemistry of the as-prepared materials by the FT-IR
spectroscopy technique allows to draw the following
main conclusions:

1. The impregnation of AC leads to the formation of
phenolic hydroxyl and/or carboxylic acid groups
as well as of C-O-M bonds to the detriment of CPS
and ether type structures found in the raw carbon
support. Accordingly, AC impregnation results
in a marked increase of the acidic character
of the carbon surface, as confirmed from pH__
measurements. C-O-M atomic groupings are
formed by condensation of AC-OH groups and
M-OH groups with water release.

. The heat treatment of the oven-dried samples
at 200 or 850 °C brings about stronger chemical
modifications when heating at the highest
temperature. For these catalysts, in general,
carboxylic acid groups, 4-pyrone groups, metal
carboxylates, and C-O-M atomic groupings are
formed.

. The chemical changes undergone by the AC
surface as a result of its impregnation with the
MO precursor solutions and subsequent oven-
drying are essentially attributed to the oxidising
action of chemical species present in these
solutions, such as the nitrate ion, or generated
during the soaking treatment. When heating at
200 or 850 °C, the chemical changes are mainly
connected with the presence in the samples
surface of chemisorbed O, and thermal effects at
high temperature.
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Abstract

Finding the optimal solid adsorbent to capture CO, for
a given source of CO, and sink (destination) of CO,
is an interesting scientific and technological question.
There are millions of materials to choose from and we
lack the capacity to synthesize and test all of them.
In this work, we show how one can computationally
screen thousands of materials and identify the
best performing ones by using process-driven key
performance indicators that are representative of
a capture process that is specifically design for a
particular CO, source and sink. As an illustration of
the methodology, we use as an example the capture
of CO, from a waste-to-energy power plant.

Introduction

There is an urgent global effort to harness the
momentum of the Paris Agreement and to limit global
warming to well below 2 °C compared to pre-industrial
levels. To achieve this, many countries have made
commitments to reach net-zero by mid-century.
The sense of urgency is apparent: financial and
political climate-related investment has dramatically
increased, emission mitigation technology is being
deployed at an accelerated rate, and researchers
focus on finding economically viable solutions to
meet the Paris climate targets.

The vast majority of greenhouse gas emissions
(CO, emissions) can be minimised by either reusing
the emitted CO,, or preventing the CO, from being
released into the atmosphere through carbon
capture and storage. To do so, cost-effective Carbon
Capture Utilization and Storage (CCUS) processes
are required to be rapidly deployed across a range
of different sources of CO,. The existence of many
different CO, sources, CO, sinks, and economic
conditions across the globe requires CCUS
technologies to be evaluated on a case by case basis.

Sorbent-based carbon capture is one of the available
technologies suitable for the efficient removal of
gas impurities aiming to achieve extremely high
purities [1]. The two main reasons for this are: (a)
the availability of a large spectrum of microporous
adsorbents with varying pore structures and surface
properties, and (b) the possibility of designing many
different process schemes by tailoring generic
adsorption separation methods. Materials like metal-

organic frameworks (MOFs) are good candidates,
as their chemical composition and pore shape can
be optimally tuned for particular applications. The
challenge here is to effectively screen the large
number of available MOFs for their suitability in a
carbon capture process.

Usually, a new material is developed with a
particular application in mind. There is no indication
whether this material could be a good candidate
for other applications, unless one could evaluate
its performance for every application. With the
tools available today, this task is unrealistic. The
development of open-access material databases
(e.g., CSD, AtomWork, ChemSpider) provides
us with the opportunity of efficient data storage,
management, query, presentation, and manipulation.
Given the wide spread of material development
and data storage, there is a recent trend of linking
materials to chemical processes for designing cost-
effective optimal separation processes. By accessing
these large pools of chemical structures and
computing their properties, one can evaluate their
performance in a particular application. However,
these calculations can be very computationally
expensive to perform.

Machine learning has been successfully applied to
this domain in multiple ways. In certain situations,
expensive molecular simulations can be replaced
by multipurpose multilayer perceptron (MLP) [2]
to predict isotherms. From a process perspective,
surrogate models can be developed that mimic
detailed carbon capture processes models, requiring
only a fraction of the time to compute results [3]. In
contrast to screening studies, inverse design can
leverage machine learning to generate MOFs with
specific properties [4].

Surrogate models require training in order to predict
the outcomes of a carbon capture process. A simple
case would be to train a surrogate model on a material
database to predict key performance indicators
(KPIs) for each material. However, selecting the set
of materials to train the model is non-trivial. Since only
few materials are top performers in many databases,
a model trained on such a database is predominantly
trained on the poorly performing materials, leading
to poor predictions on high performing materials.
A more suited approach is to train a model based
on a set of materials that give good performance




predictions. This can be done using active learning,
where a more detailed process model is queried for
interesting materials, the training data is updated,
and the surrogate model retrained [5].

The ultimate goal of most screening studies is to
determine the top performing materials. In our case,
we determine the performance of a material by its
KPIs and so it is difficult to identify a top performer
without stating which KPI we find more important than
others. Instead, we find the Pareto optimal materials,
i.e. those set of materials for which no KPI can be
improved without loss in another KPI.

Our previous work involved the development of
a molecular simulation tool which allowed us to
screen thousands of materials for adsorption using
their physicochemical and adsorptive properties [6].
Most recently, we extended this work by coupling the
molecular simulation tool with process modelling to
rank materials for gas separations and for a given
set of process metrics, including the overall energy
efficiency and process productivity [7]. A 4-step
temperature-vacuum swing adsorption (TVSA)
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process was developed, and its performance was
evaluated using an equilibrium-based shortcut model
similar, but extended, to that described by Joss et al.
[8]. Our TVSA process model is then coupled with
molecular simulations in a high-throughput screening
platform. The screening platform allows us to evaluate
both the physicochemical and adsorptive properties
of thousands of microporous structures, including
around 300,000 MOFs [6], and their performance
for a particular carbon capture application. A simple
representation of the screening platform, excluding
some of its current features (discussed by Riboldi et
al. [7]) for the purpose of this article, is provided in
Figure 1.

We compare this approach to one using active
learning. We are able to find the same top performers
in only a fraction of the time compared to a brute-
force technique (i.e., coupling molecular simulations
with process modelling to calculate the KPIs of each
material). Our strategy uses an adapted version of
the e-PAL method [9], available as a python package
named PyePAL [5].

Separation # (source X, sink Y)

Ky parasn. 1

Characteristics
Haoy param, 2

Figure 1.The screening platform: The workflow from importing a selected structure from an open-source database to screening and

ranking its performance for a particular carbon capture application.

In the following section we provide an example of
how the screening platform works for the particular
case study of CO, capture from waste-to-energy
power plants. The characteristics of such a flue gas
stream are, among others, a CO, concentration of
13.6 % at 160 °C temperature and 1 bar pressure.
We also compare this to an active learning approach
using PyePAL.

Case Study: Waste-to-Energy

In this article, we applied our TVSA process model
to a particular binary mixture of CO, and N, (CO,
concentration of 13.6 vol%) for CO, capture from
waste-to-energy power plants. We selected 613
structures for screening and ranked their performance
for a specific set of key performance indicators (e.g.,
specific work used for operating the separation
process, CO, purity of the product stream, and
working capacity). The TVSA process is illustrated
in Figure 2 and consists of 4 steps: (i) adsorption,
(i) vacuum, (iii) heating under vacuum, and (iv) open
cooling (and column pressurization).

adsorption

CO, product |

Progp=P>Pyac
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Puac Preen
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Figure 2. A 4-step TVSA process: (i) adsorption, (ii) vacuum, (iii)
heating under vacuum, and (iv) open cooling.




Materials can be evaluated in our TVSA process
model. For this evaluation the following assumptions
were made:

* The feed stream downstream of the adsorption
process is available at 20 °C and 1 bar pressure.

* The temperature at steps (i), (i), and (iv) is
constant at 20 °C. The temperature at step (iii) is
constant at 120 °C.

» Vacuum at steps (ii) and (iii) is applied at 0.05 bar.
The rest of the steps operate at 1 bar pressure.

» The fluid phase is treated as an ideal gas.

* The multi-component adsorption equilibrium is
described by the ideal adsorbed solution theory
[10] and evaluated using the open-access python
package pylAST [11].

* A heat exchange fluid is used for heating and
cooling and its temperature is homogeneous
along the column.

As illustrated in the Figure 3, only a small number of
the structures perform well for carbon capture from a
waste-to-energy power plant.
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Figure 3. Specific work versus CO, purity and working capacity results from evaluating the
performance of 613 structures in the TVSA process for CO, capture from waste-to-energy
power plants. Histograms are shown for each axis.

Screening millions of in silico structures is
computationally  expensive. Evaluating the
performance of each of the 613 structures in the
TVSA process model took 3 hours (using a 2.7 GHz
Dual-Core Intel Core i5 processor). An even more
computationally expensive task is computing the
physico-chemical (i.e., crystal density, crystal void
fraction, heat capacity of the solid) and adsorptive
properties (i.e., CO, and N, adsorption isotherms
and heat of adsorption at different uptakes) of each
material. Computing these properties for the 613
structures, which are used as inputs to the TVSA
process model, took from 3 to 4 weeks (using an Intel
Broadwell based cluster, Fidis [12]).

For the active learning approach, the design space is
first initialized by a diverse set of materials. Material
descriptors were taken from Seyed et al. [13] and
the CoRE-MOF database [14]. These included the
MOF-adapted Revised Auto Correlations (RACs),
and geometric descriptors. The heat capacity for
each material was also used as a descriptor. Three

gaussian regressors (one for each KPI: specific
work, working capacity, and purity) were trained on
these initial materials and the KPIs predicted for each
material. The gaussian regressors then predict KPls
for all other materials, also returning an uncertainty.
Using PyePAL, these predictions and uncertainties
are used to classify materials as Pareto-optimal,
discarded, or remain unclassified. A new material is
then ‘sampled’ which involves using the TVSA model
to return accurate KPIs. The gaussian models are
then retrained. This process is iterated until all points
have been classified. At the end of this iterative
process, all points have been classified, and we have
a Pareto-optimal material set, a sampled set, and the
trained models. The sampled set and Pareto-optimal
set are seen in Figure 4. The grey points are the
material KPls as calculated by the TVSA process and
remain unsampled as they are not deemed relevant
in the training of the regressors. In our case, we have
sampled 195 materials (seen as the green points) out
of 613. The points identified as Pareto-optimal are
shown as red stars.
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Figure 4. KPIs for each material as calculated by the TVSA process model are shown in grey. PyePAL
samples points (green) as it builds a training set most relevant to Pareto-optimal materials (stars).

In terms of execution time, the brute-force technique
where the TVSA model is used to calculate KPIs for
all 613 materials takes 3 hours. Using PyePAL, only
195 materials are sampled which takes 1 hour. This
time saving can be reduced further with a larger data
set, as better predictive power from the regressors
can be leveraged. As the number of MOFs within
some databases venture into the trillions [15], time
savings are increasingly important for MOF screening
studies.

Future work with more materials will involve using the
PyePAL algorithm to find important structure-property
relationships. Specifically, we can discover what
features are important to the regression models, as
these give rise to good predictions for top-performers.
In contrast, performing this analysis on a regression
model trained without active learning would be biased
towards the under-performing materials.
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Abstract

Holography is a technique to produce and store
three dimensional images. It has awakened special
interest since its inception as it has applications in
several field such as the production of security labels,
the development of sensor, in massive storage
or in metrology and microscopy. Holography is
based on the recording of interfering patterns onto
photosensitive materials thus creating a hologram.
The light employed as well as the composition of the
photosensitive materials are key elements to produce
holograms of high quality.

Due to their interesting electrical and optical
properties, carbon nanomaterials have been widely
studied for the fabrication of holograms of advanced
properties.

This review summarizes the use of carbon
nanomaterials in holography. A short introduction of
the types of holograms as well as the most common
photosensitive materials is described. Finally, the
emerging of new technologies different to holography
for the fabrication of diffractive materials based on
carbon nanomaterials is briefly presented.

Introduction

Classical photography involves the illumination of an
object with light (sunlight or artificial) and the register
of the diffused light by the object in a photographic
plate composed of a photosensitive material (usually
a gelatine that contains halide salts) that is modified
by the action of the light coming from the object.
The magnitude of the modification is proportional to
the intensity of the emitted light by the object. After
the adequate treatment of the photographic plate
(developing, fixation and washing), it will have bright
and dark zones related with shape of the object.
However, as only the intensity is registered, the
photograph will be a two-dimensional image of the
object.

Looking for an improvement in the resolution of the
electronic microscopy, holography appeared in the
forties as a technique to produce and store three
dimensional images.[" It was first described by
Dennis Gabor, who was awarded the Nobel Prize for
Physics in 1971 for its discoveries.

Holography entails two steps, recording and
reconstruction.? In the recording process, a
photosensitive material is illuminated with a
reference beam and the emitted wavefront from
the object (object beam), in such a way that the two

waves interfere at the surface of the material (Figure
1 A), thus becoming a hologram. After the adequate
postprocessing treatment, if needed, the hologram
contains fringes of bright and dark zones, similar to
a photography; but thanks to the interference of the
two beams, it contains information about the phase
and amplitude of the registered wave and not only
about the intensity of the light. In the reconstruction
stage, the hologram is illuminated with a light beam,
similar to the reference one, and the diffracted light
generates the three-dimensional image of the object
(Figure 1 B).
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Figure 1. Holographic process steps: A) Recording and B)
Reconstruction.

Although initially holography arose as a technique
to register or store images, since its discovery, it
has found applications in multiple fields such as
virtual reality,® storage of information,” optical
waveguides,®! solar concentrators,® memories,®
sensors,!” holographic microscopy® or holographic
spectroscopy.®
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However, despite its great potential, real applications
of holography have not totally taken off as the
process requires certain requirements that still have
ample room for further improvements. On one hand,
the interfering waves should be coherent (the phase
difference between them should be constant); and
on the other hand, the photosensitive material that is
modified by these waves should has high resolving
power. This property is defined as the capacity of
the material to distinguish the spatial frequencies
of the interference pattern. That is, to correctly
differentiate the bright and dark zones of the light that
will eventually form the fringes of the hologram. The
problems related with the coherence of light were
solved with the discovery of lasers in 1962, and the
ones related with the resolution of the materials are
step by step being overcome with the development of
new photosensitive materials.

Silver halide sensitized gelatines, dichromated
gelatine,  photothermoplastics, = photopolymers,
photoresist and photorefractives have been used
as photosensitive materials for storing holograms.
Concretely, photopolymers highlight among other
systems as they do not require complicated post-
recording chemical treatments to form the hologram.
Indeed, hologramis created in situ during the recording
process, thus, photopolymers are self-processing.
Other interesting materials are photorefractives,
defined as any material that changes its refractive
index under illumination due to electronic processes.
The most interesting advantages of photorefractives
is that they can be used for read-write applications
(as they are optically “erasable”) and in real-time
holographic display, and do not require high optical
power density to be processed. Photorefractive can
be inorganic crystals or organic compounds, but
liquid crystals stand out due to their high sensitivity
to optical field as well as for their capacity to supply
the hologram with superior properties. Nonetheless,
photopolymers and liquid crystals materials are not
absent of drawbacks and numerous research efforts
are aimed to improve them in terms of increasing their
resolving powers, diffractive efficiencies, or response
rates. Different strategies are being addressed to
get these objectives. Among them, some of the most
interesting are their use in conjunction, thus called
polymer-dispersed liquid crystals (PDLC),"™ and
their doping with carbon nanomaterials.

Carbon nanomaterials have a noticeable standing
among all the nanomaterials owing to the combination
of dimension, structure and topology that translates
into exceptional electrical, thermal, chemical, and
mechanical properties. In holography, carbon
nanomaterials are used to provide the photosensitive
materials with superior properties due to their high
refractive index and conductivity.

Here, we review the types of holograms, the use of
photopolymers and photorefractive as photosensitive
holographic materials and their doping with
carbon nanostructures for the improvement of
their performance. Finally, the use of carbon

nanostructured to directly create holograms will be
briefly discussed.

Types of holograms

Holograms can be classified according to different
criteria. On one hand, the classification can be
carried out according to the properties of the incident
light that are modified after the recording: the phase
or the amplitude. When light hits the photosensitive
material, it can modify its refractive index (n) or its
thickness (d), thus becoming a phase hologram;
or its absorption coefficient (a), thus becoming an
amplitude hologram. Another classification responds
to the physical characteristics of the hologram.
In volume or thick holograms, the thickness of the
recording material is much larger than the average
spacing of the created fringes, while in surface or
thin holograms, the thickness is negligible versus
the fringe period. Finally, they can be classified as
reflection or transmission holograms depending on
the geometry of the holographic recording, that is, the
direction of the recording laser beams. In transmission
holograms, the two interfering laser beams enter the
material from the same side, hence the fringes are
perpendicular to the surface of the material (Figure
2 A). In reflection holograms the two interfering laser
beams hit the material from their two opposite sides,
thus fringes are parallel to the surface of the material
(Figure 2 B).
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Figure 2. Formation of A) a transmission hologram and B) a
reflection hologram.

Fabrication of holograms with photopolymers
and liquid crystals

Photopolymers are materials that polymerize by
the action of light at a specific wavelength. In




holography, photopolymers are normally composed
of one or several monomers and crosslinkers, a
photoinitiator and a plasticizer, all embedded in a
binder (polymerized inert matrix). They are usually
disposed as a film of specific thickness over a
flat surface. Then, they are illuminated with the
interfering beams to record the hologram. During the
recording process, light provokes the polymerization
of the monomers in the bright zones thanks to the
photoinitiator. As the polymerization evolves, a
simultaneous migration of monomers from the dark
zones is produced. At the end of the register process,
the fringes of the holograms consist of polymerized
and non-polymerized zones that differ in their
refractive index; consequently, phase holograms are
created (Figure 3). As one can envision, multiple
variables can affect to the hologram formation, since
the characteristics of the recording process by itself
(laser power, time, geometry, etc) to the composition
of the photopolymers (kind and concentration of the
reagents).
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Figure 3. Formation of gratings in a photopolymer material: A)
the sinusoidal illuminating intensity distribution at the plate; B) the
uniform photopolymer before recording; and C) the photopolymer
during recording (mass transport and polymer chains). Reprinted
with permission from Polymers 2017, 9(8), 337. Copyright © 2017,
MDPI.

In polymer-dispersed liquid crystals, photopolymers
are doped with liquid crystals forming a homogeneous
material. In this way, when polymerization is taking
place and monomers are migrating from dark to bright
zones, a concurrent relocation of the liquid crystals
from the bright to the dark zones is generated,
where they remain as droplets (Figure 4 A). This
process is called photo-polymerization induced
phase separation process and the photosensitive
material for the formation of the holograms is
called H-PDLC (Holographic Polymer-Dispersed
Liquid Crystals). Apart from the improvement of the
structural consistency of the layer, the decrease in
the shrinkage processes, and the increase in the
refractive index modulation of the holograms, the
hallmark of the H-PDLC is that, due to the optical
anisotropy introduced by the liquid crystals, the
holograms adopt new electro-optical properties, and
their response can be modified by the application an

Bol. Grupo Espafiol Carbén

external electric field. That means that the electrical
field can modify the diffraction efficiency of the
hologram, so it can be useful for the development
of optical switching devices. The modification is
produced by the reorientation of the LC droplets
within the electric field (Figure 4 B).
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Figure 4. A) Formation of gratings in a solution of PDLC:
Photopolymerization takes place in bright zones while LCs migrate
to dark zones as droplets. B) Detailed scheme of the reorientation
of the LC droplets in gratings in the presence of an external
electric field. When the voltage is off the light is diffracted, while it
is transmitted when the voltage is on.

Carbon nanostructures as additives in
holographic photopolymers

Carbon nanomaterials have been added to
photopolymers mainly to generate a higher
modulation of the refractive index in the photosensitive
materials with the aim of increasing their diffraction
efficiency. Tomita et al. added nanodiamonds (NDs)
to photopolymers to increase the modulation of
the refractive index (An) of the material and, thus,
improve its diffraction efficiency." They fabricated
unslanted volume transmission holograms with the
monomers tri- and tetrapentaetrythritol acrylate and
a single functional ionic liquid monomer dopped with
NDs at different proportions. Photopolymerization,
triggered by the interfering waves, causes a migration
of the NDs to the dark zones while photopolymer
is formed in the bright zones, thus increasing
the refractive index modulation. In addition, they
performed slow-neutron diffraction experiments,
observing that the fabricated gratings were
excellent candidates for their use in neutron optics
as they showed DE > 20 % (Figure 5). In a recent
study, Guo et al. incorporated single-walled carbon
nanotubes (CNTs) in a mixture of trimethylolpropane
triacrylate  (TMPTA), trimethylolpropane  tris(3-
mercaptopropionate) (TMPTMP), and 1,3,5-triallyl-
1,3,5-triazine-2,4,6(1H,3H,5H)-trione  (TATATO) to
fabricate volume transmission holograms.l'? They
observed how the CNTs not only promote and
accelerate the allylic polymerization of the monomers
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but also increased the refractive index modulation
of the holograms which generated high diffraction
efficiencies (>96%). In addition, CNTs improved
the mechanical properties of the holograms without
compromising their flexibility. Chen et al. studied the
effect of the addition of graphene oxide sheets in a
methyl methacrylate (MMA) mixture.l'¥ The fabricated
holograms with this mixture proved how the graphene
oxide contributed positively to the enhancement of the
diffraction efficiency by promoting the polymerization
of MMA. The experimental results also showed that
the graphene oxide was grafted to the polymers
chains which could benefit the refractive index
modulation of the photosensitive material.
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Figure 5. Hologram fabricated with photopolymers doped with
nanodiamonds by Tomita et al. i) Photograph of the hologram
under illumination with white-light, ii) Photogram of the same
hologram viewed from the top and iii) from a fluorescent lamp
and iii) TEM image of the cross section of the grating. Reprinted
(adapted) with permission from Phys. Rev. Appl. 2020, 14 (4), 1.
Copyright © 2020, American Physical Society.

Carbon nanomaterials as additives in
holographic PDLC

Carbon nanomaterials have been added to H-PDLC
mainly to improve the electrical conductivity of
the holograms and, thus, to decrease the voltage
needed to perturb their optical responses. Fullerenes
were introduced into PDLC by Kim!" to increase
the electrical conductivity of polymer matrixes and
hence the local electric field on LC droplet. This
led to a decrease in the droplet size of the LC,
with increased droplet density, that was translated
into an augmented diffraction efficiency while the
operating voltage was reduced. Later, same authors
studied the doping of PDLC with multi-walled carbon
nanotubes observing that the diffraction efficiency
was increased due to the induced local electric field
of the polymer but also to the delay in the nucleation
of LC during the periodic modulation. Interestingly,
they carried out the experiments with pristine and
vinyl-modified CNTs, observing better performance
of the functionalized ones ascribed to their finer
dispersion. Surprisingly, larger LC droplets were
observed with the functionalized CNTs.["® A different
group observed that CNTs play the same role when
they were incorporated in different polymer matrixes
(Figure 6).01617
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Figure 6. Electro-optical properties of the H-PDLC obtained by
Kim et al. using a polyurethane-based matrix doped with various
MWCNT contents at 40 wt% LC: A) driving voltage and B) response
time at 50 Hz, 30 V. C) Photograph showing a reconstructed virtual
image of a coin recorded using a H-PDLC obtained at 40 wt%
LC with 0.05 wt% MWCNTs. Reprinted (adapted) with permission
from Polym. Int. 2010, 59 (9), 1289-1295. Copyright © 2010, John
Wiley and Sons.

In a posterior study, similar results were observed
with graphene as it improved the local electric field
and the diffraction efficiencies of PDLC.["® However,
while polymer conductivity increased linearly with the
increasing graphene content, excessive quantities of
graphene (higher than 0.10 %) produced undesired
augmented viscosity and aggregation processes
detrimental of the diffraction efficiency. The same
studies performed with allyl-modified graphene oxide
confirmed the role of the graphene in the viscosity,
the grating kinetics and morphology, the diffraction
efficiency (DE), and the electro-optical properties of
holographic PDLC.!"®! The group of Fontecchio also
doped the PDLC with oxidized multi-walled carbon
nanotubes observing a decrease of the LC droplet
sizes and improved electro-optical response of the
holographic material leading to increased diffraction
efficiencies.?%21 In an interesting study, multiwalled
carbon nanotube were covalently functionalized with
liquid crystal chains and subsequently used to dope
PDLCs.?? The functionalization improved dispersion




of the CNTs in the medium which yielded holograms
with enhanced electro-optical properties in terms of
voltage requirements. In the last study found about this
topic, Liu et al. doped PDLCs with multiwalled carbon
nanotubes and carried out theoretical simulations
to analyse and predict the effect of the CNTs on
the electro-optical properties of the holograms.?¥a
model developed for establishing the lowest possible
driving voltage of Holographic polymer-dispersed
liquid crystal (H-PDLC They showed how the CNTs
improved the phase separation of LC and polymer
regions and accumulated in the LC region, thus
improving the diffraction efficiency of the holograms.
CNTs also modified the LC droplet sizes and
decreased the dielectric permittivity of the gratings
that improved their electro-optical response. One
of the problems of holograms fabricated with liquid
crystal is that they are not temporally stable. However,
Abbasov et al. proved that the doping with carbon
nanotubes could not only improve the diffraction
efficiency of liquid crystal-based holograms but also
improve their stability over time (over two years).?4
Gao et al. also doped liquid crystal films with carbon
dots observing good diffraction efficiencies with low
voltages.?® What is more, they acquired real-time
dynamic holographic display videos with these films
which might be potentially applied in future true 3D
TV display.

Fabrication of holograms by the laser ablation of
carbon nanomaterials

Holograms have also been generated by the
direct photoreduction of graphene oxide.?® Li et
al. dispersed graphene oxide into polyvinyl alcohol
binder and spin coated the solution over a glass slide
to create a thin film. By the application of fs-pulsed
laser beam at the wavelength of 800 nm, they were
able to reduce the graphene oxide and thus, create
holographic gratings. What is more, they observed
that they could modulate the phase of the materials
by changing the pulse fluence of the laser beam.
The large dynamic range of the phase modulation
opened the door to the fabrication of holograms of
high diffraction efficiency able to generate three-
dimensional holographic images with a wide viewing
angle.

Patterns of carbon nanomaterials with
applications in holography

Butt and others have used carbon nanomaterials to
fabricated diffractive elements useful as holograms in
processes alternative to holography. They fabricated
uniform patterns of nanomaterials onto transparent
support via electron-beam technologies in such an
ordered way that they could diffract light as holograms
do (Figure 7). The most interesting property of these
diffractive elements is that, due to the nanoscale
dimension of nanomaterials, they can generate
diffraction images of high contrast and with very large
field of view. Carbon nanotubes have been the main
carbon nanomaterial employed for the fabrication of
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these kind of diffractive elements?-" but they have
also used graphene obtaining very good results.
Although the technique developed by Butt and co-
workers awaken interest in holography, it will not be
deeply discussed here as their technology would
deserve a different perspective of analysis as it is not
holography in terms of using beam interference.

¥
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& d
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Figure 7. Experimental setup and measured diffraction pattern
results of the holograms fabricated by Butt and colleagues. A)
The schematic diagram of the experimental setup employed to
capture the diffraction pattern. B) The pattern was obtained on a
semitransparent hemispherical screen of radius 15 cm by shining
a green (532 nm) laser perpendicular to the plane of the CNT
array. A clear CAMBRIDGE image was observed in the first order
of the diffraction pattern.

Future perspectives

Holography is an advanced technology useful in
multiple fields. The laser interference warrants
an accurate control of the fabrication processes
in terms of holograms dimensions. However, to
exploit all its potentials, the improvement of the
holographic materials is still needed. This review
has summarized the use of carbon nanomaterials
to improve the performance of the photosensitive
materials used for the recording of holograms. In
addition, it has presented the fabrication of diffractive
patterns of carbon nanomaterials that could be
used as holograms using alternative technologies.
The studies here presented show how holography
benefits from the excellent properties of the carbon
nanomaterials in many ways, such as improvement
of mechanical and elecro-optical properties of
the gratings or enhancements in their diffraction
efficiencies. Nonetheless, despite all the efforts, there
is still room for improvement in this research area.
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For example, a total control over the functionalization
of the carbon nanomaterials to improve the viscosity
and conductivity of the photopolymers seems to be
absolutely needed. This could imply using different
functional groups and methodologies to increase
the length of the organic chains attached to the
nanomaterials. In addition, it should be noticed that
carbon nanomaterials are presented in multiple
formats (size and shapes) and not all of them have
been studied. New studies about the anchoring of the
nanostructured to the photopolymers would also be
beneficial for understanding the mechanisms of the
grating formations.
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Abstract

Skin is the largest organ of the body and the first
protective barrier to the environment, playing a
crucial role in covering other organs and also as a
health state indicator. In this review, we describe the
benefits of using carbon-based nanomaterials (CBN)
for skin-related applications, focusing on carbon
nanotubes (CNT) and graphene derivatives. Tactile,
temperature and humidity sensors containing these
nanomaterials, as well as advanced devices for
health monitoring are discussed. Furthermore, the
biodegradation and the biomedical applications, such
as skin cancer treatment, of carbon nanomaterials-
based hybrids are summarized over the manuscript.

1. Introduction

Human skin is the largest sensory organ of the body.
It is one of the best indicators of health condition and
it acts as an environmental barrier to protect other
organs. Human skin consists of epidermal, dermal,

and subcutaneous layers, all connected by a complex
vascular nervous network [1]. In addition, skin has
a well-developed stroma, which has neurosensory
properties where receptors sense touch, pain, and
heat stimuli [2,3].

The unique structural dimensions and excellent
physicochemical  properties of carbon-based
nanomaterials (CBN), including fullerenes, carbon
nanotubes (CNT), graphene and its derivatives,
nanodiamonds and carbon dots, make them extremely
interesting materials [4]. These extraordinary
properties (i.e. electrical, mechanical, thermal,
catalytic, and electrochemical properties) encourage
the use of CBN in diverse areas, including biomedical
engineering [5]. Because of their abundance and
low production cost, CBN have been considered
for replacing other conventional materials, such as
the Si-based ones, in order to develop novel smart
devices with high-temperature stability, high electrical
conductivity or enhanced mechanical properties,
among others. In parallel, the great development of
soft materials has enabled a precise modulation of
3D scaffolds’ properties so they are quite similar to
those of the mimicked organ of interest, including
skin [6].

In such context, the so-called “skin-inspired
electronics” [7] and more precisely, stretchable
electronic skin (e-skin), has attracted a high degree
of interest due to its ability to detect subtle stimuli
changes, and undoubtedly, CBN play a crucial
role on the design of such cutting-edge devices. In

particular, e-skins based on graphene derivatives
have experienced a huge progress in the last few
years with the development of advanced tactile
[8,9], temperature [10], or humidity [11] sensors,
and also regarding multimodal e-skin [12] or health-
care monitoring [13]. Considering the high number
of articles published in the skin-related field using
CNT and graphene derivatives, in this review we will
mainly focus on both kinds of CBN.

Tactile, temperature and humidity sensors
* Health-care monitoring devices
Safety and biomedical uses

SKIN-RELATED APPLICATIONS

Figure 1. Carbon nanotubes and graphene derivatives for skin-
related applications.

2. Tactile, temperature and humidity sensors

Since the moment a prosthetic hand with tactile
feedback was reported by Clippinger et al. in 1974,
[14] multiple investigations have been carried
out to study the enormous application of tactile
bionics [15,16]. The piezoelectric property of some
anisotropic materials is known to convert mechanical
forces into electrical charges due to the occurrence
of electrical dipole moments. Due to the excellent
electrical conductivity and good flexibility properties
of CNT and/or graphene-related materials, a tiny
stress deformation applied on these sensors can
lead to a dramatic change of resistance. Thus, this
ability has been used for the generation of multiple
bioinspired tactile sensors based on carbon-related
materials, that are able to undertake similar tasks to
that of human skin, namely the sensing of external
stimuli such as pressure, strain and torsion [17-19].
Lipomi et al. [20] developed a skin-like pressure and
strain sensor based on transparent elastic films of
CNT. Another example is the work reported by Lou
et al., [21] who manufactured an ultra-sensitive and
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rapid response speed graphene pressure sensor with
a highly reproducible electrical response to repetitive
100,000 loading-unloading cycles of 500 Pa. CNT
and reduced graphene oxide (rGO) were also used
together to manufacture composite nanofibers for
ultraflexible, optically transparent and piezoresisitive
pressure sensor arrays [22]. The device could be
attached on the surface of human skin or other soft
movable scaffolds to precisely monitor the pressure
distribution, showing a negligible crosstalk thanks to
the 1 mm spacing between sensor arrays.

Regarding the mimicking of the temperature-
sensing ability in skin to help maintaining the
thermal equilibrium between human body and
ambient environments, multiple temperature sensors
containing CBN have been developed [9,18,23—-25].
Temperature-dependent resistance variations can
be measured through the temperature coefficient of
resistance (TCR = (AR/R)/AT) [9,26]; the temperature
dependence of sensitive rubbers, for instance,
depends on the concentration and type of filler:
CNT-filled rubber displays decreasing resistance
with increasing temperature, while graphene—filled
rubber displays the opposite trend. However, by co-
dispersing both CNT and graphene in an elastomer
matrix, the temperature sensitivity of the composite
resistivity can be eliminated [27].

L\

\ P 4
w i

which usually display a negative temperature
coefficient. An interesting example could be the work
reported by Ko and co-workers [30], who designed
a human-skin-inspired temperature sensor based
on rGO sheets. They confirmed a typical negative
temperature coefficient behavior with a high TCR of
2.93 %/°C, that could be attributed to the changes
of contact resistance among the rGO sheets by
thermomechanical changes. In this case, the sensor
also had the capacity to detect the temporal response
to cycling temperature variations.

Monitoring the water concentration coming from the
human body or its surroundings is convenient for
personalized healthcare. In such direction, pressure,
temperature or humidity sensors containing CBN,
that can be wearable or adhesive to human skin,
have been developed [31,32]. The advantages in this
case over other materials are more notable, since
commercially available porous ceramics for humidity
sensing are normally stiff and fragile [33]. In the case
of humidity sensors, graphene derivatives are the
most promising candidates due to its hygroscopic
characteristic and large specific surface area.
Typically, the performance mechanism of graphene-
based humidity sensors is ascribed to the influence
of vapor molecules on the charge carrier density of
the nanomaterial, resulting in the resistance variation
of the graphene sheets.
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Figure 2. (a) Scheme of the human tactile receptors and temperature receptors with self-healing properties. (b) Scheme
of the developed self-healable bifunctional e-skin. Adapted with permission from [28]. Copyright 2020 American Chemical

Society.

Shen and co-workers [28] have recently reported a
bifunctional self-healing e-skin with stacked integrated
capacitive pressure and resistive temperature
sensors based on polyurethane and multiwalled CNT
(Figure 2). As a semiconductor, CNT with negative
temperature coefficients stimulate electrons to enter
the conduction band with increasing temperature,
resulting in a resistance decrease. Even microfluidic
sensors using CNT [24] or graphene derivatives [29]
have been manufactured for sensing temperature
and/or pressure. Graphene has ultrahigh thermal
conductivity and unique sensitivity to temperature
changes. Moreover, it shows a lower convective heat-
transfer coefficient compared to metals and CNT,
resulting in a higher final temperatures and faster
heating rates. Because of these features, in the last
few years, graphene has been extensively applied
in flexible and stretchable temperature sensors,

In the case of rGO, the resistance of the nanomaterial
can be increased, since water molecules can be
adsorbed at the residual functional groups of the
surface. In general, humidity can create distance
changes between adjacent graphene oxide (GO)
layersin areversible way. The main problem regarding
these systems is the generation of sufficiently flexible
and stretchable devices keeping a high sensitivity. In
this context, a sensing graphene/polypyrrole material
was created by Wu and co-workers [32], reaching
response and recovery times of approximately 15 s
and 20 s, respectively, and a high humidity sensitivity.
In another work, a humidity sensor based on rGO
and polyurethane has been recently reported [34].
Here, the authors highlighted the maintenance of the
sensitivity under high stretching state of 60% strain
after 10,000 stretching cycles. An interesting example
is the work developed by Sreeprasad et al. [35], who




used graphene quantum dots and demonstrated a
high humidity sensitivity by a mechanism governed
by those graphene quantum dots, selectively
interfaced with polyelectrolyte microfibers forming an
electrically percolating-network.

Nevertheless, physiologically skin-to-skin contact
induces a simultaneous temperature and humidity
variation, and moreover, a tactile stimulus occurs
on human skin at the same time. This means that
e-skin should be designed to sense multiple stimuli
in order to really mimic human skin, which is known
as “multimodal e-skin”. Park et al. [30] developed
microstructured  ferroelectric  skins  containing
different concentrations of rGO that could detect and
discriminate between multiple spatiotemporal tactile
stimuli. The authors demonstrated the applicability of
these sensors by the simultaneous monitoring of pulse
pressure and temperature of artery vessels. Shortly
after, a stretchable and multimodal “all graphene”
electronic skin was reported [36]. Humidity, thermal
and pressure functional sensors were included in that
matrix and were judiciously integrated into a layer-by-
layer geometry through a simple lamination process.
Concerning CNT, a highly sensitive and multimodal
skin sensor which was capable of simultaneously
detecting tactile and biological stimuli was developed
[37]. In this case, a wearable and multimodal skin
sensor using CNT fabrics was capable of sensing
external stimuli such as tactile, temperature, humidity
at the same time, and even discern input signals
derived from versatile chemical fluids with different

dipole moments.

It is important to highlight the opportunity offered by
printing techniques, perfect tools to generate a variety
of solution-based materials on polymeric substrates
over big areas for multifunctional electronics [38,39].

3. Health-care monitoring devices

The increasing necessity for patient-friendly therapies
together with the rise in medical costs arising from
the population aging and an increment in chronic
diseases, have sparked the development of skin-
mountable therapeutics and drug delivery systems
that are more efficient and easier to use than
conventional techniques [1]. These devices provide
point-of-care services at home, thereby potentially
reducing primary care patient load. Salvatore and
co-workers [40] thoroughly reviewed in 2017 the
concept of “lab-on-skin” to describe a variety of
electronic devices with physical properties similar to
those of skin and that are able to provide accurate,
non-invasive, long-term and continuous health
monitoring.

Stretchable CNT strain sensors for human-motion
detection were reported in 2011 [41]. The authors
assembled the CNT sensors on stockings, bandages
and gloves in order to obtain devices able to detect
movement, typing, breathing and even speech.
Continuing with CNTs, Tai et al. [42] developed a
flexible pressure sensing film based on single wall
CNT and polydimethylsiloxane spheres for human
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pulse signals monitoring.

Graphene derivatives have been also used for health
monitoring machines. In that sense, the work carried
out by Coleman and co-workers is very well known
[43]. The authors published a simple method to
infuse liquid-exfoliated graphene into natural rubber,
obtaining strain sensors that can effectively monitor
joint and muscle motion besides breathing and pulse.
In a more recent work, Park and co-workers [44]
have reported a smart bandage consisting of MXene-
functionalized porous graphene scaffold. Thanks to
the synergistic effect between graphene and MXene,
the hybrid scaffold displayed high conductivity and
improved electrochemistry with a fast heterogeneous
electron transfer rate. These features led to the
application of the final bandage for chronic wound care
management, since it was able to sense uric acid, pH
and temperature at the wound site. Regarding drug-
delivery, a graphene-based electrochemical device
with thermoresponsive microneedles for diabetes
monitoring and therapy was reported [45]. The patch
could be thermally activated to deliver Metformin
transcutaneously, reducing blood glucose level in
diabetic mice.

Perspiration from the skin gives helpful information
including pH and chemical composition such
as metallic ions, glucose, urea, volatile organic
compounds, and so on [46], which can facilitate
a prompt diagnosis of health state. In that context,
interesting studies have been published. In 2013,
Liao et al. [47] reported improved glucose sensors
based on organic electrochemical transistors by
incorporating graphene derivatives, achieving
higher sensitivities and extending the detection
limits due to the enhancement of the charge
transfer and the surface to volume ratio of the gate
electrode. Moreover, the authors found a negligible
effect caused by uric acid an dL-ascorbic acid was
observed when incorporating chitosan or Nafion.
More recently, a wearable electrochemical glucose
sensor was reported by Xuan et al. [48], based on a
rGO electrode in which GO catalyzes the oxidation
of glucose to glucarolactone and H,O, by a redox
reaction.

Despite the fact that some characteristics, such as
the ability to shapely adapt to the rough surface of
the skin, normally through van der Waals forces
(tattoo-like) [49], still need to be improved in terms
of thickness and modulus, the ongoing research
on this kind of adherent skin-electronic devices has
been highly improved in the last years [50,51], and
they could map pressure, temperature or humidity
distributions on the skin with high fidelity, being
imperceptible by the customer and allowing even the
long-term track diseases.
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Figure 3. Fabrication process of a graphene electronic tattoo. Adapted with permission
from [49]. Copyright 2017 American Chemical Society.

4. Safety and biomedical use of CBN

CBN have been described as excellent candidates
with multiple applications in several sectors of
society. In fact, the increasing exploitation of these
nanomaterials has led to many comprehensive
evaluations of their impacts on human health and
environment [52-54]. In order to be aware of the
possible risks on health of CBN, several works
and reviews have been reported over the last few
years concerning their biocompatibility and their
biodegradation abilities [53,55]. Macrophages and
multiple types of microbes including bacteria and
fungi have the ability to degrade CNTs and graphene
derivatives [56,57]. Additionally, enzymatic catalysis
has been demonstrated to cause the biodegradation
of single-walled CNT and other graphene-related
materials using human enzymes such as eosinophil
peroxidase or myeloperoxidase [58,59]. The
physicochemical features of the nanomaterials play
a key role on the biodegradation ability of CBN:
a dispersibility-dependent biodegradation effect
was found by Kurapati et al. [60], and chemical
functionalization of the materials can enhance their
degradation extent [61].

Furthermore, given the chemical nature of CBN, their
dermal effects have to be taken into account: skin
irritation could be considered as animportant outcome
after cutaneous exposure, and skin sensitization
cannot be excluded in light of the tendency of CBN
to interact with proteins [53]. Only a few studies
reported the toxicological data and de differential
effects of this kind of nanomaterials, and most of them
are carried out in vitro on skin keratinocytes and/or
fibroblasts [62]. Moreover, the conclusion about the
cytotoxicity of these materials varies from one work to
another, depending basically on the physicochemical
properties of each specific nanomaterial such as
the shape, the dimensions or the oxidative state:
few-layer graphene containing almost no functional
groups showed, for instance, a lower cytotoxic

effect compared to GO [63]. Palmer et al. [64] have
recently demonstrated that multi-walled CNT with
a high level of carboxylation displayed increased
cytotoxicity in keratinocytes compared to the multi-
walled CNT with intermediate levels of carboxylation.
The concentrations used for the experiments are also
a key parameter regarding cytotoxicity. Tubaro and
co-workers have demonstrated how keratinocytes
are capable of selectively sensing low amount of
graphene derivatives (concentrations up to 1 ug/mL),
showing no reduction of cell viability [65]. However,
adverse effects such as dermatitis or increase
on protein expression due to cutaneous contact
with CBN have been reported [66,67]. Due to the
relevance of this topic, Fusco et al. [68] studied the
potential of differently prepared graphene derivatives
causing skin irritation using a non-animal test,
SkinEthic™ Reconstructed human Epidermis. The
authors concluded that graphene-based materials
prepared with non-irritant exfoliation agents do not
induce skin irritation after a single acute exposure.

Biomedical applications of CBN such as CNT
and graphene derivatives, have been extensively
studied [69,70]. Cancer therapy is maybe the
most investigated area in that sense, since these
nanomaterials present special physicochemical
properties to load drugs on their surfaces and target
them to the site of interest [71-73], as well as the
possibility of using phototherapies [74]. Additionally,
CNT have been demonstrated to improve transdermal
drug delivery [75] and they have been also used for
skin cancer diagnosis and its treatment [76,77]. Not
only CNT, but of course functional GO, for instance,
have been used as a plasmid-based Stat3 siRNA
carrier inhibiting mouse malignant melanoma growth
in vivo [78]. A different example could be a hybrid
material based on GO and hyaluronic acid that has
been used for the photothermal ablation therapy of
skin cancer [79].




5. Conclusions

Skin is the outermost shell of the body and, because
of its interfaces with the environment, skin plays a
key role in protecting other organs and as a health
state indicator. In this review, we introduced the use
and the role of CBN for skin-related applications,
focusing on CNT and graphene derivatives. Not
only tactile, temperature and humidity sensors,
but also devices for health monitoring and carbon
nanomaterials-based hybrids for skin cancer, have
been summarized across this review.

Although research on adherent skin-electronic
devices has been highly improved in the last years,
some features such as the capacity to shapely
adapt to the rough surface of the skin still need to be
improved in terms of thickness and elastic modulus
to be able to map signal distributions on the skin with
high fidelity, being imperceptible by the customer and
allowing even the long-term track of diseases.

Despite the facts that the use of CBN for skin
diseases is increasing, and also given that they
have revealed to be biodegradable, the great hope
raised by the inclusion of CBN in complex biological
systems such as real skin constructs, remains a
challenge. Therefore, this review shows that these
are still emerging research areas with scientific and
technical challenges requiring extensive work.
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Coordinado por el fabricante lider mundial de neumaticos Michelin y uniendo a 7 socios industriales,
5 centros de investigacion y tecnolégicos (RTOs) y un cluster de innovacién en un consorcio europeo
en 5 paises, el proyecto BlackCycle tiene como objetivo facilitar una economia circular masiva de
neumaticos disefando procesos novedosos a nivel mundial para producir neumaticos nuevos a

partir de neumaticos al final de su vida util (NFUs).

Lanzado oficialmente en mayo de 2020, el proyecto
BlackCycle involucra a 13 entidades en una alianza
publico-privada europea unica que demostrara la
viabilidad técnica, ambiental y econdmica de los
primeros procesos circulares del mundo. El consorcio
desarrollara soluciones especificas para producir
materias primas sostenibles para neumaticos:
recogida de NFU y seleccién de materias primas,
optimizacién del proceso de pirdlisis’, valorizacion y
refinado del liquido pirolitico, optimizacién del proceso
de produccion de negro de carbén y evaluacion del
rendimiento sostenible de los neumaticos. En solo
5-6 anos tras el proyecto, casi 1 de cada 2 NFUs
europeos se incorporaran al unico ciclo virtuoso
de esta magnitud entre todos los sectores
industriales para la recuperacién de productos al
final de su vida util.

Financiado por el programa Horizonte 2020,
BlackCycle se beneficia de un presupuesto general
de aproximadamente 16 M € con una financiacion
europea asignada de aproximadamente 12 M € (75%
de los costos del proyecto, ver Fig.1). Un 35% de
la financiacién del proyecto se asigna a PYMEs, un
15% a RTOs y un 34% corresponde a costes de
personal. El consorcio cubre 5 paises europeos:
Francia, Espafia, Alemania, Grecia y Suiza e
incluye 7 socios industriales, 5 RTOs y un cluster de

BlackCycle
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Ongoing project
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Overall budget:
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EU contribution
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Coordinated by:
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B B France

innovacion. Coordinado por Michelin, el consorcio . o
. . . Figura 1. Informacion del proyecto BlackCycle. (Fuente
ha disefiado un sistema de gobernanza eficaz que Cordis).
incluye un comité directivo, un consejo de sinergias
de clusteres y un comité de soporte técnico.

Contexto

Cada afio se venden 1.600 millones de neumaticos nuevos en todo el mundo, lo que representa mas de 26
millones de toneladas, y el mismo volumen llega a la categoria de neumaticos al final de su vida util (NFU),
lo que proporciona un gran y solo parcialmente aprovechado potencial para la recuperacion de materiales.
Los procesos de tratamiento de NFUs hoy no son circulares y no dan como resultado materias primas que
puedan reutilizarse en la industria del neumatico. Ademas, al no existir una solucién adecuada para valorizar
los materiales de NFU en la UE, mas de la mitad de los neumaticos al final de su vida util y de segunda mano
de la UE se exportan a paises en desarrollo.

Objetivo: Una economia circular de neumaticos en Europa

El proyecto BlackCycle tiene como objetivo crear, desarrollar y optimizar una cadena de valor completa
desde la materia prima NFU hasta las materias primas secundarias (SRM), sin desperdicio de recursos en
ninguna parte de la cadena y con una atencién especifica al impacto ambiental. Estos SRM se utilizaran para
desarrollar nuevas gamas de neumaticos para automoviles y camiones, que se venderan comercialmente en
los mercados europeos y mundiales. Como resultado, la cadena de valor BlackCycle tiene una menor A
huella de carbono (ver Imagen 2), emitiendo 0,93 kg / CO2 / kg de neumatico y con un menor uso de 33




recursos fosiles, utilizando 0,89 kg materiales fosiles / kg NFU.

Al ofrecer una alternativa econdémica y ambientalmente viable, BlackCycle reducira la exportacién de
neumaticos al final de su vida util. Al reubicar la gestion y transformacion de neumaticos al final de su vida util

dentro de la UE, se espera que BlackCycle cree empleos sostenibles dentro de la UE.

Current tyre production

process

Use of fossil resources
R —
Releases 1.38 kg CO kg tyres

BlackCycle tyre
production process
( & )—  Useof SRMs from ELT
R —

Releases 0.45 kg CO kg tyres

Figura 2. Comparacion de la Huella de Carbon entre procesos de produccion.
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